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Supervisor’s Foreword

It is my great pleasure to introduce Dr. Lisa Zeune’s work for publication in the
Springer Theses.

The current research in the field of elementary particle physics is largely driven
by the quest for identifying the nature of the new particle that has recently been
discovered in the Higgs searches at the Large Hadron Collider (LHC). This means
in particular to determine the role that this particle plays for the mechanism of
electroweak symmetry breaking, which is responsible for providing elementary
particles with the fundamental property of mass, and to uncover the underlying
physics behind the so-called “Standard Model” (SM) of particle physics. New
insights into these fundamental questions of nature can be expected from upcoming
experimental results, in particular from the second run of the LHC at CERN,
Geneva, which is just about to start, in conjunction with corresponding activities on
the theory side.

In her thesis, Lisa Zeune has investigated supersymmetric extensions of the SM
of particle physics. She has shown how those models can be tested and their
possible parameter space be constrained using information from Higgs physics,
electroweak precision observables and limits from direct searches for supersym-
metric particles. The input from Higgs physics comprises the limits from previous
Higgs searches at the LEP (CERN, Geneva) and the Tevatron (Fermilab, Chicago)
colliders, limits from Higgs searches at the LHC, as well as the properties of the
discovered Higgs signal at a mass of about 125 GeV. She has also investigated
the impact of possible improvements in the future, both from a further increase in
the experimental precision and a reduction of the theoretical uncertainties, and from
new experimental information that could arise from the discovery of new particles.
Lisa Zeune has in particular studied the minimal supersymmetric extension of the
Standard Model (MSSM) and the next-to-minimal supersymmetric extension of the
Standard Model (NMSSM). She has obtained improved predictions for important
observables in the Higgs sector and for electroweak precision observables.
Concerning the latter, she has obtained in particular the currently most accurate
prediction for the mass of the W boson within the MSSM and the NMSSM.

vii



viii Supervisor’s Foreword

This observable is known with an extraordinary precision of better than 2 x 1074,
which is expected to be further improved with the upcoming data. Confronting this
high-precision measurement with similarly accurate theoretical predictions allows
one to discriminate between different theoretical models and to set constraints on
unknown parameters of such models, like the masses of supersymmetric particles.
Lisa Zeune has also provided valuable tools, namely numerical programs which
perform an efficient computation of the complicated expressions and a program for
testing the predictions of supersymmetric models against the existing search limits
presented by the ATLAS and CMS Collaborations in terms of so-called “Simplified
Models”. Lisa Zeune has carried out scans over the relevant regions of parameter
space of the MSSM and the NMSSM as well as global fits, which for instance has
led to the interesting result that an interpretation of the observed signal is possible
not only in terms of the lightest but also of the second-lightest CP-even Higgs
boson in the spectrum. In the latter case, the state at about 125 GeV would be
accompanied by another Higgs boson at lower mass having heavily suppressed
couplings to W and Z bosons.

Both the breath and the depth of the analyses carried out in this thesis are
remarkable. The work presented here will certainly have a significant impact in the
coming years.

Hamburg Prof. Georg Weiglein
April 2015



Abstract

We present various complementary possibilities to exploit experimental
measurements in order to test and constrain supersymmetric (SUSY) models. Direct
searches for SUSY particles have not resulted in any signal so far, and limits on the
SUSY parameter space have been set. Measurements of the properties of the
observed Higgs boson at ~ 126 GeV as well as of the W boson mass (My) can
provide valuable indirect constraints, supplementing the ones from direct searches.
This thesis is divided into three major parts: In the first part we present the currently
most precise prediction for My in the Minimal Supersymmetric Standard Model
(MSSM) with complex parameters and in the Next-to-Minimal Supersymmetric
Standard Model (NMSSM). The evaluation includes the full one-loop result and all
relevant available higher-order corrections of Standard Model (SM) and SUSY
type. We perform a detailed scan over the MSSM parameter space, taking into
account the latest experimental results, including the observation of a Higgs signal.
We find that the current measurements for My and the top quark mass (i) slightly
favour a non-zero SUSY contribution. The impact of different SUSY sectors on the
prediction of My as well as the size of the higher-order SUSY corrections are
analysed in both the MSSM and the NMSSM. We investigate the genuine NMSSM
contribution from the extended Higgs and neutralino sectors and highlight differ-
ences between the My predictions in the two SUSY models. In the second part
of the thesis we discuss possible interpretations of the observed Higgs signal in
SUSY models. The properties of the observed Higgs boson are compatible with the
SM so far, but many other interpretations are also possible. Performing scans over
the relevant parts of the MSSM and the NMSSM parameter spaces and applying
relevant constraints from Higgs searches, flavour physics and electroweak mea-
surements, we find that a Higgs boson at ~ 126 GeV, which decays into two
photons, can in principle be interpreted as the lightest or the second lightest
CP-even Higgs in both models. We discuss mechanisms to enhance the two-photon
rate in the MSSM and the NMSSM. Within the framework of the MSSM, we fit the
various Higgs decay rates as measured by the Large Hadron Collider (LHC) and the
Tevatron experiments, also including low-energy observables, under the hypothesis
that either the light or the heavy CP-even Higgs boson corresponds to the observed
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X Abstract

signal. We find an overall good quality of the fits. For the interpretation of the
observed Higgs as the light CP-even Higgs the fit quality in the MSSM is slightly
better than in the SM. In the third part of this thesis we present a tool, called
Fastlim, to calculate conservative limits on SUSY models from direct SUSY
searches at the LHC. Experimentalists present their results from direct SUSY
searches in simplified scenarios of more general models. The impact of their results
on many other SUSY scenarios has not been investigated, so that the impact of the
existing search limits on realistic SUSY scenarios is difficult to assess. Using
Fastlim, the results can be reinterpreted in other (less-restricted) models without
performing any Monte Carlo event generation. The program reconstructs the visible
cross section from pre-calculated efficiency and cross section tables for simplified
event topologies. As an application of our tool, we study the constraints from direct
LHC searches on the parameter space of “natural” SUSY models.
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Chapter 1
Introduction

Abstract This chapter provides a motivation and introduction to the work presented
in this thesis. Furthermore the outline of the thesis is given.

The spectacular discovery of a Higgs boson at the LHC in July 2012 [1, 2] marked a
milestone of an effort that has been ongoing for several decades. The existence of a
Higgs boson as consequence of electroweak symmetry breaking, a mechanism to give
mass to the electroweak gauge bosons, was postulated already in 1964 by Francois
Englert and Robert Brout [3] and shortly after by Peter Higgs [4, 5].! In October
2013, the LHC results had been confirmed by more data, constituting convincing
experimental evidence of a Higgs boson with a mass around 126 GeV, and the
Swedish Royal Academy of Science awarded the Nobel Prize in Physics to Frangois
Englert and Peter Higgs for the theoretical formulation of the BEH (Brout-Englert-
Higgs) mechanism. The properties of the discovered particle are so far compatible
with the Higgs boson predicted by the Standard Model of particle physics [7-9],
a well-tested theory describing the electroweak and strong interactions. Despite its
remarkable success, there are several experimental observations and theoretical short-
comings demonstrating that the Standard Model cannot be the complete theory of na-
ture but must be embedded in a more fundamental theory. Among the most promising
extensions of the SM are models based on Supersymmetry, a hypothetical symmetry
of nature connecting fermions and bosons [10-15]. Supersymmetry is theoretically
very appealing, as itis the only possible extension of the spacetime symmetries, which
particle physics builds on [16]. Many of the shortcomings of the SM are addressed
in supersymmetric models: The new particles predicted in SUSY theories cause a
cancellation of the quadratic divergencies in the Higgs sector, solving the hierarchy
problem of the SM. Furthermore supersymmetric models predict the unification of
the electroweak and the strong force at a high energy scale and provide a candidate
which can explain the dark matter in the universe. Well-studied SUSY models are the

I'This idea was also discussed in an article by Gerald Guralnik, Carl R. Hagen and Tom Kibble [6]
later that year, and other activities in this direction were ongoing around that time.

© Springer International Publishing Switzerland 2016 1
L. Zeune, Constraining Supersymmetric Models, Springer Theses,
DOI 10.1007/978-3-319-22228-8_1



2 1 Introduction

MSSM (Minimal Supersymmetric Standard Model) and its extension, the NMSSM
(Next-to-minimal Supersymmetric Standard Model). There are two complementary
methods—direct and indirect ones—to probe physics beyond the SM (also called
new physics), such as Supersymmetry, at the LHC and other future collider exper-
iments. Direct methods attempt to observe traces in the detectors arising from of
the production of particles of new physics models, while indirect methods look for
the quantum effects induced by those particles. As long as no signs of new physics
are seen, both methods can be used to set constraints on the parameter space of
new physics models. Extensive direct searches for particles predicted in SUSY mod-
els are carried out by the LHC experiments ATLAS and CMS, but so far have not
resulted in a signal, and limits on the masses of supersymmetric particles have been
set. Even if not yet seen directly, signs of physics beyond the SM may show up
indirectly as small deviations between precise measurements and SM predictions.
Electroweak precision observables are highly sensitive to quantum corrections of
new physics (i.e. to loop contributions involving in principle all the particles of the
considered model) and can be measured with high precision. Thus, they provide
the possibility to test the SM, to distinguish between different extensions, and to
derive indirect constraints on the parameters of a model, such as the masses of the
predicted particles. This input can be of great interest regarding the direct searches
for those particles. The strength of this method has been demonstrated for instance
with the discovery of the top quark with a measured mass in remarkable agreement
with the indirect prediction [17, 18]. Even the virtual effects of particles which are
too heavy for a direct detection at the LHC may be detected indirectly in this way. In
case SUSY particles are found in direct searches at the LHC, electroweak precision
observables can provide an important cross-check, can help to understand the nature
of the observed particles and may further give valuable indications for the search of
additional particles.

The discovered Higgs boson plays a special role in the search for new physics.
Contrary to the SM, two Higgs doublets are needed in SUSY models to give mass to
up- and down-type fermions. The extended Higgs sector entails the existence of at
least five scalar bosons. While being in agreement with the SM so far, the observed
Higgs boson can also be interpreted in a variety of models beyond the SM, e.g.
as one of the Higgs bosons in the MSSM or the NMSSM, and it is a prime goal
of the particle physics community in the upcoming years to reveal the nature of
the discovered Higgs boson. In the Higgs sector, new physics may manifest itself
indirectly in the form of deviations of the Higgs decay or production rates with
respect to the SM prediction. It is therefore particularly important to measure on the
one hand the rates of the observed Higgs boson very precisely and on the other hand
continue the direct search for additional (non SM-like) Higgs bosons.

The LHC will start running again next year with almost twice its previous energy
and increased luminosity. Another major particle physics project, the International
Linear Collider (ILC), has been put forward, and Japan has emphasized its interest
in hosting it. The ILC is especially suited for precision measurements and could
supplement the LHC in order to maximise the gain for exploring the fundamental
laws of nature. It is of central importance to exploit the various complementary
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possibilities provided by direct and indirect methods, to fully exhaust the data and
to efficiently test and constrain new physics models. In this thesis we will focus
on supersymmetric models (more precisely the MSSM and the NMSSM) and we
will study the constraints on the parameter spaces of these models arising from
electroweak precision observables, Higgs physics and direct searches.

The thesis is organized as follows:

Chapter2 provides the theoretical background and sets the notations needed for
our work presented in the later chapters. We start with a theoretical introduction to
the SM of particle physics. We outline some shortcomings of the SM, before we turn
to the discussion of SUSY models. Supersymmetry is motivated and introduced,
followed by a detailed description of the particle sectors of the MSSM. Then we go
to NMSSM and show how the Higgs and neutralino sectors are modified compared
to the MSSM.

In order to obtain precise theoretical predictions for observables in the SM or
its extensions, which can be compared to other models and to experimental data,
loop diagrams need to be calculated. Chapter3 introduces the basic concepts of
regularization and renormalization needed for loop calculations.

Chapter 4 is dedicated to the current status of the results from collider experiments.
After going through some general aspects of collider physics, we briefly summarize
the up-to-date experimental results that are most relevant in the context of this thesis.
The experimental results are of utmost importance for our work, which focuses
on confronting the predictions in different models with present and possible future
experimental results.

Chapters 5-8 constitute the centrepiece of this thesis, describing our research
projects. In the context of electroweak precision observables the W boson mass,
being highly sensitive to loop corrections of new physics, plays a crucial role. The
accuracy of the measurement of My has been significantly improved over the last
years (particularly by the Tevatron results) and further improvement of the experi-
mental accuracy is expected from future LHC and ILC measurements. In order to
fully exploit the precise experimental determination, an accurate theoretical pre-
diction for My in models beyond the SM is of central importance. In Chap.5 we
present the currently most precise prediction of the W boson mass in the MSSM with
complex parameters and in the NMSSM, including the full one-loop result and the
relevant available higher order corrections of SM and SUSY type. The evaluation
of My is performed in a very flexible framework, which facilitates the extension
to other models beyond the SM. The size of the contribution of the various SUSY
sectors in both models is studied in detail. Performing a detailed parameter scan in
the MSSM, we investigate the impact of limits from direct SUSY searches as well as
from the Higgs discovery on the W boson mass prediction in the MSSM. Assuming
hypothetical future scenarios, we discuss the impact of the W boson mass predic-
tion on the MSSM parameter space. A significant part of this chapter concerns the
discussion of genuine NMSSM contributions to My .

Constraints on the parameter spaces of the MSSM and the NMSSM from experi-
mental Higgs sector results are analysed in Chaps. 6 and 7. At the time when the Higgs
boson discovery was announced, the two photon decay rate was significantly above


http://dx.doi.org/10.1007/978-3-319-22228-8_2
http://dx.doi.org/10.1007/978-3-319-22228-8_3
http://dx.doi.org/10.1007/978-3-319-22228-8_4
http://dx.doi.org/10.1007/978-3-319-22228-8_5
http://dx.doi.org/10.1007/978-3-319-22228-8_8
http://dx.doi.org/10.1007/978-3-319-22228-8_5
http://dx.doi.org/10.1007/978-3-319-22228-8_6
http://dx.doi.org/10.1007/978-3-319-22228-8_7

4 1 Introduction

the SM expectation [1, 2].2 In Chap. 6 we confront the MSSM and the NMSSM with
the discovery of a Higgs boson decaying into two photons. In particular we discuss
the possibilities in both SUSY models to accommodate a Higgs at ~126 GeV with
a two-photon rate enhanced with respect to the SM—taking into account constraints
from direct Higgs searches, flavour physics, electroweak measurements as well as
theoretical considerations. We discuss in detail how an enhanced two photon rate
can be realised in the MSSM, and which additional mechanisms for an enhancement
occur in the NMSSM.

While not being statistically significant at present, the measurements of the Higgs
decay rates show some deviations from the SM predictions. In order to investigate
whether, and if so how much, the MSSM can improve the theoretical description
of the experimental data compared to the SM, we fit the experimentally measured
Higgs decay rates, the Higgs mass and low-energy observables under the hypothesis
that the light or the heavy CP-even Higgs of the MSSM is the observed state at
~126 GeV. This study is presented in Chap. 7. The fit quality in the MSSM, for both
Higgs interpretations, is compared to the SM. We determine the regions of the MSSM
parameter space which are favoured by the experimental data, and we demonstrate
some features of the best-fit point.

The experimental results of direct SUSY searches are typically presented as limits
in simplified versions of the full SUSY models, with only a few parameters. The
reinterpretation of the results in the context of other models is in principle possible,
however time-consuming and computationally very intensive. Chapter 8 presents a
new computer tool, called Fast1im, which facilitates and speeds up the calculation
of limits on the parameter space of new physics models from direct LHC searches.
We explain in detail how the program works. Further we present a first application of
Fastlim, where we study the constraints from LHC searches for SUSY particles
on the parameter space of so called “natural” SUSY models, a class of SUSY models
where the particles closely tied to the Higgs boson mass are relatively light, while
the rest of the particle spectrum is assumed to be beyond the reach of the LHC.

Finally, in Chap.9 we summarize our results and conclude.

The results presented in this thesis are based on several coauthored works, listed
in the List of Publications.
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Chapter 2
The Standard Model and Its Supersymmetric
Extensions

Abstract This chapter starts with a theoretical introduction to the Standard Model
(SM) of particle physics. We outline some shortcomings of the SM, before we turn
to the discussion of supersymmetric (SUSY) models. Supersymmetry is motivated
and introduced, followed by a detailed description of the particle sectors of the
Minimal Supersymmetric Standard Model (MSSM). Then we go to Next-to-minimal
Supersymmetric Standard Model (NMSSM) and show how the Higgs and neutralino
sectors are modified compared to the MSSM.

2.1 The Standard Model

The Higgs boson was for a long time the last missing piece predicted by the Standard
Model of particle physics. This gap was filled by the spectacular discovery of a
particle at the LHC in July 2012 with properties compatible with the SM Higgs
boson.

The Standard Model of particle physics [1-3] is a theory formulated (in its current
version) in the 1970s, which describes all fundamental particles which make up for the
visible matter in the universe and the interactions between them, apart from gravity.
It is a quantum field theory (QFT) that exhibits translation invariance and Lorentz
invariance, two global symmetries following from special relativity. These global
symmetries define the Poincaré group. Further the SM is locally gauge invariant under
the gauge group SU(3)c ® SU(2);, ® U(1)y.! The SM gauge group is split into two
parts: Quantum Chromo Dynamics (QCD) and the quantum theory of electroweak
interactions. QCD is the theory of strong interactions, described by the SU(3)¢
gauge group of colour. The electroweak theory is based on SU (2); ® U(1)y. The
existence of massive fields implies that the electroweak gauge group must be broken.
The breaking is described by the BEH mechanism, which entails the existence of a
Higgs boson.

I'The subscripts refer to colour, left chirality and weak hypercharge.
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In this section we will outline the symmetries of the SM, the concept of elec-
troweak symmetry breaking and the particle sectors of the SM. The last part of this
section discusses the shortcomings of the SM, motivating the study of ‘new physics’
models.

2.1.1 Symmetries

The kinetic terms of the SM fields are fully determined by the global symmetry
assuring translation invariance and invariance under Lorentz transformations. The
SM fields are classified into fermionic (spin 1/2) fields, bosonic (spin 1) fields and a
scalar boson (spin 0) field. Fermions account for the (visible) matter of the universe,
spin 1 bosons carry the forces between them. The special role of the scalar will be
discussed in Sect.2.1.2. The possible kinetic terms for Dirac fermions v and vector
bosons AZ are

. __ pfermion vector
Liin = Lign " + Lign

- 1
=i P — ZF,j‘,,F’”’" 2.1

with ¢ = ¢)1% and @ = ~*0,,. The field strength tensor is

Fl, = 0,A% — 0,A% + g f*" AL A, 22
Here g denotes the gauge coupling of a gauge group with generators T¢, where
[T%, TP] = i f*<T¢ defines the structure constants f4%¢.

The interactions of the SM fields are given by the gauge group SU (3)c@SU (2) 1. ®
U (1)y. Demanding local gauge invariance, the derivatives in the kinetic terms must
be replaced by the covariant derivatives, leading to a coupling of the vector fields
to fermions and scalars. For a general gauge theory the covariant derivative is
D, = 0, — igT®Aj,. For the SM gauge group the derivatives in Eq.(2.1) are
replaced by?

R S U
Oy —> Dy=0,—igl Wy _lglzB#_lgsjgu' (2.3)

Here g», g1 and gs are the coupling constants of SU(2)r, U(1)y and SU(3)c. We
define oy = 9;2 /4 for the strong SU (3) ¢ interactions and

9192 0o & 2.4

= —, 1
N R i

2We adopt the sign conventions for the SU (2),, covariant derivative used in the code FeynArts
[4-9], where (for historical reasons) the SU(2); covariant derivative in the SM is defined by
Oy —igpl? W/‘j (as in Eq.(2.3)), while it is defined by 0, +iga1¢ Wﬁ in the (N)MSSM, as we will
discuss later.
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for the electroweak SU(2); ® U(1)y interactions. The generators of SU(2); are
14 = ¢%/2 (where ¢ are the Pauli matrices), defining the weak isospin I3 of a
field. The generator of U (1)y is Y /2 defining the hypercharge, and the generators
of SU@B)c are \*/2 (\* are the Gell-Mann matrices) defining the colour charge.
The gauge bosons of SU(2)r, U(1)y and SU(3)¢ are W¢ (a = 1,2, 3), B and ¢¢
(a =1...8). The gauge bosons g* of QCD are called gluons.

2.1.2 Electroweak Theory and the BEH Mechanism in the SM

It is impossible to write down gauge-invariant explicit mass terms for vector boson
fields. However among the electroweak gauge bosons only the photon is massless,’
while the other electroweak gauge bosons are massive, so the SU(2)r ® U(l)y
gauge symmetry must be broken down to U (1)ep. The breaking is accomplished
via the BEH mechanism, which, furthermore, is also responsible for the generation
of fermion masses. In this framework, gauge boson masses are obtained by adding
additional terms

Ltiggs = (D) (D) — VM (2.5)

to the Lagrangian of the electroweak SM. The scalar Higgs field ¢ is a SU(2)1
doublet with hypercharge Y = 1.
Requiring gauge invariance and renormalizability,* the potential can be written as

A
Vit = =16 + J1ol%, 2.6)
where \ must be positive, so that the potential is bounded from below. One chooses
p? > 0, such that the potential is minimised at | (¢)|> = 2u?/\ = v?/2, where v is the
(non-zero) vacuum expectation value (vev).) One specific minimum is conventionally
chosen as

<¢>—i(°) 27
-—=(0): .

This ground state does not reflect the symmetry of the potential anymore. This feature
is termed spontaneous symmetry breaking. Expanding around the minimum, the full
Higgs field can be written as

_ ! G* 28
¢—E(U+H+iG0)' &9

3In the strong sector the gluons of SU(3)¢ are also massless.
“The concept of renormalization is explained in Sect. 3.2.

5 Note that the vev v of the SM Higgs field differs from the value v which we will define in the
MSSM (in Eq. (2.58)) using a different convention. The numerical value here is v ~ 246 GeV.
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From the four degrees of freedom, the three unphysical fields, G* = G]i +i G2jE and
G, (called Goldstone bosons) can be absorbed in a suitable gauge transformation.
The gauge in which the Goldstone bosons are absent is called unitary gauge.

Expanding the kinetic term (D#¢)T(D“¢) of Eq.(2.5) around the minimum of
the Higgs doublet, masses are generated for the fields

L
V2

called (charged) W bosons and for the neutral Z boson

Z\ Cw Sw w3
(D)= (e) @
while the photon A remains massless. Here sy and cy are the sine and cosine of the
weak mixing angle, which at tree level are given by

Wt = —W!xiw?), (2.9)

sw=sin@p = —1 oy =cosOp = — 2. 2.11)
VI + 9 VI + 9
The generated masses are
1
MWZCwMz=§g2v, My =0. (2.12)

The photon is the mediator of the electromagnetic interaction and remains mass-
less. All charged particles are subject to the electromagnetic interaction. The weak
interaction is carried by the charged gauge bosons W and the neutral gauge boson
Z. The neutral interaction involves all (left- and right-handed) fermions, while w*
couples only to left-handed fermions.

The remaining real degree of freedom in Eq.(2.8) is the only physical scalar
field— the Higgs boson, H. The mass of the Higgs boson can be written as M?, =
2412 However since y2 is arbitrary, My is a free parameter in the SM that must be
determined by experiment. Later we shall call the SM Higgs HM to avoid confusion
when we simultaneously talk about the SM and extensions with several Higgs bosons.

2.1.3 Fermion Sector

The fermions in the SM consist of leptons and quarks. Leptons are not charged under
SU (3)¢ while quarks carry colour. While leptons exist as free particles, quarks are
always bound inside hadrons, such as protons and neutrons. The fermions can be
ordered into three (i = 1,2, 3) generations or families, which are identical with
respect to the quantum numbers of their contents and differ only by the mass of
the particles. The fermions building SU (2)1, doublets (/; 1 for leptons and ¢; 1 for
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quarks) are called left-handed, while the fermions building SU (2), singlets (e; g for
leptons, u; g for up-type quarks, d; g for down-type quarks) are right-handed.

An explicit Dirac-type fermion mass term in the Lagrangian would not preserve
gauge invariance. Fermion masses are generated by so called Yukawa couplings of
the Higgs field to the fermion fields which can be written as

Lyakana = — (41¥,0Cur + Gryad dp +1yid er +h.c.) 2.13)

where ¢€ = iop¢* is the charge conjugated Higgs field (note that the same Higgs
doublet is used to give mass to up-type and down-type fermions), gr,, I, ur, dg, er
are 3-component vectors in family space, and y,, y4 and y; are the 3 x 3 Yukawa
coupling matrices.

There are no right-handed neutrinos in the SM (in its established form) and the
neutrinos remain massless in the SM.°

Replacing the Higgs field by its vacuum expectation value, one finds the lepton
mass matrix (which can be diagonalised)

v

V2

The mass eigenstates of the quarks are obtained by unitary transformations on the
quark fields; the diagonalised mass matrices for up- and down type fermions read

V Uyt 17U

_2(UL) y.Ug , my=

5

LZ(UE)Tyd ub. (2.15)

v

m, =

The product
Vekm = (U UP (2.16)

is referred to as the Cabibbo-Kobayashi-Maskawa (CKM) matrix. A complex phase
in the quark mixing matrix provides the only source of C’/P-violation in the SM.
2.1.4 Gauge Fixing, Ghost Sector

The quantisation of the SM, requires the insertion of additional, gauge fixing, terms
in the Lagrangian. Using a renormalizable’t Hooft gauge the gauge fixing term is

Loy = _%[(FA)2+(FZ)2+2FW*FW’], (2.17)

6 The evidence of neutrino oscillation (see e.g. [10]) implies that neutrinos are (against the original
assumption) massive. Introducing right handed neutrinos, Dirac mass terms can easily be added.
Another possibility is to write down Majorana mass terms. In this thesis neutrinos can be assumed
to be massless.
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with . 1 1
FY" =) 20"wy FiMw(&)2G*

FZ = () 20" 2, — Mz(¢§)3 GO (2.18)
FA = ()20 A,

Here fIW, fZW , flz , fzz and & f‘ are five gauge parameters. The parameters {* can be
chosen freely, since in the end the physical observables must be independent of the
gauge fixing. In most parts of this work (if not stated otherwise) the particularly
simple Feynman-’t Hooft gauge is chosen, where all £* are set equal to 1.

In this formulation non-physical contributions appear, which must be canceled.
This cancellation is achieved by introducing the so called Faddeev-Popov ghost u® (x)
and antighost #®(x) fields (o« = W=, A, Z). Ghosts are unphysical mathematical
entities, which do not correspond to ‘real’ external particles and only appear as virtual
particles within loops. The additional Faddeev-Popov term in the Lagrangian is

o, OF©
Lo = D “(x)aeﬂ(x)“ﬂ(x)' (2.19)
a.f=W*,A,Z

where the 6 denote infinitesimal gauge transformations and 6 F© /56" are variations
of the gauge fixing operators F® (« = W, A, Z) under #°. In the Feynman-’t Hooft
gauge each ghost field acquires the same mass parameter as its associated gauge boson
field. Also the Goldstone bosons acquire a non-zero mass parameter in this gauge
and must be included in our calculations.

2.1.5 Full SM Lagrangian

The full Lagrangian density of the SM is
Lsm = Lyin + £Higgs + Lyukawa + Lfix + Acghost (2.20)
where in the term Ly the kinetic term is written down for ¢ = I; 1, e; r, gi.L, Ui.R,

dig i =1,2,3)and Aﬁ =W%a =1,2,3), B,g%(a = 1...8). The derivative in
Eq.(2.1) is replaced by the covariant derivative of Eq. (2.3).

2.1.6 Shortcomings of the SM

The Standard Model of particle physics is a very successful theory describing
most experimental measurements with high precision. However there are some
observations and theoretical shortcomings indicating that the SM cannot be the
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complete description of elementary particle physics but needs to be embedded in
amore complete theory. Some shortcomings of the SM are outlined in the following.

As a start the gravitational force which has profound implications for our everyday
lives cannot be described within the SM. Quantum gravitational effects are expected
to become relevant only at very high scales (Mpjanck = 1019 GeV) and therefore are
expected to have hardly any impact on particle physics phenomenology. Nevertheless
the failure of the SM to include a description of gravity clearly indicates that the SM
cannot be an exhaustive theory of nature: It is known to fail (at the latest) at the
Planck scale where quantum gravitational effects become important, which implies
that the SM must be an effective theory which can be valid only up to a cutoff scale
A, at which new physics appears.

This has drastic implications for the stability of the Higgs mass. In the SM the
Higgs mass is a free parameter, while one might expect that, in a more fundamental
theory, the Higgs mass value can be predicted. Quantum level effects affect the
Higgs mass and must be included in the calculation of the Higgs mass value giving
a correction term AM %1, thus

My = M} o+ AMY,. (2.21)

Diagrams such as the one depicted in Fig. 2.1 (showing the one-loop correction from
a fermion loop) contribute to AM%. Calculating this diagram and cutting off the
integral at the new-physics scale A yields a correction term to the Higgs mass

y

AM%:—#AZ—F-u. (2.22)
The ellipsis denote terms that grow at most logarithmically with A. This means
that for A = Mpjanck the corrections to the Higgs mass are of the size AM% ~
1038 GeV?2. On the other hand we have observed a Higgs boson at 126 GeV. To get
My ~ 126 GeV, an immense cancellation between the AM%, correction and M%I’O
is necessary (extreme ‘fine-tuning’). This seems very unnatural and is known as the
Hierarchy Problem.

There is another theoretical unaesthetic feature of the SM: The SM gauge group
is not simple, so that the cancellation of gauge anomalies is accidental and the exis-
tence of electric charges in fractional amounts is not explained. Another shortcoming
(mentioned earlier) is the observation of non-zero neutrino masses, which are not

Fig. 2.1 Fermion loop f

diagram which leads to

quadratic divergent

corrections to the Higgs mass - -



14 2 The Standard Model and Its Supersymmetric Extensions

described in the SM in its current form. Further the hierarchy of the fermion masses
(5 x 107* — 10?GeV) remains unexplained in the SM (‘Flavour imbalance’).

Many astrophysical observations have shown evidence that more gravitationally
interacting matter (so called dark matter) than the visible baryonic matter must exist
in the universe. Recent results reveal that the largest part (~68.3 %) of the total
energy in the universe consists of so called dark energy, while dark matter accounts
for ~26.8 % [11, 12]. Neither dark energy nor dark matter can be explained within the
SM. If dark matter consists of elementary particles, these can at most interact weakly
with other particles and they have to be stable over cosmological timescales. Another
observation is the baryon asymmetry in the universe [11, 13]. This discrepancy
cannot be explained by just the CP-violation from the CKM phase in the SM alone
and indicates that further sources of C’P-violation beyond the SM must exist.

2.2 The Minimal Supersymmetric Standard Model

Supersymmetry (SUSY) is an attractive and popular guideline to extend the SM.
Some of the shortcoming of the SM mentioned in the previous section are addressed
in supersymmeric models. It is a natural extension of the space-time symmetry of
the SM which relates fermionic and bosonic degrees of freedom. In the Minimal
Supersymmetric Standard Model (MSSM) the global symmetries of the SM are
minimally extended while the local gauge symmetries remain unchanged. In this
section we will introduce and motivate weak scale supersymmetry and its minimal
realisation, the MSSM. I will discuss how the shortcomings of the SM are addressed
in the MSSM. Further I will introduce the particle content of the MSSM and set the
notation for later chapters.

2.2.1 Concepts of Supersymmetric Models

Possible extensions of the Poincaré group are highly restricted by the Haag-
Lopuszariski-Sohnius theorem [ 14] stating that (in 4-dimensional QFT) the Poincaré
group can only (non trivially) be extended by (V) fermionic operators. The gen-
erator of (N = 1) supersymmetry is a fermionic operator Q which converts a
bosonic state into a fermionic state and vice versa: Q |boson) = |fermion) and
Q |fermion) = |boson) and has to fulfil the SUSY algebra

{Qa. Q) = (0"M)aa Py
(Qa. 05} =0, {Q}. 0]} =0 (2.23)
[Qa. Pu1=0, [Q). P.1=0

where P, is the four-momentum, «, 3 and ¢, 3 are spinor indices.
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In supersymmetric extensions of the Standard Model the SM fermions and gauge
bosons get superpartners, with identical quantum numbers except for the spin. This
implies that, in an unbroken supersymmetric model, particles and superparticles have
degenerate masses.

This already suggests a solution of the hierarchy problem of the SM. In SUSY
all fermions have superpartners, f , which give additional corrections to the Higgs
mass. Diagrams as the one depicted in Fig.2.2 lead to a contribution

Y

AME = 8_;‘21\2 o (2.24)
Here again the ellipsis denote terms that grow at most logarithmically with the cut
off scale. Adding the contributions to the Higgs mass from fermions and their super-
partners, we see that (independent on the masses if the superpartners) the quadratic
divergent terms cancel if y = y%. In an unbroken supersymmetric model the fermi-
ons and their superpartners have the same mass and the Higgs mass corrections
cancel completely. But as we will argue in Sect. 2.2.4, supersymmetry must be bro-
ken, which implies that the masses of the superpartners differ from the masses of
the SM particles. This will not spoil the cancellation of the quadratic divergencies,
as long as we require the SUSY breaking to maintain the relation y ; = y%. Naively
one would think that the remaining corrections (after the cancellation of the quadrati-

cally divergent parts) are proportional to squared mass difference m? — m?c , however

calculating the corrections in the MSSM, one finds that in the Higgs mass is only
logarithmically sensitive to the mass difference between fermions and their super-
partners
m>
AM% ~log [ £ . (2.25)
"y

Therefore the remaining corrections to the Higgs mass stay relatively small and the
Higgs mass in the MSSM is protected from large loop corrections. However in the
discussion of radiative electroweak symmetry breaking (see below) we will see that
also in the context of the MSSM, large corrections sensitive to m2 appear, indicating

that splitting between the masses of the SM and the SUSY particles should not be
not too large.

The SM particles and their superpartners are combined within supermultiplets.
Quarks and leptons receive scalar superpartners, squarks and sleptons. Supersym-
metric extensions of the SM contain several scalar Higgs bosons (as we will discuss

Fig. 2.2 Sfermion loop f

diagram which leads to RN
quadratic divergent oy
corrections to the Higgs mass \\ ‘/
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below), which get fermionic superpartners, the higgsinos. All these particles are
described by so called chiral supermultiplets, each containing a two-component
Weyl’ fermion ¢, a complex scalar field ¢ and an auxiliary field F. Also the elec-
troweak gauge bosons of the SM and the gluons get fermionic superpartners. These
are described by vector multiplets, containing a spin-1 vector boson A%, a spin-1/2
Majorana fermion A* and a scalar auxiliary field D?, where the index runs over the
adjoint representation of the gauge group:a = 1,...,8 for SUB3)c,a=1,...,3
for SU2)p anda = 1for U(1)y.

The part of a supersymmetric Lagrangian describing the n free chiral supermul-
tiplets(( =1,...,n)is

Liree = Oy 0"y + ;i 510u1b + F; ' F. (2.26)

The interaction term of the chiral multiplets can be written as (we define W; and W;;
below)

1
Ling = (_EWij'(/fi¢j + WiFi) +c.c. (2.27)

Using the Euler-Lagrange equation of motion for the auxiliary fields F; and F; one
finds F; = —W;f, F;" = —W;. Here

Pw

W; = ow and W;; =
T Y009

5% (2.28)

W is a complex analytic (or holomorphic) function, which determines the allowed
interaction terms for chiral multiplets and is called superpotential. The part of the
Lagrangian describing chiral multiplets is Lchiral = Leree + Lint-

The Lagrangian describing the vector multiplets is

Lgauge = —%FSVF*“’“ +iA G DA 4 %D“ D, (2.29)
One proceeds as in the SM and promotes the derivatives in Eq.(2.26) to covariant
derivatives, in order to obtain a gauge invariant Lagrangian.® This couples the gauge
boson in the vectormultiplets to the fermions and scalars of the chiral multiplets.
Additional terms must be added to respect supersymmetry.
Including all possible gauge invariant, renormalizable interaction terms, the super-
symmetric Lagrangian is

7In Sect. 2.1 we used Dirac notation to describe the SM fermions. However it turns out to be more
convenient to use the two-component Weyl spinor notation for the fermions in the supermultiplets.
For the definition of Weyl fermions see Ref. [15].

8 As mentioned earlier, we define the SU (2) ;. covariant derivative in the SUSY models with opposite
sign than in the SM, following the FeynArts [4-9] conventions.
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Lsusy = Lchiral(With aﬂ g DM) + ﬁgauge
— V29 TYX — V29N T T ) + g(¢*T¢)D*.  (2.30)

As introduced earlier 7¢ are the generators of the gauge group. For the auxiliary
fields D one finds the equation of motion D¢ = —g(¢*T“¢). The scalar potential
part of Ly is given by the term —V (¢, ¢*) with

1 1
V(g ¢*) = F F; + ;DD = wiw; + Egz(dﬂT%)?. (2.31)

The first term (‘F-term’) comes from Lcpiral, the second term (‘D-term’) combines
the last term of Eq. (2.30) and the last term in Eq. (2.29). It is a peculiarity of super-
symmetric models that the scalar potential is given by the Yukawa (F-term) and gauge
(D-term) interactions.

2.2.2 The MSSM Superpotential

The chiral multiplets in the MSSM are given in Table2.1. One can see from the table
that the MSSM has two Higgs doublets, H; and H,.” We will explain below why two
Higgs doublets are needed. We follow the convention to define chiral multiplets in
terms of left-handed Weyl spinors. That means we regard the right-handed fermions
and their superpartners as conjugates of the left-handed fields. The vectormultiplets
of the MSSM are listed in Table 2.2.
The superpotential for the MSSM with conserved R-parity (see Sect.2.2.3) is
given by
WMSSM = iy, QH, — dy,QHy — ey LH, + jiHa Hy (2.32)

Table 2.1 Chiral supermultiplets in the MSSM. Family and colour indices are suppressed

Label | Spin0 Spin 172 [ (SUQB)¢, SUQ)L, U(Dy)
Squarks, quarks 0 0= (i, dr) (up.dy) (3.2, %)

i =i ar (3.1,-3)

d d=d; dr 3.1
Sleptons, leptons L L= (v, er) (v,er) 1,2, —%)

é e=er er ,1,1)
Higgs, Higgsinos H, Hy=H), H) | (H),H) (1,2,—%)

Hy Hy=(Hy ,HY)) | (Hy ,H)) |(1,2,})

9In literature the two Higgs doublets are often called H, = H» and H; = H;. For the Higgs
doublets we use the same notation for the chiral supermultiplets and for its scalar entry.
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Table 2.2 Vector supermultiplets in the MSSM

Spin 1/2 Spin 1 (SUB)c, SUQR)L, U(l)y)
Gluino, gluon g g 8,1,0)
Wino, W-boson w=, wo wE,wo 1,3,0)
Bino, B-boson B B 1,1,0)

where Q, u, d L.e H 1, Hy are the chiral supermultiplets from Table 2.1. The gauge
indices and generation indices are suppressed. y,, Y4 and y; are the dimensionless
Yukawa coupling parameters, which are 3 x 3 matrices in family space. Here one can
see that im the MSSM (contrary to the SM) indeed two Higgs doublets are needed to
give mass to up- and down-type fermions: In the term ity, Q H> one cannot replace
H; by ch o« Hf, since W is a complex analytic (or holomorphic) function and
therefore no complex conjugates may appear. Two Higgsinos (and therewith Higgs
doublets with opposite hypercharge) are also needed for a successful cancellation
of the anomaly that would result from only one Higgsino fermion. To get the super-
symmetric Lagrangian of the MSSM, the chiral and vector supermultiplets and the
MSSM superpotential must be inserted in Eq. (2.30).

2.2.3 R-Parity

Lepton and baryon number conservation have experimentally been probed precisely
and searches (e.g. proton decay) have not shown deviations at the present level of
sensitivity. Whereas in the SM these symmetries are an accidental consequence of the
field content and the gauge symmetry, in supersymmetric models lepton and baryon
number can be violated, which would lead to an unstable proton. One way to prevent
a too rapid proton decay is to require that every coupling in the MSSM preserves R

parity
R = (—1)3B+L+25 +1 for SM partick?s (2.33)
—1 for SUSY particles

where B is the Baryon number (quarks have baryon number +%, the antiquarks have
baryon number —%), L the Lepton number (leptons have lepton number +1, the
antileptons have lepton number —1) and S is the spin. R parity conservation can
also theoretically be motivated, it can e.g. be a remnant of a U (1) gauge symmetry.
The conservation of R parity implies that supersymmetric particles can only be
produced in pairs and that the lightest supersymmetric particle (LSP) is stable. This
has important phenomenological consequences, since the LSP can be a suitable dark
matter candidate.
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2.2.4 SUSY Breaking

SUSY particles have yet to be observed experimentally. Given that SUSY particles
would have the same mass as their SM partners in an unbroken supersymmetric
theory and that no experimental signal has been seen yet, supersymmetry, if exist-
ing, cannot be an exact symmetry but must be broken. Spontaneous breaking of
supersymmetry in a hidden sector can be mediated to the visible sector by differ-
ent mechanisms. The SUSY breaking can generally be parameterised at low scale
without being restricted to a particular SUSY breaking mechanism. The breaking
is described phenomenologically by explicitly adding terms, called soft breaking
terms, to the Lagrangian density. The term ‘soft’ means that the relations between
the dimensionless couplings are not modified and thus no quadratic divergencies are
reintroduced. The soft breaking terms in the MSSM are [16]

1 Yo~ -
—CaeM = 2 (MlBB + Mo W W + Mag g + c.c)
+ (; auQHz — éadQHl — éaeLHl +C.C)
2 At A 257 2 =4z 2 315 2 =tz
+mQQ Q+mZL L+ml~]u u+mljd d+mEe e
+ M3 H Hy + i H Hy — (m%szHl +c.c) (2.34)

where My, M, and M3 are the bino, wino and gluino mass terms; in the term M3 g% g*
the gauge index a runs from 1 to 8 and in the term M, W¢W? from 1 to 3. a,, a4
and a, (3 x 3 matrices in family space) are the trilinear sfermion couplings and

m%, m%, m%, m2, mé (3 x 3 matrices in family space) are the sfermion squared

07U DL
mass matrices. The parameters in the last line are the Higgs soft SUSY breaking

~2 ~2 2
parameters 75, m7j, and m{,.

2.2.5 Constrained Models: CMSSM and pMSSM

A remarkable feature of the MSSM is that it allows for gauge coupling unification
(provided that the SUSY particles are at the TeV scale) at a high scale Mgyt ~
10'© GeV, which is called Grand Unification or GUT scale. The running of gauge
couplings is discussed in Sect.3.2.3. Therefore it is a popular assumption that also
the gaugino masses unify at that scale, which leads to the relation

3 1
M| = ——WMZ = §M2. (2.35)

This assumption is used throughout this work. No relation is assumed for M3 unless
stated otherwise.
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Going one step further one can assume that at the GUT scale the theory is described
by only a few parameters. The constrained MSSM (CMSSM) is a SUSY model,
which contains only five parameters: the universal scalar (soft) mass m, the universal
gaugino (soft) mass m 1,2, the universal trilinear coupling A (all at GUT scale), the
ratio of the vacuum expectation values of the two Higgs doublets tan 3 and the sign
of the Higgsino mass parameter. The weak scale parameters are then obtained by
renormalization group running (see Sect.3.2.3).

On the other hand low-scale models, which are not directly derived from some
high-scale (GUT) theory, are termed pMSSM models. In this bottom-up approach
no assumptions about the mechanism of SUSY breaking are made.

The soft breaking terms introduce plenty of new parameters: in total the MSSM
involves 105 new parameters (masses, mixing angles and phases). However many
of these new parameters lead to new sources of flavour mixing and CP-violation,
both strongly constrained by experiments (see Ref. [17] and references therein). In
phenomenological studies of the MSSM one often makes experimentally motived and
simplifying assumptions, reducing the number of MSSM parameters significantly.
In the following we always assume

2 2
i MQI’I:] 20 0 i Mﬁl,bl,ﬁl i 0 0
ML= 0 Mg, i, , - Mg bE T 0 OrDrEr
O 0 MQBJ:S 0 0 M03.IB3,E~‘3
(2.36)
and
Auyu O 0 Agya O 0 Aeye O 0
a = 0 Acye O s ag = 0 Azys O , Ay = 0 Apyy O
0 0 Ay 0 0 Apwp 0 0 Aryr
2.37)

where the yy are the Yukawa couplings. The Yukawa couplings of the first two
generations are small and often neglected. These assumptions already significantly
reduce the number of free parameters. In this work (if not stated otherwise) we allow
the parameters My, My, M3, Ay (f =u,d,c,s,t,b,e, i, 7) and p to be complex.
The phase of either M1, M, or ;. (we usually choose M) can be rotated away.

2.2.6 Sfermion Sector

Putting together the terms of the form foL, f; fR and fsz, ﬁ;ﬁ (fL/R denot-
ing the superpartner of a left/right-handed fermion f) appearing in the F-term, the
D-term and the soft SUSY breaking terms, one can write the sfermion mass part of
the MSSM Lagrangian as
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_ (]ZLT ]7;) M; (;2) (2.38)

Neglecting flavour violation in the sfermion sector (assuming Eq. (2.36)), the 2 x 2
sfermion mass matrix for each flavour can be written as

M

o (MZ~ +m% + M7 cos28(13 — Qs3) my X )
f - )

g me X¢ M2 + m?> +M2A00526Q 52
farf Fa f z fiw

(2.39)

where [ ? is the third component of the weak isospin, Qs the electric charge

Q=1 3 + Y/2 where Y is the hypercharges), m s is the corresponding fermion
mass and MJZ; and M ? are defined by
L JR

5 M?Z%  for left-handed squarks
M: = i
i M% for left-handed sleptons
M127- for right-handed up-type squarks (2.40)
szz = Mzﬁ for right-handed down-type squarks
R i

M% for right-handed sleptons

where 7 indicates the generation. The mixing parameter X 7 is defined by
Xf= Ay — p*{cot 3, tan 3}, (2.41)

where cot /3 applies to up-type squarks and tan 3 for down-type squarks and charged
sleptons. In the MSSM with complex parameters, the trilinear couplings Ay =
|Aflexp (ipa,) and the y parameter 1 = || exp (i¢,) can have non-zero complex
phases. Diagonalizing the mass matrix by a complex 2 x 2 unitary matrix U 7 (which
can be parameterised by an angle 6 7 plus a complex phase) gives the sfermion mass

eigenstates y ;
Yo (1t
()-(3)

In the following we will use the convention m fF=mp. The explicit mass eigenvalues
are then given by
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2+ M
L

7 2~R + 13f M2 cos 23

2 2 1
m< :mf—i—iI:M 7

fiz

;
F \/[M]%L — MJ%.R + M2 cos2B(1] —20s2)1> + 4m§.|xf|2 } )

(2.43)

2.2.7 Chargino Sector

The electrically charged Higgsinos and gauginos mix into charginos >~<1i,2- Defining
the gauge-eigenstates as

wt W=
o p -
g —(ﬁer) > g _(ﬁl) (2.44)

the chargino mass terms in the MSSM Lagrangian can be written as

1 . e -
S M= G+ 5 My G + e (2.45)
with A
M 2Myy sin 3
Mgz = , 2.46
Xi («/EMW cos 3 ] (2.46)

with the soft breaking parameter M;. The mass eigenvalues are obtained by diago-
nalizing the mass matrix using two unitary matrices U and V

UMV ™! = diag(m+, my) (2.47)

with the chargino masses m & <mgx. The eigenvalues are
1 2

M2 + pl? + 2M2 M2+ 2 +2m2 )
m}%zz 2 > W+ 2 > W —|uM2—M‘%Vsin2ﬁ| .

(2.48)

2.2.8 Neutralino Sector

The neutral Higgsinos and gauginos in the MSSM mix (as a result of electroweak
symmetry breaking), the resulting mass eigenstates are called neutralinos. Defining
the gauge-eigenstate base as
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B
770
G° = Wo (2.49)
H;
70
H,
one can rewrite the mass terms of the MSSM Lagrangian containing G° as
1 ~T ~
EGO Mo GO+ h.c. (2.50)
The neutralino mass matrix is given by
M 0 —Mzswcos 3 Mzsw sin 3
_ 0 M Mzcw cos B —Mzcw sin 8
My = —Mzsw cos 3 Mzcw cos 3 0 —u - (23D
M2SW sinﬁ —M2CW sinﬁ —u 0

The neutralino masses are obtained by a diagonalization of the mass matrix using a
single, complex, unitary matrix N

. — ATH -1
dlag(mi(l), ms0, mso, mig) =N M>~<0N (2.52)
The neutralinos are ordered in mass such that mgo = my % for i < j. The gaugino

masses M1 and M may (in addition to i) be complex. However there are in total
only two physically relevant phases. One phase, usually taken to be that for M, can
therefore be rotated away (as we already discussed in Sect.2.2.5).

2.2.9 Gluino Sector

The gluino is a colour octet fermion and cannot mix with any other MSSM patrticle.
Its mass
mg = |M3| (2.53)

is directly given by the mass term in the soft breaking Lagrangian.

2.2.10 Electroweak Symmetry Breaking and the MSSM
Higgs Sector

Writing the components of the two Higgs doublets (with opposite hypercharge
~Yy, = Yu, = D) as H = (Hy1, Hip) = (HY, H) and H, = (Hay1, H») =
(H5, Hg), the scalar potential of the MSSM can be written as
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MSSM 2 2 i j 2 2 *
VESSM = md Hi Hyi 3 H3 Hoi — & (3, Hyi Hoy + md, " HE )
[ 2 2 1, 2
+ g(gl + 95) (Hy; Hii — H; Hai)” + zglef}Hzil .

where the indices {i, j} = {1, 2} refer to the respective Higgs doublet component
and €'2 = 1. Here m} = m? + |l and m3 = m3 + |u|?, where /m? and 3 are the
real soft breaking terms. The soft breaking parameter m%z can a priori be complex,
however its complex phase can be rotated away (see Refs. [18, 19]) and from here
on we will treat m%z as a real parameter. The terms proportional to |y|? are F-term
contributions while the terms proportional to g; and g; arise from the D-terms. The
terms proportional to rh%, n~1% and m%z are the last three terms of the soft breaking
Lagrangian Eq. (2.34).

To get massive gauge bosons, V}}/ISSM must have a minimum which breaks the
electroweak symmetry. Interestingly, the conditions to find such a minimum cannot
be fulfilled for r?z% = nﬁ% This also means that ﬁz% = nﬁ% = 0 is not possible
and therefore in the MSSM SUSY breaking is necessary for electroweak symmetry
breaking.

GUT models often predict rh% = nﬁ% at a high scale. In the evolution of the m%
parameter down to the electroweak scale (RGE running is discussed in Eq. (3.2.3)),
radiative corrections occur involving terms proportional to the squared masses of the
SUSY particles. In order to fulfill the minimization conditions of the Higgs poten-
tial at the electroweak scale, the SUSY particle masses should be at the TeV scale.
Otherwise unnaturally large cancellations (large ‘fine tuning’) would be necessary
to trigger electroweak symmetry breaking. This mechanism to activate electroweak
symmetry breaking via quantum corrections is termed ‘radiative electroweak sym-
metry breaking’.

When the electroweak symmetry is broken, the neutral components of the Higgs

doublets get vevs
V1 0 v2

oA <H2>=ﬁ

while the charged components can (as in the SM) be chosen zero at the minimum of
V}}/ISSM. The ratio between the two vevs defines the parameter

(HY) = (2.54)

tanf = —. (2.55)

The two complex doublets can be expanded around the minimum as

v + 75 (61 —ix1) i 3
H1=( s ) Hz:eg(vz+%(¢z+ixz))' (2:36)

¢ is a possible phase between the two Higgs doublets (we will see below that this
phase must be zero and that the MSSM Higgs sector is CP-concering at tree-level).
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The two MSSM Higgs doublets contain eight degrees of freedom. As in the SM,
three degrees of freedom give the unphysical Goldstone bosons, which become the
longitudinal polarization modes of the Z and W bosons. The remaining degrees
of freedom give the five physical MSSM Higgs bosons. The generated gauge boson
masses are given by

1
M3, =iy M2 = 5 g3 (v} +v3). (2.57)

v=,/v}+v3 ~ 174 GeV, (2.58)

where the value is given by the measured gauge boson masses.
By rearranging the bilinear terms, the Higgs potential can be written as

We define

1
MSSM __ 1 ¢2 - - o
VSN = (01, 0m 00 00) Moo | |+ (0703 Mo (1) 0+
X2
(2.59)
with the mass matrices
Mpy Mgy
M = 1 (2.60)
PdXX (M¢X MXX

and M y+ 4+ . Non-zero off diagonal elements M, of the mass matrix Mgy, lead to
a C’P-violating mixing between the CP-even and CP-odd states. The non-vanishing
entries of Mg, are proportional to sin§.

The (tree-level) mixing of the gauge eigenstates into Higgs mass eigenstates is
described by

h o1

H G* +

Al= Upissm fﬁ? , (Hi) = Uissm (iic) . (2.61)
G X2

The condition that v; and v, are stationary points of the Higgs potential leads to
the requirement that the phase £ between the two Higgs doublets has to be zero.
Therefore also M, vanishes and there is no C’P violation in the MSSM Higgs sector
at tree-level. The mixing matrices can then be parametrised by

—sinacosa 0 0
yN. | cosa sinae 0 0 UCeor — (o8 B sin 8
MSSM — 0 0 —sinfBcosg| > ~MSSM™T \_sinfBcosf)’

0 0 cos 3 sin 8
(2.62)
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with

M3 + M;
tan2a = —24——Z tan 20, (2.63)
M3 — M3

and one finds the tree-level mass relations

1
i = 5 (M3 + M3 0} 032 — 403 cor29)

M3 = M5+ M},..

(2.64)

The mass eigenstates correspond to the neutral Higgs bosons #, H (with M), < Mp)
and A, and the charged Higgs pair H*. At tree level, where possible CP-violating
contributions of the soft supersymmetry-breaking terms do not enter, 4 and H are
the light and heavy CP-even Higgs bosons, and A is CP-odd. At lowest order the
MSSM Higgs sector is fully described by Mz and two MSSM parameters, often
chosen as the CP-odd Higgs boson mass, M4, and tan (3, the ratio of the two vacuum
expectation values.

From the above expressions it follows that M;, < Mz (at tree level). Such a light
Higgs boson would be excluded by LEP searches (unless it has strongly suppressed
couplings to gauge bosons). But higher order corrections to the Higgs masses are
known to be sizeable and must be included; particularly important are the one- and
two-loop contributions from top quarks and their scalar top partners.

ATLAS and CMS discovered a Higgs boson at ~126 GeV. Within the framework
of the MSSM the lighter CP-even Higgs boson, &, can have a mass of about 126 GeV
for sufficiently large M4 and sufficiently large higher-order corrections from the
scalar top sector. However, also the interpretation of the discovered particle as the
heavy C’P-even Higgs state, H, is, at least in principle, a viable possibility, see Refs.
[20-26].'° The interpretation of the discovered Higgs in the MSSM will be discussed
in detail in Chaps. 6 and 7.

2.3 The Next to Minimal Supersymmetric Standard Model

So far there exists no direct evidence for any particular theory beyond the Standard
Model. Therefore it is important to examine also other supersymmetric extensions of
the SM besides the MSSM. In the Next-to-Minimal Supersymmetric Standard Model
(NMSSM) the Higgs sector of the MSSM is enlarged by an additional Higgs singlet,
which entails 7 physical Higgs bosons and leads to a rich phenomenology which can
differ significantly from the MSSM. In this section we motivate the NMSSM and
discuss the relevant particle sectors. Since the matter content remains the same, the
sfermion sector of the NMSSM is unchanged with respect to the MSSM. Also the

10This scenario is challenged by the recent ATLAS bound on light charged Higgs bosons [27].
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chargino sector of the NMSSM is identical to that in the MSSM (since no new charged
degrees of freedom are introduced), whereas the neutralino sector is extended.

2.3.1 Motivation

The MSSM superpotential Eq. (2.65) contains the bilinear term pHy H;. Since the
dimensionful p parameter is introduced in the supersymmetric theory it is not con-
nected to the SUSY breaking scale. However a value for 1 of the order of that scale is
necessary to find an acceptable phenomenology. This issue is called the yu-problem
of the MSSM [28]. In the NMSSM the corresponding term in the superpotential is
replaced by a coupling of the two Higgs doublets to a new singlet field, and the p
parameter arises dynamically from the vev of the singlet and may therefore be close
to the SUSY breaking scale.

The solution of the p-problem is probably the most compelling motivation to
study the NMSSM, however there are further phenomenological motivations. The
singlet field modifies the Higgs mass relations compared to the MSSM, such that the
tree-level mass of the lightest neutral Higgs boson gets an additional NMSSM contri-
bution, which can increase its value. Consequently the radiative corrections needed to
shift the mass of the lightest Higgs mass up to 126 GeV can be smaller. In the MSSM
a large splitting in the stop sector is necessary to explain the LHC signal in terms
of the lightest Higgs. This requirement is relaxed in NMSSM parameter regions,
in which the tree-level Higgs mass is larger than the maximal MSSM value [29].
Another reason to study the NMSSM is the enriched dark matter phenomenology
due to a fifth neutralino.

2.3.2 The NMSSM Superpotential and Soft Breaking Terms

The NMSSM involves the same supermultiplets as the MSSM listed in Tables 2.1 and
2.2, but in addition to the two Higgs doublets of the MSSM it also contains a scalar
singlet S which couples only to the Higgs sector. The NMSSM!! superpotential has
the form

3 - _ 1
WNMSSM — iy OH, — dy,QH, — éy;LH, + A\SH>H; + 5/@53. (2.65)

Similar to the Higgs doublets, our notation for S is the same for the supermultiplet as
for its scalar component. Obviously the superpotential contains the supermultiplet S,
while the scalar component occurs in the soft breaking terms. The new contributions
of the Higgs singlet to the soft breaking terms are

1 We consider the Z3-symmetric version of the NMSSM, in which no linear or quartic terms in S
appear.
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1
LNMSSM _ pMSSMumod 21612 (\A\SHy H) + gmAHS3 +he), (2.66)

soft

where Els\g?tSM’mOd is the soft-breaking Lagrangian £LMM of the MSSM, given

in Eq. (2.34), but without the term m?2, H, H; .

2.3.3 Higgs Sector of the NMSSM

The additional contributions (and the modified i term) in the superpotential and in the
soft breaking terms lead to a modified Higgs potential in the NMSSM, which contains
the additional soft breaking parameters m%, Ay, Ay, as well as the superpotential
trilinear couplings A and .

At tree level no CP violation occurs exclusively within the Higgs doublet sector
(as we saw in the discussion of the MSSM Higgs sector). The NMSSM doublet-
singlet couplings can violate CP already at tree-level. However we do not consider
this possibility.

The minimum of the NMSSM Higgs potential triggers electroweak symmetry
breaking. After electroweak symmetry breaking the Higgs doublets can be expanded
around their minima in the same way as in the MSSM (see Eq. (2.56), with £ = 0).
The singlet scalar component can be expanded as

S=v;+ % (¢s +ixs), (2.67)

where v; is the (non-zero) vacuum expectation value of the singlet. The effective p
parameter is dynamically generated by

Heff = AUy, (2.68)
and is therefore of the order of the SUSY breaking scale, which solves the i problem

of the MSSM.
The bilinear part of the Higgs potential can be written as

é1 X1
Vi = 3 (61, 62, 65) Mygo [ 02 | + 3 (X1, X2, x5) My | x2
bs XS
- o
+ ((b1 » &y ) M 4+ (¢§_) +--, (2.69)

with the mass matrices Mygp, My and M= y+.
The mixing of the CP-even, CP-odd and charged Higgs fields into mass eigen-
states is described by unitary matrices U H UA and U€, where



2.3 The Next to Minimal Supersymmetric Standard Model 29

h1 o1 a X1 G+ o
h|=U"¢]. (e]=U"x]. (Hi)=UC(i). (2.70)
h3 os G Xs 2

The matrices UH, U4 and U€ transform the neutral CP-even, CP-odd and
charged Higgs fields, respectively, such that the resulting mass matrices are

di o t di i
M = UMMy U™, ME = UM, U and M. = UM e UC
(2.71)

The mass eigenstates iy, hy and h3 (with my,, < my, < my,) are the three CP-even
Higgs bosons, a; and a (with m,, < m,,) the two CP-odd Higgs bosons, and H is
(unchanged) the charged Higgs pair. Also unchanged from the MSSM is the presence
of the unphysical Goldstone bosons, G and G*. The charged Higgs mass is given by

M3 =3 + My, — \20? (2.72)

where 1 4 is the effective CP-odd doublet mass

rh2—L(A + Kvg) (2.73)
A= sinfBcosg o '
It can be seen from Eq. (2.70) that the singlet component of 4; is given by entry
U g (accordingly the singlet component of a; by Ui‘%). As singlets do not couple to
gauge bosons, a larger singlet component of /#; means a reduced coupling of 4; to
gauge bosons (and SM fermions). This will be important later.

2.3.4 Neutralino Sector of the NMSSM

In the NMSSM, the singlino S, the superpartner of the additional singlet scalar
enlarging the Higgs sector, extends the neutralino sector compared to the MSSM by
a fifth mass eigenstate. In the basis (é, WO, H 10 , I:IS, S ) the neutralino mass matrix
at tree-level is now given by

M, 0 —Mzswcos B Mzsw sin 3 0
0 M> MzcwcosB —Mzcwsing 0
Mo = | —Mzsw cos B Mzcw cos 3 0 — MUeff —Avy
Mzswsin3 —Mzcw sin 3 — [eff 0 — AV
0 0 —Avp —Avp 2K pefr

(2.74)
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where K = x/\. As in the MSSM, the mass matrix can be diagonalised by a single
unitary matrix N

: _ T
dlag(mi(l),m mfcg,mm,m-o) = N*MioN , (2.75)

ok %9 M50

which gives the mass eigenvalues ordered as mgo < mso fori < j.
U J

2.3.5 MSSM and Decoupling Limit

Since the NMSSM is an extension of the MSSM, the MSSM is recovered for
A—>0, k—>0, K = k/\ = constant, (2.76)

with all other parameters (including giefr) held fixed. This limit is referred to as
MSSM limit. In this limit one CP-even, one CP-odd Higgs boson (not necessarily
the heaviest ones) and one neutralino become completely singlet and decouple from
the MSSM sector.

If additionally Mg+ > M7 is fulfilled and all superpartners are heavy, we are in
the decoupling limit, in which the Higgs sector becomes SM-like (decoupled heavy
doublet Higgs states, one light Higgs with SM-like couplings).

When the doublet decoupling condition My+ > M7 is fulfilled, but A and s
have finite non-zero values (i.e. values that differ from the MSSM limit) we call it
the SM+singlet limit.
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Chapter 3
Perturbative Calculations

Abstract In order to obtain precise theoretical predictions for observables in the
SM or its extensions, which can be compared to other models and to experimental
data, loop diagrams need to be calculated. This chapter introduces the basic concepts
of regularization and renormalization needed for loop calculations.

3.1 Introduction

In quantum field theories an observables O (e.g. a cross section) can be obtained
from the S-matrix element M (O o | M|?) which can be calculated perturbatively

M=cigterg*+esg+-- (3.1)

If the coupling ¢ is small, the size of the consecutive terms in the power series
decreases. In order to improve the prediction for an observable O, theorists calculate,
besides the first term, also the leading higher-order corrections. The perturbative
series can be illustrated by Feynman diagrams with increasing number of loops and
vertices. In an S-matrix element the external particles are on-shell (p?> = m?) while
the virtual particles can be off-shell (p> # m?).

For the calculation of loop diagrams, an integration over all possible values of the
unconstrained momenta of the particles in the loop must be performed, which gen-
erally yields a divergent result. In order to deal with the unphysical divergences, the
two concepts of regularization and renormalization are needed, which are introduced
in this section.

3.2 The Concepts of Regularization and Renormalization

Regularization makes the divergent expressions mathematically meaningful. It intro-
duces a new parameter J, in a way that the original theory is retrieved for § — Jy.
The loop integral is finite for § # Jg, but has a pole at § = §g. Only after renor-
malization the limit 6 — g can be taken and finite results in terms of renormalized
parameters are obtained. There are several different regularization schemes which do
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not necessarily yield the same result for a specific loop diagram, but the results for
physical observables must always be independent of the regularization scheme. In
this work, two different renormalization schemes are used. Calculations within the
SM! are performed using Dimensional Regularization (DR) [2]. DR is a regulariza-
tion method which preserves Lorentz- and gauge invariance, and features an elegant
and convenient formalism for loop calculations. In DR the definition of momenta
and Lorentz covariants (7, gy, - - .) 18 extended from 4 to D = 4 — ¢ dimensions.
With the extension of space-time dimensions also the integrals have to be calculated
in D = 4 — e instead of 4 dimensions and the crucial point of DR is that the integrals
that are UV-divergent in 4 dimensions are convergent for € > 0

d*q awp [ dPq
/ ent H / @mP G2

An arbitrary energy scale p is introduced here to keep the couplings dimensionless.
At one-loop order? any loop integral can be decomposed (using Passarino—Veltman
Reduction [3]) into scalar one-loop integrals that do not contain any Lorentz index
in the numerator. Calculating the scalar integrals, one finds terms proportional to
1/e, terms independent of € and terms proportional to powers of €. By appropri-
ate renormalization, the terms with 1/e can be canceled and then the limit € — 0
can be taken. Dimensional regularization breaks supersymmetry. We perform the
calculation of loop diagrams in the MSSM and the NMSSM using Constrained Dif-
ferential Renormalization (CDR),> a method for the calculation of loop integrals
in 4 dimensions, which preserves supersymmetry and gauge invariance at one-loop
level. CDR is equivalent to the more commonly used scheme Dimensional Reduc-
tion (DRED)* at one-loop level [10]. More details about CDR can be found in
Ref. [10, 11].

Models, like the SM, the MSSM or the NMSSM, involve several free parameters
that have to be determined by experiments. At tree level the relations between these
parameters and the experimental quantities might be clear, but the inclusion of radia-
tive corrections alters the relations and changes the physical interpretation of the
parameters. A redefinition (or renormalization) of the parameters is then required. In
a renormalizable theory, this is done in such a way that the divergencies are system-
atically absorbed into the unphysical (bare) parameters in the Lagrangian. Therefore,
the original bare parameters a (e.g. a mass parameter) and fields F in the Lagrangian
are replaced by

'With the exception of one SM diagram, which required a specific treatment and where we use
another regularization scheme called Pauli—Villars regularization [1].

2In this work the calculation of diagrams beyond one-loop is not discussed.

3In practise, the loop calculations are done with the programs FeynArts (Version 3.5) [4-9] and
FormCalc (Version 6.2) [10]. In FormCalc the user can choose between DR and CDR.
4DRED s a regularization scheme, in which the integration momenta are D-dimensional, while the
Dirac algebra is kept 4-dimensional.
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ag =a+da

1 (3.3)
Fo= (1 + E(SZF) F
where a (F) are the renormalized parameters (fields) and da and 6 Z are the renormal-
ization constants (or counterterms). The physical renormalized parameters are finite
while the renormalization constants contain the divergencies. After this redefinition,
the bare Lagrangian can be replaced by

Lo(ao, Fo) = L(a, F) + Lct(a, F, da, 0ZF). (3.4

The Lagrangian £ looks like the bare Lagrangian £y but with renormalized parame-
ters, and Lc contains the counter terms. From this Lagrangian we get an extended
set of Feynman rules, consisting of the ‘original’ Feynman rules with renormalized
parameters and additionally new Feynman rules for the counter terms. This proce-
dure has to be done for every order in perturbation theory. At each order the sum of
the original Feynman graphs with those involving counterterms is finite (as long as
the theory is renormalizable).

The renormalization constants are fixed by a renormalization scheme, which
consists of certain renormalization conditions. There are different renormalization
schemes, which have in common that the divergencies are absorbed in the countert-
erms. The treatment of the finite parts determines the relation between the renor-
malized parameters and measurable quantities. Different finite parts are absorbed in
different renormalization schemes. In the minimal subtraction (MS) scheme only the
divergence is absorbed. Two common renormalization schemes, the on-shell scheme
and the MS scheme, are introduced in the next two sections. In this work we use the
on-shell scheme for the one-loop calculation in Chap. 5.

3.2.1 On-Shell Renormalization Scheme

In the on-shell scheme the renormalization constants are fixed by the on-shell renor-
malization conditions, demanding that the renormalized mass parameters are equal
to the real parts of the propagator poles, that the residues of the renormalized prop-
agators are equal to 1 and that e is the elementary charge from Thomson-scattering,
resulting in vanishing loop contributions to the eeA vertex on-shell and for zero
momentum transfer. These conditions imply that the terms containing the scale p
introduced in Eq. (3.2) are absorbed along with the singularities in the counter terms
and the renormalized parameters are scale independent.

In our work, we directly use only the renormalization of the electroweak SM
parameters and fields at one-loop level. Here we only give the on-shell renormaliza-
tion constants which we will need later. For a comprehensive review of the renor-
malization of the electroweak SM at one-loop level including the derivation of the
renormalization constants, we refer to Ref. [12]. The renormalization constants of
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the W/Z boson masses are

WW/ZZ
My 0 =My +0MYy 7 M3y, =Rexy VW3, ). (3.5)

where the self-energy ¥ which occurs here is defined in Sect.3.2.2. The
renormalization constant of a (left-handed) lepton field / (neglecting the lepton
mass) is

1
1§ = (1 + 552“) Ik, §Z' = —Re T} (0). (3.6)

The renormalization constant of the electric charge is’

1 =420
o= (1+6Z)e, 67, = =11 (0) — S—WT—Z(). 3.7)
2 cw M
with A A
$AA (k2) XA (k)
42 = L n4(0) = #h{zzo. (3.8)

The sine of the weak mixing angle is not an independent parameter in the on-shell
renormalization scheme. Its renormalization constant

ds 1c3 SYW (M) SZ(M32)
sw.o = sw + Osw, —r = —~WRe (LW T 27 ) (3.9
Sw 25y My, M;

is fixed by renormalization constants of the weak gauge boson masses.

3.2.2 Self-Energies

In Egs.(3.5)—(3.9) the quantity ¥ denotes the one-loop self-energy. Generally the
self-energy contains the loop contributions to the propagator of a field and is given
as the sum of all one-particle irreducible® loop diagrams:

+ “@‘N + 0"
(3.10)

5The si gn in front of sy depends on the choice for the SU(2) covariant derivative. Like dZ, is given
here, it assumes our SM convention. Using our the (N)MSSM convention, the renormalization
constant of the electric charge is defined with a + sign between the two terms.

STrreducible means that the diagram cannot be cut into two non-trivial parts by cutting a single line
carrying non-zero momentum.
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The self-energy of a gauge boson can be written as

B () = (o + 50 ) 30 () - P50 ()

where X1 (pz) is the transverse part (which appears in the formulas for the renor-
malization constants given above) and X, (pz) the longitudinal part of the gauge
boson self-energy. The fermion self-energy can be split into a vector, an axial vector,
a scalar and a pseudoscalar part

2 ) =pSv (1) + 97724 (02) + S (07) + %0 (7)) G12)

with p = v¥p,, or alternatively into left and right handed parts

= (1) 2 ) e () )
+ %mf (1 . 75) 50 (pz) n %mf (1 n 75) Sk (pz) (3.13)
with
me () = 20 () + 2 ()
= (p?) = v (?) — =4 (r?). (3.14)
where £ appears in Eq. (3.6) and

Ze (77) = =5 (") + 20 ()

s (P?) = 25 (r?) - = (). (3.15)

3.2.3 MS Renormalization Scheme, Renormalization Group
Equations and Implications for QCD

The MS renormalization scheme is a modified version of the MS scheme, in which
besides the singularity also the constant log 47 —~g which occurs in the calculation of
the scalar integrals together with the 1/ term is absorbed.” However the 1« dependent
term remains in the integral and causes a dependence of the renormalized finite

7A similar renormalization scheme for Dimensional Reduction, which is often used in supersym-
metry (e.g. for the renormalization of the parameter tan [3) is the DR scheme.
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parameters on the scale 1.® The evolution of the renormalized parameters (masses and
couplings”) with this scale, which is also called renormalization scale, is described
by the renormalization group equations (RGEs), which for the strong coupling reads

Oog
quz = B(ay) (3.16)
with s
Blay) = — (11 — 2%) Z—; +0(ad). (3.17)

The negative sign of the beta function (for ny < 16, where ny is the number of active
quark flavours) implies that «; decreases with increasing p (which is identified with
increasing energy or decreasing distance) which has profound implications for QCD.
This phenomenon is called asymptotic freedom and assures that the powerful method
of perturbative calculations (Eq. 3.1) can be used at small distances. However at large
distances (low energies) «; gets large and the perturbative expansion fails. The scale
which describes the transition to the non-perturbative regime is Aqgcp ~ 200 MeV.
Atlow energies quarks and gluons (collectively called partons) are bound into colour
neutral hadrons (e.g. protons). This phenomenon is termed confinement.

In order to make predictions for high energy hadron collider experiments, the cross
sections are factorized into hard scattering cross sections of quarks and gluons at high
energies (calculable in perturbative QCD) and functions called parton distribution
functions (PDFs) describing the proton structure. The PDFs cannot be calculated
perturbatively and are obtained from measurements, however the scale dependence
can be calculated perturbatively and is described by the DGLAP [13] evolution
equations.
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Chapter 4
Experimental Status

Abstract This chapter is dedicated to the status of the results from collider experi-
ments (as by February 2014). After going through some general aspects of collider
physics, we briefly summarize the experimental results that are most relevant in the
context of this thesis.

4.1 Collider Experiments

Probing the Standard Model of particle physics and its extensions in collider experi-
ments has a long and successful history. A new era of particle physics begun with the
start of the Large Hadron Collider (LHC), which outperforms former collider exper-
iments, such as LEP or the Tevatron, in terms of energy and luminosity, probing
new physics up to much higher mass scales. As discussed earlier SUSY particles are
expected to be at the TeV scale (in order to solve the hierarchy problem and allow for
gauge coupling unification) and there are good prospects that SUSY particles could
be in the reach of the LHC, whose design centre-of-mass energy is 14TeV (more
details are given below). However, so far no SUSY particles have been observed.

The Large Electron-Positron Collider (LEP) was a circular electron positron col-
lider, with an energy of initially 45 GeV per beam which was increased in steps
to a maximum centre-of-mass energy of 209 GeV, located at CERN. It was running
between 1989 and 2000. The four big LEP experiments were ALEPH, Delphi, L3 and
OPAL. Many of the LEP results are still very important, the ones most relevant for
this work are the lower mass limits on the uncoloured SUSY particles [1-4] and the
precise measurement of the W boson mass [5]. The Tevatron was a circular collider
at Fermilab which ran from 1983 until 2011 and collided protons with antiprotons
at a maximal centre-of-mass energy of 1.96 TeV, with the two large experiments
CDF and D@. The largest success of the Tevatron was the discovery of the top quark
in 1995 [6, 7]. An important Tevatron result relevant for this work is the precision
measurement of the W boson mass [8].

© Springer International Publishing Switzerland 2016 41
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Fig. 4.1 Sketch of a
proton-proton collision
P

proton

The LHC is a circular collider (with a ring circumference of 27.6km) located at
CERN. Itis built in the former LEP tunnel and collides two proton beams' (consisting
of ~2800 bunches which contain ~10'! protons at design luminosity). The design
centre-of-mass energy is /s = 14 TeV. In the first years, 2010-2012, the LHC had
extended runtimes at /s = 7 TeV and at /s = 8 TeV. The LHC will run at close to
14 TeV from 2015 onwards. A proton-proton collision is sketched schematically in
Fig.4.1. Two partons (quarks, antiquarks or gluons) out of the protons collide with
momenta p} = x14/5/2(1,0,0, 1) and py = x24/5/2(1,0,0, —1), where x| and
x7 are the fractions which the colliding partons carry of the proton momenta. The
collision events at the LHC can be analysed by 7 experiments, among these the four
large detectors are ALICE, LHCb and the two multi-purpose detectors ATLAS and
CMS. For a certain process, the number of events recorded in one experiment can
be expressed as

2
proton

Nevents = L£ X 0 X €, 4.1)

where o is the cross section of that process, L is the integrated luminosity and € is
the detector efficiency x acceptance. The integrated luminosity is the integral of the
instantaneous luminosity, which depends on the beam parameters (e.g. number of
protons per bunch, bunch spacing, etc.), over time. In the first three years of running,
ATLAS and CMS each collected more than 20 fb~! of integrated luminosity. The
LHC ‘rediscovered’ the SM and set stringent mass limits on many particles of new
physics models. The largest success of the LHC, so far, is the discovery of a Higgs
boson in July 2012.

For the interpretation and understanding of the events detected by the high-energy
collider experiments, a precise theoretical modelling of the expected signal and
background is necessary, which can be done by Monte-Carlo event generators (e.g.
Herwig++ [9] or Pythia [10, 11]) and detector simulators. In reality a particle
collision at a hadron collider like the LHC is far more complicated than the sketch in
Fig.4.1. A more realistic picture is given in Fig.4.2 (figure taken from [12]), which
sketches an event (¢7h) as modelled by a Monte-Carlo event generator. The two pro-
tons come form the left and the right side. Two partons out of the protons collide in
the hard interaction (big red blob). Before the hard interaction, additional colored
particles are radiated; this radiation is called initial state radiation (ISR). The parti-
cles produced in the hard interaction are unstable and decay (small red blobs). More
hard (with energy > Aqcp) quarks and gluons are radiated (red); this radiation is

IThe LHC collides also heavy ions. Since the results of heavy ion collisions are not directly relevant
for this work this possibility of the LHC is not further discussed here.
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Fig. 4.2 Sketch of a
proton-proton collision as
modelled by a Monte-Carlo
event generator. Figure taken
from [12]

called final state radiation (FSR). A second interaction takes place (purple blob).
The particles loose energy by radiation and hadronise when their energy is down to
~Aqcp (light green blobs) and the primary hadrons decay into stable particles (dark
green blobs). Additionally photons and leptons can be radiated (yellow). The proton
remnants are shown as cyan blobs. The high-energetic stable particles boosted in one
direction are grouped into jets by different jet algorithms. To dig out certain signals
(e.g. signals from Higgs or SUSY events), the experimentalists define selection cuts,
such that the background events get suppressed whilst the signal events get enhanced.
Depending on the analyses, these selection cuts define for example the allowed num-
ber of leptons/jets and allowed ranges for the p7 (momentum in the plane transverse
to the beam pipe) of the objects, the missing transverse energy E,miss (carried away
by undetected objects) or other kinematic variables.

4.2 Experimental Results

4.2.1 Discovery of a Higgs Boson

A new particle with a mass of ~126 GeV has been discovered by ATLAS [13] and
CMS [14]. This particle is compatible with the Higgs boson postulated by the Stan-
dard Model (SM), but can also be interpreted in a variety of models beyond the
SM (BSM models). At the LHC a light SM Higgs is produced dominantly in gluon
fusion. The other contributing Higgs production modes are vector boson fusion, asso-
ciated vector boson production (or Higgs-Strahlung) and ¢7 H production, sketched
in Fig.4.3 (figure taken from [15]). The inclusive cross sections for SM Higgs pro-
duction at 8 TeV are given in the left plot of Fig.4.4. A SM Higgs with a mass of
~126 GeV can decay via many different decay modes; the decay branching ratios
(BRyy = I'xx/ C'tot, where Iy is the decay width of H — xx and ' is the total
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gg Fusion tt Fusion

Higgs-Strahlung ca WZ Fusion
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Fig. 4.3 Feynman diagrams of the main Standard Model Higgs production processes at the LHC.
Figure taken from [15]
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Fig. 4.4 Left Inclusive Standard Model Higgs boson production cross sections at 8 TeV. Right
Standard Model Higgs boson decay branching ratios. Figures taken from [16]

decay width) are given in the right plot of Fig. 4.4 (figure taken from [16]) The decay
H — bb has the largest branching ratio for a SM Higgs at ~126 GeV, however this
mode suffers from a large hadronic background. Despite the smaller SM branching
ratios, the Higgs boson has been discovered first in the cleaner channels H — vy
(which is a loop-induced process), as well as in H — ZZ® — 4¢.  With the
full 2011 (~5 fb~! at 7TeV) and 2012 (~20 fb~! at 8 TeV) datasets the excess in
H — ~yvyhasalocal significance of 7.4 o (ATLAS) [17] and 4.2 o0 (CMS) [18] and the
excessin H — ZZ™ — 4l hasalocal significance of 6.6 0 (ATLAS) [19] and 6.8 o
(CMS) [20]. The discovery is further corroborated, though with lower significance,
by the WW® channel [21, 22] and by the excess seen in bb by the Tevatron [23].
Recently also an excess in H — 77 has been observed [24, 25]. ATLAS and CMS
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Fig. 4.5 Measurements of the signal strength parameter 4 in the individual channels by ATLAS
(left) and CMS (right). Figures taken from [26, 27]

measure the signal strength in the different decay channels, defined as the production
cross section times the branching ratio normalized to the SM prediction
o(pp — H) Xx BR(H — 1)

o 42
Hi= GSM(pp = H) x BRSM(H — i) (4.2)

The results are summarised in Fig.4.5 (left: ATLAS [26], right: CMS [27]). In the
first data analysed by autumn 2012 (~5 fb~! at 7 TeV and ~5 fb~! at 8 TeV) both
experiments saw an enhancement of the di-photon channel compared to the SM.
Including more data, the signal strength in the v+ channel observed by ATLAS [17]
remains above the value expected in the SM (but is still compatible with the SM at
the 2 o level), while the signal strength observed by CMS [18] is currently slightly
below the SM level.

While not statistically significant at present, the deviations from the SM could
be signs of new physics. Extensions of the SM predict Higgs bosons with modified
couplings to gauge bosons and fermions. Furthermore BSM particles can occur inside
loops and thus modify in particular the prediction for the decay process H — ~~ and
the production process gg — H. Since here the loop contributions of BSM particles
do not have to compete with a SM-type tree-level contribution, these loop-induced
quantities are of particular relevance for investigating possible deviations from the
SM predictions.

The mass of the discovered signal in the Higgs boson searches is measured mainly
in the 7y and the ZZ™ channels. Currently, the combined mass measurement from
ATLASisMpg = 125.5+0.2 £0.6 GeV [28] and from CMS My = 125.7+0.3 £
0.3 GeV [29]. Adding systematic and statistical errors in quadrature and determining
the weighted average between the ATLAS and CMS measurements one gets mZXp =
125.64 £ 0.35GeV.
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The experiments also provide evidence for the spin-0 nature of the discovered
Higgs boson [30, 31]. The measurements of the CP properties of the discovered
boson are experimentally difficult. While the detected signal in processes involving
the Higgs coupling to gauge bosons disfavours a pure CP-odd state, the ATLAS and
CMS measurements have a limited sensitivity to the possible effects of a CP-odd
admixture, as it could occur for example in the MSSM with complex parameters.

In order to investigate whether the observed Higgs boson is compatible with the
one predicted in the SM or a Higgs boson of a new physics model, high-precision
measurements of the properties of the signal are necessary.

4.2.2 Searches for SUSY Higgs Bosons

As discussed earlier, the discovered Higgs boson can also be interpreted as one of the
Higgs bosons of the MSSM or the NMSSM. Both SUSY models permit in principle
the interpretation of the discovered state as the lightest or the second lightest CP-even
Higgs. While the interpretation of the signal as the second lightest CP-even Higgs
state is very constrained in the MSSM (as discussed below), it remains a viable option
in models with extended Higgs sectors, such as the NMSSM. Besides the state that is
identified with the signal at 125.6 GeV, both SUSY models predict the existence of
several additional Higgs bosons (in total 5 Higgs bosons in the MSSM and 7 Higgs
bosons in the NMSSM, as explained in Sects. 2.2 and 2.3), which are searched for at
the LHC.

Within the MSSM, it is interesting to note that a mass value as high as 125.6 GeV
for the lighter CP-even Higgs boson implies that M4 has to be in the decoupling
region, M4 2 200 GeV, which in turn has the consequence that the state at about
125.6 GeV has SM-like couplings [32, 33]. This implies that no large deviations
from the SM prediction are expected in this interpretation. If the light CP-even
Higgs boson is at ~125.6 GeV, the heavier MSSM Higgs bosons could be within
but also outside of the LHC reach.

If the discovered state would be the heavy CP-even Higgs state of the MSSM,?
the MSSM would be in the non-decoupling region which implies that all other Higgs
bosons would be relatively light: the CP-odd and the charged Higgs bosons would
be of similar mass as the heavy C’P-even Higgs, while the mass of the light CP-even
Higgs would be below 125.6 GeV. The mass of the light CP-even state could even
be below the LEP limit for a SM-like Higgs of ~114 GeV, avoiding this limit due to
reduced couplings of % to vector bosons.

ATLAS and CMS search for additional SUSY Higgs bosons. The ATLAS searches
for the charged Higgs set stringent limits on the MSSM parameter space [34]. A light
charged Higgs in the MSSM is mainly produced at the LHC via the decay t — H™b
and decays (for tan 3 > 3) mainly through H* — 7v. Assuming BR(H' — 7v) =
1, ATLAS set strong limits on BR(r — bH™), as shown in the left plot of Fig.4.6.

2This scenario is challenged by the recent ATLAS bound on light charged Higgs bosons [34] as we
will discuss below.
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Fig. 4.6 Left Upper limit on BR(t — bH™) from the light charged Higgs boson search at ATLAS
(with the assumption that BR(H™ — 7v) = 1. Right Interpretation of the limits in the context of
the MSSM m®* scenario with 1 = 200 GeV. Figures taken from [34]

This limit can be interpreted in the context of the ‘m}'™* scenario’ [33] (a benchmark

scenario in which the radiative corrections are such that M}, are maximised for fixed
values of m,, tan 3 and Msysy) and leads to the exclusion as shown in the right plot
of Fig.4.6. This limit strongly constrains the interpretation of the observed Higgs
signal as the heavy CP-even MSSM Higgs.

In the NMSSM the mass relations between the Higgs bosons are altered compared
to the MSSM by the additional singlet, and it is possible to have a SM-like second-
lightest Higgs, while the charged Higgs boson can be much heavier in this case. In
addition the charged Higgs decay modes are modified, e.g. the decay H* — A; W=
can have a large branching ratio. Therefore the interpretation of the signal as the
second lightest C’P-even Higgs is less constrained in the NMSSM.

4.2.3 Direct SUSY Searches

Extensive direct searches for SUSY particles are performed by ATLAS and CMS.
No indication of physics beyond the SM has been seen so far and limits are set on the
masses of SUSY particles. However, the reported limits imply strong assumptions
on the model parameters, e.g. relations between the masses of the SUSY particles,
and caution is required when using these limits in different MSSM (or NMSSM)
realisations.

The general MSSM has more than 100 parameters, and it is therefore extremely
difficult for the experiments to present their results in a generic way. Therefore
limits are typically presented in constrained models where the parameter space is
reduced (by several motivated model assumptions) to only a few free parameters.
One example often used to present the experimental limits is the CMSSM, introduced
in Sect.2.2.5. As an example, the exclusion limits from the 8 TeV ATLAS searches
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Fig. 4.7 Left Exclusion limits from the 8 TeV ATLAS searches on the mg-mj,> plane of the
CMSSM (with tan 8 = 30, Ag = —2myg, p > 0). Right Exclusion limits from the 8 TeV ATLAS
searches on the mg=mso plane of a simplified model, in which a pair of gluinos decay (with 100 %
branching ratio) via off-shell stops to four top quarks and two lightest neutralinos. The figures are
taken from [35]

in the mo—-m > plane of the CMSSM? are shown in the left plot of Fig.4.7 (figure
taken from [35]).

Another approach employed by the experiments is to present limits in so called
simplified models [36-38], which restrict the particle content to the particles appear-
ing in the particular topologies considered in a specific search. In the right plot of
Fig.4.7, we show again as an example the results from the 8 TeV ATLAS searches,
here on the mg—m R plane of a simplified model, in which a pair of gluinos decay
(with 100 % branching ratio) via off-shell stops to four top quarks and two of the
lightest neutralinos. In general it is difficult to map the search results in simplified
models to the situation in a more realistic model. A method to use simplified model
limits to constrain general SUSY models is discussed in Chap. 8.

The most stringent limits are set on the masses of the first and second generation
squarks and the gluino, which go beyond ~1 TeV.* Substantially weaker limits have
been reported for the particles of the other MSSM sectors, so that third-generation
squarks, stops and sbottoms, as well as the uncoloured SUSY particles, are signif-
icantly less constrained by LHC searches, and LEP limits still give relevant con-
straints.

3Note that not the full plane can accommodate for a Higgs at 125.6 GeV and one can impose
additional constraints by requiring the light Higgs to be in the experimentally allowed region.
4However these limits depend on the model assumptions. Relaxing these assumptions, squarks can
still be significantly lighter [39].
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4.2.4 Precision Measurements: My and m;

Electroweak precision observables, such as the W boson mass, are highly sensitive
to quantum corrections of physics beyond the SM as they are measurable with high
precision. They are therefore a powerful tool to test the SM and to derive strong
indirect constraints on the parameter space of possible extensions, complementary
to the direct searches for BSM particles carried out at the LHC (see Sect.4.2.3).
In order to make use of the strength of electroweak precision tests, both a precise
theoretical prediction as well as a precise experimental measurement of My are of
central importance.

The accuracy of the measurement of the W boson mass has been significantly
improved with the latest results presented by CDF [40] and D@ [41]. Together with
the results obtained at LEP [5] this gives rise to the latest world average of [8, 42]

My," = 80.385 £ 0.015GeV, (4.3)

i.e. to a relative experimental accuracy of better than 2 x 10~*. The measurement is
expected to be further improved by including the full dataset from the Tevatron and
by future LHC measurements.

The improved measurement of the top-quark mass,

m; P =173.24£0.9GeV, (4.4)

at the Tevatron [43] and the LHC [44-51]° has improved the accuracy of the the-
oretical prediction for My, since the experimental error of the input parameter m,
constitutes a dominant source of (parametric) uncertainty in the theoretical predic-
tion, see e.g. [53]. Unfortunately, a considerable further improvement of the m?Xp
value at the LHC is unlikely.

As discussed in Sect. 3.2.3, mass parameters such as m, can be defined in different
renormalization schemes, examples are the MS mass or the pole mass. It is not
straightforward to relate the mass parameter m; measured at hadron colliders (by
using information about the decay products) to a theoretically well-defined parameter,
such as the MS mass. The parameter measured with high precision at the Tevatron
and the LHC is expected to be close to the top pole mass [54, 55]. In the calculation
of Mw (discussed in Chap. 5) the input parameter m; corresponds to the pole mass,
and we adopt the interpretation of the measured value as the pole mass.

The project to build a linear e™e™ collider, called International Linear Collider
(ILC), has been discussed and developed for many years. Although no final decision
has been made yet, there is a strong interest by the Japanese community to host the
ILC. The ILC would be an excellent machine for high precision measurements; the

SWhile finalizing this thesis a combination of Tevatron and LHC measurements of m; became
available [52]. The combined value is 173.34 £ 0.27 & 0.71 GeV.
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reasons are (among other things) its clean experimental environment, the tunable
energy and the possibility to produce polarised electron and positron beams. At the
ILC, the top mass could be obtained from scanning the top-antitop threshold. This
would give a significantly improved m; " value, which can be translated to the MS
mass by a well-defined procedure. Besides other important electroweak precision
observables (which are not directly relevant for this work and therefore not further
discussed), also My can be determined very precisely at the ILC using different
methods, running either at the WW threshold or at higher energies (using kinematic
reconstruction of the decay products). The ILC estimates for the achievable precision
are: Am!X© = 0.1 GeV and AMIEC ~ 2.5 — 5MeV [56].

4.2.5 B-Physics Observables and (g — 2),,

A powerful method to constrain the parameter space of BSM models is provided by
flavour-physics observables, in particular these from B-physics. Low-energy exper-
iments measure, for example, the rates of rare decays of B mesons; these processes
have a small branching ratio in the SM, and new physics contributions can be size-
able. By comparing the measurement of the decay rates with the predictions of the
SM, and of its extensions, models can be tested, and the parameter space can be
constrained. The specific processes which are most important for our work later
are: B — X7, By — ,u_;ﬁ' and B, — Tv;. The rare process B — X7y occurs at
one-loop level in the SM and the SUSY contributions from charged Higgs bosons,
charginos and squarks can be of comparable size as the SM prediction. B,, — 7V is
a helicity suppressed process in the SM. In the (N)MSSM (for high tan (3) charged
Higgs exchange at tree-level can give large contributions. The process By — p~ut,
which occurs at the one-loop level in the SM, was observed for the first time by
LHCDb and CMS last year [57, 58]. The SUSY contributions (e.g. by neutral Higgs
boson exchange) to By — i~ can be sizeable. The measured values used for
the B-physics observables which we include are given in Chaps.6 and 7. Among
the low-energy observables we also include the anomalous magnetic moment of the
muon, a, = 1/2 (g — 2),, which shows a deviation of more than 3 o between the
experimental measurement and the SM prediction [59, 60]. Possible SUSY contri-
butions here include loop diagrams with neutralino-smuon and chargino-sneutrino
exchange.
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Chapter 5
The W Boson Mass in the SM,
the MSSM and the NMSSM

Abstract In the context of electroweak precision observables the W boson mass,
being highly sensitive to loop corrections of new physics, plays a crucial role. The
accuracy of the measurement of the W boson mass has been significantly improved
over the last years (particularly by the Tevatron results) and further improvement of
the experimental accuracy is expected from future LHC and ILC measurements. In
order to fully exploit the precise experimental determination, an accurate theoretical
prediction for the W boson mass in models beyond the SM is of central importance. In
this chapter we present the currently most precise prediction of the W boson mass in
the MSSM with complex parameters and in the NMSSM, including the full one-loop
result and the relevant available higher order corrections of SM and SUSY type. The
evaluation of the W boson mass is performed in a very flexible framework, which
facilitates the extension to other models beyond the SM. The size of the contribution
of the various SUSY sectors in both models is studied in detail. Performing a detailed
parameter scan in the MSSM, we investigate the impact of limits from direct SUSY
searches as well as from the Higgs discovery on the W boson mass prediction in
the MSSM. Assuming hypothetical future scenarios, we discuss the impact of the
W boson mass prediction on the MSSM parameter space. A significant part of this
chapter concerns the discussion of genuine NMSSM contributions to the W boson
mass.

5.1 Introduction

Electroweak precision observables are highly sensitive to quantum corrections of
physics beyond the SM. They are therefore a powerful tool to test the SM and to derive
strong indirect constraints on the parameter space of possible extensions. In this con-
text, the relation between the W boson mass, My, and the Z boson mass, Mz, in terms
of the fine-structure constant, <, the Fermi constant, G 11 and the parameters entering
via loop contributions plays a crucial role. As already discussed in Sect.4.2.4, the
accuracy of the measurement of the W boson mass (M‘c;:,(p = 80.385 + 0.015 GeV)
© Springer International Publishing Switzerland 2016 53
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has been significantly improved with the latest results presented by CDF [1] and
D@ [2]. Since the largest parametric uncertainty in the theoretical My prediction
arises from the top mass, also the accuracy of the theoretical My prediction improved
with the latest m, measurements at the Tevatron [3] and the LHC [4-11]. The top
quark mass used in our evaluation corresponds to the pole mass. In our results it
could easily be re-expressed in terms of a properly defined short distance mass such
as the MS or DR mass. The parameter measured via direct reconstruction at the
Tevatron and the LHC is expected to be close to the top pole mass, and we adopt
this interpretation in the following. For a discussion of the systematic uncertainties
arising from the difficulties to relate the measured mass parameter to the pole mass
see e.g. Refs. [12, 13].

Particularly with regard to the very precise experimental measurements of My
and m; and the prospect of further improvement in the next years (see Sect.4.2.4),
a precise theoretical determination of My is of central importance for electroweak
precision tests. Within the SM, the interpretation of the discovered new state as
the SM Higgs boson implies that there is no unknown parameter anymore in the
prediction for My . This fact considerably sharpens the comparison both with the
experimental result for My and with predictions in extensions of the SM.

For the theoretical prediction of My the quantity Ar is calculated, which sum-
marizes all (non-QED) quantum correction to the muon decay amplitude. Besides
its importance as for electroweak precision tests, Ar is needed whenever a theoreti-
cal prediction is parametrized in terms of the Fermi constant G, instead of My or
Oem (Mz).

In this chapter we present the calculation of the prediction for My in the SM,
the MSSM (with complex parameters) and the NMSSM. The calculation within the
NMSSM is described in detail, which contains also the SM and MSSM contributions.

Within the SM the full one-loop [14, 15] and two-loop [16-27], as well as the
leading higher-order corrections [28—36] are known. In addition a convenient fitting
formula for My containing all numerically relevant contributions has been devel-
oped [37], and in Ref. [38] a corresponding formula has been given, approximating
the two-loop electroweak contributions on their own. In the MSSM the one-loop
result [39-50] and leading two-loop corrections have been obtained [51-54]. In
the MSSM also the effects of non-minimal flavour violation [55] and CP-violating
phases [50, 56] on My have been studied. Within the NMSSM, the one-loop calcu-
lation has been performed in Ref. [57].

Our evaluation of My in the MSSM and the NMSSM gives the currently most
precise predictions, consisting of complete one-loop calculations (without flavour
violation in the sfermion sector [55]), combined with all known higher-order correc-
tions of SM and SUSY type. In the MSSM we work in the general case of complex
parameters. Complex phases in the NMSSM are not included in this work. Com-
pared to earlier results, the (N)MSSM prediction used in the present analysis has
been improved in several respects: the one-loop results have been reevaluated and
coded in a more flexible way, which permits an improved treatment of regions of
parameter space that can lead to numerical instabilities and furthermore provides the
functionality to easily implement results in other SUSY models. The incorporation
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of the state-of-the-art SM result has been improved using the expressions given in
Ref. [38]. Furthermore all known SUSY corrections are used, in particular also the
Higgsino corrections calculated in Refs. [53, 54] (the treatment of these corrections
within the NMSSM prediction is discussed in Sect. 5.3.3). Our Mathematica code
for the My prediction in the SM, the MSSM and the NMSSM, provides the flexibility
that allows us to analyse the functions at an analytic level. For a faster evaluation we
implemented our SM and MSSM results additionally into a Fortran code, which
is particularly useful for parameter scans.

In the numerical evaluation at the end of this chapter, we compare the prediction
of the SM with that in the MSSM and the NMSSM, taking into account the latest
experimental results. Our analysis within the MSSM updates previous studies, see
in particular Refs. [50, 58]. In the MSSM we perform scans over the relevant SUSY
parameters and we analyse in detail the impact of different SUSY sectors on the
prediction for My . Further we discuss the prediction for My in view of the discovery
of the signal in the Higgs searches at ATLAS and CMS. We also investigate possible
effects of either future limits from SUSY searches at the LHC or of the detection
of a scalar partner of the top quark. The effect of complex phases in the MSSM is
analysed. The size of the higher-order corrections, both of SM and SUSY type, is
studied. In the NMSSM we discuss possible genuine NMSSM contributions to the
W-boson mass and differences to the MSSM prediction.

5.2 Determination of the W Boson Mass

Muons decay via the weak interaction almost exclusively into ev, v, [59]. The decay
was originally described within the Fermi model, which is a low-energy effective
theory that emerges from the SM in the limit of vanishing momentum transfer (left
diagram in Fig. 5.1). The Fermi constant, G,;, is determined with high accuracy from
precise measurements of the muon life time [60] and the corresponding Fermi-model
prediction including QED corrections up to O(a?) for the point-like interaction [61—
65]. Comparison of the muon-decay amplitude in the Fermi model and in the SM or
extensions of it (tree-level diagram at the right side of Fig.5.1) yields the relation

Fig. 5.1 Left Muon decay in the Fermi model, tree level diagram with four-fermion vertex. Right
Muon decay in the electroweak SM, tree level diagram with W boson exchange
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Gy e (14 Ar) (5.1)
— = r). .
V2 SS%VM%V

Here Ar represents the sum of all loop diagrams contributing to the muon-decay
amplitude after splitting off the Fermi-model type virtual QED corrections,

Ar = Z Ari, (5.2)
i

with
MLoop,i = Ar; MBom. (5.3)

This decomposition is possible since after subtracting the Fermi-model QED correc-
tions, masses and momenta of the external fermions can be neglected, which allows
the reduction of all loop contributions to a term proportional to the Born matrix
element, see Refs. [14, 23]. By rearranging Eq.(5.1), the W boson mass can be
calculated via

1 1 lo%is

2 X o=
MW_MZ(2 +\/4 NCTHTE (1+Ar)). (5.4)

In different models, different particles can contribute as virtual particles in the loop
diagrams to the muon-decay amplitude. Therefore, the quantity Ar depends on the
specific model parameters, and Eq. (5.4) provides a model-dependent prediction for
the W boson mass. The quantity Ar itself does depend on My as well; hence Eq. (5.4)
cannot be solved directly. In practice the value My as a solution of Eq.(5.4) is
obtained by iteration. In most cases this procedure converges quickly and only a few
iterations are necessary.

5.3 Calculation of Ar

In order to exploit My as a precision observable providing sensitivity to quantum
effects it is crucial that the theoretical predictions for Ar are sufficiently precise
with respect to the present and expected future experimental accuracies of My . In
this section we describe the calculation of Ar. The one-loop calculation is discussed
simultaneously for the MSSM and the NMSSM. When describing the incorporation
of higher-order corrections we focus on the NMSSM, but comment also on the MSSM
case. More details about the SM and MSSM calculations can be found in Refs. [50,
66] and references therein.
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5.3.1 One-Loop Formula for Ar

The one-loop contributions to Ar consist of the W boson self-energy, vertex and box
diagrams, and the related counter terms (CT),

Ar® = W Self-energy + W Self-energy CT + Vertex + Vertex CT + Box

=¥ (0 SM?
= T—() +| =6zw — — ) + Vertex
2 2
My, My,

Ssw 1
+ (2éze 22 5z + 3 (6ZF +6Z° + 62" + 52”6)) + Box.
Sw
(5.5)

Here X7 denotes the transverse part of a gauge boson self-energy, My is the coun-
terterm for the W boson mass, §Z, and dsy, are the renormalization constants for
the electric charge and the (sine of the) weak mixing angle, respectively, while the
other 6Z denote field renormalization constants. Since the W boson appears only as
a virtual particle, its field renormalization constant §Zy drops out in the Ar formula.
The box diagrams are themselves UV-finite in a renormalizable gauge.

Inserting the on-shell renormalization conditions ensures that Eq.(5.1) corre-
sponds to the relation between the physical masses of the W and Z bosons and
we find (neglecting the masses of the external fermions)

=) —Re (2 (M3))

Ar® = + 1 (0)
2
MW
2 EZZ M2 EWW MZ EAZ 0
—c—;VRe T(ZZ)— r (2 w) —i—ZSgnSW T2()+Vertex
SW MZ MW Cw MZ
1
+Box — 5Re (22(0) +=1(0) + =X (0) + EZ“(O)) . (5.6)

We adopt here the sign conventions for the covariant derivative used in FeynArts
[67-72], which are different for the SM and the MSSM/NMSSM. Accordingly, sgn
(the sign of the term involving the SU(2) coupling in the covariant derivative) in
Eq.(5.6) is sgn = —1 in the SM and sgn = +1 in the MSSM and NMSSM. The
one-loop contributions to Ar in the SM, the MSSM and the NMSSM are discussed
in detail in Sects.5.3.2 and 5.3.3.

At the one-loop level, the quantity Ar can be split into three parts

2
AF® = Aa — Z—ZWAp + Afrem. (5.7)

w

The shift of the fine structure constant A« arises from the charge renormaliza-
tion which contains the contributions from light fermions (see discussion below
in Sect.5.3.2). The quantity Ap contains loop corrections to the p parameter [73],
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which describes the ratio between neutral and charged weak currents, and can be
written as

220 =0
Ap = 2 R (5.8)
z w
This quantity is sensitive to the mass splitting between the isospin partners in a
doublet [73], which leads to a sizeable effect in the SM in particular from the heavy
fermion doublet. While A« is a pure SM contribution, Ap can get large contributions
also from SUSY particles, in particular the superpartners of the heavy quarks. All
other terms, both of SM and SUSY type, are contained in the remainder term Arpen.

5.3.2 One-Loop Ar in the SM

To obtain the one-loop result in the SM, self-energy, vertex and box diagrams need to
be calculated. The SM one-loop calculation has been discussed in literature already
many years ago [14, 15]. For the details of the calculation in the SM, we refer to
Refs. [23, 66] where the occurring diagrams and their calculation is discussed in
detail.

Here we only want to point out two peculiarities about the SM calculation. As
mentioned above the QED corrections to the Fermi model are already included in
the definition of G, and have to be subtracted, therefore the QED SM box diagram
minus the QED ‘box’ diagram in the Fermi model is needed to obtain Ar. While
the SM box diagram is IR-divergent but UV-finite, the ‘box’ diagram of the Fermi
model is both IR- and UV-divergent, which makes the calculation tricky. For all
other SM one-loop diagrams Dimensional Regularization is used. However, if one
uses Dimensional Regularization, the Chisholm identity (used to reduce the spinor
structure of the box diagrams to one of the Born matrix element), which holds only in
four dimensions, cannot be applied. The original analysis of this calculation is given
in Refs. [14, 15]. We follow Ref. [23] and calculate the diagram of the effective
theory using Pauli-Villars Regularization.

Another difficulty in the SM one-loop calculation arises from the contributions of
light fermions to the term IT44 (0) in the charge renormalization, see Eq.(3.7), since
the calculation of

aZAA (k2)
Hﬁght fermions (0) = # |k2=0,mfﬁo (5.9

yields terms proportional to log (1% / mJ%) (pisthe renormalization scale, see Sect. 3.2),
that diverge for vanishing fermion masses. This term can be rewritten as

AA AA 2
1_Ilight fermions (0) = Aa+Re 1-[light fermions (MZ) ’ (5.10)
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where the term Re Hﬁght fermions (M%) can be calculated straightforward by neglect-
ing the light fermion masses and A« is given by

Aa = M4 (0) — Re T rmions (M3)- (5.11)

light fermions

This UV-finite quantity gives the corrections to the fine-structure constant o = €2 /4
(from Eq.(2.4)) and describes the running of the electromagnetic coupling from
g% = 0, where light fermion masses set the scale, to the electroweak scale g> = M%.

The hadronic contribution can not be theoretically detemined, since the masses of
the light quarks are not known with sufficient accuracy, but Aayp,g can be extracted
from experimental data. Acyyg is related to the measurable quantity

R(s) = o(ete™ — A — hadrons) 5.12)
olete > A — ptu)

via the dispersion relation [74]

o, © R(s)
Aapag = ——M;Re ds————|. (5.13)
37 am2  S(s — M35 — ie)

Various recent evaluations of Aap,g are summarised in [59].

The calculation of the leptonic contributions to A« has been done up to three-loop
order [75]. The value for A used in our evaluation is Aa = Aayep + Aanad With
Aayep = 0.031497686 [75] and Aapag(Mz) = 0.02757 [76].

5.3.3 One-Loop Arin the MSSM and the NMSSM

The contributions to Ar in the MSSM and the NMSSM consist, besides the ones
with SM fermions and gauge-bosons in the loop (which are not discussed here, see
Sect.5.3.2 and [23, 66]), of a large number of additional self-energy, vertex and box
diagrams containing sfermions, (SUSY) Higgs bosons, charginos and neutralinos in
the loop. The one-loop calculation of Ar in the (complex) MSSM has been discussed
in detail in the literature, see e.g. [50]. The calculation in the NMSSM and in the
MSSM are very similar, however the results get modified from differences in the
Higgs and the neutralino sectors.

The gauge-boson self-energy diagrams containing sfermions (depicted in Fig. 5.2)
are identical in the MSSM and the NMSSM. Their contribution to Ar is finite by
itself.

The contributions from the Higgs sector differ in the MSSM and the NMSSM.
The SUSY Higgs bosons enter only in gauge boson self-energy diagrams, since
we neglected the masses of the external fermions. The contributing diagrams are
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Fig. 5.2 Generic (N)MSSM gauge boson self-energy diagrams with a sfermion loop with Vi, Vo =
AZ,Wrandfi,h=0,10,d
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Fig. 5.3 Generic (N)MSSM one-loop gauge boson self-energy diagrams with gauge bosons,
Higgs and Goldstone bosons in the loop with Vi, Vo, V3 = A, Z, W*. In the MSSM s, 50 =
h, H,A, HE, G, G* and in the NMSSM sy, s = hy, ho, h3, a1, aa, HE, G, G*
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Fig. 5.4 Generic (N)MSSM gauge boson self-energy diagram with a chargino/neutralino loop with
Vi, Vo =A,Z, W, and ¥* = . Inthe MSSM X = {7 , 5 . in the NMSSM {° = 17 , 5.,

sketched in Fig.5.3.! These contributions are not finite by themselves. Only if one
considers all gauge boson and Higgs contributions to the gauge boson self-energy
diagrams, the vertex diagrams and vertex counterterm diagrams, the divergencies
cancel and one finds a finite result.

Charginos and neutralinos enter in gauge boson self-energy diagrams (depicted
in Fig.5.4), fermion self-energy diagrams (depicted in Fig.5.5), vertex diagrams
(depicted in Fig. 5.6, the analogous vertex corrections exist also for the other ver-
tex) and box diagrams (depicted in Fig.5.7). The contributions from the chargino/
neutralino sector are modified in the NMSSM compared to the MSSM, due to the exis-
tence of a fifth neutralino. In both models the vertex contribution from the chargino
and neutralino sector, together with the chargino/neutralino contributions to the
vertex counter term, containing gauge boson and fermion self-energies, is finite.
Each box-diagram is UV-finite by itself.

Note that in our convention A is used to denote both the photon and the CP-odd Higgs in the
MSSM. In the context of Higgs decays we denote the photon .
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Fig. 5.5 Generic (N)MSSM fermion self-energy diagram with a chargino/neutralino contribution.
I and ¥ are the superpartners of the lepton / and the neutrino v and ¥* = >~<1i,2~ In the MSSM

0 = 54?’2.3,4, in the NMSSM %0 = 5&2& 45

Fig. 5.6 Generic vertex diagrams in the (N)MSSM with X* = ifz. In the MSSM {0 = 5((1)4’2_3, 4
in the NMSSM ¥° = X0, 5 4

vy, v,

Fig. 5.7 Generic box diagram in the (N)MSSM with ¥* = X{",. In the MSSM ° = {0, , . in
the NMSSM {° = X7 5 5 4.5

In order to determine the contribution to Ar from a particular loop diagram, the
Born amplitude has to be factored out of the one-loop muon decay amplitude, as
shown in Eq.(5.3). While most loop diagrams directly give a result proportional to
the Born amplitude, more complicated spinor structures that do not occur in the SM
case arise from box diagrams containing neutralinos and charginos. The spinor chains
that occur are the same in the MSSM and the NMSSM. Performing the calculation
of the box diagrams in Fig.5.7 in FormCalc, the results for the diagrams in (a) and
(b) are returned in the form

Msusy Box(a) = (ﬁe%w,uu)(ﬁ,,ﬂ%, Uy, )b ()

Msusy Box(p) = (v, w—uty,) (ity, w4 Ve) D). (5.14)

The expressions for b,y and b, which differ between the MSSM and the NMSSM,
are lengthy and not given here explicitly. To factor out the Born amplitude
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2mo

MBorn = 2—[‘42
SwMw

(;‘Vp ’Y)\wfu,u) (Z‘E'Y/\Wf Ul/e)y (5.15)

the spinor chains in Eq.(5.14) have to be transformed into the same structure as
the ones appearing in Mgpom. In order to carry out these transformations, in a first
step the Fierz identities (see for example [77]) are used. The spinor structure of the
diagrams in (a) can be rewritten as

(z]efyAw,uu)(L_tl,”’y)‘w,vyﬂ) =- (ﬁV/L7Aw,uH) (ﬁe’y’\w,v,,g). (5.16)

For the spinor chain in diagram (b) we get

_ _ | _
(u,,(,w,uu)(uyuw+ve) =5 (u,,“*y,\w,uu) (uye’y)‘erve)
1

= (i, -1 (ﬁﬂ%_vye). (5.17)

where for the last transformation we made use of charge conjugation relations. Using
the relations Eqs. (5.16) and (5.17), the box matrix elements can be rewritten as

2 2p2
s5M
MSsUsY Box(a) = — VZVWQW b(a) MBom
swMiy
Msusy Box(b) = v, by MBom. (5.18)

For more details see [50, 66].2

The result of the box diagrams, containing a selectron and a smuon or an electron
and a muon sneutrino, contain coefficients with the mass-squared difference of the
two particles in the denominator. But in the case of degenerate slepton/sneutrino
masses also the numerators of the potentially divergent terms become zero. There is
thus no physical problem but zero valued denominators may cause problems in the
numerical evaluation. This technical issue is solved by adding a distinction of cases,
such that the result is expanded if the two masses are identical, making use of the
analytic result that has been obtained in computer-algebra form. Thus we obtain a
valid result for all possible input parameters and avoid the restriction to a special set
of scenarios.

5.3.4 Incorporation of Higher-Order Corrections to Ar

The on-shell renormalization conditions correspond to the definition of the W and
Z boson masses as the real part of the complex pole of the propagator (which is
from two-loop order on, the only gauge invariant way to define the mass of unstable

2The results given in Ref. [50] are correct, while there is a sign error in Eq. (7.9) of Ref. [66].
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particles [23]). This leads to the fact that we internally use the definition of the gauge
boson masses in terms of a BreitWigner shape with a fixed width, while the experi-
mental values are obtained using a definition of the gauge boson masses in terms of a
BreitWigner shape with a running width. For a comparison with the measurements,
the W boson mass value is, in a last step of our calculation, transformed to the run-
ning width definition, such that our code returns M {{7 (= running width definition).
The difference between the two definitions is [78]

F2
f w
My =My + ik (5.19)

where M {4‘,” corresponds to the fixed width description. We use the prediction of the
W decay with

3G, M3 2a,
= 2w (1 O‘A), (5.20)

[w — 2w
v 23/2m 3m

parameterized by G, and including first order QCD correction. This difference is
numerically relevant and a clear distinction of the two mass definitions will be needed
for the discussion of the higher-order contributions. In the rest of this work we will
not use the labels (rw, fw) explicitly. If not stated explicitly that we talk about an
internal variable, My will always mean the W-boson mass according to the running
width definition. See e.g. Ref. [23] for further details.

To obtain the most precise result for M EVM, we combine our SM one-loop result
with the relevant available higher order corrections. The SM higher-order corrections
will also be used in the full Ar expressions in the MSSM and the NMSSM, as we
will discuss below. The SM part of Ar including contributions up to four-loop order
is given by

(a?)

2
ArSM — Ap@ 4 Apaas) Ar(‘“‘%) + Arlggrz + Aty
+ AFGiosm) L ARG o A pGumias) (5.21)

It contains, besides the one-loop contribution Ar(o‘),

e the two-loop QCD corrections Ar@es) [16-21],
e the three-loop QCD corrections Ar(o‘o‘-3 ) [28-31],
(@)

e the fermionic electroweak two-loop corrections Arg, |

[22-24],

e the purely bosonic electroweak two-loop corrections Arlg(g: ) [25-27],

o the mixed QCD and electroweak three-loop contributions ArGrasmd) [32, 35],

e the purely electroweak three-loop contribution AHGmD) [32, 35],

e and the four-loop QCD correction Ar(Gl‘mtz‘“g) [34].

The full result for the electroweak two-loop contributions in the SM involves numeri-
cal integrations of the two-loop scalar integrals, which make the corresponding code
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rather unwieldy and slow. Thus, we make use of the simple parametrisation that
has been given in Ref. [38] for the combined result of the fermionic and bosonic
electroweak two-loop corrections in the SM:

(a?)

2
AR £ AR = (Aa)? + 280 AF@S) 1 A0 (5.22)

ferm

with

2
Arﬁéin) =ro+rly+ I’2L121 + V3L}4., + r4(A,21 — 1D +rsA + rgA,z 4+ riALy

+r8Aw +r9Aw A +ripAz, (5.23)
and
ro = 0.003354, rp=-209%x10"% 1 =254x10", r3=-7.85x107°,
ra=-233x107% r5=17.83x 1073, re =338x 1073, r;=-9.89 x 1079,
rg = 0.0939, ro = 0.204, r10 = —0.103.
5.24)

Note that Ar(®5U0) in Eq. (5.22) is the full one-loop result Ar(® without the A« term.

2 2
This approximates the exact result for Arﬁgrz + Arlg(gs) to better than 2.7 x 107> for
10GeV < Mpysm < 1TeV (and the other input parameters in their 2 ¢ ranges), corre-

sponding to an uncertainty of 0.4 MeV for My . The use of a parametrisation directly
2 2
for the SM prediction of Arf(a )+ Ar®) rather than for the full SM prediction of

erm bos
My leads to an improved accuracy in the combination with the SUSY contributions
as compared to Ref. [50].3 Note that the gauge boson masses with running width
definition are needed as input for the formula given in Ref. [38] (this is the only part

of our calculation where the running width definition is used internally). The output

of this formula approximates the full result of Arééﬁr)l + Arl(f(fsz ) using the fixed-width
definition, such that it can directly be combined with other terms of our calculation,
using also the fixed-width definition of the gauge boson masses.

Concerning the QCD corrections, which enter from the two-loop level onwards,
it should be noted that they result in a rather large downward shift of the W boson
mass prediction (as will be discussed later). It is obvious that this kind of corrections
needs to be theoretically well under control in order to gain sensitivity to effects of
physics beyond the SM. In the current implementation, we use the Aro%s 4 Ao
contributions from Ref. [30]. In a future update of our code, we plan to replace
the O(aay) corrections by the more complete result given in Refs. [18, 79] which

9 2
3In the procedure that was applied in Ref. [50], Arf(:mz + AR could only be evaluated at M M.

As mentioned already before, we will include the SM higher order corrections also in the (N)MSSM

2 2
My prediction. Using the fit formula for Art(gnz + Arégs) allows us to evaluate these contributions

(in each iteration step) at the particular (N)MSSM value for My .
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contains also contributions from fermions of the first two generations. The latter
result agrees with the result calculated in Ref. [80].

Now we turn to the discussion of the full result for My in the MSSM and the
NMSSM, including all available higher order corrections. This discussion focuses on
the NMSSM, however it can be applied in the same way also to the MSSM, unless
a difference between the MSSM and the NMSSM is pointed out explicitly. For a
discussion of the incorporation of higher order contributions in the MSSM see also
Refs. [50, 81].

Since the calculation of Ar in the SM is more advanced than in the SUSY models
we have organised our result such that the full SM result for Ar can be used also for
the NMSSM prediction of My . Therefore the NMSSM results are split into a SM
part and a SUSY part *

AFNMSSM _ A, SM | A, SUSY (5.25)

Writing the NMSSM result in terms of Eq. (5.25) ensures in particular that the full
SM result is recovered in the decoupling limit, where all superpartners are heavy, the
singlet decouples and the Higgs sector becomes SM-like. The term ArM is given
in Eq.(5.21).

The quantity ArSUSY in Eq.(5.25) denotes the difference between Ar in the
NMSSM and the SM, i.e. it only involves the contributions from the additional
SUSY particles and the extended Higgs sector. All SUSY corrections beyond one-
loop order that are known to date are implemented. The leading reducible O(a?)
two-loop corrections (that can be obtained via the resummation formula given in
Ref. [82]) and the leading SUSY two-loop QCD corrections of O(aa;) to Ap as
given in Refs. [51, 52] are identical for the MSSM and the NMSSM and can directly
be included in our NMSSM calculation.

The leading reducible O (o) two-loop corrections are obtained by expanding the
resummation formula [82]

1
1+ Ar = , (5.26)

2
(1= Aa) (1 + SEAp) = Arpen
w

which takes the terms of the type (A)?, (Ap)? and AaAp correctly into account,’
if Apis parametrized by G,,. The pure SM terms are already included in ArM, Thus,
only the leading two-loop terms with SUSY contributions,

2
ArSUSY(a ) —

C%/V SUSY C%V SUSY2 C?/V SUSY A -SM

Sw Sw Sw

are additionally needed and inserted into our calculation.

4Since the complete one-loop results for Ar in the SM and in the NMSSM are used in Eq. (5.25),
this splitting has an impact only from the two-loop level onwards.

50ne could also include the term A« Arrem, which is however numerically small and not included.
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Fig. 5.8 Generic O(aqy) two-loop diagrams in the NMSSM. g denotes a gluon and g a gluino;
Vi,Va = AZWE

The two-loop O(as) contributions contain squark loops with gluon exchange
and quark/squark loops with gluino exchange (both depicted in Fig.5.8). While the
formula for the gluino contributions is very lengthy, a compact result for the gluon
contributions to Ap was derived in Ref. [52]. The formula for the SUSY contribu-
tions to My require the on-shell (physical) values for the squark masses as input.
The SU(2) relation M;, = B implies that one of the stop/sbottom masses is not
independent but can be expressed in terms of the other parameters. Therefore, when
including higher orders, one cannot choose independent renormalization conditions
for all four (stop and sbottom) masses. Loop corrections to the relation between the
squark masses must be taken into account to be able to insert the proper on-shell val-
ues for the squark mases into our calculation. The difference of using the tree-level
mass relation instead to the one-loop corrected one for the two-loop SUSY contri-
butions to My is of three-loop order and therefore not considered here. However
for the evaluation of the one-loop SUSY contributions to My the loop corrected
mass relation must be used. In our evaluation of My this is taken into account by a
“mass-shift” correction term. For more details see Ref. [52].

The dominant Yukawa-enhanced electroweak corrections of (’)(atz), O(aap),
(’)(ai) to Ap [53, 54] are two-loop corrections containing quarks (¢/b) loops with

Higgs exchange, squark (i/b) loops with Higgs exchange and mixed quark-squark
loops with Higgsino exchange. The generic diagrams are shown in Fig.5.9. These
contribution were calculated for the MSSM, and the incorporation into the NMSSM
result is not straightforward. In order to be able to include these contributions we
assign a MSSM parameter point, which has the same values for tan /3, the sfermion
mixing parameters Ay, and all the soft mass parameters as the considered NMSSM
point. Further we set the MSSM . parameter equal to pfr. The charged Higgs mass
(calculated in the NMSSM beforehand) is then used as input for the calculation of
the MSSM Higgs masses. This ensures that the mass of the charged Higgs boson
(which is the only Higgs boson which appears the same way in both SUSY models)
is the identical in the NMSSM and the MSSM, since we calculate the MSSM Higgs
masses in FeynHiggs where the input parameter My=+ is interpreted as on-shell
mass parameter. The MSSM Higgs masses which are determined this way and the
Higgsino parameter y are then used as input for the Ap ((’)(a,z), O(azap), (9(0412)))
formula. The dominant Yukawa-enhanced electroweak corrections in the SM [83, 84]
have been subtracted according to Eq. (5.25). For this purpose we have identified the
SM Higgs mass entering the result of Refs. [83, 84] with the mass of the MSSM Higgs
boson, that has the largest coupling to gauge bosons. The size of Yukawa-enhanced
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t,b t,b I.b o 10 t,b b

Fig. 5.9 Generic O(atz), O(arap), O(ai) two-loop diagrams. H denotes a Higgsino and s a Higgs
or Goldstone boson; V,V, = A, Z,W*

electroweak corrections is typically small (< 5MeV) while the calculation is rather
time-consuming. In the My codes for the MSSM and in the NMSSM, the user can
choose whether these contributions should be included or not. The numerical results
in the MSSM (presented in Sect.5.7) embody the Yukawa-enhanced electroweak
two-loop corrections, while in the NMSSM results (presented in Sect. 5.8) they are
not included, unless stated otherwise.

It should be emphasised at this point that the approach followed in (5.25), i.e.
combining the most up-to-date SM prediction with the ‘new physics’ contributions
from supersymmetry, is well suited for extending it further to other scenarios of
physics beyond the SM. This provides an appropriate framework for comparing the
My prediction of different models in a consistent way.

5.4 Technical Aspects

5.4.1 Framework for the Ar Calculation

The one-loop calculation of Ar in the SM, the MSSM with complex parameters and
the NMSSM has been carried out using the Mathematica [85] based programs
FeynArts (Version 3.5) [67-72] and FormCalc (Version 6.2) [86], with which
one-loop calculations can be carried out with a high degree of automation. The
program FeynArts can be used to generate and draw the Feynman diagrams to
a given order for the process under study, based on a so-called model file, which
provides the information about the particle content and interactions in a certain
model. For the SM and the MSSM we used the model files which are included
in the FeynArts standard distribution. For the NMSSM we used a new model
file, which we developed in Ref. [87] and which is discussed in more detail in
Sect.5.4.4. From the Feynman rules a mathematical expression for the amplitudes
is generated. For one-loop amplitudes, the analytic simplifications, trace evaluation,
tensor decomposition, etc. can be carried out by FormCalc, which combines the
speed of FORM [88] with the more user-friendly interface of Mathematica.

The one-loop results are combined with all known higher-order corrections of
SM and SUSY type as specified in Sect.5.3.4. Therefore we have transcribed
the higher-order corrections taken from the literature into Mathematica format.
Mathematica provides the flexibility that allows us to analyse the functions at an
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analytic level and treat possible threshold effects or numerical instabilities analyti-
cally by adding appropriate expansions. We took special care of parameter regions
with mass degeneracies, so that a numerically stable evaluation is ensured (for details
see also Sect.5.3.3). For the MSSM we have done a second implementation of our
results in Fortran.® The Fortran code runs significantly faster and is therefore
especially suitable for scans. Our numerical results in the MSSM (see Sect.5.7) are
generated using the Fortran code, while the NMSSM results (see Sect.5.8) are
produced using the Mathematica setup.

We cross-checked our evaluations in the MSSM and in the NMSSM with the ear-
lier results given in Refs. [50, 57] and found in both cases good agreement at the level
of 1-2 MeV. In the MSSM, deviations can arise from the different treatment of the
O(a?) SM-type corrections as we discussed in Sect. 5.3.4. In our result, the incorpo-
ration of the state-of-the-art SM result has been improved by using the expressions

for Arf(;'i: + Arég: ) given in Ref. [38], while in Ref. [50] the fit formula for M a,M
[37] was employed. In the NMSSM results presented in Ref. [57] the SUSY two-loop
contributions, apart from the gluon contributions, are not included. Taking these con-
tributions into account, we get an improved prediction for M EVMSSM. The comparison
was done, by “switching off” the SUSY two-loop contributions (apart from the gluon
contributions) in our result. One difference between the two NMSSM evaluations
stems from the fact that we use the on-shell masses for sfermions, charginos and

neutralinos, while in Ref. [57] the NMSSMToo1s masses are used (see below).

5.4.2 Framework for the Numerical Analysis

For the numerical evaluation in the complex MSSM, all values for the masses
and mixing matrices are calculated using FeynHiggs (version 2.9.4) [§9-93]. In
FeynHiggs the sfermion, chargino and neutralino masses are derived using the rela-
tions for the on-shell masses, as given in Sect.2.2. For the My prediction, we use
(if not stated otherwise) the numerical values for the masses and effective couplings
of the MSSM Higgs bosons including the full one-loop and the dominant two-loop
corrections. The W boson mass enters in the evaluation of the Higgs masses. So far
FeynHiggs uses the experimental value for My as input. We plan to include our
My prediction in FeynHiggs, such that the predicted value for My can be used
as input for the Higgs mass calculation.

In the setup for the NMSSM the sfermion, chargino and neutralino masses are
derived using the on-shell relations given in Sects.2.2 and 2.3. Our setup allows
the user to choose whether the Higgs masses should be calculated using the tree-
level relations (given Sect.2.3) or using NMSSMTools (version 4.1.1) [94-97]. In
NMSSMTools the input parameters are assumed to be DR parameters at the SUSY
breaking scale, which is by default set to the average of the squark masses. The pole
masses are computed, taking one-loop corrections into account. In order to use the

SWe plan to provide a Fortran code also for the NMSSM.
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NMSSMTools Higgs masses in our result, a transformation from the on-shell para-
meters, needed for our evaluation, to the DR parameters, needed as NMSSMTools
input, is necessary. This effect is approximately taken into account, by transforming
the on-shell X; parameter into its DR value by the relation given in [98]. The shift in
the other parameters is significantly smaller and therefore neglected here.

In our setup, the MSSM and NMSSM parameter spaces can be tested against a
broad set of experimental and theoretical constraints. Besides the constraints already
implemented in the two codes FeynHiggs and NMSSMTool s,” further direct con-
straints on the Higgs sectors can be evaluated with help of the code HiggsBounds
(version 4.0.0) [100-102]. The constraints most relevant for this chapter are outlined
in the next section, Sect.5.4.3.

All programs used for the numerical evaluation are linked through an interface
to our two codes for the W-boson mass prediction: our general Mathematica
code® as well as to the MSSM Fortran code. Inserting the mass eigenvalues, we
use LoopTools (Version 2.7) [86] (which can be called both from Fortran and
from Mathematica) for the numerical evaluation of the one-loop scalar and tensor
integrals.

5.4.3 Constraints on the Parameter Space

We briefly discuss the phenomenological constraints on the MSSM and NMSSM
parameter space, which are applied in the numerical analysis presented in this chapter.
The same constraints will also be relevant in later chapters (in particular in Chaps. 6
and 7), where we will refer back to the description of the constraints here.

Bounds from Direct Higgs Searches

Limits from Higgs searches at LEP, the Tevatron and the LHC set stringent bounds
on the Higgs masses and couplings in SUSY models.

In order to test whether a given point in the MSSM or the NMSSM parameter space
is allowed or ruled out by the Higgs searches one needs to confront the predictions
of the model with the available cross section limits in the various search channels at
each collider. For this purpose we make use of the code Hi ggsBounds [100-102],
which includes limits from searches for neutral and charged MSSM Higgs bosons,
as well as as the limits on Higgs bosons with SM-like couplings.

"The code FeynHiggs includes (amongst others) predictions for the anomalous magnetic moment
of the muon and electric dipole moments of electron, neutron and mercury. Additionally it pro-
vides the information whether a parameter point corresponds to a colour-breaking minimum.
NMSSMTools contains a list of theoretical and experimental constraints, e.g. constraints from
collider experiments (such as LEP mass limits on SUSY particles), B-physics and astrophysics.
More details on the constraints included in NMSSMToo1s can be found in Refs. [94, 99].

8The Mathematica code is linked to a Fortran driver program, calling the other programs
(FeynHiggs for the MSSM, NMSSMToo1ls for the NMSSM and HiggsBounds for both mod-
els). In the NMSSM case the calculation of the SUSY particle masses and the tree-level Higgs
masses is also included in the Fortran driver.
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HiggsBounds uses the input provided for the model under consideration (in the
case of our analysis the masses, effective couplings and partial widths of the Higgs
bosons of the MSSM and the NMSSM) to determine, separately for each Higgs boson
in the model, the channel that has the highest expected sensitivity for an exclusion.
For this particular channel the theory prediction is then compared to the observed
experimental limit, which determines whether the parameter point is allowed or
excluded. The exclusion obtained this way corresponds to a limit at somewhat lower
statistical confidence level than 95 % [103]. A theoretical uncertainty on the Higgs
mass calculation is included when determining the exclusion.

For the numerical evaluation of the W boson mass prediction, which is presented
in this chapter, we use Hi ggsBounds version 4.0.0, which includes the LHC limits
presented until Moriond 2013. The latest ATLAS result on light charged Higgs boson
searches [104] (important in particular for the interpretation of the Higgs signal as
the heavy CP-even MSSM Higgs) is not included in this HiggsBounds version.
A new HiggsBounds version including this result is meanwhile available.

Bounds from Direct Searches for SUSY Particles

As mentioned already in Sect.4.2.3, the limits from direct searches for SUSY parti-
cles at LEP, the Tevatron and the LHC restrict the allowed parameter space of SUSY
models. The least model-dependent limits are the ones from LEP. In particular the
limit on the lightest chargino mass, meE > 94 GeV [59], applies to both the MSSM
and the NMSSM and restricts the parameter p (uefr) of the (N)MSSM to values
above about 100 GeV. The LEP limits on sfermion and chargino masses are applied
throughout this chapter (as well as in Chaps. 6 and 7). For the squarks of the first two
generations and the gluino the LHC mass limits are most stringent [105, 106], but
have a certain model dependence (see Sect.4.2.3). In the numerical analysis we will
often choose our parameters such that the squarks of the first two generations and
the gluino are heavy (>1TeV).® The LHC limits on third-generation squarks, stops
and sbottoms, and on uncolored particles are substantially weaker. They also depend
strongly on the assumed model, therefore it is not straightforward to apply these
limits to the parameter space of the general MSSM or NMSSM. For third generation
squarks and uncolored SUSY particles we apply only the LEP limits in our analysis.
In Sect.5.7.3 we will comment on the effect that stronger mass limits on stops and
sbottoms (as expected from the LHC if no SUSY particle will be discovered) would
have on our analysis of the My prediction in the (N)MSSM. In Chap.8 we will
present a new tool (FastLim), which can test any MSSM parameter point against
the limits from direct SUSY searches at the LHC. However this tool was not yet
available when we performed the analysis presented in this chapter (and Chaps. 6
and 7).

9Since this limit is not applied everywhere we will comment on whether a LHC mass limit on
squarks and gluinos is considered, when discussing a specific analysis.
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Neutralino LSP

In the numerical analyses (throughout this thesis) we consider only parameter points
for which the lightest neutralino )2(1) is the LSP. It is then automatically stable (in
R-parity conserving models!?) and can provide a viable dark matter candidate. Even
though not studied in this thesis, scenarios in which )2(1) is not the LSP can be phe-
nomenologically viable and interesting. In such cases one needs another dark matter
candidate, e.g. the gravitino [107, 108].

Theoretical Constraints

In the analyses within the NMSSM, additional theoretical constraints are applied.
Constraints originate from the requirement of a viable physical minimum of the
Higgs potential. The physical minimum, with non-vanishing vacuum expectation
values for the two Higgs doublets H; and H», should be deeper than minima with
vanishing vevs. Furthermore the physical vacuum should have a non-zero singlet vev
to be able to generate the pi.fr parameter. In the NMSSM, a stable symmetry breaking
minimum of the potential is ensured approximately by the condition Ai >9 mg [109].
For each point considered in the NMSSM parameter space, we verified numerically
(using NMSSMToo1s) that the Higgs potential is bounded from below and stable.
Another requirement is that there be no Landau pole for any of the running cou-
plings A, k, y; and y, below the GUT scale. The renormalisation group equations
for the NMSSM are known to two-loop order [110]. The constraint of perturbativity
up to a very high scale restricts the range of A and k. Values of these parameters
in the perturbative regime at the GUT scale lead to comparably small values at the
weak scale, which may be combined to give the approximate upper bound [111]

N+ k2 <05. (5.28)

We choose A and « to respect this limit.

5.4.4 FeynArts Model File for the NMSSM

The NMSSM prediction for My (as well as the results presented in Chap. 6) have
been obtained using a new NMSSM model file for FeynArts, which was presented
first in Ref. [87]. In this section we discuss the development of the NMSSM model
file and give details on how it was derived and tested.

In order to get precise theoretical predictions for observables in the NMSSM
that can be compared with the ones in other scenarios of physics beyond the SM
and be confronted with the available data, it is often necessary to include radiative
corrections.

The calculation of loop diagrams, often involving a large number of fields, is a
tedious and error-prone task if done by hand. This is true in particular for theories

10R-parity violation is not discussed in this thesis.


http://dx.doi.org/10.1007/978-3-319-22228-8_6

72 5 The W Boson Mass in the SM, the MSSM and the NMSSM

beyond the SM where the number of fields is significantly increased. For one-loop
calculations, as will be the focus in the following, computer methods with a high
degree of automation have been devised to simplify the work. However, most of the
available tools so far have focused on calculations either in the SM or the MSSM. In
order to facilitate loop calculations in the NMSSM, it is useful to employ the well-
established public tools FeynArts, FormCalc and LoopTools. As a first step
towards the goal of treating the NMSSM at the same level of accuracy as the MSSM,
we have compiled a new FeynArts model file for the NMSSM. The basis for the
model file itself—defining the particle content and interactions of the NMSSM—was
generated with the help of the program SARAH [112, 113]. This program can be used
to generate FeynArts model files, as well as output for many other programs, for
any supersymmetric theory starting from its superpotential. For consistency checks,
we also use an independent NMSSM model file generated with FeynRules [114].
Starting from the output of SARAH we have introduced the standard nomenclature
of FormCalc to activate its internal MSSM simplifications and we have applied
unitarity relations to mixing matrices and couplings. These modifications, besides
greatly improving the speed at which FormCalc performs one-loop calculations of
NMSSM amplitudes, are essential for instance for verifying the cancellation of UV
divergences at the algebraic level.

We have performed several tests on the model file to verify the NMSSM imple-
mentation. The analytical expressions for the Feynman rules for the interaction ver-
tices of the NMSSM obtained from SARAH have been compared to the independent
FeynRules output. They have also been compared (analytically) in the MSSM
limit to the corresponding vertices in the default MSSM implementation distributed
with FeynArts. A number of tree-level processes have been analysed numerically,
including the decays of Higgs bosons and neutralinos, to test the mixing properties of
the singlet state in the NMSSM. Comparing these to the results of NMSSMTools and
NMSDECAY [115], we find overall good agreement with those previously obtained
results after correcting for differences due to QCD corrections and the running of
gauge couplings. A further, extensive, and non-trivial test of the working NMSSM
implementation is provided by the results for the processes that are induced at the one-
loop level in the NMSSM. We have evaluated O(50) 1 — 2 processes and O(100)
2 — 2 processes of this type and checked them successfully for their UV- and IR-
finiteness.

5.5 Theoretical Uncertainties in the My Prediction

Before moving on to our numerical results for the W boson mass prediction in the
SM, the MSSM and the NMSSM, we discuss the theoretical uncertainty in the My
calculation.

The dominant theoretical uncertainty of the prediction for My arises from the
parametric uncertainty induced by the experimental error in the measurement of
the top-quark mass. An experimental error of 1GeV on m, causes a parametric
uncertainty on My of about 6 MeV, while the parametric uncertainties induced by
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the current experimental error of the hadronic contribution to the shift in the fine-
structure constant, Aanag, and by the experimental error of Mz amount to about
2 and 2.5 MeV, respectively. The uncertainty of the SM My prediction caused by
the experimental error of the Higgs mass 5M;Xp = 0.35 GeV is significantly smaller
(~0.2MeV). In [116] the impact of improved accuracies of m; and Aap,g has been
discussed. With a precise top mass measurement of Am;, = 0.1 GeV (anticipated ILC
precision) the parametric uncertainty in My is 0.6 MeV.

The uncertainties from unknown higher-order corrections have been estimated to
be around 4MeV in the SM for a light Higgs boson (Mysm < 300 GeV) [37]. The
prediction for My in the MSSM and the NMSSM are affected by additional theoret-
ical uncertainties from unknown higher-order corrections of SUSY type. While in
the decoupling limit those additional uncertainties vanish, they can be important if
some SUSY particles, in particular in the scalar top and bottom sectors, are relatively
light. The combined theoretical uncertainty from unknown higher-order corrections
of SM- and SUSY-type has been estimated (for the MSSM with real parameters) in
Refs. [50, 54] as SMy ~ (4 — 9) MeV, depending on the SUSY mass scale.!! Since
we include the same higher-oder corrections in the NMSSM as in the MSSM, the
uncertainty from unknown higher-order corrections is estimated to be of similar size.

5.6 Result for My in the SM

As mentioned already in Sect.5.3.2 the SM prediction for the W boson mass is
affected by large radiative corrections beyond one-loop level. The size of the cor-
rections beyond one-loop order is shown in Fig.5.10 where we plot the SM My
predictions against the SM Higgs mass. The orange curve shows the result we find
using the full one-loop result for Ar but no further corrections beyond one-loop.
The red curve is the SM My result using the full Ar result as given in Eq. (5.21).
Comparing the two predictions one finds that the corrections beyond one-loop order
lead to a large downward shift in My by more than 100 MeV. The largest shift
(beyond one-loop) is caused by the two-loop QCD corrections [16-21] followed by
the three-loop QCD corrections Ar(@ad) [28-31]. The gray band indicates the cur-
rent My measurement with the 1 o experimental uncertainty. Comparing only the
one-loop result with the measurement, one would conclude that a SM Higgs mass
of around 500 GeV would be favored by the My measurement while a light Higgs
would clearly be disfavored. Taking the full result one finds the important result that
the SM My prediction favors a light Higgs boson. Therefore it is crucial to include
all known higher-oder corrections to obtain a reliable prediction for the W boson
mass.

1I'The lower limit of 4MeV corresponds to the SM uncertainty, which one gets in the decoupling
limit of the MSSM. For the upper limit of 9MeV very light SUSY particles were considered, which
are not in agreement with the current limits anymore. Taking the experimental bounds into account
the (maximal) uncertainty from missing higher orders should be considerably reduced.
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Interpreting the observed Higgs as the SM Higgs boson, the SM prediction
for W boson mass reads (the other relevant SM parameters are: Mz = 91.1876
GeV, G, = 1.1663787 x 1075 GeV 2, ay(Mz) = 0.1184, Aap,g(Mz) = 0.02757,
mp = 4.7GeV)

MM(m, = 173.2GeV, Mysu = 125.64 GeV) = 80.361 GeV. (5.29)

Accordingly, the SM prediction for My turns out to be below the current experi-
mental value, M;’,‘p = 80.385 + 0.015 GeV, by about 1.5 ¢. We have investigated
the possible effects of CKM mixing. We checked analytically that the contributions
from CKM mixing are non-zero, but the numerical impact turns out to be negligible
(below 0.01 MeV in My).

We compared our evaluation of M a,M to the result one gets from the fit formula
for MM, given in Ref. [37]. The effect of using the simple parametrisation for

AFE) 4 AR of Ref. [38] instead of the full result is small (<0.1 MeV).!2 The
four-loop QCD corrections given in Ref. [34] are not included in the simple Ma,M
parametrisation. It accounts for a shift of ~ — 2MeVin M %,M. The difference between
the O(aay;) corrections given in Ref. [30], which we implemented, and the corre-
sponding contributions of Ref. [80], which are used for the M EVM fit formula, is
~ 1 — 2 MeV (depending on the o (1) value).!? The effect of these two differences
accidentally cancels, so that the difference between our full M ‘S;VM result and the fit
formula of Ref. [37] is < 1 MeV.

12For the parameters given in Eq.(5) in Ref. [37] and M gsm = 100 GeV.

13 A5 discussed in Sect.5.3.4, we plan to use the more complete Ar®®s contributions of Refs. [18,
79], which agree with the ones of Ref. [80], in a future update of our code.
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5.7 Result for My in the MSSM

In this section we discuss the results for My in the MSSM, based on a parameter
scan. While the numerical analysis has been done for the MSSM, the results can
also be of interest in the context of the NMSSM. Obviously in the MSSM-limit the
NMSSM results are identical with the MSSM ones. Furthermore, the effect of the
My contributions from the sfermion sector, in particular from stops and sbottoms,
which are discussed in detail in this section, are identical in the NMSSM (also away
from the MSSM-limit).

5.7.1 MSSM Parameter Scan: Scan Ranges and Constraints

Our numerical results are based on the contributions to Ar described in Sects.5.3.3
and 5.3.4, where the For t ran implementation has been used to generate the MSSM
results presented below.

In the following we will investigate the prediction for My in the MSSM based on
scans of the MSSM parameters over a wide range (using flat distributions). We have
performed two versions of the random scan, one where the top-quark mass is kept
fixed at m; = 173.2 GeV and one where m; is allowed to vary in the scan. Both scans
use initially ~5 x 10° points, and dedicated smaller scans have been performed in
parameter regions where the SUSY contributions to My are relatively large. The
scan ranges are given in Table5.1. We restrict our numerical analysis based on the
parameter scan to the case of real parameters, for the effects of complex phases see
Sect.5.7.4. Possible flavor violation in the SUSY sector [55] is neglected here. In
order to avoid unphysical parameter regions and regions of numerical instabilities
we disregard parameter points for which FeynHiggs indicates a large theoretical
uncertainty in the evaluation of the Higgs mass predictions (larger than 20 % of
the Higgs mass value). We also exclude points where stop and sbottom masses
are mass-degenerate within less than 0.1 GeV causing numerical instabilities in the
gluino corrections of O (aq;) to A p. Furthermore we apply a stability criterion on the
@ (atz), O(arap), O(ai) corrections (‘Higgsino corrections’). For that we vary input
parameters (one by one) by £1 % and look at the change in the Higgsino corrections.
If the Higgsino corrections ‘jump’ by more than 10 % we disregard that parameter
point.

In the SM and SUSY higher-order corrections, as listed in Sect. 5.3.4, the bottom-
quark mass has been renormalized in the on-shell scheme. Accordingly, in our eval-
uation of My the bottom-quark pole mass, mi‘ﬂe, is used everywhere. This also
applies to the calculation of the sbottom masses from the MSSM input parameters,
and we have modified the corresponding routine in FeynHiggs accordingly. For
every parameter point we test whether it is allowed by direct Higgs searches using
the code HiggsBounds (version 4.0.0) [100-102]. Running HiggsBounds, we
take into account the theoretical uncertainties on the Higgs masses using the estimate
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Table 5.1 Parameter ranges considered in the scans

Parameter Minimum Maximum
0 —2000 2000
MEl.z =M, 100 2000
MQL2 = MZA/LZ D1s 500 2000
M, o 100 2000
3
Mg 100 2000
3
Mp, 100 2000
3
Ae=A, =A; —-3Mp 3Mj
Ay =Ag =A, = Ay —3M(~212 3MQ12
Ap -3 max(MQ3, MD3) 3max(MQ3,MD3)
Ay -3 max(MQS, M(/g) 3max(MQ3,M03)
tan 3 1 60
M3 500 2000
My 90 1000
M, 100 1000

All parameters with mass dimension (all except tan 3) are given in GeV

provided by FeynHiggs. All MSSM points included in our results have the lightest
neutralino as LSP and have SUSY particle masses that pass the lower mass limits
from direct searches at LEP.

Our MSSM results presented below improve on earlier results given in Ref. [50]
in several respects. We study here the impact of both the limits from the Higgs
boson searches as well as from the signal observed at about 125.6 GeV. Furthermore
we investigate constraints from present and possible future limits from searches for
SUSY particles. On a more technical level, our analysis incorporates the SUSY two-
loop corrections of (’)(atz), O(azap), (’)(ai), which were not included in the scan
results presented previously, and we perform a more detailed scan involving a larger
number of sampling points.

5.7.2 Results of the Scan and Impact of LHC Results
on My in the MSSM

In this section we study the MSSM prediction for My, starting in Fig. 5.11 where My
is displayed as a function of the top-quark mass, m;, in the SM and the MSSM. The
green area shows the MSSM parameter space that is allowed by Hi ggsBounds and
the various other constraints described in the previous subsection. It should be noted
that in this plot only the limits from the Higgs searches are considered as constraints
on the MSSM parameter space, not the observed signal at about 125.6 GeV (the latter
will be discussed below). The region where the MSSM prediction for My overlaps
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with the one in the SM is indicated by the red strip, where Mysm = 125.6 = 0.7 GeV
(corresponding roughly to the 2 o experimental error on My ) has been used for the
SM prediction. The left plot shows the results on a larger scale, in order to indicate
the possible range of the MSSM prediction, while the right plot is a zoom into the
parameter region of the MSSM near the experimental central values of My and m;. In
order to obtain the MSSM prediction shown as the green band in Fig.5.11 we have
imposed as an additional restriction a limit on the mass splittings in the stop and
sbottom sector, which has been implemented via the conditions m;, /m;, < 2.5 and
my [my < 2.5. If no such condition on the mass splittings in the stop and sbottom
sector were imposed, even larger values of My (up to ~80.8 GeV) would be possible
in the MSSM, see also the discussion in Ref. [50]. Since this parameter region far
above the experimental value of My is of little phenomenological interest, we will
not consider it further here. While it is well-known that anon-zero SUSY contribution
tends to increase the prediction for My as compared to the SM case, close inspection
of Fig. 5.11 reveals that there exists a small MSSM (green) region below the overlap
region (red), which is most clearly visible for the largest m; values. The reason for
this feature lies in the fact that, as explained above, the SM prediction is shown for the
range Mysm = 125.6 = 0.7 GeV, while no restriction from the signal observed in the
Higgs searches has been applied to the MSSM parameter space. As a consequence,
the MSSM region (green) contains parameter points where the lightest CP-even
Higgs boson of the MSSM has a mass above the range allowed for Mysm (and below
the upper bound on M), in the MSSM, which increases with increasing m;). In the
decoupling region, where all superpartners are heavy, the MSSM prediction for My
in this case corresponds to the prediction in the SM with a higher value of Myswm,
which yields a lower value of My .4

The predictions for My in the SM and the MSSM are compared with the current
experimental results for My and m;, [117] which are displayed by the corresponding
68 % C.L. ellipse shown in gray. One can see that the SM prediction barely touches
the 68 % C.L. ellipse, whereas the ellipse is fully contained in the MSSM area. It
is obvious that the MSSM contains parameter regions where the MSSM prediction
for My is in very good agreement with the data. On the other hand, also My values
significantly above the experimental value are possible in the MSSM. The latter arise
mainly from very light states and a large mass splitting in the stop and sbottom sector
(see the discussion below).

Figure 5.11 shows that confronting the prediction for My in the MSSM with the
experimental result is of interest both for putting constraints on parameter regions
that would give rise to a too high value of My and for investigating the parameter
region where the agreement between the MSSM prediction and the data is in fact
better than for the SM case. While the deviation between the SM prediction and the

141t should be noted that a similar kind of feature would occur even if one restricted the predicted
value for M}, in the MSSM to the same region as the range adopted for Mysm. This is caused by the
fact that the additional theoretical uncertainties from unknown higher-order corrections affecting
the prediction for Mj, in the MSSM, which are not present in the SM where Myswm is a free input
parameter, essentially lead to a broadening of the allowed range of M, in the MSSM as compared
to Mysm.
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Fig. 5.11 Prediction for My as a function of m;. Left The green region shows the HiggsBounds
allowed region for the MSSM My prediction. It has been obtained by scanning over the MSSM
parameters as described in the text. The cuts my, /m; < 2.5 and my [mj < 2.5 are applied. The red
strip indicates the overlap region of the SM and the MSSM, with Mysv = 125.6 £ 0.7 GeV. The
two arrows indicate the possible size of the slepton and the chargino (and neutralino) contributions.
Right zoom into the most relevant region, with the SM area omitted

experimental result for My is statistically not very significant (the SM prediction
is well compatible with the experimental result at the 95 % C.L.), the pattern that
the SM prediction is somewhat low as compared to the data has been robust for
many years in spite of numerous updates of the experimental results. Focussing now
on the region where we find the best agreement between the MSSM prediction for
My and the experimental result, it is interesting to note that in this region some
of the superpartner masses are expected to be relatively light. In order to illustrate
this feature we furthermore show in Fig.5.11 the impact of the slepton sector (left
arrow) and the chargino sector (right arrow), where the mass values indicated at
the arrows (approximately) show the effect in My arising from the contribution
of a slepton and a chargino of such mass, respectively. We have chosen to display
those arrows such that they start at the lower border, corresponding to the situation
where all other superpartners are heavy and decoupled. For the sleptons we show the
corrections to My as a function of My = M Fios = M Tias where the lower limit
of ~90 GeV roughly corresponds to the (fairly model-independent) limit obtained
at LEP. One can see that very light sleptons, just above the LEP limit, could induce
a shift in My of about 60 MeV. We have checked that each generation contributes
roughly the same to this effect. The major contributions to My from the sleptons
arise from the Ap term in Eq. (5.7), which is sensitive to the mass splitting between
71,2 and v;. The splitting between the sneutrinos and the sleptons becomes significant
if My = M and My are of comparable size. The contributions to My from light
charginos and neutralinos are substantially smaller, but clearly not negligible in this
context. They reach about 20 MeV for Myt ~ 95 GeV, close to its lower mass limit

1
from LEP. In that case, due to the assumed GUT relation between M| and M», the
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mass of >~<(1) is ~50 GeV. Our analysis of the contributions in the slepton and the
chargino/neutralino sector shows that even if all squarks were so heavy that their
contribution to the My prediction were negligible, contributions from the slepton
sector or the chargino/neutralino sector could nevertheless be sufficient to bring
the MSSM prediction in perfect agreement with the data. This could be the case for
slepton masses of about 150-200 GeV or for a chargino mass of about 100-150 GeV.
If the squark sector gives rise to a non-zero contribution to My the same predicted
value for My could be reached with heavier sleptons and charginos/neutralinos.

In Figs.5.12 and 5.13 we analyze in detail the dependence of My on the scalar
quark masses, in particular on m; and mj with m; fixed to 173.2 GeV. The upper
left plot of Fig.5.12 shows the prediction for My (green dots) as a function of

. All points are allowed by the constraints discussed in Sect.5.4.3 and fulfill
the additional constraint m; By [my; by < 2.5. The SM prediction is shown as a red
strip for Mysm = 125.6 £ 0 7 GeV and the 1o experimental result is indicated as
a gray band. We checked that without the cut m, j, /mll, b < 2.5 the largest My
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Fig. 5.12 Prediction for My as a function of the lightest stop mass my,. In all plots the cuts
my, /my < 2.5 and my /myj < 2.5 are applied. In the upper left plot all HiggsBounds allowed
points are shown, in the upper right plot only the points are shown for which additionally the squarks
of the first two generations and the gluino are heavier than 1200 GeV, in the lower left plot only
the points are shown for which additionally the sbottoms are heavier than 1000 GeV, and in the
lower right plot only the points are shown for which additionally also the sleptons and charginos
are heavier than 500 GeV. The red line indicates the SM prediction for My (color figure online)
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Fig. 5.13 Prediction for My as a function of the lightest sbottom mass. The cuts m;, /m;, < 2.5
and my, [mj < 2.5 are applied. In the left plot all HiggsBounds allowed points are shown, in the
right plot only the points are shown for which additionally the squarks of the first two generations
and the gluino are heavier than 1200 GeV, stops are heavier than 1000 GeV and also the sleptons
and charginos are heavier than 500 GeV. As above, the red line indicates the SM prediction for My
(color figure online)

values are reached for very light stop masses with a very large (>2.5) splitting in
the stop sector. Applying this cut, the maximum of ~80.6 GeV is reached for m;
around 800 GeV. The position where the maximum is reached depends strongly on
the splitting between stops and sbottoms and will be further explained below (in
the discussion of Fig.5.13). In the upper right plot we only show points which have
first and second generation squark masses and the gluino mass above 1.2 TeV, i.e.
roughly at the limit obtained at the LHC for simplified spectra [105, 106]. It can be
observed that the effects on My of the first and second generation squarks as well
as of the gluino are rather mild. Next, in the lower left plot we only show points
which in addition have b masses above 1000 GeV (this is a hypothetical cut that is
applied for illustration purposes only; it does not reflect the current experimental
situation). The fact that all MSSM points in the lower left and lower right plots have
stop masses larger than 400 GeV results from the restrictions that we have imposed,
constraining the sbottom masses (>1000 GeV) and the maximal splitting in the stop
and sbottom sector (m;z) by /m;I By < 2.5) at the same time. Clearly the sbottoms have
a large impact on the My prediction. After applying (for illustration) the sbottom
mass cut the maximal My values obtained in the scan are ~80.43 GeV, i.e. the
SUSY contributions can still be so large in this case that they can yield not only
predicted My values that are in good agreement with the experimental result but
also ones that are significantly higher. The SUSY shift in this case is caused by the
remaining contribution from the stop—sbottom sector, as well as by the contributions
from charginos, neutralinos and sleptons. In order to disentangle these effects, in the
lower right plot we also require (again, for illustrative purposes only) the electroweak
SUSY particles to be heavy and show only points with slepton and chargino masses
above 500 GeV. A direct mass limit on neutralinos is not applied. Since we fixed
M ~ %Mz, all points have neutralino masses above ~240 GeV. In this plot the shift
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in the My prediction as compared to the SM case arises solely from the stop—sbottom
sector with mp > 1000 GeV (neglecting the numerically insignificant contributions
from the other sectors for large SUSY particle masses). One can observe that My
values up to the upper edge of the experimental 1 o band (~80.400 GeV) can still
be reached for m;, values as high as m; ~ 1100 GeV in this case. For larger stop
masses, m;, 2, 1100 GeV, the contributions from the stop-sbottom sector decrease
as expected in the decoupling limit.">

Now we turn to Fig. 5.13 showing the My prediction plotted against mj . In the left
plot we show all points that are allowed by Hi ggsBounds and the other constraints
described above (in particular, my, /m; < 2.5 and m;_/mj < 2.5 is required). In
the right plot only those points are displayed for which the stops are heavier than
1000 GeV, the first and second generation squark masses as well as the gluino mass
are above 1200 GeV, and the sleptons and charginos are heavier than 500 GeV. Focus-
ing first on the left plot, one can see that it displays the same qualitative features as
the upper left plot of Fig.5.12. While one would normally expect that the highest
values for My are obtained for the smallest values of m; and m;, , in the correspond-
ing plots of Figs.5.12 and 5.13 the highest My values are found for m; ~ 800 GeV
and my ~ 400 GeV. This feature is related to the imposed restriction that the max-
imal mass splitting for stop and sbottom masses is limited to be smaller than 2.5.
The largest correction to My originates from the stop—sbottom contributions to Ap,
which depend sensitively on the mass splittings between the four squarks of the
third generation. After imposing the limit on the maximal mass splittings of stops
and sbottoms, these contributions become largest if the relative size of the sbottom
mixing, |Xb/max(MQ M)l reaches its maximum. This is realized in this case
for mp ~ 400 GeV and my, /mb ~ 2.5, m /mb1 ~ 2, giving rise to the maximum
around m;, ~ 800 GeV and my, ~ 400 GeV in the upper left plot of Fig.5.12 and
the left plot of Fig.5.13, respectlvely As expected, for higher values of my, the max-
imum value reached for My in Fig.5.13 decreases, but My values as high as the
experimental central value are seen to be possible all the way up to my ~ 2TeV.In
the right plot the other SUSY particles are required to be rather heavy (in particular,
the stop masses are assumed to be above 1000 GeV; the other masses are restricted
as described above), so that the impact of the contributions from the sbottom sector
becomes apparent. While rather large contributions are possible for sbottom masses
below about 800 GeV, for the highest values of mj shown in the figure the MSSM
prediction for My approaches the one in the SM.

So far we have only taken into account the existing /imits from the Higgs searches
at the LHC and other colliders (via the program HiggsBounds), but we have not
explicitly imposed a constraint in view of the observed signal at ~125.6 GeV. Within
the MSSM (referring to the CP-conserving case for simplicity), the signal can, at
least in principle, be identified either with the light CP-even Higgs boson 4 or the

15Tn all plots in Fig. 5.12 one can see a small gap between the MSSM points for m; > 1900 GeV and
the SM line. This is an artefact of the chosen scan ranges: in this region the mass-splitting between
1 and 7, is small, and my, does not reach values up to ~126 GeV. The My value approached in the
decoupling limit therefore corresponds to the SM prediction for a lower Higgs mass value.
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Fig. 5.14 Prediction for My as a function of m;. The left plot shows the My prediction assuming
the light C'P-even Higgs boson £ in the mass region 125.6 £ 3.1 GeV. The red band indicates the
overlap region of the SM and the MSSM with Mysw = 125.6 £ 0.7 GeV. The right plot shows the
My prediction assuming the heavy CP-even Higgs boson H in the mass region 125.6 £ 3.1 GeV.
The blue band indicates the SM region with Mysm = 125.6 & 0.7 GeV. All points are allowed by
HiggsBounds

heavy CP-even Higgs boson H. In Fig.5.14 we show the SM and MSSM prediction
of My as a function of m;, as obtained from our scan according to Table 5.1, where
in the left plot the green MSSM area fulfills My, = 125.6 &= 3.1 GeV, while in the
right plot the green MSSM area fulfills My = 125.6 &+ 3.1 GeV. The substantially
larger uncertainty with respect to the SM experimental uncertainty of 0.7 GeV (at
the 2 o level) arises as a consequence of the theoretical uncertainties from unknown
higher-order corrections in the MSSM prediction for the Higgs boson mass. We have
added a global uncertainty of 3 GeV [90] in quadrature, yielding a total uncertainty
of 3.1 GeV.

Starting with the left plot, where the light CP-even Higgs boson has a mass that
is compatible with the observed signal, we find a similar result as in Fig.5.11. In
particular, the comparison with the experimental results for My and m,, indicated by
the gray ellipse, shows a slight preference for a non-zero SUSY contribution to My .
While the width of the MSSM area shown in green is somewhat reduced compared
to Fig.5.11 because of the additional constraint applied here (requiring M}, to be in
the range M), = 125.6 & 3.1 GeV leads to a constraint on the stop sector parameters,
see, e.g., Ref. [118], which in turn limits the maximal contribution to My ), the
qualitative features are the same as in Fig. 5.11. This is not surprising, since the limits
from the Higgs searches implemented in Fig.5.11 have already led to a restriction
of the allowed mass range to the unexcluded region near the observed signal. As
in Fig.5.11 the plot shows a small MSSM region (green) below the overlap region
between the MSSM and the SM (red), which is a consequence of the broadening
of the allowed range of M), caused by the theoretical uncertainties from unknown
higher-order corrections, as explained above.
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In the right plot of Fig. 5.14 we show the result for the case where instead the mass
of the heavy CP-even Higgs boson is assumed to be compatible with the observed
signal, i.e. Mg = 125.6 £ 3.1 GeV. While as mentioned above the interpretation
of the discovered signal in terms of the heavy CP-even Higgs boson within the
MSSM is challenged in particular by the recent ATLAS bound on light charged
Higgs bosons [104] (which is not yet included in the version of HiggsBounds
used for our analysis), !9 it is nevertheless interesting to investigate to what extent
the precision observable My is sensitive to such a rather exotic scenario where all
five states of the MSSM Higgs sector are light. The lightest CP-even Higgs in this
scenario has a heavily suppressed coupling to gauge bosons and a mass that can be
significantly below the LEP limit for a SM-like Higgs, see e.g. Ref. [120]. As shown
in the right plot of Fig. 5.14, the constraint My = 125.6 £ 3.1 GeV gives rise to a
situation where the MSSM region (green) does not overlap with the SM prediction
(blue). This gap between the predictions of the two models is caused by the fact that
Mp = 125.6 & 3.1 GeV implies light states in the Higgs sector (in particular a light
charged Higgs), which lead to a non-zero SUSY contribution to M in this case,
whereas for the light CP-even Higgs boson the constraint My, = 125.6 & 3.1 GeV
can be fulfilled in the decoupling region of the MSSM. The plot furthermore shows
that the constraint My = 125.6 £ 3.1 GeV implies not only a lower bound on the
SUSY contribution to My but also a more restrictive upper bound, as can be seen
from comparing the two plots in Fig. 5.14. It is interesting to note that also in the case
where the heavy CP-even Higgs is in the mass range compatible with the observed
signal, the MSSM turns out to be better compatible with the experimental results for
Myw and m; (indicated by the gray ellipse) than the SM.

In Fig.5.15 we analyze the dependence of the My prediction on light scalar
taus. In Refs. [121, 122] it was shown that light scalar taus can enhance the decay

Fig. 5.15 My prediction in 80.395
the MSSM as a function of
I'(h — 77), normalized to 80.390
the SM value. The black star
indicates the best fit point 80.385
from a pMSSM-7 fit to all S *
Higgs dr;ta (available at that 5 80380
time) [125]. The green line is ; 80.375
obtained by varying S
MEs = MZ3 from 280 to 80.370
500 GeV (color figure
online) 80.365
80.360 LoV
0.8 1.0 1.2 1.4 1.6 1.8
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I61f the Higgs sector contains an additional singlet, as in the NMSSM, it is possible to have a
SM-like second-lightest Higgs, while the charged Higgs boson can be much heavier in this case,
see e.g. Ref. [119].
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rate of the light CP-even Higgs boson into photons. This is of interest in view
of the current experimental situation, where the signal strength in the vy chan-
nel observed by ATLAS [123] lies significantly above the value expected in the
SM (but is still compatible at the 2 o level), while the signal strength observed in
CMS [124] is currently slightly below the SM level. Since loop contributions of
BSM particles to the decay width I'(h — ~+) do not have to compete with a SM-
type tree-level contribution, this loop-induced quantity is of particular relevance for
investigating possible deviations from the SM prediction. Figure 5.15 shows the pre-
diction for My as a function of I'(h — ~v)/T'(H — ~7)sm, where the latter has
been evaluated with FeynHiggs. As a starting point we use the best-fit point of
the analysis presented in Chap.7 and Ref. [125] obtained from a pMSSM-7 fit to
all Higgs data (available at that time), which indeed exhibited an enhancement of
I'(h — 77) due to scalar taus with a mass close to 100 GeV. The parameters of
the best fit point are My = 669 GeV, tan § = 16.5, u = 2640 GeV, My, =M =

Mp, = 1100GeV, My | =My, =My =1000GeV, M;, = Mg, 2 285 Gev,
MZ] =Mz =300 Gav, Ap = 2569GeV, M = 201 GeV "and My = 1000 GeV.

In Fig.5.15 the best-fit point is indicated as a black star. We vary the stau mass scale
M By = = Mj,_ in the range of 280-500 GeV, giving rise to a corresponding variation
of the hghter stau mass. The results are shown as the green line in Fig.5.15, where
the current experimental 1 o region for My is indicated as a gray band. One can
observe that for light scalar taus, corresponding to larger I'(h — 77), the agreement
of the prediction for My with the experimental value is improved. A certain level
of enhancement of I'(h — ) is also compatible with the current experimental
results on the signal strength in the ~~ channel. For heavy scalar taus, as obtained
for M B =M, = 500 GeV (and keeping the other parameters as defined above),
the My prediction still remains within the experimental 1 ¢ band, while nearly SM
values for I'(h — ~-y) are reached.

5.7.3 Discussion of Future Scenarios

In the final step of our investigation of parameter scans in the MSSM we discuss
the precision observable My in the context of possible future scenarios. We first
investigate the impact of an assumed limit of 500 GeV on stops and sbottoms (and
assume that no other colored particles are observed below 1200 GeV).

In Fig. 5.16 we show again the My —m; planes as presented in Fig.5.11 (where the
parameter region allowed by HiggsBounds is displayed) and in Fig.5.14 (M}, or
Mp in the range of 125.6 & 3.1 GeV), but now in addition the light blue points obey
the (hypothetical) mass limits for stops and sbottoms (500 GeV) and for other col-
ored particles (1200 GeV). The left plot shows the Hi ggsBounds allowed points,
whereas in the middle (right) plot M;,(My) = 125.6 & 3.1 GeV is required. It can be
observed that the light blue points corresponding to a relatively heavy colored spec-
trum are found at the lower end of the predicted Mw range, i.e. in the decoupling
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Fig. 5.16 Prediction for My as a function of m;. The left plot shows all points allowed by
HiggsBounds, the middle one requires M, to be in the mass region 125.6 & 3.1 GeV, while
in the right plot My is required to be in the mass region 125.6 &= 3.1 GeV. The color coding is
as in Figs.5.11 and 5.14. In addition, the blue points are the parameter points for which the stops
and sbottoms are heavier than 500 GeV and squarks of the first two generations and the gluino are
heavier than 1200 GeV

region of the MSSM. As discussed above the largest SUSY contributions arise from
the stop—sbottom sector. If lower mass limits on stops and sbottoms of 500 GeV are
assumed, it can be seen that the band corresponding to the possible range of pre-
dictions for My in the MSSM would shrink significantly, to the region populated
by the blue points. It should be noted that the prediction for My in this region is
in perfect agreement with the experimental measurements of My and m;,. Besides
the contributions of stops and sbottoms, which can still be significant even if the
stops and sbottoms are heavier than 500 GeV, the main SUSY corrections arise from
relatively light sleptons, charginos and neutralinos, as analyzed above.

While so far we have compared the various predictions with the current exper-
imental results for My and m;, we now discuss the impact of future improve-
ments of these measurements. For the W boson mass we assume, based on a recent
study Ref. [116], an improvement of a factor three compared to the present case
down to AMy = 5MeV from future measurements at the LHC and a prospec-
tive Linear Collider (ILC), while for m; we adopt the anticipated ILC accuracy
of Am; = 100 MeV [126]. For illustration we show in Fig.5.17 again the left plot
of Fig.5.14, assuming the mass of the light CP-even Higgs boson / in the region
125.6 + 3.1 GeV, but supplement the gray ellipse indicating the present experimental
results for My and m; with the future projection indicated by the red ellipse (assum-
ing the same experimental central values). While currently the experimental results
for My and m, are compatible with the predictions of both models (with a slight pref-
erence for a non-zero SUSY contribution), the anticipated future accuracies indicated
by the red ellipse would clearly provide a high sensitivity for discriminating between
the models and for constraining the parameter space of BSM scenarios.

As a further hypothetical future scenario we assume that a light scalar top quark
has been discovered at the LHC with a mass of m; = 400 £ 40 GeV, while no other
new particle has been observed. As before, for this analysis we use an anticipated
experimental precision of AMw = 5MeV (other uncertainties have been neglected
in this analysis). Concerning the masses of the other SUSY particles, we assume lower
limits of 300 GeV on both sleptons and charginos, 500 GeV on other scalar quarks
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of the third generation and of 1200 GeV on the remaining colored particles. We have
selected the points from our scan accordingly. Any additional particle observation
would impose a further constraint and would thus enhance the sensitivity of the
parameter determination. In Fig. 5.18 we show the parameter points from our scan that
are compatible with the above constraints. All points fulfill M} = 125.6 £ 3.1 GeV
and m; = 400 £ 40 GeV. Yellow, red and blue points have furthermore a W boson
mass of My = 80.375, 80.385, 80.395 & 0.005 GeV, respectively, corresponding to
three hypothetical future central experimental values for My . The left plotin Fig.5.18
shows the My prediction as a function of the lighter sbottom mass. Assuming that
the experimental central value for My stays at its current value of 80.385 GeV
(red points) or goes up by 10 MeV (blue points), the precise measurement of My
would set stringent upper limits of ~800GeV (blue) or ~1000 GeV (red) on the
possible mass range of the lighter sbottom. As expected, this sensitivity degrades
if the experimental central value for My goes down by 10 MeV (yellow points),
which would bring it closer to the SM value given in Eq. (5.29). The right plot shows
the results in the my —m, plane. It can be observed that sensitive upper bounds on

those unknown particle masses could be set!” based on an experimental value of My
of 80.385 £ 0.005 GeV or 80.395 + 0.005 GeV (i.e. for central values sufficiently
different from the SM prediction). In this situation the precise My measurement
could give interesting indications regarding the search for the heavy stop and the
light sbottom (or put the interpretation within the MSSM under tension).

17See also Ref. [127] for a recent analysis investigating constraints on the scalar top sector.
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Fig. 5.18 Results of an MSSM parameter scan illustrating the prediction for My in a hypo-
thetical future scenario assuming a measurement of m; =400 £40GeV at the LHC as well
as lower limits on all other SUSY particles: the assumed lower limits are 500 GeV for the
other third generation squarks, 1200 GeV for all other colored particles, and 300 GeV for slep-
tons and charginos. All displayed points fulfill M;, = 125.6 &= 3.1 GeV. The yellow, red and blue
points correspond to My = 80.375 4 0.005 GeV (yellow), My = 80.385 + 0.005 GeV (red), and
My = 80.395 £ 0.005 GeV (blue). The left plot shows the prediction for My as a function of the
lighter sbottom mass, mj while the right plot shows the My prediction in the my —my, plane

5.7.4 Dependence of the My Prediction on Complex Phases

Before turning to the My prediction in the NMSSM, we want to discuss the impact
of complex phases on the My prediction in the MSSM. The effect of complex
phases on the M%SSM prediction has been discussed in detail in Ref. [50]. It was
shown in Ref. [50] that the phase dependence of the sfermion one-loop contributions
can be sizable, while the phase dependence of the chargino/neutralino one-loop
contributions is smaller (O(1 MeV)).

As discussed in the previous subsection, the leading sfermion contributions stem
from the stop/sbottom sector, where the dominant effect comes from Ap which is
highly sensitive to the mass splitting between the sfermions. The size of the sfermion
contributions will be discussed in more detail in the context of the NMSSM (in the
next section). The results we derive in the NMSSM hold also for the MSSM, since the
sfermion sector is identical in these two models. Here we focus on the dependence
of the M. I\W’ISSM prediction on complex phases in the stop/sbottom sector.

The complex parameters in the stop/sbottom sector are A/, and i, which do not
appear separately in the one-loop contributions but only in the combinations X; 5. It
has been shown in Ref. [50] that the complex phase of X;;, drops out in the one-loop
Ar result and that therefore the phases only occur in the combination (¢4, ,, + ¢,) in
the one-loop sfermion contributions. We illustrate the phase dependence in Fig. 5.19.
Here we set ¢, = 0 for simplicity, so that the phase (¢4,,, + @) reduces to ¢q, .
Further we set ¢4, = ¢4, and we show the My prediction as a function of ¢4, .
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Fig. 5.19 Dependence of the My prediction and the M), prediction on the complex phase ¢4, .
As a starting point we take the light stop benchmark scenario of Ref. [120] with tan § = 15 and
My = 800GeV. For the solid lines Msysy = 500 GeV is chosen (as in the original benchmark
scenario), and for the dashed lines Msysy = 300 GeV. We set A; = |A;| exp(i¢a,) with |A;] =
2Msysy + p/ tan 3 and vary ¢4, from O to 27, while ¢, is set to zero. The left plot shows the
MSSM prediction for My . The orange curves show the prediction based on the full SM result but
including only the one-loop MSSM contributions, while the red curves show the full MSSM result
obtained as in Eq. (5.30). The right plot shows the M}, prediction

As a starting point, we choose the light stop benchmark scenario of Ref. [120].'8 In
this scenario the mixing parameter X; is chosen close to the value which maximises the
lightest CP-even Higgs mass (X; = 2 Msysy). For this choice of X;, M}, predictions
in accordance with the experimental value are obtained for stop masses significantly
below 1 TeV (for this benchmark point m; ~ 325GeV and m;, ~ 670 GeV). We
set A; = |A;| exp(iga,) with |A;| =2 Msusy + p/ tan 3 and vary ¢4, from O to 27
(setting the phase of i to zero). We choose A, = A; and for all other sfermions
Ay = 0. Theresults choosing Msysy = 500 GeV (as in the original benchmark point)
are shown as solid lines, whereas the dashed lines are obtained by setting Msysy =
300 GeV (in the latter case the stops are lighter, m; ~ 118 GeV for ¢4, = 0).

The left plot shows the MSSM prediction for My . For the orange lines we use
the full result for the SM-type contributions but only the one-loop MSSM contribu-
tions. For the red lines we include also the SUSY higher order corrections, which
have so far only been calculated for real parameters. Therefore the full My (¢) is
approximated by

18The exact parameters we use are m; = 173.2, tan 3 = 15, = 350GeV, ML/EI , = 500 GeV,

M; i, = 1000GeV. My 5 5, , = 1500 GeV, Msusy = My, = Mg, = Mp, = 500/300 GeV (see
description in text), A; = |A;| exp(iga,) with |A;| =2 Msusy + p/tan 3, Ap = A;, Ar =0, My =
350GeV, M3 = 1500 GeV and M4 = 800 GeV. All parameters apart from A,/ are chosen real.
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1
Mw (¢) = M= (6) + [Mw (0) — MiF(0)] x w

4 My () — M ()] x w,

(5.30)
following the procedure of Ref. [50], where a simple interpolation has been performed
such that the full result is recovered for My (¢ = 0) and My (¢ = 7).

To get a feeling for the size of the discussed SUSY contributions (here the effect
of varying ¢j4,), the experimental value M:’:,‘p = 80.385 £ 0.015 GeV is shown as a
grey band for comparison. However it should be noted here that the relative position
of the curve compared to the M;’,‘p band should not be overinterpreted, since the
position of the My curve depends on other parameters unrelated to the complex
phase discussed here (e.g. making the charginos lighter/heavier will shift the entire
curve upwards/downwards.) This should be kept in mind also for plots in the next
section displaying the M a);p band for comparison.

Starting with the solid curves (Msysy = 500 GeV) we see that both curves have
amaximum at ¢4, = 7 and minima close to /2 and 3 7 /2. The effect in the SUSY
one-loop contributions (orange curve) from varying the complex phase ¢4, from 0 to
2 7 is around 6 MeV. Looking at the full My prediction (red curve), we find that the
SUSY two-loop corrections shift the My prediction upwards by ~10 MeV. Their
size depends only very little on the complex phase, evaluated as in Eq. (5.30). Turning
to the dashed curved (Msysy = 300 GeV) we see that the phase dependence here
is significantly larger. The effect in the My predictions including only the SUSY
one-loop contributions (orange curve) from varying ¢4, from 0 to 2 7 is ~30 MeV.
Turning to the red, dashed curve, we find that the SUSY 2-loop corrections are
smallest at ¢ = 0 where they account for ~14 MeV and get largest at ¢ = 7, where
they reach ~21 MeV. At ¢ = 0 the gluon, gluino and mass-shift two-loop corrections
are of similar size (4-5 MeV), while for ¢ = 7 the mass-shift corrections dominate
with ~11 MeV. The SUSY two-loop contributions are defined in Sect. 5.3.4 and their
size will be analysed in more detail in Sect.5.8.

The right plot shows the M}, prediction. We see that for Msysy = 500 GeV the
predicted value for Mj, (calculated with FeynHiggs) lies in the mass range of
the observed signal 125.6 £ 3.1 GeV (we include a 3GeV theoretical uncertainty
added quadratically to the experimental error from unknown higher order corrections,
see above), indicated by the blue band, for most values of the complex phase ¢4,
justfor ¢4, ~ /2, 3m/2 (¢4, = m) the Higgs mass value is slightly too high (low)
for the parameters in this scenario. For Msysy = 300 GeV the value for M}, is too
low for most values of ¢4,, only in the regions around ¢4, ~ 7/2, 37/2 a Higgs
mass value large enough to explain the LHC signal is reached. The value Msysy =
300 GeV has been chosen to demonstrate the possible size of the complex phases on
the Mw prediction, even though a large range of ¢4, values is phenomenologically
disfavoured by the low M}, value in this scenario.
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5.8 Results for the M Prediction in the NMSSM

‘We now turn to the discussion of the prediction for My in the NMSSM. Our numerical
results are based on the contributions to Ar described in Sects.5.3.3 and 5.3.4 and we
use the computational framework for the NMSSM presented in Sect.5.4. Complex
phases are not included in the NMSSM evaluation, consequently for all parameters
given in this section the phases are set to zero and will not be listed as separate
input parameters. Throughout this section, all points are allowed by the LEP limits
on SUSY particle masses, all theoretical constraints in NMSSMToo1s, and have the
neutralino as LSP. Unless stated otherwise, we choose the masses of the first and
second generation squarks and the gluino to be large enough to not be in conflict
with the negative search results for these particles at the LHC. In (some) parts of this
section we want to demonstrate the size and the behaviour of the SUSY contributions
also for parameter points which may not be in agreement with the Higgs search
results. Therefore we discuss for each of the scenarios discussed here separately
whether they are allowed by HiggsBounds and can explain the observed signal
at 125.6 GeV. In order to study the W boson mass prediction in the NMSSM, we
discuss the one-loop contributions from the sfermion sector (which are identical to
the ones in the MSSM), the SUSY two-loop contributions, and then turn to the Higgs
and the neutralino sectors investigating the genuine NMSSM effects.

5.8.1 Sfermion Sector One-Loop Contributions

We start the discussion of the My prediction in the NMSSM by showing the contribu-
tions from the sfermion sector. The predictions for My which we show in this section
include (unless stated otherwise) all higher-order corrections, besides the Higgsino
two-loop corrections (which are numerically small, as we will discuss below). This
means that the sfermion sector contributions discussed in this subsection include both
one- and two-loop parts. We checked that the effects we discuss in this subsection
are dominated by the sfermion one-loop contributions. The two-loop corrections are
discussed separately in the next subsection.

Since these contributions are identical in the NMSSM and the MSSM, the depen-
dence of the M‘/NVMSSM prediction on the sfermion sector parameters is studied
in the MSSM limit. The comparison to the MSSM My prediction serves also
as validation of our implementation. As analysed already in the context of the
MSSM scan (see Sect.5.7.2), the numerically largest SUSY contributions to the
W boson mass come from the one-loop diagrams involving stops and sbottoms,
and in the following we show the My prediction as a function of the (on-shell)
stop sector parameters X; (Fig.5.20) and Msysy (Figs.5.21 and 5.22). The left
plot of Fig.5.20 shows the NMSSM predictions in the MSSM limit (blue curves)
as well as the MSSM predictions (red curves) for My as a function of the stop
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Fig. 5.20 Comparison of the NMSSM predictions in the MSSM limit (blue curves) for the W
boson mass (left plot) and the lightest CP-even Higgs mass (right plot) with the MSSM predictions
(red curves) plotted against the stop mixing parameter X;. The parameters are given in the text. For
the two dashed curves (small blue diamonds for the NMSSM predictions in the MSSM limit, and
red triangles for the MSSM predictions) the tree-level Higgs masses are used. For the solid curves
(with filled dots) loop-corrected Higgs masses are used: the NMSSM Higgs masses are calculated
with NMSSMTools, and the MSSM Higgs masses calculated with FeynHiggs

mixing parameter X;.!” The parameters in Fig.5.20 are m, = 173.2GeV, tan § =
20, Heff) = 200 GeV, MZ/E = 500GeV, MQ/D/[)LZ = 1500 GeV, Msysy = MQ3 =
Mf/3 = M[)3 = 1000GeV,A; = Ap = Ay, My = 200 GeV and mz = 1500 GeV. For
the additional NMSSM parameters we choose g = 1000 GeV, A — 0,K = k/\ =
0.5, A; = —100GeV (the impact of A, on My in the MSSM-limit is negligible).
Our approach here is the following: We start from a NMSSM parameter point.
We take the effective CP-odd doublet mass m4 or the parameter Ay (here mg =
1000 GeV) as input to calculate the NMSSM Higgs boson spectrum. The charged
Higgs mass (calculated in the NMSSM) is used as input for the calculation of the
MSSM Higgs masses. As we discussed already in Sect. 5.3.4, this procedure ensures
that the mass of the charged Higgs boson used in our My calculation is the same
in the NMSSM and the MSSM, since we calculate the MSSM Higgs masses in
FeynHiggs where the input parameter My=+ is interpreted as an on-shell mass
parameter. The other parameters which occur in both models (tan (3, the sfermion
trilinear couplings Ay, and the soft mass parameters) are, apart from X;, used with
the same values as input for the calculation of the physical masses in the MSSM
and the NMSSM. For X; we take the difference between the on-shell value and the
DR value into account as mentioned above. The MSSM parameter 4 is identified
with the NMSSM effective value fief.2 The mass eigenvalues of the sfermions, the

19The X, parameter that we plot here is the on-shell parameter. As described in Sect.5.4.2 the on-
shell value is transformed into a DR value, which is used as input for NMSSMToo1ls to calculate
the Higgs masses. All numerical values given for X; in this section refer to the on-shell parameters.

20From here on we will leave out the subscript ‘eff’ for the 1 parameter in the NMSSM.
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Fig. 5.21 NMSSM predictions in the MSSM limit (blue curves) for the W boson mass (left plot)
and the lightest CP-even Higgs mass (right plot). The red curves show the MSSM predictions for
comparison. The parameters are the same as in Fig. 5.20 but with X; = 2 Msysy and Msysy varied
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charginos and neutralinos are calculated from the mass matrices given in Sects.2.2
and 2.3 both in the MSSM and the NMSSM (as described in Sect. 5.4).

For the two dashed curves in Fig.5.20 (small blue diamonds for the NMSSM
predictions in the MSSM limit and red open triangles for the MSSM predictions)
the tree-level Higgs masses are used. For the solid curve (with filled dots) loop-
corrected Higgs masses are used: the NMSSM Higgs masses are calculated with
NMSSMTools, and the MSSM Higgs masses calculated with FeynHiggs. The
corresponding predictions for the lightest CP-even Higgs mass in the (N)MSSM
are displayed in the right plot of Fig.5.20. The blue band in the right plot shows
the region M /M), = 125.6 3.1 GeV (theoretical uncertainty of 3 GeV added
quadratically to the experimental error, see above). The position of the curves rel-
ative to the blue My band depends strongly on the other parameters, which are
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fixed here. The NMSSM parameter points (with NMSSMTools Higgs masses)
are allowed by HiggsBounds in the ranges |X;| 2 300 GeV. For large X; values
(1X;] Z 1200 GeV) the lightest Higgs mass is heavy enough to be interpreted as the
signal at 125.6 GeV. While the tree-level Higgs masses agree exactly in the MSSM
and the NMSSM in the MSSM-limit, we observe a difference between the masses for
the lightest CP-even Higgs calculated with FeynHiggs and with NMSSMTools,
which is largest for X; ~ 2000 GeV in this plot, where it amounts to ~3.7 GeV. This
discrepancy arises since the higher-order corrections implemented in FeynHiggs
are more complete than in NMSSMToo1s. The tree-level Higgs masses are only used
in this plot. In all following plots (if nothing else is specified) the MSSM Higgs spec-
trum is calculated with FeynHiggs and the NMSSM Higgs spectrum is calculated
with NMSSMTools.

Going back to the left plot of Fig.5.20, we see that the M EIVMSSM predictions
in the MSSM-limit and the M I‘}V/ISSM prediction coincide exactly if tree-level Higgs
masses are used (which is an important check of our implementation). However, using
loop-corrected masses, the difference between the FeynHiggs and NMSSMTools
predictions for the lightest CP-even Higgs mass leads to a difference in My of
~1.6 MeV. The effect of the difference in the My prediction induced by the different
Higgs mass predictions is contained in the following glots in this section. This should
be kept in mind, especially when we compare M £\IVM SM with M %SSM. The shape of
the My predictions can be understood, remembering that the main contribution of
the stop/sbottom sector can be associated with Ap and hence depends strongly on
the squark mixing. The SUSY contributions from the stop and sbottom sector to Ap
can be written in a compact form,

y 3G
SUS p NN O S IRy S 2 2
Ap = ( s Ht COS HIFO(mll,mtz) s Hhcos HbFo(mbl,mbz)

8\/57('2
2, 2, ) 20 20 2 2
+ cos” 0; cos HbFo(m~l,m};l)+cos 0 sin GbFo(m~l,m}~72)
S22, 2 2 L2 2 2 2
+ sin” 6 cos ngO(miz’ml},)+5m 0; sin ehFO(mig’mZyz))’
(5.31)
with

2xy | x
In—-, Fo(x,x) =0, Fo(x, 0)=ux. (5.32)
xX=y y

FO(XJ’) =)C+y_

The terms being sensitive to the splitting between the squarks of one flavour enter
with the opposite sign than the terms sensitive to the splitting between stops and
sbottoms. Going from X; = 0 to larger values of |X;| the contribution to My first
decreases and increases again for large values (= 1500 GeV) of |X;|. For X; = 0 the
mixing in the stop sector is minimal. Increasing |X;|, 7| becomes lighter and 7, heavier.
With A, = A; also the splitting between the by and by changes, however this effect
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is much less pronounced.?' Therefore, when increasing |X;|, the splitting between
the two stops increases, as well as the spitting between 7, and the two sbottoms.
The splitting between 7; and the sbottoms decreases first and then increases again,
when 7] gets lighter than the two sbottom states (which happens for [X;| ~ 300 GeV).
Thus, the first term in Eq.(5.31) gets larger (entering with a minus sign) and also
the sum of the terms in the last two lines get larger (entering with a plus sign).??
The terms in the last two lines are always larger than the first term, resulting in a
positive Ap value. Increasing | X;| from O to 1500 GeV the difference in size between
these two countervailing contributions gets smaller and the first negative term in
Eq. (5.31) largely cancels the positive contributions leading to a decrease of My . For
|X¢| > 1500 the difference increases again, the cancellation gets smaller, and My
increases.

Besides X;, the parameter most relevant for the stop and sbottom contributions
is Mgusy. For the same parameter point as in Fig.5.20 we show the NMSSM My
prediction in the MSSM limit (and again for comparison the MSSM prediction) as a
function of Mgysy for X; = 2 Msysy in the left plot of Fig. 5.21. The right plot shows
again the corresponding predictions for the lightest CP-even Higgs in the NMSSM
and the MSSM, evaluated with NMSSMTools or FeynHiggs respectively. We can
see again a significant difference between these two evaluations, consisted with what
we observed in Fig.5.20. The difference in the Higgs masses is smaller for small
Msusy values and gets larger for large Msysy values. Turning to the left plot, we see
that for small Msysy the stop/sbottom sector gives a sizeable contribution to My,
while and for large Msysy the stops and sbottoms decouple and their contribution
to My decreases. Again we observe a difference between the NMSSM result in the
MSSM-limit and the MSSM result, induced by the different Higgs mass evaluations.
From here on, we will not always display the MSSM result for My (and the Higgs
mass predictions) separately. We will show the MSSM prediction again for compar-
ison when we come to the discussion of genuine NMSSM effects. Then it will be
important to understand whether the difference between M ‘I,\IVMSSM and M %SSM isin
fact due to additional NMSSM contributions, or whether it is artificially induced by
different Higgs mass evaluations. We will discuss this issue in more detail below.

For the parameter point in Fig.5.21 the maximal My contribution from stops
and sbottoms is ~15MeV within the range of the plot. However the contributions
from the stop/sbottom sector to My can generally be considerably larger, as we dis-
cussed in the last section. In order to demonstrate this here, we set tan § = 50 and
1 = 2000 GeV keeping all other parameters as in Fig.5.21. This parameter point is
HiggsBounds allowed and the lightest Higgs falls in the range 125.6 £ 3.1 GeV
for Msysy > 1025 GeV (within the plot range). For this choice of u and tan 3 the
spitting between the sbottoms can get large, and this leads to a large M contribution,

2IThe splitting between the sbottoms is determined by Xj, = A, — i tan (. For the chosen tan 3
and p values it is smallest for X; = 2100GeV (= X, = —1890GeV) and is largest for X; =
—2100GeV (= X, = —6090 GeV).

22The terms in the second line decrease first in the range |X;| = 0 — 300 GeV, however the sum of
the terms in the second and third line is getting larger for all |X;| values.
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as demonstrated in Fig. 5.22. Here the maximal shift in M is ~90 MeV. Going even
further down in Mgysy the sbottom mass splitting and therewith the My contribution
would increase further, however we decide to not show points with mj, /ml;1 > 2.5,
in accordance the MSSM analysis in the last section. In Fig. 5.22 we show the exper-
imental 1 o band from the W boson mass measurement. It is important to keep in
mind that the curves depend sensitively also on the other (fixed) SUSY parameters,
and one can not conclude in general that certain parameter regions of Msysy that lie
outside the 1o band for the parameters chosen in this plot, are in disagreement with
experimental data.

As we have shown in the last section, the contribution of the squarks of the first two
generations to My is small. It will not be shown here. We now turn directly to the My
contribution from the slepton sector, shown in Fig. 5.23. For this plot we set Msysy =
1200 GeV, X; = 2 Msusy, X; = 0 (I = e, p, ) and we vary My = Mj, keeping the
other parameters as in Fig. 5.20 (still in the MSSM-limit). The parameter points are
HiggsBounds allowed, and the lightest Higgs falls in the range 125.6 = 3.1 GeV.
In accordance with the results shown in Fig.5.11 we see here that the slepton sector
can give sizeable contributions to My if the sleptons are very light (just above the
LEP limit). For Mz = Mj = 95 GeV (corresponding to charged slepton masses of
~100 GeV and sneutrino masses of ~70 GeV) the My contribution from the slepton
sector is ~60 MeV. The main effect comes from the Ap contributions which are
sensitive to the mass splitting between sleptons and sneutrinos.

5.8.2 Effect of SUSY Two-Loop Corrections

In this subsection the size and parameter dependence of the SUSY two-loop correc-
tions is analysed.
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Figure 5.24 shows the size of the O(aay) two-loop corrections. The parame-
ters used here are m; = 173.2GeV, tan 8 = 2, u = 200GeV, Mi/E = 1000 GeV,
MQ/l?/Dl,z = 1500GeV, A; = Ap = 1000GeV, M, = 600GeV, myz = 1500 GeV
(solid curves) and mz = 300 GeV (dashed curves), Ay = 395GeV, A =0.57, k =
0.2,A,;, = —80GeV and we vary Msysy = MQ3 = M,~J3 = Mj, . We show the results
for three values of X;: In the left plots we set X; = 2 Msysy, in the middle ones X; = 0
and in the right ones X; = —2 Msysy. It should be stressed here that the parame-
ters for these plots are chosen to demonstrate the possible size and the parameter
dependence of the SUSY two-loop corrections, however they are partially excluded
by experimental data: The parameter points in the left plots with X; = 2 Mgysy are
HiggsBounds allowed, whereas in the middle and the right plot, the chosen para-
meters are Hi ggsBounds excluded for most Msysy values. A gluino mass value of
mg = 300 GeV is clearly disfavoured by the negative LHC search results. The plots
in Fig.5.24 show the contribution to the W boson mass, dMy, from the O(aay)
two-loop corrections with gluon exchange (dark blue curves), with gluino exchange
(orange curves) and from the mass-shift correction (pink curves). The shift My has
been obtained by calculating M %}IVMSSM twice, once including the corresponding two-
loop corrections, and once without, and the two results have been subtracted from
each other. Starting with the dark blue curves, we find that the gluon contributions lead
to a maximal shift of ~3 MeV in My for all three choices of X; and that the size of the
gluon contributions decreases with increasing Msysy. Turning to the orange curves,
we find that for myz = 1500 GeV (solid curves) the M shift, induced by the gluino
two-loop corrections, is small (<1 MeV) for X; = 0 and X; = —2 Msysy, while it
is 3-4 MeV for X; = 2 Msysy. Making the gluino light—choosing mg = 300 GeV
(dashed curves)—the gluino corrections can get large. For large positive squark mix-
ing, X; = 2 Msysy, they reach up to 17MeV for small values of Msysy. The gluino
corrections can lead to both a positive and a negative My shift, depending on the stop
mixing parameter. Threshold effects occur for light gluinos and cause kinks in the
dashed curves, as can be seen in the middle and the right plot. The gluon and gluino
two-loop contributions are directly related to the mass-shift correction, which has to
be incorporated in order to arrive at the complete result for the O (aas) contributions
to ApSUSY The pink curves show the impact of this additional correction term. Start-
ing with the solid curves (mj = 1500 GeV), we observe that for large stop mixing
X; = +2 Msysy the mass-shift corrections are positive and decrease with increasing
Msysy. The maximal shift is ~ 4 (5.5)MeV for X; = 2 Msysy (X; = —2 Msuysy).
For zero mixing the mass-shift corrections lead to a large negative shift in My (up to
—12MeV for small Msysy). For mz = 300 GeV, the size of the mass-shift correc-
tion is smaller. The kinks, caused by threshold effects, can be observed (for the
same Msysy values) also in the mass-shift corrections. Adding up the gluino and
mass-shift corrections leads to a smooth curve and no kink is found in the full My
prediction. This can be seen in Fig. 5.25, where we plot the sum of the gluon, gluino
and mass-shift corrections (all parameters are the same as in Fig.5.24). Generally
one can see that for large Msysy all contributions decrease, showing the expected
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Fig. 5.24 Size of the O(aqy) two-loop corrections with gluon and gluino exchange. The solid
curves correspond to mg = 1500 GeV while the dashed curves correspond to my = 300 GeV. In
the left plot we set X; = 2 Mgusy, in the middle one X; = 0 and in the right one X; = —2 Msysy.
The plots show the contribution to the W boson mass, My, from the O () two-loop corrections
with gluon exchange (dark blue curves), with gluino exchange (orange curves) and the mass-
shift correction (pink curves) as a function of Msysy. The parameter points in the left plots with
X; = 2 Msysy are HiggsBounds allowed. The parameter points in the middle plot with X; = 0
and in the right plot with X; = —2 Msysy predict too low Higgs masses and are Hi ggsBounds
excluded for most Mgysy values. Note the different scales at the y-axis. The parameters used for
these plots are given in the text
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Fig. 5.25 The plots show the full O(aay) two-loop corrections to My (sum of the corrections
shown separately in Fig. 5.24) as a function of Msysy. The parameters are the same as in Fig. 5.24.
The solid curves correspond to my = 1500 GeV while the dashed curves correspond to mgz =
300GeV. In the left plot we set X; = 2 Msuysy, in the middle one X; = 0 and in the right one

X; = —2Msusy

decoupling behaviour, however contributions from the O(«c;) two-loop corrections
up to a few MeV are still possible for Msysy = 1000 GeV.

The Yukawa-enhanced electroweak two-loop corrections of O(a,z), O(arayp),
@ (a}%) to Ap (“Higgsino corrections”) can be included in our code, as we discussed in
Sect.5.3.4. To do so, we calculate the MSSM Higgs masses as described in Sect. 5.3.4
(taking the NMSSM charged Higgs mass as input for the MSSM Higgs mass
calculation) and use them as input for the Ap ((’)(alz), O(arap), O(a%)) formula.
The size of these contributions can be seen in Fig. 5.26.

Here, and in some of the following plots, we choose one of the benchmark points
givenin Ref. [128] (sometimes modified) as starting point for our study, which predict
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one of the C’P-even NMSSM Higgs bosons in the mass range of the observed Higgs
signal. In Ref. [128] further aspects of these parameter points, such as the decay rates
of the Higgs at ~125.6 GeV, are analysed.

We take the following parameters (modified version of the NMP2 benchmark
point of [128]) m, = 173.2GeV, tan3 =2, pu =200GeV, ML/E = 1000 GeV,
MQ/U/[);_z = 1000 GeV, MQ3 = M[/3 = 7OOGCV, MD3 = 1000GCV, AT = Ab =
1000 GeV, My =200GeV, mzg = 1500 GeV, Ay = 405GeV, A = 0.6, k = 0.18,
A, = —10GeV, and we vary X;. The left plot shows the NMSSM My predic-
tion without Higgsino corrections (blue curve) and including Higgsino corrections
(green curve) plotted against X;. In the middle plot the shift dMy induced by the
Higgsino corrections (obtained by subtracting the My predictions with and without
Higgsino corrections as shown in the left plot) is plotted against X;. We see that
the Higgsino corrections can enter the My prediction with both signs. The numer-
ical effect of the My shift, induced by the Higgsino corrections, is relatively small
(~1MeV). It was shown in Ref. [54] that the contributions to My from the Higgsino
corrections can be slightly larger (~5MeV) for light 7/ b. The right plot shows the
My prediction plotted against Mj,. We can nicely see here that this scenario, in
which the Higgs signal can be interpreted as the lightest CP-even NMSSM Higgs,
gives a W boson mass prediction in good agreement with the My measurement.
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Fig. 5.26 Size of the electroweak O(atz), O(azap), O(af?) SUSY two-loop corrections. The left
plot shows the NMSSM My prediction without Higgsino corrections (blue curve) and including
Higgsino corrections (green curve) plotted against X;. In the middle plot the shift My induced by
the Higgsino corrections (obtained by subtracting the My predictions with and without Higgsino
corrections as shown in the left plot) is plotted against X;. The right plot shows the NMSSM My
prediction without Higgsino corrections (blue curve) and including Higgsino corrections (green
curve) plotted against the lightest CP-even Higgs mass M, . The black curve in the right plot
indicates the SM My prediction with Mysm = My, . The grey band indicates the 1 o region of the
experimental W boson mass measurement. The parameters used for these plots are given in the text
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Fig. 5.27 Higgs mass and My prediction as a function of tan 3. The red curves correspond to
the MSSM-limit (A — 0) while for the other curves the X values are given in the corresponding
colour. The upper left plot shows the tree-level prediction for the lightest CP-even Higgs mass My, ,
the upper right plot shows My, including radiative corrections (calculated in NMSSMTools), the
lower left plot shows the shift My (calculated as in Eq.(5.33)) from diagrams involving Higgs
and gauge bosons, and the lower right plot shows the full My prediction. The parameters used for
these plots are given in the text

5.8.3 NMSSM Higgs Sector Contributions

While the effects of the one- and two-loop contributions discussed so far are identical
in the MSSM and the NMSSM, we turn now to the discussion of genuine NMSSM
effects, starting with the NMSSM Higgs sector.

In the MSSM the maximal value for the tree-level Higgs mass M}, (see Eq. (2.64))
is Mz. In the NMSSM the tree-level Higgs mass M), gets an additional contribution
AZv? sin” 23, which can shift the tree-level Higgs mass upwards, compared to its
MSSM value, and thus reduce the size of the radiative corrections needed to ‘push’ the
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lightest Higgs mass up to the mass of the experimentally observed Higgs boson. For
A = 0.7 and tan 3 = 2 a tree-level value for M, of 112 GeV is possible [128]. This
additional tree-level contribution to the Higgs mass, as well as its impact on My are
shown in Fig.5.27. The parameters chosen here are m;, = 173.2 GeV, pu = 200 GeV,
MZ/E =500 GeV’MQ/f//DLz = 1500 GG:V,]WQ3 = Mf]3 = Mb3 = 1000 GeV, Xl =
2000GeV,A; = Ap = A;, My = 200GeV, my = 1500 GeV, my = 450GeV, k = A
and A, = —100GeV. We vary tan 3 and show the results for different values of .
The red curves correspond to the MSSM-limit (A — 0) while for the other curves the
A value is given in the corresponding colour. The upper left plot shows the tree-level
prediction for the lightest CP-even Higgs mass Mj, . As expected, the Mj, prediction
in the MSSM-limit approaches its maximal value Mz for large tan 3. Increasing A,
the M), prediction decreases for large tan 3, caused by doublet-singlet mixing terms.
For small tan (3 one clearly sees the positive contribution from the term A?v? sin® 23
pushing the tree-level Higgs mass beyond M for large \.2* The full M, , prediction
(as calculated in NMSSMTools) can be seen in the upper right plot. Now we turn
to the My contributions from the NMSSM Higgs and gauge boson sector, shown in
the lower left plot. The shift My displayed here is approximated by [50]

Mref S2
MMy = == o AP (5.33)
Cw — Sw
where ArSUSY contains the contributions from the SUSY sector under consideration

(here the contributions from the Higgs and gauge bosons) and the reference My, value
is set to M’ {f,f =M ‘e;,(p. The overall contribution from the Higgs sector is rather large
and negative. As we will discuss in more detail below, the Higgs sector contributions
here are predominantly SM-type contributions, (with Mysm set to the corresponding
Higgs mass value), however for large tan 8 and large A the non-zero singlet compo-
nent of My, leads to a prediction for éMy slightly lower than the corresponding SM
value. The prediction for My in the NMSSM is shown in the lower right plot. Larger
values for My, correspond to a lower predicted value for My, thus for small tan j3,
where we find a significantly higher predicted value for M), for large A than in the
MSSM-limit (arising from the additional tree-level term), we get a lower predicted
value for My . For tan 3 = 2 the difference between the W boson mass prediction for
A =0.59 and A\ — 0is ~15MeV. The parameter tan ( enters also in the sfermion as
well as in the chargino/neutralino sector. We checked that for the parameters here the
tan 3 dependence of the stop/sbottom sector contributions is small, O(1 MeV). The
contributions from the chargino/neutralino sector (which we will discuss in more
detail below) enter with a positive sign and increase with tan 5. They give rise to
a My shift of 1.5 (A = 0.59) to 3.5MeV (MSSM-limit) for tan 3 = 2 and increase
to ~11 MeV for tan 5 = 20. This explains, why e.g. in the MSSM limit the differ-
ence My (tan § = 20) — My (tan 3 = 2) is only about —1.5MeV, even though the

23For one specific tan (3 value around 4, the contribution from the additional tree-level terms seems
to cancel the one from doublet-singlet mixing, for all values of . Analytic confirmation of this
cancellation is in progress.
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difference of the Higgs sector contribution My (tan 3 = 20) — oMy (tan § = 2) is
about —9 MeV.

We continue the study of the NMSSM Higgs sector contributions in Fig.5.28.
In the left plot we compare the NMSSM prediction for My (blue curve) with
the MSSM prediction (red curve) which we obtained (here and in the follow-
ing) by setting the FeynHiggs Mg+ input to the value of the charged Higgs
mass calculated by NMSSMTools, while the other parameters which occur in
both models are (apart from X,, which is transformed between its on-shell and
DR value, see above), used with the same values as input for the calculation of
the physical masses in the MSSM and the NMSSM. The MSSM parameter p is
identified with the NMSSM effective value pef. As a starting point we choose
a modified version of the NMP3 benchmark point of [128], the exact parame-
ters we use are m; = 173.2GeV, tan 3 =2, pu = 200GeV, MZ/E = 1500 GeV,
MQ/U/D1,2 =1000GeV, My, =My = 530GeV, Mp, =1000GeV, Ar = Ap =
1000 GeV, M; = 370GeV, myz = 1500GeV, Ay =395GeV, A =0.57, k =0.2,
A, = —80GeV, and we vary X;. The NMSSM parameters are allowed by Higgs
Bounds and (for X; 2 900 GeV) the lightest CP-even Higgs falls in the mass range
of the observed Higgs signal. The MSSM prediction is plotted as a comparison to
illustrate and discuss the NMSSM effects on My . Here (and in the following) we
do not check any phenomenological constraints for the MSSM parameter point. The
NMSSM prediction for My differs from the MSSM prediction by ~12MeV. The
chargino/neutralino contributions can enter with both signs, and we find that in this
scenario the relatively small 1 value causes negative corrections to Ar. On the other
hand, small M; values tend to give positive contributions to Ar. For the chosen para-
meters, these two effects cancel and contributions from the chargino/neutralino sector
are ~0. Consequently different Higgs sector contributions give rise to the difference
between the MSSM and the NMSSM curves. Any differences in the CP-odd Higgs
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Fig. 5.28 The left plot shows the M ‘I}IVMSSM prediction (blue, solid curve) and the M %SSM predic-
tion (red) plotted against X;. In the middle plot, the additional dashed blue curve corresponds to
M‘I}IVMSSM — M‘S)VM (Mp,) + M%VM (M},) (M, is the mass of the lightest CP-even Higgs of the NMSSM
and M}, is the mass of the light CP-even Higgs of the MSSM). The right plots shows the M‘I}IVMSSM
prediction plotted against the lightest CP-even Higgs mass M}, . The black curve in the right plot
indicates the SM My prediction with Mysm = My, . The experimental My measurement is indi-
cated by the grey band; the region My = 125.6 & 3.1 GeV is indicated by the blue band. The
parameters are given in the text
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sector have a negligible impact on the My prediction (see also Ref. [57]). Since
we set the charged Higgs masses equal to each other in the two models, differences
can only come from the CP-even Higgs sector. For this parameter point the second
lightest Higgs (M, = 130GeV) has a large singlet component (|U£L’3|2 ~ 95 %),
consequently the singlet components of A; and A3 are small. i3 is heavy and has
no impact on the My prediction. Our procedure to calculate the Higgs masses in
the MSSM and the NMSSM leads to the same charged Higgs masses, but to differ-
ent predictions for the lightest CP-even Higgs masses My, and M},. This difference
arises from the different relations between the charged Higgs mass and the lightest
CP-even Higgs mass in the MSSM and the NMSSM. Further it also incorporates
the (“technical”) difference due to the different radiative corrections included in
FeynHiggs and NMSSMTools (as analysed above in the MSSM-limit). The mid-
dle plot of Fig.5.28 shows in addition to the NMSSM prediction for My (blue)
and the MSSM prediction (red), a blue dashed curve (with open dots). The dashed
blue curve corresponds to M ‘I}I,MSSM -M §VM Mp) +M ‘?VM (Mp,).2* As one can see the
dashed blue curve lies on the red MSSM curve, thus here the difference between the
MSSM and the NMSSM Higgs sector contributions to My arises from the SM-type
Higgs sector contributions, in which different Higgs mass values are inserted. In
principle there are different possibilities of how to relate an MSSM parameter point
to a certain NMSSM parameter point. The way we chose the MSSM parameter point
(for which we compare the predictions to those of the NMSSM parameter point)
leads to the difference shown in the left plot of Fig.5.28. We could have chosen
the MSSM parameter point also in such a way that M} agrees with My, , in that
case a possible difference between MSSM and NMSSM predictions may arise from
different charged Higgs mass values (assuming differences in the neutralino sector
are negligible). The right plot shows the M VNVMSSM prediction plotted against the light-
est CP-even Higgs mass My, . In this plot we display both the blue band indicating
My, = 125.6 = 3.1 GeV region, as well as the grey band showing the experimental
1 o band from the W boson mass measurement. The black curve in the right plot
indicates the SM My prediction for Mysm = My, .

Now we want to investigate whether a singlet-doublet mixing (a genuine NMSSM
feature) has an impact on the My prediction. Such a scenario is analysed in
Fig.5.29. Here we take a modified version of the NMP6 benchmark point of [128] as
starting point; our parameters are m; = 173.2GeV, tan 8 = 2, u = 140 GeV, My JE=
1000 GeV MQ/[]/[)I.Z = 1000 GeV, MQ3 = 800GeV, Mf/3 = 600GeV, MD3 = 1000 GeV,
A; =1500GeV Ay = Ap = 1000GeV, My = 300GeV, myz = 1500GeV, Ay = 210GeV,
A =0.55,x = 0.31, and we vary A,;. These parameters are allowed by Hi ggsBounds,
and the Higgs signal can be interpreted as either /1 or A. The left plot shows the
prediction for My, (solid curve) and My, (dashed). The corresponding singlet compo-
nents U 123 (solid) and U223 (dashed) are shown in the middle plot. The third CP-even

24The difference in the predictions for the lightest CPP-even Higgs masses in the MSSM and the
NMSSM, which we subtract this way, includes both the difference between the different mass rela-
tions in the MSSM and the NMSSM, as well as the “technical” difference between the FeynHiggs
and the NMSSMToo1s evaluation.
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Fig. 5.29 The left plot shows the prediction for My, (solid curve) and My, (dashed curve) as a
function of A,. The region 125.6 & 125.6 GeV is indicated as a blue band. The middle plot shows
their singlet components U 123 (solid) and U223 (dashed). The right plot shows the M ‘I}IVMSSM prediction,
here the grey band shows the experimental 1o band from the W boson mass measurement. The
parameters used for these plots are given in the text. (Color figure online)

Higgs is heavy and has a negligible singlet component. For A, < —170GeV, h; is
doublet-like and has a mass in the region of the observed Higgs signal (indicated
by the blue band). In the MSSM, scenarios which allow the interpretation of the
Higgs signal as the heavy CP-even Higgs involve always a (relatively light) charged
Higgs. Due to changed mass relations between the Higgs bosons, it is possible in
the NMSSM to have the second lightest CP-even Higgs at 125.6 GeV together with
a heavy charged Higgs. Therefore in the NMSSM the interpretation of the Higgs
signal as the second lightest CP-even Higgs is much less constrained by the LHC
results from charged Higgs searches. The interpretation of the Higgs signal as A is
always accompanied by a lighter state with reduced couplings to vector bosons. In
this plot the charged Higgs mass is 300 GeV. For A, 2 —100 GeV, h; is doublet-like
and has a mass in the region of the observed Higgs signal. In the intermediate region
(=170GeV S A, S —100GeV) the two light CP-even Higgs bosons are close in
mass and “share” the singlet component. The right plot shows the NMSSM predic-
tion for My, which is approximately flat. Accordingly, the parameter regions of A,
corresponding to two different interpretations of the Higgs signal within the NMSSM
lead to a (very similar) prediction for the W boson mass which is in agreement with
the experimental measurement of My (in this plot the My predictions is just below
the experimental 1 o region, however making the particles which are not (or very
little) affecting the Higgs sector (e.g. sleptons) lighter will improve the agreement
with M;’,‘p). Thus in this case, a strong doublet—singlet mixing does not lead to a
visible effect in My .

We demonstrated so far that, taking Higgs search constraints and the Higgs discov-
ery into account,?® the genuine NMSSM effects from the extended Higgs sector are
quite small, and the Higgs sector contributions we analysed so far were dominated by
SM-type contributions. This is true in the absence of a light charged Higgs, as we will

25 Neglecting experimental bounds one can have light CP-Higgs bosons with a small singlet com-
ponent, which would give large contributions to My . However this possibility will not be discussed
here.
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Fig. 5.30 Myw contribution from a light charged Higgs. The left plot shows the prediction for the
CP-even Higgs boson masses in the NMSSM and in the MSSM as a function of the charged Higgs
mass. The solid curves correspond to the mass of the lightest CP-even Higgs in the NMSSM (blue)
and the MSSM (red). The dashed curves correspond to the mass of the second lightest CP-even
Higgs in the NMSSM (blue) and the MSSM (red). The middle plot shows the shift IMy (calculated
as in Eq. (5.33)) induced by the Higgs and gauge boson sector in the NMSSM (blue), in the MSSM
(red) and in the SM (black) with Mysm = M, . The right plot shows the W boson mass prediction
in the NMSSM (blue) and the MSSM (red). The parameters used for these plots are given in the
text

discuss now. As we have seen in the MSSM analysis (see in particular Fig. 5.14) differ-
ences to the SM contribution can arise in the presence of light charged Higgs (together
with a light CP-even Higgs with small but non-zero couplings to vector bosons).
These effects can of course also be observed in the NMSSM. Although this is not a
genuine NMSSM effect, we want to demonstrate this contribution here. For Fig. 5.30
we choose the following parameters m; = 173.2 GeV, tan 3 = 9.25, u = 200 GeV,
MI:/E = 300 GeV MQ/U/DI,Z = 1500 GeV, MQ3 = Mﬁ} =Mp, = 1100GeV, A; =
—2300GeV A; = Ap = —1500GeV, M; = 500GeV, mz = 1500GeV, A =0.2,
k = 0.6, A, = —1370GeV, and we vary my. The left plot Fig.5.30 shows the pre-
dictions for the masses of the lightest two CP-even Higgs bosons in the NMSSM
(blue) and in the MSSM (red) as a function of the charged Higgs mass. In both models
the second lightest Higgs falls in the mass range 125.6 & 3.1 GeV in this case. This
scenario is excluded by the latest ATLAS results for charged Higgs searches [104].
To demonstrate the possible size of the contributions from a light charged Higgs,
we show these plots anyway. The middle plot shows the shift IMy (calculated as
in Eq. (5.33)) induced by the Higgs and gauge boson sector in the NMSSM (blue)
and in the MSSM (red). As one can see the difference in these contributions is quite
small. The lightest CP-even Higgs gives only a rather small contribution to My due
to its reduced vector boson couplings. The SM-result for éMw with Mysu = Mp,
is shown in black. A significant difference between the SM contribution and the
MSSM/NMSSM contributions can be observed for light My=+. The right plot shows
the full My prediction in the NMSSM (blue) and in the MSSM (red).
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Fig.5.31 The upper left plot shows the MIMSSM prediction (blue) and the MYSSM prediction (red)
as a function of M,. The experimental My measurement is indicated as a grey band. The upper
right plot shows additionally a dashed blue curve (open dots) corresponding to M‘EIVMSSM’ sub
M‘I}IVMSSM — M‘S)VM (Mp,) + M?VM (Mpy,). The lower left plot shows the shift in the W boson mass Mw
(calculated as in Eq.(5.33)) induced by the chargino/neutralino contributions in the MSSM (red)
and in the NMSSM (blue). The lower right plot is similar to the upper right plot but it additionally
contains the dotted blue curve (open diamonds) which corresponds to M yVMSSM’ b _ sMm NMSSM.
6M%SSM where dMy is the shift in My induced by the chargino/neutralino contributions. The
NMSSM parameter points are allowed by HiggsBounds, and Mj, falls in the range 125.6 &=
3.1GeV for My < 725GeV. The parameters used for these plots are given in the text

5.8.4 Neutralino Sector Contributions

‘We start the discussion of the contributions from the NMSSM neutralino sector, which
differs from the respective MSSM sector, with Fig. 5.31. As a starting point we choose
a modified version of the NMP1 benchmark point of [128], the exact parameters
are my = 173.2GeV, tan § = 3, p = 200GeV, MZ/E = 1000 GeV, MQ/D/DM =
1000 GeV,MQ3 =My, =650GeV,Mp = 1000GeV,A; = A; = A = 1000 GeV,
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mg = 1500 GeV, A = 560 GeV, A=0.64,k =0.25,A, = —10GeV, and we vary
M,. In the upper left plot, the blue curve shows the MyVMSSM prediction and
the red curve the MI\W’ISSM prediction. The difference between the NMSSM pre-
diction and the MSSM prediction is small for M> < 200 GeV and increases for
larger M, values. The origin of this difference is investigated in the other three
plots of Fig.5.31. As before our procedure to identify an MSSM point which
can be compared to the NMSSM point implies different predictions for the light-
est CP-even Higgs mass. Here we subtract again the difference in the SM con-
tributions, arising from the different Higgs mass predictions. The additional blue
dashed curve (with open dots) in the upper right plot of Fig.5.31 corresponds to

80.40 25
80.39
s 2
8 S
S g0.38 =
z 2
= Z
80.37
80.36
200 400 600 800 1000
M, [GeV] M, [GeV]
1.0
5
5 2 0.8
8 a
Py g
0] © 06
g o
g £
[=))
o 5
£ o
[ £
5 ©
[ E
z 3
b4
0

200 400 600 800 1000
M, [GeV] M, [GeV]

Fig. 5.32 The upper left plot shows the M%}'VMSSM prediction in blue and the M%SSM prediction in
red as a function of M,. The upper right plot shows the shift My from the chargino/neutralino
contributions (calculated as in Eq. (5.33)) in the NMSSM (blue) and in the MSSM (red), the black
dashed curve shows the difference between them. The neutralino masses and the neutralino singlet
components are displayed in the lower row. The parameters (given in the text) are chosen such
that the Higgs sectors of the MSSM and the NMSSM are very similar, both models are allowed by
HiggsBounds and predict the lightest CP-even Higgs (which is SM-like) close to 125.6 GeV
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MOMSSMsub _ pNMSSM._ agSM g,y + MSM(M,). For large Ms the difference
between the NMSSM and the MSSM prediction for My can be fully explained
by the difference in the (SM-type) Higgs mass contributions, which arise from
inserting different predictions for M, and M;. However after subtracting the dif-
ference from the Higgs mass contributions we observe a sizeable difference between
M ;MSSM’ W and M MSSM for small M». This difference stems from different sizes of
the chargino/neutralino sector contributions between the two SUSY models, which
tend to compensate the difference between M IV\IVMSSM and M wSSM arising from the
Higgs sector. This can be seen in the lower left plot, where we display the shift
dMyy (calculated as in Eq.(5.33)) induced by the chargino/neutralino contributions
in the MSSM (red) and in the NMSSM (blue). At M, = 150 GeV the chargino mass
is ~100GeV and thus just above the LEP limit. The My contribution from the
chargino/neutralino sector in the MSSM reaches 8.5MeV in this plot, which is lower
than the maximal MSSM contribution (of ~18 MeV for Myt = 100 GeV) depicted

in Fig.5.11. The reason is, that for the parameter point discussed here the slepton
masses (m; ~ 1000 GeV) are considerably larger than the ones used in the analy-
sis in Fig.5.11 (m; ~ 250 GeV). In the NMSSM the maximal My contribution
from the chargino/neutralino sector is 16.5MeV in Fig.5.31—significantly larger
than in the MSSM. Both in the MSSM and the NMSSM, the chargino/neutralino
contributions decrease when increasing M» and therewith the chargino and neu-
tralino masses, showing the expected decoupling behaviour. The largest difference
between the NMSSM and the MSSM chargino/neutralino contributions is 8 MeV
(at My = 160 GeV). The difference comes from the neutralino sector, since the
chargino sector is unchanged in the NMSSM with respect to the MSSM. We will
discuss in more detail below (in the discussion of Figs.5.32, 5.33 and 5.34) why
the contributions from the neutralino sector are larger in the NMSSM than in the
MSSM. The lower right plot of Fig.5.31 is similar to the upper right plot, but it
contains a fourth curve (blue dotted with open diamonds) which was obtained by
subtracting the different chargino/neutralino contributions, thus it corresponds to
M?VMSSM’SUI’ — SMEMSSM - 5MSSM. This curve lies very close to the MSSM pre-
diction. We have therefore identified the contributions causing the difference between
the M {\IVMSSM and the M %SSM predictions.

We continue with the discussion of the neutralino contributions to My in the
NMSSM in Fig.5.32. The chosen parameters are m; = 173.2GeV, tan 3 = 5.9, p =
200 GeV, MZ/E = 245GeV, MQ/U/DLZ = 1500 GeV, MQ3 = Ml73 = MD3 = 1000 GeV,
A; = 1966 GeV, Ay = Ap = 1000GeV, my = 1500 GeV, my = 1200GeV, A =0.6, k =
0.5\, A, = —10GeV, and M, is varied. Again we get the MSSM prediction by set-
ting the FeynHiggs My= input to the value of the charged Higgs mass calculated
by NMSSMTools. For this set of parameters this procedure leads to a scenario where
the MSSM and the NMSSM Higgs boson sectors are very similar and both models
predict the lightest CP-even Higgs at ~125.6 GeV. The two states M, and M}, are
close in mass, the difference is <1 GeV, and the resulting difference in My from the
Higgs sector contributions is small (0.5 MeV). The upper left plot of Fig. 5.32 dis-
plays the W boson mass prediction in the NMSSM (blue) and in the MSSM (red). The
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Fig. 5.33 The plot shows the dMy shifts in the NMSSM (blue curves) and in the MSSM (red
curves), calculated taking the full chargino/neutralino contribution to Ar into account (solid curves)
and using only the Ap approximation (dashed curves). The parameters are chosen as in Fig.5.32
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Fig. 5.34 Dependence of the W boson mass prediction in the NMSSM on the ;1 parameter.
The left plot shows the M‘I}I,MSSM prediction, the middle one the éMy contribution from the
chargino/neutralino sector and the right one shows the M contribution from the stop/sbottom
sector. The parameters are given in the text

difference between these two predictions is largest (7MeV) for M, = 150 GeV and
(almost) vanishes for large M>. Since differences in the Higgs sector contributions
are very small, the difference between M Id,MSSM and M l\u/,ISSM arises predominately
from the differences in the neutralino sector. In the upper right plot we show the
contribution to My (calculated as in Eq. (5.33)) arising from the chargino/neutralino
sector in the NMSSM (blue) and the MSSM (red). The black dashed curve shows the
difference between these two. Here the slepton mass scale is chosen lower, and con-
sequently the MSSM chargino/neutralino contribution is closer to its maximal value,
given in Fig.5.11. As expected the difference in the chargino/neutralino contribution
explains the difference between M ‘I}IVMSSM and M %ISSM.

In order to investigate the reasons for the different predictions for the chargino/
neutralino contributions we plot the masses of the lightest neutralino states in the



5.8 Results for the My Prediction in the NMSSM 109

NMSSM (blue) and the MSSM (red) in the lower left plot. The other MSSM/NMSSM
neutralinos are heavier than 200 GeV and will hardly affect the My prediction. We set
here the (unphysical) soft masses M and M; equal in the MSSM and the NMSSM and
identify the MSSM p parameter with the effective 1 of the NMSSM. The resulting
predictions for the masses of )2(1) and )2(2) are a few GeV lower in the NMSSM than in
the MSSM. The singlino components of the NMSSM neutralinos, |N;s|> where N was
defined in Eq. (2.75), are shown in the lower right plot and we can observe a strong
mixing between the five states. The singlino components of )2(1) and )2(2) are below
10 % for M, = 150 GeV and increase to about 20-30 % for M, = 400 GeV. The
lighter neutralino states (with relatively small singlino component) lead to larger
contributions from the neutralino sector to My in the NMSSM compared to the
MSSM.

In the next step we analyse how well the full Ar contribution of the chargino/
neutralino sector can be approximated by taking into account only the leading
—c%v /s%v Ap (defined in Eq. (5.8)) term. The Ap term contains only the W and Z
boson self-energies at zero momentum transfer, thus this approximation neglects in
particular the contributions from box, vertex and fermion self-energy diagrams con-
taining charginos and neutralinos. The A p term corresponds to the T parameter of the
S, T, U parameters [129, 130] often used to parameterise new physics contribution to
electroweak precision observables. For the left plot of Fig. 5.33 we use the same para-
meters as in Fig. 5.32. Again the blue solid curve shows the dMyy shift as a function

of M», calculated as in Eq. (5.33) using the full ArNMSSM The red solid curve shows

cha/neu
the corresponding MSSM contribution using the full ArMS$M

cha ey (80 the two solid
curves are identical to the ones in the upper right plot of Fig.5.32). The two dashed

curves show the My contributions in the NMSSM (blue) and in the MSSM (red) if

the chargino/neutralino contribution is approximated by the A pg;l)/fliﬁM terms
Mref 32 02
_ W w W (N)MSSM
My = — > 2o\ "2 APchamen (5.34)
W Sw w

In the MSSM the Ap term containing charginos and neutralinos provides a very
good approximation of the full Ar term in the intermediate range 200 GeV < M <
500 GeV. In the range of small and large M, values, Ap slightly underestimates
the full Ar contribution, the difference here is ~2MeV for M, = 150 GeV and
~0.6 MeV for M, = 1000 GeV. In the NMSSM the Ap term gives a My con-
tribution which is larger (=4 MeV) than the full Ar result for the full M, range
plotted here. Also in the case of large M>, the scenario shown here does not corre-
spond to the decoupling limit of the chargino/neutralino sector because of the light
Higgsino, © = 200 GeV. For M, = 1000 GeV the lightest neutralino has a mass of
M, = 140 GeV, with a singlino component of ~40 % and a Higgsino component of
~60 %. In this scenario the singlino-higgsino mixing leads to a positive contribution
to Ap, but to a negative contribution to the Ar terms beyond A p (we checked that the
contribution from the box diagrams is negligible for large M> values). We checked
that going to large p values, the chargino/neutralino sector decouples and all terms
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vanish. In this scenario the two effects largely cancel each other and for large M;
one finds a small positive value for the full Ar result. This however depends on
the chosen parameters and the admixture of the light neutralino, e.g. in the scenario
discussed in Fig.5.28 the negative contributions exceed the positive ones so that the
full Ar result is negative for large M5.

In the last step we want to discuss the dependence of the My prediction in
the NMSSM on the ;1 parameter, entering both in the sfermion sector and in the
chargino/neutralino sector. The left plot of Fig. 5.34 shows the W boson mass pre-
diction in the NMSSM as a function of p& (=pegr). The parameters are chosen as
my = 173.2GeV, tan § = 20, Mj z; = 250GeV. My 5, = 1500 GeV, My = 500 GeV
M[~]3 = 1500 GeV, MD3 =300GeV,Ar =0GeV,A; = A) = —2185GeV, My = 150GeV,
mg = 1500 GeV, ritg = 1500 GeV, A=02,k=0.6,A; = —1370GeV, and p is var-
ied. The parameter points are HiggsBounds allowed and h; falls in the mass
range 125.6 £ 3.1 GeV. Increasing p the M IV\IVMSSM prediction decreases first, reaches
its minimum for p ~ 1000 GeV and then rapidly increases. This behaviour can be
explained, looking at the contributions to My from the chargino/neutralino (here we
take again the full Ar contributions into account) and from the stop/sbottom sector.
The shift My arising from charginos and neutralinos is shown in the middle plot of
Fig.5.34. The chargino/neutralino contribution is largest for small ; and decreases
with increasing p. We checked that also in this scenario, for small 4 values, the Ap
contribution is larger than the full Ar contribution which we use here, however in this
case the positive contributions clearly dominate.”® Going to larger x the masses of
the (higgsino-like) chargino and neutralino states increase and the My contribution
decreases. The shift My arising from the stop/sbottom sector is shown in the right
plot of Fig.5.34. The contributions from the stop/sbottom sector (dominated by the
Ap contributions in Eq. (5.31)) get smaller when . is increased up to i ~ 1000 GeV
and then start to rise if u is increased further. Increasing s the splitting between the
two sbottoms gets larger (while the stop masses stay nearly constant), which implies
also an increase of the splitting between stops and sbottoms. The counteracting terms
in Eq.(5.31) lead to the observed behaviour.

5.9 Summary

We have presented the currently most precise prediction for the W boson mass in the
MSSM (for the general case of complex parameters) and the NMSSM and compared
it with the state—of—the—art prediction in the SM. The evaluations in the MSSM and
the NMSSM include the full one-loop result and all relevant higher-order corrections
of SM and SUSY type.

Within the SM, interpreting the signal discovered at the LHC as the SM Higgs
boson with Mgsm = 125.6 GeV, there is no unknown parameter in the My prediction
anymore. This yields M EVM = 80.361 GeV, which is somewhat below (but compatible

261n this scenario the lightest neutralino has a small singlino component.
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at the level of about 1.5 o) with the current experimental value of M ;’,‘P = 80.385 =
0.015GeV. The loop contributions from supersymmetric particles in general give
rise to an upward shift in the prediction for My as compared to the SM case, which
tend to bring the prediction into better agreement with the experimental result.

For the calculation of the My prediction, we made use of the highly automated
programs FeynArts, FormCalc and LoopTools. Inthe case of the NMSSM, we
developed a framework”’ consisting in particular of a new model file for the program
FeynArts and a Fortran driver for the evaluation of the masses, mixing angles,
etc. needed for the numerical evaluation. Numerous tests have been performed to
verify the implementation; among other things we evaluated more than 150 loop-
induced processes in the NMSSM and checked the results for UV-finiteness. In the
present implementation for the MSSM we take the numerical values for the effective
couplings and the MSSM Higgs boson masses from FeynHiggs. It is planned that
the results for the My prediction in the MSSM will be implemented in or linked
to FeynHiggs, such that in future the predicted My value can be used as input
for the Higgs mass evaluation in FeynHiggs. In the NMSSM, currently the code
NMSSMTools is used for the evaluation of the Higgs bosons masses.

In the MSSM, we performed scans over the parameter space and investigated
the MSSM and SM predictions in the My —m; plane, updating the earlier results in
Ref. [50] while taking into account the existing constraints from Higgs and SUSY
searches. We have analysed in this context the implications of the results of present
and possible future searches for supersymmetric particles at the LHC. While the
existing bounds on the gluino and the squarks of the first two generations have only
a minor effect, more stringent bounds on the third generation squarks would have
a drastic effect on the possible range of My values in the MSSM. In particular,
assuming a lower bound of 500 GeV on the masses of the stops and sbottoms, the
resulting range of predicted My values in the MSSM essentially reduces to the region
that is best compatible with the experimental result. We have furthermore pointed
out that even if the squarks are so heavy that their contribution to My becomes
negligible, sizeable SUSY contributions to My are nevertheless possible if either
charginos, neutralinos or sleptons are light.

Besides the impact of limits from searches for supersymmetric particles, we have
analysed the constraints arising from the Higgs signal at about 125.6 GeV. Within
the MSSM this signal can be interpreted, at least in principle, either as the light
or the heavy CP-even Higgs boson. Concerning the interpretation in terms of the
light CP-even Higgs boson, the result for My turns out to be well compatible with
the additional constraint that M}, should be in the mass range compatible with the
signal. The main effect of this constraint is that it somewhat reduces the allowed
range of predicted My values in the MSSM, improving in this way the overall
compatibility with the experimental result for My . It is remarkable that also the
rather exotic scenario where the mass of the heavy CP-even Higgs boson is required

2T This framework was developed first for the analysis presented in the next chapter, which has been
published in Ref. [87]. In this thesis we decided to describe this framework in the context of the
NMSSM My analysis, which we present first.
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to be in the range compatible with the observed signal (which is under pressure in
particular from the recent ATLAS bound on light charged Higgs bosons) leads to
predicted values for My that tend to be in better agreement with the experimental
result than the SM one. We have discussed the impact of the precision observable
My in the context of possible future scenarios. The improved precision on My and
m; from future measurements at the LHC and in particular at a prospective Linear
Collider (ILC) would significantly enhance the sensitivity to discriminate between
the SM and the MSSM (as well as other BSM scenarios). Analysing in this context
the impact of possible future LHC results in the stop sector on the My prediction,
we have discussed a hypothetical scenario where a light stop has been detected at
the LHC, while lower limits have been imposed on all other SUSY particles. We
have demonstrated that, depending on the future central experimental value, a high-
precision measurement of My could yield quite stringent upper bounds on the masses
of the heavier stop and the lighter sbottom, which could be of great interest regarding
the direct searches for those particles.

As afinal step in the MSSM analysis, we have shown that the impact of a complex
phase of the stop mixing parameter A;, can have a sizeable effect on the sfermion
one-loop contributions to My, in agreement with the results found in Ref. [50].

In the NMSSM, we started our analysis by demonstrating the size of the contri-
butions from sfermions, in particular from stops/sbottoms and sleptons. Since the
sfermion sector is unchanged in the NMSSM with respect to the MSSM, we have
done this study in the MSSM-limit, yielding an important check of our NMSSM
implementation. We have investigated the size of the SUSY two-loop corrections to
My . The Yukawa-enhanced electroweak two-loop corrections of (9(04%), O(arap),
@ (ai) give a numerically small contribution, while the O(«y) corrections can give
sizeable contributions. Including these corrections, beyond the gluon exchange con-
tributions, leads to an improved prediction for M%MSSM compared to the previous
result of Ref. [57].

We started the discussion of the genuine NMSSM effects with the Higgs sector
contributions to My . The tree-level prediction for the lightest CP-even Higgs mass
gets an additional term in the NMSSM, which (for small tan 3) leads to an upward
shift of the tree-level Higgs mass. Therefore, in that region, the radiative corrections
needed to push the Higgs mass to 125.6 GeV can be smaller than in the MSSM,
which implies that lighter stop masses and a smaller stop mixing are possible. We
investigated a scenario where this additional tree-level term gives rise to a higher
M}, prediction than in the MSSM limit, which leads to a lower My prediction (the
difference is ~15 MeV). We have investigated the effect of a strong doublet-singlet
mixing between two Higgs bosons close in mass and found that it has only a minor
impact on the My prediction. In the NMSSM the Higgs signal seen at the LHC
can be interpreted both as the lightest and the second lightest CP-even Higgs. Both
interpretations give predictions for the W boson mass in good agreement with the
Myw measurement. In the NMSSM the interpretation of the LHC signal as the second
lightest C’P-even Higgs h» is possible together with either a light or a heavy charged
Higgs. The second possibility makes this interpretation clearly less constrained in
the NMSSM compared to the MSSM. Light charged Higgs bosons (together with a
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light CP-even Higgs with reduced but non-zero couplings to gauge bosons) can (as
in the MSSM) in principle give very significant contributions to My, in that case
large deviations from the SM Higgs sector contributions occur. However scenarios
with a light charged Higgs are under pressure from the LHC charged Higgs searches.
Generally we find that taking all available constrains on the Higgs sector into account,
the specific NMSSM effects of the Higgs sector to My are small.

The modified neutralino sector on the other hand, can lead to a sizeable differ-
ence between the W boson mass predictions in the NMSSM and the MSSM. The
chargino/neutralino contributions to My can be larger in the NMSSM compared to
the MSSM, in the scenario which we studied the difference reaches ~8 MeV. Assum-
ing the same values for the soft mass parameters in the MSSM and the NMSSM and
choosing ;& = pefr, the mixing with the singlino leads to changed neutralino masses.
If the lightest NMSSM states are lighter than the corresponding MSSM states, but
have a relatively small singlino component it can cause My contributions larger than
in the MSSM. While light wino/bino states typically give positive contributions, light
higgsinos can give contributions entering with both signs. We compared the My pre-
diction calculated with the full Ar to the one where the full result is approximated
by Ap and we found that in the NMSSM the differences can be sizeable. Taking
only the Ap term into account the full contributions can be over- or underestimated.
Light neutralinos with a significant higgsino component tend to give a positive con-
tribution to Ap and a negative contribution to the Ar terms beyond Ap. Which of
the contributions dominate, depends on the admixture of the light neutralinos.
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Chapter 6
The Diphoton Decay Channel
in the MSSM and the NMSSM

Abstract At the time when the Higgs boson discovery was announced, the two
photon decay rate was significantly above the SM expectation. In this chapter we
confront the MSSM and the NMSSM with the discovery of a Higgs boson decaying
into two photons. In particular we discuss the possibilities in both SUSY models to
accommodate a Higgs at 126 GeV with a two-photon rate enhanced with respect to
the SM-taking into account constraints from direct Higgs searches, flavour physics,
electroweak measurements as well as theoretical considerations. We discuss in detail
how an enhanced two photon rate can be realised in the MSSM, and which additional
mechanisms for an enhancement occur in the NMSSM.

6.1 Introduction

InJuly 2012 ATLAS and CMS announced the spectacular discovery of a “Higgs-like”
particle with a mass around My ~ 125GeV [1, 2]. A clear excess was detected in
the two photon channel as well as in the ZZ™) channel, whereas at that point the
analyses in other channels were less mature.

Since July 2012, the discovery has been further confirmed and an excess has
been seen also in other decay channels. Now the LHC experiments see evidence
for a Higgs boson also in the WW® channel [3, 4] as well as in the 77 [3, 6] and
bb [7, 8] channels. The LHC results are supplemented by the excess seen in bb by
Tevatron [9].

At the time of the discovery, the observed rate in the v~ channel was considerably
above the expectation for a SM Higgs both for ATLAS and CMS. By now the full
7 and 8 TeV datasets have been analysed: the signal strength in the 7y channel
measured by ATLAS [10] remains above the value expected in the SM (but is still
compatible with the SM at the 2 o level), while the signal strength observed by
CMS [11] is currently slightly below the SM level. While the statistical significance
of the deviations from the SM prediction are at present not sufficient to draw a definite
conclusion, they could point towards physics beyond the SM. The prime task is now
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to study the properties of the discovered new particle and in particular to test whether
the new particle is compatible with the Higgs boson of the SM or whether deviations
from the SM predictions will be established.

In the analysis discussed in this chapter, we study possible alternatives to the
SM, where the rates of the Higgs decays can be modified compared to the SM.
We investigate the corresponding predictions in both the MSSM and the NMSSM,
and compare them to the SM case. In particular, we evaluate the predictions for
the production of a MSSM or NMSSM Higgs boson via gluon fusion, the main
production channel at the LHC, followed by the decay into two photons.

This analysis was published shortly after the Higgs discovery in July 2012, there-
fore the main motivation was to investigate a possible enhancement of the two-photon
rate over the SM prediction. This aspect is still of interest since also in the view of
the latest data there is still considerable room for an enhanced v+ rate. Since this is
a loop-induced process, new physics contributions affecting the -y rate do not have
to compete with a dominant SM tree-level contribution. As we will discuss in detail
in Chap. 7, the latest Higgs and low energy data (including results that were public
by February 2014) still favours a slight enhancement of the ~y rate with respect to
the SM.

We analyse potential enhancements of the production cross section times branch-
ing ratio over the corresponding SM prediction and we confront those predictions
with the experimental data (available at that time). We discuss in detail how an
enhanced v+ rate can be realised in the MSSM, and which additional mechanisms
for an enhancement can occur in the NMSSM. We find that for a Higgs at 125 GeV
sizeable enhancements of the «+ rate are possible in both models, with or without
a corresponding enhancement of the WW ®) decay mode. On the other hand, both
models allow also a v+ rate at the SM level or suppressed with respect to the SM.
In both models the signal in this channel can be interpreted either as the lightest
CP-even Higgs or as the second-lightest CP-even Higgs.

6.2 Framework of Our Analysis

6.2.1 General Considerations

Since the NMSSM extends the MSSM in the Higgs and the neutralino sectors, dif-
ferences to the MSSM are best probed in these two sectors. The processes playing
the main role in the reported discovery of a Higgs boson at the LHC in July 2012
[1, 2], namely production via gluon fusion and decay into two photons, are in fact
processes that are particularly sensitive to possible deviations between the SM, the
MSSM and the NMSSM. Some generic diagrams contributing to gg — h; and to
h; — 77y in the SM and in SUSY models are shown in Fig.6.1. In the MSSM #&;
denotes either & or H, while in the NMSSM 4; (i = 1...3) can be any of the three
C’P-even Higgs states.
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Fig. 6.1 Generic diagrams contributing to gg — h; (upper row) and to h; — ~~ (lower row),
where h; denotes any neutral CPP-even Higgs boson in the (N)MSSM

In this work we will compare the partial widths I"(h; — <) and the branching
ratios BR(h; — ~7) in the (N)MSSM with the SM prediction. In order to investigate
the phenomenology at the LHC, besides the branching ratio also the Higgs production
cross section has to be taken into account. The combined enhancement or suppression
over the SM for a process pp — h; — X can therefore be summarised in the ratio!

n _ o(pp = hy) x BR(hi > X)
X7 o(pp > HM) x BR(HSM — X)’

6.1)

If the Higgs production cross section is dominated by a single mechanism, such as
gluon fusion which is often the case at the LHC, a common approximation is to use
instead of o(pp — h;) the parton-level cross section 6(gg — h;). Neglecting the
differences in kinematics, the decay width I'(k; — ¢g) has the same dependence
as 6(gg — h;) on the couplings of the involved particles, and the dominant higher-
order QCD corrections are expected to cancel out in the ratio.> Making use of this
approximation, Eq. (6.1) can be expressed as

5 . D(hi—g9) xBR(i = X) T — gg) x T(hi = X) x Tir(HM)
X = rNHM — gg) X BR(HSM — X) rNHM — gg) X M(HM = X) x T (hi)”
(6.2)

This definition will be used to calculate R% and Rl{/l‘;W in the MSSM and in the
NMSSM.

IThis ratio corresponds to the Higgs signal strength which is denoted 1 in other chapters of this
thesis.

2Non-negligible differences are mainly expected if the bottom loop contribution to h; — gg
dominates over the top loop contribution. In the case of the light CP-even Higgs boson this can
happen for very low M4 and moderate to large tan 3 values, whereas in the case of the heavy
CP-even Higgs boson this can happen for larger M4 and tan 3 < 5. Our results therefore exhibit
an additional uncertainly in this part of the parameter space. Additional loop contributions from
SUSY particles, while taken into account in our calculation, are usually subdominant and of lesser
importance in this context.
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6.2.2 Calculational Framework

In the MSSM we evaluate the quantities of interest (I'(h/H — vv),'(h/H — gg),
I'ot) making use of the code FeynHiggs (version 2.8.6), which is also used to
evaluate SM quantities given below.

The calculational framework in the NMSSM is similar to the one used for the
M L\]VMSSM evaluation described in Sect.5.4. Even though in this thesis we described
the framework already in the context of the M %MSSM prediction, it was originally
set up first for the analysis of loop-induced Higgs decays in the NMSSM, presented
in this chapter. We use the NMSSM FeynArts model file (see Sect.5.4.4) to cal-
culate the relevant Higgs production cross section in gluon fusion (approximated by
I'(h/H — gg), see above) and the decay width into two photons. The one-loop
predictions for those processes correspond to the leading-order contributions, which
are IR- and UV-finite without renormalisation (for a recent discussion of the renor-
malisation of the NMSSM Higgs sector, see [12]), so that the set-up mentioned above
can immediately be applied for the investigation of these processes, important for
NMSSM Higgs phenomenology at the LHC. To enable the numerical evaluation of
observables, the analytic amplitudes of FormCalc can be exported to Fortran code,
supplemented with a driver program to compute the necessary quantities (masses,
mixings, etc.) from the fundamental parameters of the theory. The driver codes also
provide standard facilities for numerical integration and the evaluation of master
one-loop integrals through LoopTools. We have developed such a driver program
for the NMSSM, which in its present state allows for Higgs and sparticle masses
to be calculated either following the relations in Sect. 2.3, or using NMSSMTools
(here we used version 2.3.5) [13] linked through a custom interface.” The NMSSM
driver also offers the possibility to impose restrictions on the NMSSM parameter
space resulting from the evaluation of various experimental or theoretical constraints.
For instance, the constraints implemented in NMSSMTools can be accessed, and
direct constraints on the extended Higgs sector are available through an interface
to HiggsBounds [14]. More details on the different constraints and how they are
evaluated is given in Sect. 6.2.3 below.

6.2.3 Constraints on the Parameter Space

Before moving on to our numerical analysis, we briefly discuss the various phe-
nomenological constraints which exist on the parameter space of the MSSM and
the NMSSM. In the NMSSM we include the theoretical constraints described in
Sect.5.4.3. In both models we apply the LEP limits on SUSY particles as described
in Sect.5.4.3. The mass of the squarks of the first two generation is chosen to be
= 750GeV, the mass of the gluino is 1200 GeV. The value chosen for the squark
masses lies in the meanwhile excluded region, however the impact of these particles

3See Sect. 5.4.2 for a brief discussion on the calculation of sparticle masses in NMSSMTools.
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Table 6.1 Experimentally allowed ranges at the 2 o level used for the flavour physics observables
in the analysis presented in this chapter

Observable Exp. lower limit Exp. upper limit

BR(B — Xv) 3.03 x 1074 4.07 x 107 [28]
E, > 1.6 GeV

BR(B; — ptu™) - 1.1x 1078 [29]
BR(B* — 11;) 0.79 x 10~* 2.45x 1074 [30]
AMp, 17.53 ps~! 18.01 ps~! [31]
AMp, 0.499 ps~! 0.515 ps~! [28]

on our analysis is small, thus choosing a higher value (such as 1500 GeV) would
only lead to minor changes of our results.

As in the previous chapter, we test limits from direct Higgs searches using the code
HiggsBounds. However here we used HiggsBounds version 3.6.1, which was
the most recent one at the time the analysis was conducted. This Hi ggsBounds ver-
sion includes the results from Higgs searches at LEP and the Tevatron as well as from
the LHC data presented in 2011 (referred to as LHC»q11). Using only the LHCy(11data
the allowed mass range for a SM-like Higgs was still ~ 114.4 < My < 127GeV.
Including the 2012 data, the mass range for a SM-like Higgs is restricted to a small
region around 125.6 GeV. In contrast to the newer HiggsBounds version described
in Sect. 5.4.3, the version 3.6.1, which was used here, did not test every Higgs boson
in a model. Only a single channel with the highest expected sensitivity was deter-
mined among all Higgs bosons of the model and the theory prediction was compared
to the observation in this particular channel.

In this analysis we include the constraint from the anomalous magnetic moment
of the muon, for which the measurement differs from the SM prediction by Aa,, =
a;® —aSM = (30.2 £ 8.8) x 1070 [15, 16], which corresponds to more than 3 &
(see Sect.4.2.5). Employing new physics contributions to account for this devia-
tion leads to bounds on the model parameters [17, 18]. The MSSM contribution is
evaluated with FeynHiggs, where the leading two-loop contributions [19-21] are
implemented. The dominant contributions to a,, in the NMSSM are known including
leading corrections up to the two-loop order [18]. For the numerical evaluation in the
NMSSM we use NMSSMTools. As the 2 o allowed range for the SUSY contributions
Aa,SN)MSSM = a,SN)MSSM —aSM weuse 1.21 x 1072 < AaﬁN)MSSM < 4.82x1079,
which includes a theory uncertainty on the SUSY evaluation corresponding to
2.0 x 10710 added in quadrature to the uncertainty quoted above. We note that both
in the MSSM and in the NMSSM a positive value for pi/pesr is strongly favoured
when a,, is included as a constraint.

The MSSM analysis includes the constraint from b — s, which is calcu-
lated in FeynHiggs. Within the NMSSM analysis a larger set of constraints
from flavour physics is included. A summary of flavour physics constraints on the
NMSSM parameter space has been presented in [22]. In the present setup we use
NMSSMTools (version 2.3.5) to evaluate the NMSSM theory predictions for the
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flavour physics observables. The corresponding experimental limits are listed in
Table 6.1.* Parameter-dependent theory uncertainties (taken from NMSSMTools)
are added linearly to the intervals shown in the table before evaluating exclusion.

In theories with minimal flavour violation (MFV), which we are investigating
here, the strongest constraints from flavour physics can usually be derived from
B-physics observables such as BR(B — X;v), BR(B; — utp™), BR(B, —
7%v,;), or from the mass mixings AM;, AM, [26, 27].

6.3 Numerical Analysis

In this section we analyse numerically the phenomenologically important loop-
induced Higgs decays of the neutral CP-even Higgs bosons to two photons,

hi — vy (i =1,2,3). (6.3)

We investigate in particular to what extent the phenomenology of Higgs decays into
two photons can differ in the MSSM and the NMSSM from the SM case, taking into
account the existing constraints on the parameter space discussed above. Therefore
we perform scans over the MSSM and NMSSM parameter spaces. Throughout this
analysis, we fix:

Mgl‘“ = Mil,z,z = 250 GeV (to roughly comply with Aa,,),
ACZASZAMZAdZAHZAeZAt
mg = 1200 GeV. 6.4)
While Msusy = Mg, ,, = My, = Mp,  and M are varied in the MSSM scan,

in the NMSSM analysis they are fixed according to:

MSUSY = 1000 GeV,
M, = 400 GeV. (6.5)

In the MSSM the tree-level Higgs sector can be specified by the two parameters
M y+ (or M 4) and tan 5. The NMSSM Higgs sector has larger freedom and requires
additional input. We choose the following set of parameters to describe the NMSSM
Higgs sector:

My+, tan3, A\, K =k/\, Ax. (6.6)

4Updated numbers for the flavour physics observables, as given e.g. in [23] (including in particular
LHC measurements) were not available at the time when this analysis was performed. The same is
true for the measurement of BR(B; — p~ ™) [24, 25], which is therefore not included here.
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The parameter M+ here in principle plays the same role as in the MSSM. However,
since we employ NMSSMTools to calculate the Higgs masses, the input Mg+ is
not defined in the on-shell renormalisation scheme, and must be understood as a
tree-level input mass, which is translated into a value for A) using Egs. (2.72) and
(2.73). The calculated physical Mg+ (including the higher order corrections) will
therefore in general not be identical to the input value.> The parameters for which
no values are given above, are chosen as input for the MSSM/NMSSM scans. In this
analysis we restrict ourselves to the MSSM and NMSSM with real parameters. All
complex phases are set to zero.

6.3.1 Decays of CP-even Higgs Bosons in the MSSM

Before we proceed to the NMSSM case, we study the two photon decays of the two
CP-even Higgs bosons, & and H, in the MSSM and compare to the SM.

In order to study interesting regions of the MSSM parameter space, where differ-
ences in the diphoton channel between the MSSM and the SM can occur, we perform
a random scan over the parameter ranges given in Table 6.2. The remaining MSSM
parameters are kept at the values specified in Eq. (6.4).

It should be noted that we allow for comparably high values for y; this is rel-
evant for the possible size of some of the effects that we will discuss in detail
below. However, such large values of u, together with large values of tan 3, can
lead to parameter combinations that show a non-stable behaviour in perturbation
theory. In order to avoid parameter combinations that result in unacceptably large
two-loop corrections in the evaluation of the Higgs boson self-energies and related
quantities, we implement an upper limit on the corrections to the elements of the
Z matrix (see Ref. [32]). Comparing the one- and two-loop values of the respective
diagonal elements, we require the following condition for the light CPP-even Higgs,

Table 6.2 Parameter ranges for the MSSM scan

Parameter Minimum Maximum
Msysy 750 1500
My >~ 2M, 200 500
A =Ap =A; —2400 2400
0 200 3000
My 100 600
tan 8 1 60

All parameters except tan 3 are given in GeV

5This feature would be avoided with an on-shell renormalisation of M u+, see e.g. [12, 32]. There
are different possibilities how to relate MSSM with NMSSM parameter points. The method chosen
here differs from the one used in Sect. 5.8 which implied that the value for the charged Higgs (pole)
mass is identical in the MSSM and the NMSSM.
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Fig. 6.2 Results from the MSSM parameter scan for the partial widths I'(h, H — ~7) of h (left)
and H (right), and the corresponding branching ratios. The full result of the scan (all points allowed
by the theoretical constraints and the direct search limits for sparticles at LEP) is shown in grey.
The blue points are compatible with the direct Higgs search limits (from HiggsBounds 3.6.1, i.e.
including LHCy011), while the black points in addition give a result in agreement with (g —2),, and
BR(b — s7). The solid (red) curve shows the respective quantities evaluated in the SM

||Zf1_1°0p| - |lel_l°°p||/|lel_10°p| < 0.25, and analogously for the heavy CP-even
Higgs with the replacement Z1; — Z1. We found that this upper bound is effec-
tive for avoiding parameter regions that are considered unstable under higher-order
corrections.

InFig. 6.2 we show I'(h — ~y7y) in the top left and BR(h — ) in the bottom left
plot as a function of M},. The corresponding plots for H — -y are given in the right
column. The colour coding is as follows: all points in the scan which are allowed by
the theoretical constraints and the direct search limits for sparticles [33] from LEP,
as discussed above, are plotted in grey. Points which are also allowed by direct Higgs
search limits (from HiggsBounds 3.6.1, i.e. including LHC5¢11) are shown in blue
(on top of the grey points). Finally, points which fulfil additionally the constraint from
(9—2), and BR(b — s57) (both are here calculated with FeynHiggs) are plotted in
black. Thered (solid) curve in Fig. 6.2 shows the corresponding SM result with M gysm
set equal to the corresponding MSSM Higgs mass. It should be noted that here (and
in all the following plots) different densities of points appearing in different regions
have no physical meaning, as the point density is related to the specific procedure
chosen for the sampling of the SUSY parameter space.

We first focus on the light CP-even Higgs boson, A, decaying into two pho-
tons. The extra particles in the MSSM yield additional loop contributions, which
can both lower and raise I'(h — ~7) compared to the SM case. Below the LEP
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limit for a SM-like Higgs (for M, < 114.4GeV)® most of the scenarios where
['(h — ~vy) = T(HM — ~v) are ruled out by the direct Higgs search limits, but
we also find a few allowed points in this region. For those & couples with about SM
strength to gauge bosons, but is nevertheless not excluded due to a (much) suppressed
coupling to b quarks, which weakens the corresponding LEP limit. In the following
we focus on the mass region above the LEP limit. There we find scenarios in which
I'(h — ~y) is enhanced by up to ~70 % with respect to the SM. On the other hand,
as can be seen from the lower left plot in Fig. 6.2, the BR(2 — ~7) can be enhanced
by a factor ~3 over the SM in the same mass range (due to a suppression of the
bb decay mode as discussed in more detail below). For the points that are allowed
by all constraints the maximum enhancement of the branching ratio occurs around
My, ~ 125 GeV. For the same Higgs mass, values for BR(h — ~y) at the SM rate
or (strongly) suppressed compared to the SM are also possible.

The corresponding results for the heavy CP-even MSSM Higgs boson are shown
in the right column of Fig.6.2. For My < 130GeV we find viable points with a BR
slightly larger than for a SM Higgs boson. For larger values of My one can see the
behaviour expected from the decoupling properties of the MSSM, i.e. ['(H — ~7)
and BR(H — ~7) are both suppressed with respect to the SM, with the level of
suppression increasing with My .

In Fig.6.3 the results for R% (left) and R% (right) are shown, with the same
colour coding as in Fig. 6.2. In order to make the results better visible we display them
twice, on a logarithmic scale (upper row) and on a linear scale (lower row). The green
curves in Fig. 6.3 show exclusion limits in the diphoton channel at 95 % CL from data
presented in 2011 data from ATLAS [35] (solid) and CMS [36] (dashed). The red
lines are the limits from ATLAS (solid) and CMS (dashed) presented in July 2012 [1,
2] (based on ~5 fb~! of 7 TeV data and ~5 fb~! of 8 TeV data). The exclusion
limits from ATLAS and CMS are displayed here explicitly for comparison, but only
the LHCyo1; data enters our analysis also as part of the constraints implemented
in HiggsBounds. As explained above, HiggsBounds considers only the single
channel with the highest expected sensitivity for determining 95 % CL (combined)
exclusion. In the considered region the expected sensitivity of the CMS search [36]
happens to be slightly higher than the one from ATLAS [35], so that only the CMS
limit actually has an effect in our analysis. The plot shows also some allowed points
with R,% above the CMS 2011 exclusion curve. For these points another channel
has a higher expected sensitivity, so that the vy channel has not been selected by
HiggsBounds for determining the 95 % CL limit.

As one can see in the left column of Fig.6.3, for Rhﬁl, in principle a large
enhancement, roughly up to a factor six, would be possible in the mass range
My = 114...130GeV (and an even stronger enhancement for lighter masses).
Such large enhancements are now ruled out by the LHC searches. For the points
that are allowed by all the considered constraints (which were available at the time)
we find that in the region above the LEP limit for a SM-like Higgs a suppression of

5We neglect here, and in the following plots in this chapter, the theory uncertainty of the Higgs boson
mass evaluation, which for the light Higgs boson should be roughly at the level of 2-3 GeV [34].
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Fig. 6.3 Results from the MSSM parameter scan on the ratios R

Rf;w by more than an order of magnitude is possible. On the other hand, a maximal
enhancement of about ~3 times the SM value occurs for M}, =~ 125 GeV. Our results
show that the MSSM could account for a Higgs signal around M), = 125GeV with a
strength in the 7y channel of ~1.5 times the SM strength (compatible with the latest
ATLAS measurement [10]), but also with a strength of ~0.8 times the SM strength
(compatible with the latest CMS measurement [11]). The detailed origin of possible
enhancements of R% will be discussed below. Figure 6.3 also shows that the possible
size of the enhancement or suppression decreases for larger M,; for M), = 130 GeV
R% is confined to values close to unity for the allowed points in the parameter space.

The right column of Fig.6.3 shows the corresponding results for the heavy
CP-even Higgs. For My < 130GeV the results for the heavy MSSM Higgs are
qualitatively similar to the ones for the light CP-even Higgs. In particular, also in
this case a slight enhancement over the SM rate is possible for Mg =~ 125GeV for
the scan points that are in agreement with the collider constraints (the agreement with
(9 — 2),, and the observables in the flavour sector could be improved by modifying
some of the SUSY parameters that do not directly influence Higgs phenomenology).
Our results for R% demonstrate that the discovery of a new boson in the «y channel
at a mass of about 125 GeV that was observed by ATLAS and CMS could also be
interpreted within the MSSM as arising from the heavier CP-even Higgs boson,
as discussed in [37]. Such a scenario would imply that besides a possible signal
at about 125GeV there would be a lighter Higgs in the spectrum, having signifi-



6.3 Numerical Analysis 129

cantly suppressed couplings to gauge bosons. However here we want to remind the
reader that this interpretation in the MSSM is meanwhile challenged by the recent
ATLAS results from charged Higgs searches [38]. For My < 135GeV we always
find RVHA/ < 1, in accordance with the decoupling properties of the MSSM.

The issue of a possible enhancement of Ré’7 for a Higgs mass around 125 GeV
has been discussed first in Refs. [39, 40], where in particular the contributions from
light status to BR(h — ) and the suppression of 4 — bb due to Higgs mixing
effects have been emphasised. As seen above, we find that I'(h — ~7) can exceed
its SM value, which is found to be an effect of the status loop contributions. The most
sizeable enhancements observed in Rg’w however, mainly arise from a suppression
of the total width, which in the SM is dominated by the partial decay width into bb.
Suppressing the bb channel can therefore yield a significant reduction of the total
MSSM width. Such a suppression can happen in two different ways. The reduced

hbb coupling in the MSSM is given at tree-level by

Inbi sin v
Gupy | cosp

6.7)

where « is the mixing angle in the CP-even Higgs sector (see Eq. (2.62)). In the
decoupling limit (M4 > Myz) the SM is recovered, i.e. (—sina/cos3) — 1.
Higher-order contributions from Higgs propagator corrections can approximately
be included via the introduction of an effective mixing angle, corresponding to the
replacement @ — aefr [41] (in our numerical analysis we treat propagator-type
corrections of the external Higgs bosons in a more complete way, which is based on
wave function normalisation factors that form the Z matrix [32]). A suppression of
the h — bb channel thus occurs for small cvefs.

Genuine corrections to the hbb vertex can lead to another type of suppression.
Beyond leading order, loop-induced Yukawa couplings of b quarks to the “wrong”
Higgs doublet H» are induced. The modified 2bb coupling can then be expressed as

r 1 sin cos
Inbb (_ Qeff o Oéeff). 68)

= b
ggsmpp 1+ Ap cos 3 sin (3

Via the quantity Aj [42-44] terms of O((«y tan 5)") and O((oy tan 3)") can be
resummed. The most relevant contributions are given by

2as (my) 2 2 oo u(mi) s 2 9
Ap=—_ tan fmg pl(ms  my mg) + i tan 3 Ay I (mz  m3  |pl”),
(6.9)
with
[(a.b.c) = _abln(b/a) +acln(a/c) + bcln(c/b) 6.10)

(a—c)c—=Db)b—a)
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The dominant higher-order contribution to A, are the QCD corrections, given in [45,
46]. Those contributions are not included in our analysis. While the loop-corrected
hbb coupling, Eq. (6.8), approaches the tree-level coupling, Eq. (6.7), in the decou-
pling limit (M4 > M7z), a suppression of g,,; is possible for not too large M4 if
A is numerically sizeable and positive.

‘We now turn to the alternative case where 4 is light and has suppressed couplings
to gauge bosons, whereas the heavier CP-even Higgs H is a SM-like Higgs boson.
One finds a similar enhancement for RWHW which is due to the suppression of g, if

Inpp _ T8 6.11)

gusMpp  COS[3

is small. Such an enhancement is restricted to the mass region My < 130GeV, since
for higher mass values the coupling of the heavy C’P-even Higgs to gauge bosons is
suppressed, so that the partial width I'(H — +7) is smaller than for the SM case,
see Fig. 6.2. Accordingly, the scenarios with R% > | are only realised in a relatively

small parameter region, for M, < 150GeV and intermediate tan 3. The scenario
in which R% is enhanced is complementary to the one giving an enhancement in
Rf/’w (as we checked explicitly). Consequently, a simultaneous enhancement in the
diphoton channel for both CP-even Higgs bosons is not possible.

A reduction of the total width, by the suppression of the i, H — bb channel, can
also affect the search for the Higgs boson in other channels. The correlation between
the diphoton rate and the other decay rates (e.g. Rpp, Rww) in the MSSM (as well
as the dependence of the decay rates on the other MSSM parameters, such as A;) is
analysed in detail in Chap.7 in the context of a global fit.

6.3.2 Decays of C'P-Even Higgs Bosons in the NMSSM

We now turn to the NMSSM and analyse the diphoton decay in this model. There
have been many approaches to interpret the discovered Higgs at ~125GeV in the
context of the NMSSM, for a recent analysis see e.g. Ref. [47], and more references
can be found therein.

As before we consider the one-loop induced Higgs decay hj 2 — 7, but now
calculated using the NMSSM framework described in Sect. 6.2.2. We perform a scan
over the NMSSM parameter space and evaluate the partial widths and branching
ratios for this mode. The parameter ranges used for the scan are given in Table 6.3.
The remaining parameters are fixed as defined in Egs.(7.1) and (6.5). It should be
noted that the ranges in Table 6.3 are not meant to cover the full NMSSM parameter
space. The effects discussed above that can cause an enhancement of Ré"WH in the
MSSM can be realised also in the context of the NMSSM. In the present analysis
we are interested in genuine NMSSM effects, which go beyond the MSSM phenom-
enology. Such genuine NMSSM effects arise in particular from the mixing of the
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Table 6.3 Parameter ranges used for the CP-even Higgs decay scan in the NMSSM

Parameter Minimum Maximum
A =Ap=A; —2400 2400

Lheff 150 250

Mpy+ 500 1000

tan 3 2.6 6

A 0.5 0.7

K 0.3 0.5

Ay —100 -5

All dimension full parameters are given in GeV

Higgs doublet fields with the Higgs singlet. To be specific, we consider scenarios that
are characterised by large values of My+, corresponding to the SM+-singlet limit
of the NMSSM (see Sect.2.3). We furthermore restrict pegr and tan 3 to relatively
small values, while our MSSM scan (compare Table 6.2) extended to rather large
values of ¢ and tan 3 and focussed on the region of relatively low values of M4. The
parameters are chosen such that the mechanisms for enhancing R%H realised in the
MSSM do not play a role, putting the emphasis on the genuine NMSSM effects.
The results for 41,2 — 7 are shown in Fig. 6.4 (h3 is always heavy and plays no
role in our analysis). The colour coding is similar as in Fig. 6.2: all displayed points
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Fig. 6.4 Results from the NMSSM parameter scan (see text) for the partial widths I'(h; — 77)
and the corresponding branching ratios of /| (left) and hy (right). All points in the figure fulfil the
theoretical constraints defined in Sect. 5.4.3. In addition, the blue points satisfy direct Higgs search
limits from colliders (from HiggsBounds 3.6.1, i.e. including LHC»¢11), while the black points
are in agreement with all theoretical and experimental constraints. The solid (red) curve shows the
respective quantities evaluated in the SM
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satisfy the theoretical constraints and the LEP mass limits on SUSY particles (grey).
Points which in addition fulfil the direct Higgs exclusion limits from colliders (from
HiggsBounds 3.6.1, i.e. including LHC»¢;) are drawn in blue, and points which
satisfy all the constraints, in particular also those from Aa, and flavour physics
(now evaluated with NMSSMToo1ls), are shown in black. The red curve shows the
corresponding SM result, obtained by setting M ysm = my,, ,, respectively.

We choose to study my,, in a range from 80GeV up to its maximum around
135 GeV. Allowed points with my, < 80GeV are also found in the scan, but the large
singlet component of these very light Higgs bosons gives rise to a quite different
phenomenology, which we do not investigate in detail here. For masses close to
140 GeV, the number of allowed points is seen to decrease, which illustrates that
only quite specific choices of the input parameters give my, close to the maximum.
This, as well as other features with local under- (over-) density of points in certain
regions, can simply be viewed as sampling artefacts, i.e. the point density has no
physical meaning. For i, we study the mass interval 120 GeV < my, < 170GeV,
which means there is an overlap with the region considered for my,, . To go even higher
in my, is not particularly interesting for our purposes, since when the two-body decay
hy — WW® is open the loop-induced h; — 7y decay becomes suppressed, as is
also clearly visible in the figure (and a Higgs in this mass range can of course not
explain the observed signal).

Figure 6.4 shows that I'(h; — ) is always smaller than (or at most equal to) its
SM value for the points in our scan. This means in particular that our scan, for which
we have fixed the slepton masses to large values (see Eq.(7.1)), does not contain
points with light status (the contribution of light status was discussed in the MSSM
context above). For mp, Z 140 GeV, the partial width does not reach the full SM
value, which shows that this mass region is not accessible for a fully SM-like #,.
Taking into account the collider constraints, we also see that, as in the MSSM, a
SM-like Higgs boson with m;,, < 114.4GeV is excluded as a consequence of the
LEP limits. Despite the smaller NMSSM width for I"(h; — ~7) compared to the
SM, Fig. 6.4 shows that an enhancement of the branching ratio with up to an order
of magnitude over the SM is possible. The results are similar for z; and &, in the
overlapping mass region.

As in the case of the MSSM we now analyse Rgg The total widths appearing in
Eq. (6.2) are calculated in an approximate way according to

1
Tiot(h;) = Elm[zhi (m%’_)] £ T — WWO) £ T(h; = v7) + T(hy — gg),
' (6.12)

where X, denotes the one loop self energy of &;. The inclusion of the off-shell
decays, as well as the loop-induced processes, in the total width is essential for a
realistic prediction.

The results for Rs‘% and Rg% from the scan over the NMSSM parameter space are
shown in Fig.6.5. As before, we show the plots both on a logarithmic and a linear
scale. Looking first at i1, the figure shows that a sizeable enhancement over the SM
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Fig. 6.5 Results from the NMSSM parameter scan on the ratio R% for the two lightest Higgs
bosons i (left column) and hy (right column). The plots are displayed both on a logarithmic scale
(upper row) and on a linear scale (lower row). The colour coding for the scan points is the same
as in Fig.6.4. The green lines show exclusion limits on this channel at 95 % CL from LHCj¢;
data from ATLAS [35] (solid) and from CMS [36] (dashed). The red lines are the new limits from
ATLAS (solid) and CMS (dashed) taken from [1, 2]

rate is possible over the whole mass range from m;, = 80GeV to m;, = 130GeV.
For the range of Higgs masses below the SM limit, mj;, < 114.4GeV, points with
a significant enhancement R,’;}Y Z 7 are observed, in accordance with the results of
[48] (see also [49]).

Turning to h», the results for Rf% are similar to those for R% in the common mass

range; the observed maximal enhancement is R”2 Z 2 for m 1, in the range from 120
to 125 GeV. A smaller enhancement over the SM is possible for all m;,, < 145GeV.
As my, approaches 160 GeV, where the on-shell decay 7, — W W™ opens, the rate
drops to Rf’y,zy < 1.

It is clearly visible that the NMSSM (similarly to the MSSM) can also produce
points with a large suppression of R.,. Concerning the case R% > 1, we see that
the NMSSM can produce an enhancement compatible with an excess over the SM
rate, as seen by ATLAS, either for /1 or A, in the mass region around 125 GeV.

In order to identify the conditions under which a significant NMSSM enhancement
of R% is possible—as explained above, this is a genuine NMSSM effect that goes
beyond the mechanisms discussed above for the MSSM—we show in Fig. 6.6 the
dependence of R% on the composition of h; as defined in Eq. (2.70). Figure 6.6

shows that an important requirement for R% > 1is that U/ ~ 0, which means
that the corresponding Higgs mass eigenstate lacks a H; component. In the limit
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Fig. 6.6 Results from the NMSSM parameter scan on R]% and the elements Uil;l of the CP-even
Higgs mixing matrix for /11 (fop) and hy (bottom). The colour coding is the same as in Fig. 6.4

Ul.lf — 0 (corresponding to aeff — 0 in the MSSM) the otherwise dominant decay
channels h; — bb and h; — 77 vanish, thereby increasing BR(h; — ~). Since
U*H is unitary, the general sum rule

Sufr=1 (6.13)
j

implies that points with Ul.llf = 0 must have |Ug|2 + |Ug|2 = 1. From Fig.6.6 it

can be seen that a configuration that maximises R% would be
H2 H2 H2
|U;i1° =0, Uy |7 >~ 0.4, Uiz 1© > 0.6.

Unlike the case of Higgs doublet mixing resulting in a small aegr in the MSSM (which
requires a low value for M4 and a high ), in the NMSSM the enhancement of R%

is caused by a sizeable singlet component of /;. The observed R% enhancement
is therefore a genuine feature of the NMSSM which is still present even in the
SM-singlet limit. On the other hand, in the MSSM limit (where |Ul.’; 12 =0) points

from our scan show only very small R% enhancements. This is a consequence of
the fact that we have restricted our scan in the NMSSM to large M+, large slepton
and squark masses, as well as to relatively small values of tan 8 and pegr, which
corresponds to a parameter region in the MSSM that is complementarity to the one
used for our MSSM scan.

In the NMSSM the decay h; — < is usually dominated by contributions
from loops containing W bosons (the same is true in the MSSM), and we expect
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Fig. 6.7 Results from the NMSSM parameter scan on the ratios R’v"ﬁw (i =1, 2) for the NMSSM
Higgs bosons & (left column) and hy (right column). The plots in the upper row show R}lejw asa

function of the respective Higgs mass. The 95 % CL exclusion limits for the WW ) channel from
LHC5¢;; data from ATLAS [50] (solid line) and CMS [51] (dashed line) are also shown. The plots

in the lower row show the correlation of R’v"ﬁw and Rgi/ The colour coding is the same as in Fig. 6.4

a corresponding correlation of RZ',L, with the (off-shell) decays h; — WW® and
h; — ZZ™. This is studied in Fig.6.7, where we give results for the tree-level
decays h1» — WW® using the same colour coding as above. As expected, a

sizeable enhancement is possible for R}‘;W, in particular for A1, and a strong posi-

tive correlation between Rﬁﬁw and R% is visible. The possibility of a simultaneous
enhancement of these two modes can again be understood as an effect of the large
suppression of the main fermionic coupling /;bb, which leads to an enhancement of

the respective branching ratios. Despite the positive correlation between R}‘;W and
R% it is nevertheless possible to have both a slight enhancement of Rg’7 and a slight
suppression of R}V’&W.

6.4 Summary

In this chapter we have presented an analysis, comparing the predictions for Higgs
boson production in gluon fusion, the main production channel at the LHC, and its
subsequent decay into two photons in the SM, the MSSM, and the NMSSM. In the
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context of the NMSSM we have furthermore analysed the W W * channel, which is
strongly correlated with the v+ mode.

While for the predictions in the SM and the MSSM we have used the well-known
code FeynHiggs, for the predictions in the NMSSM we have used a framework
consisting in particular of an appropriate model file for the program FeynArts. In
this thesis we described the framework already in Chap. 5, however it was originally
developed first for the analysis of loop-induced decays in the NMSSM, presented in
this chapter.

We have presented results for Higgs-boson production in gluon fusion and its
decays into vy (and WW )7 within the MSSM and the NMSSM, normalised to
the SM prediction. We have analysed in detail possible mechanisms for the enhance-
ment (but also the suppression) of those channels in both models. In this context we
have investigated in particular whether an enhancement of the ~+ rate for a Higgs
mass of about 125 GeV is compatible with limits on the parameter space arising from
theoretical constraints as well as from the limits from direct searches for supersym-
metric particles, from the Higgs searches at LEP, the Tevatron and the LHC (based
on the data presented in 2011), from electroweak precision observables and from
flavour physics (which existed at the time this analysis was conducted). Performing
parameter scans in both models, we have then confronted the points passing all the
above constraints with the results of the Higgs searches in the v~ channel that have
been announced by ATLAS and CMS in July 2012, leading to the announcement
of the discovery of a “Higgs-like” boson. We have found that an enhanced rate of
Higgs production and decay to two photons can easily be realised in the MSSM
as well as in the NMSSM. At the same time both models also permit a rate at the
SM level or below. This holds not only for the lightest CP-even Higgs boson in the
models, but also for the second lightest CP-even Higgs boson in both the MSSM
and the NMSSM. In this latter interpretation in both models the lightest CPP-even
Higgs boson possesses a strongly suppressed coupling to gauge bosons and escapes
all existing direct searches.

Within the MSSM we have analysed the mechanisms that can lead to an enhanced
~7y rate in comparison to the SM prediction. Besides the presence of light scalar taus,
in particular a suppression of the bb decay mode results in an enhanced ~+ rate. This
suppression can either be caused by Higgs-boson propagator corrections entering
the effective mixing angle, or by the so-called A, corrections.

Within the NMSSM the above mentioned mechanisms can naturally be realised,
and we focused on additional mechanisms that are genuine for the NMSSM.
We found that in particular the doublet-singlet mixing can result in a substantial
suppression of the bb mode, resulting again in an enhancement in the v~ rate with
respect to the SM prediction.

In the data analysed by July 2012 both LHC experiments saw an enhancement of
the diphoton channel compared to the SM. Including more data, the signal strength
in the 7y channel observed by ATLAS [10] remains above the value expected in the

7In this chapter we presented results for WW ) only in the NMSSM. In the next chapter we will
show results for WW ™ also in the MSSM.
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SM, while the signal strength observed by CMS [11] is currently slightly below the
SM level. It remains exciting to see how this (slight) discrepancy will be resolved
with more data and whether a deviation from the SM will be established, which could
point towards physics beyond the SM.
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Chapter 7
Fitting the MSSM to the Observed

Higgs Signal

Abstract In order to investigate whether, and if so how much, the MSSM can
improve the theoretical description of the experimental data compared to the SM, we
fit the experimentally measured Higgs decay rates, the Higgs mass and low-energy
observables under the hypothesis that the light or the heavy CP-even Higgs of the
MSSM is the observed state at 126 GeV. The fit quality in the MSSM, for both Higgs
interpretations, is compared to the SM. We determine the regions of the MSSM
parameter space which are favoured by the experimental data, and we demonstrate
some features of the best-fit point.

7.1 Motivation

In the previous chapter we discussed that the interpretation of the new state as
the light CP-even Higgs boson of the MSSM is a viable possibility (called the
“light Higgs case” in the following), but that also the interpretation as the heavy
CP-even Higgs boson (called the “heavy Higgs case”) is in principle possible. As
discussed above the latter interpretation is challenged by the latest ATLAS charged
Higgs search limit (which was not available at the time the analysis for the heavy
Higgs case was performed).

The question arises whether the MSSM (or another model beyond the SM) can
give a prediction of the production cross sections and decay rates of the observed
Higgs boson that yields a better description of the data than the one provided by the
SM. The main aim of this work is to investigate whether, and if so by how much,
the MSSM can improve the theoretical description of the experimental data, and
potentially which parts of the parameter space of the MSSM are favoured by the
experimental data in the various Higgs search channels.

Because of the large number of free parameters, the MSSM Higgs search results
at LEP [1], the Tevatron [2, 3] and the LHC [4—12] have been interpreted in certain
benchmark scenarios [13-16] (of which the m;™* scenario has been most widely
used). However, in order to investigate potentially favoured regions in the MSSM
parameter space a scan over the relevant SUSY parameters has to be performed.
A complete scan over the in principle more than a hundred free parameters of the
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MSSM parameter space is technically unfeasible. One therefore needs to focus on a
certain subset of parameters. Very ambitious scans for the pMSSM with 19 free para-
meters (pMSSM-19, see [17] for details) have been performed [18, 19]. However,
on the one hand it is difficult to sample such a multi-dimensional parameter space
sufficiently densely, on the other hand it is well known that several of the parameters
of the pMSSM-19 hardly affect Higgs phenomenology. We therefore focus in this
paper on a smaller set of parameters, namely the pMSSM with the seven free para-
meters that we regard as most relevant for the phenomenology of Higgs and flavour
physics (pMSSM-7, see below for details on these parameters). This 7-dimensional
parameter space, which as we will demonstrate captures most of the allowed Higgs
phenomenology of the MSSM, can be sampled quite well with O(107) scan points.

In our analysis we perform fits in the MSSM both for the interpretation of the
LHC signal in terms of the light and the heavy CP-even Higgs of the MSSM and
we compare the fit results with the SM case. In the original analysis conducted at
the end of 2012, we took into account the results of the Higgs rate measurements in
the individual search channels and the Higgs mass measurements from ATLAS and
CMS at 7 and 8 TeV centre-of-mass energy that were publicly available at that time.
In this thesis we also present an update for the light Higgs case which includes the
latest ATLAS and CMS results relevant for our analysis (incorporating the results
which were public by February 2014), including in particular some analyses using
the full 2012 data set. We furthermore included the Higgs rate measurements of the
Tevatron. The updated fit is performed using the code HiggsSignals [20]. Besides
the Higgs signal strengths and mass measurements, we included the most relevant
set of low-energy observables, BR(b — s7), BR(B; — pTp™), BR(B, — Tv.),
(9 — 2), and the mass of the W boson, My, in our fit and we apply constraints from
Higgs searches and limits on the SUSY particle masses.

7.2 Framework for Our Analysis

In this section, each subsection is divided into two parts: First we describe our original
analysis (done in 2012) and in the second part we shortly comment on the updated
analysis. In the latter part we focus on changes in the new analysis compared to the
original one. It is understood that everything which is not explicitly mentioned in the
description of the update is unchanged with respect to the original analysis.

7.2.1 pMSSM Parameter Scans

Original 2012 Analysis: pMSSM-7Scan

As a first and general simplification we restrict ourselves to the MSSM with real
parameters. We choose to only vary the parameters most relevant for the Higgs phe-
nomenology. The tree-level values for the predictions of the MSSM Higgs sector
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Table 7.1 Ranges used for

g . Parameter Minimum Maximum
the free parameters in the
pMSSM-7 scan My (GeV) 90 1000
tan 3 1 60
1 (GeV) 200 3000
Mgz, (GeV) 200 1500
Mj, (GeV) 200 1500
Ay (GeV) -3 My, 3 My,
M; (GeV) 200 500

quantities are determined by tan 5 and the CP-odd Higgs-boson mass M 4. Conse-
quently, we choose these two parameters as free parameters. Beyond tree-level, the
main correction to the Higgs boson masses stems from the /7 sector, and for large
values of tan 3 also from the b /15 sector. In the sfermion sector we choose to vary
M, = MQ3 = M(73 = M[)3’ Mi3 = ME"3 = MzB and Ay = A, = Ap = A;. We
also take the higgsino mass parameter p (entering also in the off-diagonal elements
of the sfermion mass matrix) as a free scan parameter. As final scan parameter the
gaugino mass parameter M is chosen.

The pMSSM-7 parameter space is sampled by performing random scans
(using uniform distributions) over the seven input parameters in the ranges given
in Table7.1. The two cases where either 4 or H corresponds to the observed signal
are treated in two separate scans, and the results are discussed in parallel below.
Each scan starts with O(107) randomly chosen points with a flat distribution over
the parameter ranges. Dedicated, smaller, sampling is then performed to map the
interesting regions of parameter space.' In practice, the full parameter ranges from
Table 7.1 are taken only for the light Higgs case, while for the heavy Higgs case
we limit M4 < 200GeV and tan 3 < 30 (still using the full ranges for the other
parameters), which improves the sampling efficiency in the relevant mass region for
Mpy. Additionally the top quark pole mass is sampled from a Gaussian distribution
with m; = 173.2 £ 0.9GeV, using a cutoff at +2 .

The other MSSM parameters are fixed according to

MEL,Z = Mil,z = 300 GeV
My =M

012 01.2 = MDl,z = 1000 GeV
Ac=A;=A,=Ag=A,=A, = Ay
mg = 1000 GeV. (7.1)

The choices for the first and second generation squarks and the gluino place their
masses roughly at the level currently probed at the LHC. Somewhat larger values

I The reader should keep in mind here (and in the following) that the point density has no statistical
meaning.
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would only have a minor impact on our analysis. The values for the first and second
generation slepton mass parameters were chosen to provide rough agreement with
the anomalous magnetic moment of the muon.

For the evaluation of the sparticle and Higgs masses we use the code FeynHiggs
(version 2.9.4) [21-24]. The residual Higgs mass uncertainty from this calcula-
tion (i.e. from missing higher order corrections) is assumed to be around 2—3 GeV,
depending on the considered region of parameter space [23]. We are interested in
parameter points that give a Higgs mass prediction, for either M) or My, close
to the observed LHC signal. We therefore constrain the analysis in a first step
to points with My or My in the region 121—129GeV. In order to avoid con-
figurations in parameter space that give an unstable perturbative behavior in the
Higgs mass calculation, we use a criterion (which was introduced and motivated in
Sect. 6.3.1) based on the Z-matrix (as defined in [24]) and exclude points for which
[1Z2X —1Z%] /1Z}Y] > 0.1. Here k = 1 (2) is set for a SM-like light (heavy)
Higgs. This criterion is similar (even slightly stricter) than the one we applied in
Sect.6.3.1.

Updated Analysis

An updated analysis is presented for the light Higgs case only. In this analysis, we
choose

MEI,Z = Mil,z - Ml~3
MQL2 = M[/l.2 = M~1,2 = 1500 GeV
mg = 1500 GeV .

Setting the soft masses for the sleptons of the first two generations equal to M;,
(which we scan over) instead of fixing it to 300 GeV is particularly relevant for the fit
of the anomalous magnetic moment of the muon, as we will discuss later. The masses
of the squarks of the first and second generation and the gluon are set to 1500 GeV
to be in better agreement with the current LHC limits. We perform a scan (starting
with 5 x 10° randomly generated points) over the same 7 pMSSM parameters, as in
our original work. The scan range for p was extended to 100—4000 GeV, keeping
the other scan ranges as in Table7.1. We select scan points for which the lightest
CP-even Higgs falls in the mass range My, = 125.7 =3 GeV.

7.2.2 Constraints on the Parameter Space

Original 2012 Analysis

We apply the essentially model-independent limits on sfermion and chargino masses,
typically at the level of ~100 GeV from direct searches at LEP (as summarised in the
PDG review [25]). Furthermore, we require that the lightest supersymmetric particle
(LSP) is the lightest neutralino. The exclusion limits from Higgs searches at LEP,
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the Tevatron, and the LHC (which were published before July 2012) are taken into
account using HiggsBounds version 3.8.0 [26, 27]. It should be noted, that this
HiggsBounds version tests, for each parameter point, the model predictions only
against the single channel with the highest expected sensitivity for an exclusion.

Updated Analysis

For the updated analysis we use HiggsBounds version 4.2.0beta, which is not pub-
licly available yet.” This Hi ggsBounds version (as the one described in Sect. 5.4.3)
performs the exclusion test separately for each Higgs boson in the model. All rel-
evant LHC Higgs analyses (available up to February 2014) are included in this
HiggsBounds version, in particular the limits from the MSSM Higgs searches
presented in Ref. [12] (ATLAS search for charged Higgs bosons) and Ref. [7]
(CMS search for neutral Higgs bosons decaying into 7 pairs). For the light Higgs
case the latter one is particularly important. A theoretical uncertainty of 3 GeV on the
Higgs mass calculation is included when determining the Hi ggsBounds exclusion.

7.2.3 x? Fits

Original 2012 Analysis

In order to investigate how well (compared to the SM) the MSSM can describe
the observed data and to obtain an indication of what the favoured regions of the
MSSM parameter space are, we use a simple statistical treatment of the data where
the different observables are taken into account by calculating, for every parameter
point in the scan, a global x> function

nLHC 5 nm ~ 5 nipo Ay
2 (,Ul Nz) (Mz - ,Ul (Mh,H — Mpg) (0; — 0))
SIS 5 FLTE MCELIS
i=l My i=1 i
(7.2)

Quantities with a hat denote experimental measurements, and unhatted quantities
the corresponding model predictions for the Higgs signal strength modifiers, p;,
the Higgs mass M, yy and the low-energy observables (LEO), O;. The different
observables entering Eq.(7.2) are described in more detail below. The combined
uncertainties o; contain the known theory and experimental uncertainties. Correla-
tions are neglected here, since they were for most cases not publicly available. The
total number of degrees of freedom, v, is counted in the naive way as v = Robs —para,
where nghs = nLHC + nTev + 1 4 nLEo0 (for LHC, Tevatron, the Higgs boson mass,
and low-energy observables); npar, is the number of model parameters. In the SM
we have npar, = 1 (the Higgs mass), and for both MSSM analyses npara = 7. In the

2This HiggsBounds version contains besides the results in the last publicly available version
(version 4.1.0) the CMS result from the search for neutral Higgs bosons decaying into 7 pairs [7].
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following part, we will go through the terms of Eq. (7.2) and describe which values
enter the x> formula.

The measured signal strength modifiers provide the main dataset to which we fit
the MSSM Higgs sector. In total we include 37 observables, where nygc = 34 are
from the LHC experiments and ntey = 3 provide supplementary information from
the Tevatron.? The best fit signal strength modifiers of ATLAS and CMS are given
for different Higgs masses, corresponding to the values measured by the individual
experiments, i.e. we interpret the experimental discoveries by ATLAS and CMS as
being compatible, and due to a single new state. The Tevatron data, which does
not admit a mass measurement from the observed excess on its own, is evaluated
for My = 125GeV. All values are extracted directly from the quoted experimental
references, with one exception: ATLAS has not provided a measurement for the
signal strength modifier of H — ZZ™) separately for the 7 and 8 TeV data, but
only for the combination (the 7 TeV values are available from a previous analysis).
In order to compare to our 8 TeV predictions, these values are therefore calculated
from the 7TeV and 7 + 8 TeV data under the assumption of independent Gaussian
measurements, following the procedure outlined in [28]. This should lead to an
uncertainty on the estimated 8 TeV rate of the same order as the overall uncertainty
from neglecting the (unknown) correlations.

The MSSM predictions for the signal strength modifiers are evaluated according
to

_ >y wikok(pp — h, H) x BR(h, H — i)
pi= ScwikoM(pp — h, H) x BRSM(h, H — i)’

(7.3)

where o (pp — h, H) denotes the contribution to the Higgs production cross section
from partonic subprocess k, evaluated at the predicted Higgs mass. The production
modes considered are gluon-gluon fusion (gg), vector boson fusion (VBF), asso-
ciated vector boson production (Vh,VH), and associated tzh(H) production (see
Sect.4.2.1). The experimental efficiencies w;x have only been published by ATLAS
and CMS for the ~~ analysis; by CMS in the case of the subcategories, and by
ATLAS for the inclusive result. We make use of these numbers when they are avail-
able. For all other channels we have to use the “naive” efficiencies deducible from
the analysis description (e.g. for a VBF-type analysis tagging two forward jets, we
set w = 1 for the VBF cross section, whereas all other modes have w = 0). In
channels where the mass resolution is not good enough to separate contributions
from different Higgs bosons, we approximate the contributions from H and the
CP-odd Higgs A by adding their signal rates. We do not add the rates of the CP-
even Higgs bosons, whose joint contributions to the signal could include interference
effects. Our analysis is therefore limited to the case with a single CP-even Higgs
boson close to the observed signal. Since the CP-odd Higgs does not have tree-level
couplings to vector bosons (and hence also a reduced coupling to photons), it gives
a negligible contribution to the channels with vector bosons in the Higgs production

3The measured rates, which are taken into account, can be seen in Figs. 7.1 and 7.3 where we present
the results, see discussion below.
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Table 7.2 Original 2012 analysis: The experimental values and (SM) theory predictions for low-
energy observables (LEO) used to constrain the MSSM parameter space

Observable Experimental value SM value

BR(B — X,v) (3.43+0.21+ [57) (3.08 £ 0.22) x 10~*
0.07) x 10~

BR(By; — putu™) <42x107° [58] (3.55+£0.38) x 107°

BR(B, — ;) (1.66 £ 0.33) x 10~* | [57] (1.01 £0.29) x 10~

Say, (30.2+£9.0) x 10719 | [59-61] -

My (80.385 £ 0.015) GeV | [62, 63] (80.363 + 0.004) GeV

and/or decay. Effectively, the CP-odd Higgs therefore only plays a role for the inclu-
sive (0/1 jet) 777 channels. In these channels it can easily dominate over the H
contribution for large values of tan 3. In the light Higgs case, we find that the masses
of h and A differ by M4 — M), 2, 50GeV in the favoured region (see below). Thus
we do not take any contributions to the & rates from the CP-odd Higgs into account.

The cross section predictions entering Eq. (7.3) are calculated, both in the MSSM
and the SM, using FeynHiggs (version 2.9.4). In FeynHiggs, the results of
the LHC Higgs cross section working group for the SM cross sections are imple-
mented [29-31] (where the gg production cross sections are taken from [32]). The cor-
responding MSSM production cross-sections are obtained in the effective-coupling
approximation [33]. The gg production cross section follows the description in [34],
where results of [35-38] were used. The decay width evaluation includes a full one-
loop correction for the decay to fermions [39, 40]; see [34] for more details on the
other channels.

In addition to the signal strength modifiers, we include a x? contribution from the
measured Higgs mass My. Averaging the ATLAS and CMS mass measurements (at
that time), we obtain M g = 125.7GeV. We use a o My = 3GeV total uncertainty,
which accounts for both the theoretical uncertainties from missing higher orders and
for the experimental uncertainty.

In addition to the measurements related to the LHC Higgs signal, we include
nLgo = 5 low-energy observables (LEO) in the fit. These are listed in Table 7.2,
which summarises the experimental values* and the corresponding SM theory pre-
dictions (evaluated for ME’IM = 125.7 and m; = 173.2GeV). The flavour physics
observables are evaluated (both in the SM and the MSSM) using SuperIso (version

4We note that the Belle Collaboration has reported a new (lower) measurement of BR(B, — 7v;)
that is in better agreement with the SM (and also with models with two Higgs doublets, like
the MSSM) [41]. While we do not take this new result into account in our overall fit results, in the
following we do comment briefly on its possible effects. The measurement of BR(B; — p~ut) [42,
43] became public shortly after this analysis was conducted. Therefore here only an upper limit on
BR(By; — ptpu™) is included. Both of these results are included in the updated analysis. We do
not include the BaBar result on B — D™ 7~ [44], which shows (combining the D and D®
measurements) a 3.4 o deviation from the SM prediction, which can not be explained in the MSSM
either.
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3.2) [45-47], which in particular contains the results for BR(B — X;+) based on the
NNLO calculation of [48]. Our fit includes also the anomalous magnetic moment of
the muon, a;, = %(g —2),.- We use SuperIso to calculate the MSSM contribution
da,, to the anomalous magnetic moment of the muon including the dominant two-
loop contributions [49—51] (we have cross-checked those results with FeynHiggs
and found good agreement). As a final observable we include the MSSM prediction
for the W boson mass into the fit. As we saw in Sect. 5.6, the SM prediction shows
a ~ 1.5 o deviation from the latest experimental value. Here our MSSM evaluation
of My is done using FeynHiggs, where the full SM result [52] is supplemented
with the leading corrections from the 7/b sector [53—-55]. We did not yet have the
Fortran code for the My calculation, presented in Chap. 5, available at the time
this fit was pelrformed.5 A comparison with the best available MSSM evaluation [56]
shows that corrections >10MeV can be missed if some uncoloured SUSY particles
are light.® We assign a theory uncertainty of 15MeV to our My evaluation and con-
servatively combine it with the experimental uncertainty linearly. Thus in total we
take an uncertainty of +£30MeV into account.

Updated Analysis

A major change compared to the original analysis arises from the fact that we use the
code HiggsSignals version 1.2.0 [20] for the calculation of the x2 contribution
from the Higgs signal strength modifiers in the various decay channels and the Higgs
mass, X%{S = Xft + X%WH. The quantity Xﬁ is calculated as described in Ref. [20],
taking correlated systematic uncertainties into account. Including also the low-energy
observables, we calculated the total XZ as

NLEO
(0; — 0)
=Xas+ D, ——— (7.4)
i=1

In our update the signal strength modifiers from npgc + ntey = 80 Higgs decay
channels are included, out of which 9 are from Tevatron and 71 from the LHC.”
Additionally we include ny,, = 4 Higgs mass measurements from ATLAS and
CMS. The theory predictions for the p; are obtained with HiggsSignals (using
FeynHiggs input) taking efficiencies into account when they are available. For
more information on the X2 calculation in HiggsSignals and the included exper-
imental data, we refer to [20, 64].

3The Mathematica code is too slow to be included in a scan with ©(107) points.

6 The contributions from light sleptons can even be significantly larger (up to ~60MeV) when
all sleptons have masses just above the LEP limit as we have shown in Chap.5, which requires
My = M; ~ 100GeV together with a small mixing in the slepton sector (the mixing has to be
quite small to keep m, above the LEP limit). Such parameter points are not present here, since we
choose M~ > 200GeV and M = M; = 300GeV (M ML1 , = = M; ) in the original
(updated) analysl% A similar argument hold@ for the cha.rglno/neutrahno contrlbutlom since we
choose M> > 200GeV.

"The measured rates, which are taken into account, can be seen in Fig.7.2 where we present the
results, which will be discussed below.
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Table 7.3 Updated analysis: The experimental values and (SM) theory predictions for low-energy
observables (LEO)

Observable Experimental value SM value

BR(B — X;v) (343+£021+ [57] (3.08£0.22) x 1074
0.07) x 10~*

BR(B; — putp™) (2.9+0.7) x 107° [43] (3.874+0.5) x 107°

BR(B, — Tv;) (1.14 4+ 0.22) x 107 | [65] (0.80+0.12) x 1074

Say, (30.2+£9.0) x 10719 | [59-61] -

My (80.385 £ 0.015)GeV | [62, 63] (80.361 £ 0.004) GeV

The same flavour observables are included as in the original analysis. Updated SM
values for B physics observables are calculated in SuperIso-3.3 for Mysm =
125.7GeV and m; = 173.2 GeV and are summarised together with the experimental
measurements in Table7.3.% In the updated analysis the measurement of BR
(Bs — ptp~) by CMS and LHCb [43] is included. Further we use an updated
value for BR(B,, — 7v;), including the latest Belle result [41].

7.3 Results

In this section we will describe the results from the original analysis and the update for
the light Higgs case in parallel. We will typically start our discussions by showing
results for the light Higgs case of the original 2012 analysis, then we present the
corresponding results of the updated analysis, before turning to the heavy Higgs case
(again of the original analysis”).

In Table 7.4 we present the results of our fits (original 2012 analysis) in terms of
total 2 values (with v degrees of freedom), the reduced i, = X2 /v, and the corre-
sponding p-values.'? Since v is derived via the naive counting, the absolute numbers
of the p-values should not be over-interpreted; the relative numbers, however, give
a good impression of the relative goodness of the fits. For the SM and each MSSM

8The SM My value is slightly different from the one in Table 7.2, due to small changes in the input
values for SM parameters. We set the SM parameters here to the FeynHiggs default values. While
here the My prediction in the MSSM is obtained from FeynHiggs, we plan to use the Fortran
code presented in Chap. 5 in a future update of this analysis.

“We did not update the analysis for the heavy Higgs case yet.

10 The p-value provides information about the goodness of a fit, by quantifying the discrepancy
between the observed data and what one would expect from a certain hypothesis (e.g. a certain
model: SM, MSSM light Higgs case,...). To be more precise it gives the probability that a test
statistic is in equal or worse agreement with the expectation from the hypothesis than the actual
data. Thus large p-values show a good agreement of the expectation from the hypothesis with the
data, whereas small p-values correspond to a poor agreement. More details can be found e.g. in the
“Statistics” review in Ref. [25] .
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Table 7.4 Original 2012 analysis: Global x? results with v degrees of freedom from the fits of
the SM and the MSSM with either 4 or H as the LHC signal, the reduced x;, = x2/v, and the
corresponding p-values

LHC only LHC+Tev

X2 /v Xz P X2 /v Xz p
SM 27.6/34 081 0.77 31.0/37 | 0.84 0.74
h 233/28 | 0.83 0.72 26.8/31 | 0.86 0.68

26.0/28 093 0.57 33.1/31 | 1.07 037

LHC+LEO LHC+Tev+LEO

X2 /v X3 p X*/v X2 p

41.6/39 | 1.07 036 453742 | 1.08 0.34

26.7/33 | 0.81 0.77 30.4/36 | 0.84 0.73

355/33 | 1.08 0.35 424/36 | 1.18 0.21

The number of degrees of freedom are evaluated naively as v = ngbs — Mparam

interpretation (the cases of either & or H as the observed signal) we present four
different fits: one taking the complete dataset (LHC+Tevatron+LEO) into account,
one where the low-energy observables (LEO) are left out, one where the Tevatron
data are left out, and finally the fit where only LHC observables are considered.
When the fit is performed using only the high-energy collider data, both with and
without the Tevatron results, the obtained x> values of the best fit points are quite
similar between the SM and the two MSSM interpretations, where the fit in the heavy
Higgs case becomes slightly worse after the inclusion of the Tevatron data. When
low energy observables are included, the SM and the heavy Higgs case fits become
somewhat worse. In the latter case this can be understood from the potentially larger
contributions of light Higgs bosons to B-physics observables. For the SM fit the
reason lies in the fact that the SM prediction for (g — 2),, differs by more than 3 o
from the experimental value. Still we find that the SM provides a good fit to the
full dataset, with psy = 0.34. On the other hand, concerning the MSSM it should
be kept in mind that we did not fit the second generation slepton masses, which
could potentially further improve the a,, fit. For the complete fit, the corresponding
p-values in the MSSM cases are p, = 0.73 (py = 0.21) for the & (H) interpreta-
tions, respectively, which are both acceptable p-values. Thus for the light Higgs case
the MSSM gives a slightly better fit to the Higgs and low-energy data than the SM.

Table 7.5 Updated analysis: Global x? results with v degrees of freedom from the fits of the SM
and the MSSM light Higgs case, the reduced x; = X2 /v, and the corresponding p-values

LHC+Tev LHC+Tev+LEO

X2 /v Xy p X2 /v Xp p
SM 87.5/83 | 1.05 0.35 102.8/88 | 1.17 0.17
h 843/77 | 1.09 0.27 87.2/82 | 1.06 0.33
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Now we turn to the discussion of the fit results of the updated analysis, which are
summarised in Table 7.5. We show the results this time only for two separate cases:
once using the full data set (LHC+Tevatron+LEO) and once leaving out low-energy
data (LHC+Tevatron). Generally we find that after the inclusion of the additional
LHC Higgs data (and the new B physics measurements), the fit quality is somewhat
lower both in the SM and in the MSSM (light Higgs case) compared to our previous
results. For the fit using only the collider data, we find that (as before) the x> values
of the MSSM best fit point (with £ interpretation of the Higgs signal) is very similar
to the SM value. Both the SM and the MSSM provide quite a good fit to the data
with psm = 0.35 and p;, = 0.27. It is not surprising that also in the updated
analysis the SM fit gets worse when the low-energy data is included. The largest x>
contribution comes from the (g — 2), deviation, which is unchanged compared to
the original analysis. In the MSSM, the p-value increases slightly when low-energy
data is included, it is p, = 0.33 for the full fit of our updated analysis. Overall, the
data at this point shows no clear preference for the MSSM over the SM (or the other
way round). While the MSSM fit for the light Higgs case yields a lower total x>
value than the SM, this comes at the expense of additional parameters, so that the
difference in the p-value is rather moderate.

Starting with the best fit for the /& case, we show in Fig.7.1 the different best fit
points using all available data (LHC, Tevatron, LEO) (blue solid squares), leaving
out LEO (red diamonds) or leaving out the Tevatron data (blue open squares). The
comparison of these three different types of results allows to trace the origin of
possible trends in the fitted parameters. The experimental data on the signal strength
modifiers in the different channels (as indicated in the figure) is shown as black dots,
with the error bars corresponding to +1 o uncertainties on fi. The values for the
best fit point of the complete fit (LHC, Tevatron, LEO) are also presented in tabular
form in Table7.6. From here we can determine some characteristics of the best fit
point, such as an enhanced rate in the ++y final state and nearly SM rates for the other
channels. Leaving out the Tevatron data a (small) suppression of the fermionic final
states can be observed. The fitted rates demonstrate that the pMSSM-7 is able to
accommodate the main trends in the LHC/Tevatron data. However large deviations
from the SM predictions can not be explained in the MSSM (see discussion in
Sect.4.2.2). Comparing the best fit points with/without LEO, we find a qualitatively
very similar behaviour. In Table 7.6 we also give the details on the results for the
low-energy observables.!! In the light Higgs case, the only relevant contribution to
the total x% comes from BR(B, — 7v;). The best-fit value of BR(B; — )
lies somewhat below the SM prediction. This feature is indeed found for most of
our favoured region. We have checked that this trend is present already without
taking the x2 contribution of BR(By; — ' ™) itself into account, see also the
discussion in [66]. Interestingly, the best-fit value for BR(By — ™) is in very
good agreement with the recent LHC measurement [42, 43] (which was not included
in the fit of the original analysis).

The pull values are defined as (predicted value - observed value)/(uncertainty).
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Fig.7.1 Original 2012 analysis: Fit results for the signal strength modifiers, j;, in the case that the
light CP-even Higgs is interpreted as the new boson discovered at the LHC (light Higgs case). The
experimental data is shown as black dots (with error bars). The other symbols show best fit points,
corresponding to the full fit (LHC+Tevatron+LEO) (blue solid squares), without the Tevatron data
(blue open squares), and without LEO (red diamonds) (color figure online)
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Table 7.6 Original 2012 analysis: Best fit results (for the complete fit) with corresponding x>
contributions and pulls for each observable

Channel 5 [TeV] | X% Pull IH X%I Pull

ATLAS | bb 7 0.98 0.05 0.22 0.83 0.02 0.15

ATLAS | 77 7 0.98 0.11 0.33 2.46 1.67 1.29

ATLAS ww 7 0.99 0.69 0.83 1.25 1.50 1.22

ATLAS ww 8 0.99 231 -1.52 |1.25 1.19 -1.09

ATLAS | vy 7 1.41 0.95 -098 |1.10 1.94 -1.39

ATLAS | vy 8 1.42 0.18 -0.43 | 1.10 0.87 -0.93

ATLAS | ZZ 7 0.99 0.02 -0.13 | 1.25 0.02 0.16

ATLAS | ZZ 8 0.99 0.01 -0.09 |1.25 0.09 0.31

CMS bb (VH) 7 0.98 0.10 0.32 0.83 0.04 0.19

CMS bb (VH) 8 0.98 0.25 0.50 0.83 0.13 0.36

CMS bb (ttH) 7 0.98 0.72 0.85 0.83 0.61 0.78

CMS 77 (0/1 jets) | 7 0.97 0.00 -0.02 272 1.43 1.20

CMS 77 (0/1 jets) | 8 0.97 0.57 -0.76 | 2.81 0.20 0.44

CMS 71 (VBF) 7 1.04 4.12 2.03 0.61 2.92 1.71

CMS 77 (VBF) 8 1.04 4.24 2.06 0.61 3.03 1.74

CMS 77 (VH) 7 1.04 0.01 0.09 0.61 0.00 -0.02

CMS ~v7 (Dijet 8 1.45 1.04 1.02 1.15 0.76 0.87
loose)

CMS ~v7 (Dijet 8 1.48 0.01 0.12 1.19 0.00 -0.06
tight)

CMS vy 8 1.44 0.00 -0.02 |1.13 0.07 -0.26
(Untagged 0)

CMS vy 8 1.42 0.01 -0.09 |1.10 0.16 -0.39
(Untagged 1)

CMS ¥y 8 1.41 0.18 0.42 1.09 0.02 0.14
(Untagged 2)

CMS ¥y 8 1.41 1.80 -1.34 | 1.09 232 -1.52
(Untagged 3)

CMS ~7 (Dijet) 7 1.48 1.80 -1.34 | 1.19 221 -1.49

CMS ¥y 7 1.44 0.89 -094 |1.14 1.24 -1.11
(Untagged 0)

CMS ¥y 7 1.41 0.65 0.81 1.10 0.23 0.48
(Untagged 1)

CMS ¥y 7 1.41 0.35 0.59 1.09 0.10 0.32
(Untagged 2)

CMS vy 7 141 0.01 -0.07 | 1.09 0.07 -0.27
(Untagged 3)

(continued)
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Table 7.6 (continued)

Channel s [TeV] | X2 Pull | ppy X% Pull
CMS WW (0/1 7 0.98 040 |064 [123 |1.09 |[1.04
jets)
CMS WW (0/1 8 0.98 005 (022 [123 036 [0.60
jets)
CMS WW (VBF) |7 1.05 112 [1.06 |139 |147 [1.21
CMS WW (VBF) |8 1.05 0.03 |-0.17 [1.39 [0.00 |0.01
CMS WW (VH) 7 1.05 150 122 |139 [1.78 [1.33
CMS zz 7 0.99 021 |045 125 |0.69 [0.83
CMS zZZ 8 0.99 008 028 [125 043 |0.65
LHC Higgs mass (GeV) 1261 [0.02 |0.13 1258 [0.00 |0.03
Tevatron | bb 1.96 0.98 213 |-146 |083 282 |-1.68
Tevatron | v 1.96 1.24 0.88 |-094 097 108 |-1.04
Tevatron | WW 1.96 0.87 024 049 [1.11 049 [0.70
LEO BR(B — X,v) x 10* 3.41 0.00 |-0.03 [438 212 |146
LEO BR(B; — ptp™) x 100 | 2.79 0.00 |0.00 |224 000 |0.00
LEO BR(B, — Tv;) x 10* 0.98 237 |-1.54 [0.80 [3.78 |-1.94
LEO bay, x 10° 2.58 024 |-049 |134 348 |-1.87
LEO My (GeV) 80.379 |0.04 [-0.19 |80.383 |0.00 |-0.05

Table 7.7 Updated analysis: Best fit results (for the complete fit) with corresponding x? contribu-
tions and pulls for the low energy observables

LEO 0; X; Pull
BR(B — X;v) x 10* 3.55 0.03 0.18
BR(B; — ptp™) x 10° 3.66 0.77 0.88
BR(B, — Tv;) x 10* 0.78 2.00 -1.41
Say, x 10° 2.76 0.09 -0.29
My (GeV) 80.382 0.01 -0.10

The results for the best fit point of the updated analysis are shown in Fig.7.2.
The black dots with error bars display the measurements for the signal strength
modifiers in the 80 channels which are included in HiggsSignals version
1.2.0. The corresponding predictions of the MSSM best-fit point of the full fit
(including LHC, Tevatron and low-energy data) are shown as red, solid squares.
One can see that the predictions of the MSSM best-fit point for the signal strength
modifiers are ~1 (the SM value) for all decay channels, apart from the vy channel.
The rate in the y+y decay channel is enhanced by ~20 %. As we will discuss in more
detail below, light staus (leading to an enhanced v+ rate) are (indirectly) favoured
by the (g — 2),, measurement (which favours light selectrons and smuons), since
lepton mass universality is assumed in the updated analysis. We checked that also
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Fig. 7.2 Updated analysis: Fit results of the updated analysis for the signal strength modifiers, y;,
in the light Higgs case. The experimental data is shown as black dots (with error bars). The red
solid squares indicate the best fit point of the full fit (LHC+Tevatron+LEO) (color figure online)

the best-fit point of the fit taking collider data only (without low-energy observables)
shows a slightly enhanced y+ rate (by ~10 %.). Table 7.7 shows the predictions of the
best-fit point for the low-energy observables and the corresponding x? contributions.
After the inclusion of the Belle result [41] the x> contribution of BR(B, — Tv;)
is slightly reduced (even though the MSSM prediction is even lower than in the
original analysis), however it still accounts for the largest x2 contribution out of the
low-energy observables. Using just the Belle result (0.96 & 0.26 x 10~%) instead
of the world average would substantially reduce the y? contribution and lead to a
better MSSM fit. Including the measurement for BR(B; — p* ™), instead of just
an upper limit, gives a non-vanishing x> contribution. Further we find that setting
M Fio = M [, = M 2 leads to an improved prediction for (g — 2),,. The total X2
contribution from all low-energy observables remains at roughly the same value as
in the original 2012 analysis.

The best fit points for the heavy Higgs case are presented in Fig.7.3 (numerical
values in Table7.6). As the figure shows, essentially the same best fit point (albeit
with different total 2 values) is obtained for the different cases with/without LEO.
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Fig. 7.3 Fit results for the signal strength modifiers, j;, in the case that the heavy CP-even Higgs
is interpreted as the new boson seen at the LHC (heavy Higgs case). The experimental data is shown
as black dots (with error bars). The other symbols show best fit points, corresponding to the full
fit (LHC+Tevatron+LEO) (blue solid squares), without the Tevatron data (blue open squares), and
without LEO (red diamonds) (color figure online)
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Fig. 7.4 Original 2012 analysis: Distributions of Ax% versus the different signal rates (defined
in the text) for the light Higgs case (we refer to the x? value of the complete fit). The colours
show all points in the scan (grey), and points that pass the direct Higgs search constraints from
HiggsBounds version 3.8.0 (blue) (color figure online)

The rates we find in the heavy Higgs case are similar to the ones in the light Higgs
case. Leaving out the Tevatron data, however, has a larger qualitative impact on the
results, and the best-fit point in this case has rates close to zero in the bb channel. In
Table 7.6 we also give the results for the low-energy observables in the heavy Higgs
case. One can see that the relatively small value of the Higgs mass scale in this case
leads to non-negligible X2 contributions from BR(B — X,~v) and BR(B, — Tv;),
where the latter would substantially improve for a value close to the new Belle result.
Also the SUSY contribution to a,, turns out to be relatively small, giving a sizeable
contribution to the total x? (which is however affected by our choice in the original fit
to keep the slepton mass parameters fixed). Concerning BR(B; — ™) it should
be noted that, as in the light Higgs case, the preferred value is below the SM result,
which again holds for most of the favoured region.

We now turn from the global fit properties and the best fit points to a more
detailed analysis of the scan results. From here on we will always consider the
complete fit, including LHC, Tevatron and LEO data. Starting again with the original
analysis, Fig. 7.4 shows distributions of A X%z = Xﬁ - X%,min (light Higgs case) for the
different signal rates. The colour coding is as follows: all points analysed in the scan
(which pass theoretical consistency checks and have one CP-even Higgs boson in the
interval around the observed signal) are shown in grey. The blue points in addition
fulfil constraints at 95 % CL from direct Higgs searches applied by HiggsBounds
version 3.8.0. The signal rates are calculated as the inclusive Higgs production cross
section (evaluated at /s = 8TeV) times the decay rate, normalised to the SM
predictions

e _ > 0i(pp — h, H) x BR(h, H — X) '
X > oM(pp — h, H) x BRM(h, H — X)

(7.5)

The only final state for which we consider a different observable than the fully
inclusive Higgs production is bb, where the sum is only taken over the cross sec-
tions for (h, H)Z and (h, H)W?* associated production. As described above, for
the inclusive 717~ channels we consider the contribution of both H and A when
these are close in mass. To make it clear when this is the case, we denote the joint

(inclusive) rate as Rff/ 4 We also define a common rate for vector boson final states



158 7 Fitting the MSSM to the Observed Higgs Signal

Ryy = Rww = Rzz. We do not include the experimental efficiencies for the
channel in Eq. (7.5), since the efficiencies are different for the two experiments. These
are however used for the different predictions entering the fit (as described above).
Investigating the best fit rates in some more detail, we find in the original analysis

h 0.22 h 0.12 0.03 0.01
Ryy = 0.99757), Ry, =1 42105, Ry, = 0982575, = 0.98%55,-
(7.6)

where the uncertainty intervals are extracted from the range with A X% < 1 (corre-
sponding to 68 % confidence intervals in the Gaussian case). For RffT we observe
a distribution which is very flat near the minimum. This indicates a low sensi-
tivity in the fit to constraints from 777~ final states, and it permits substantially
reduced 777 rates at a very low additional x> contribution. We will see that this
has changed substantially in the update where the most recent data from the 77
channel by ATLAS [67] and CMS [68] is included.

The results for the updated fit are presented in Fig.7.5. It is clearly visible
that including the latest experimental measurements from ATLAS and CMS (with
reduced uncertainties) leads to significantly narrower A Xﬁ distributions, especially
for R"’,V, RZb and R”_. The best fit rates are:

=0. 99"1‘8 %’ Rh - 1. 21+0 11 Rbb =0. 97+0 .06 Rh = 1. 03-'1-0 .05
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Fig. 7.5 Updated analysis: Distributions of A X% versus the different signal rates for the light Higgs

case (we refer to the x2 value of the complete fit). The colours show all points in the scan (grey), and
points that pass the direct Higgs search constraints from HiggsBounds version 4.2.0beta (blue)
(color figure online)
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Fig. 7.6 Original 2012 analysis: A X%, versus the different signal rates (defined in the text) for the

heavy Higgs case (we refer to the x2 value of the complete fit). Colour coding the same as in Fig. 7.4
(color figure online)
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Fig. 7.7 Original 2012 analysis: Correlations between signal rates for the light Higgs case. The
colour coding follows that of Fig.7.4, with the addition of the favoured regions with Ax% <23
(red) and Axﬁ < 5.99 (yellow). The best fit point is indicated by a black star

Results for the heavy Higgs case are shown in F1g 7.6. The resulting A2 4y distrib-
utions for individual Ry are similar to those for A2 5 (of the original analysis), except
for R, where the additional contribution from the A boson strongly enhances this
quantity over the corresponding result in the light Higgs case. Extracting the results
for the minimal x? in the same way as for the light Higgs case, we obtain

H 030 pH 0.18 005  pH/A 031
R{y, = 125700, RI =1.10%00¢, RE, =0.83%05, RE/A =2.54%00
(7.8)

More information about the phenomenology of the pMSSM—-7 Higgs sector can
be found from the correlations between the different rates. This is shown in Fig.7.7
for the light Higgs case (original analysis). Compared to the one-dimensional x>
distributions of Fig.7.4, this figure introduces two new colours that are used in
the following to show regions close to the minimum y2. We highlight points for
which Axh gy < 2.3 (red) and AX;, g < 5.99 (yellow). In the Gaussian limit these
correspond to 68 % (95 %) confidence regions in two dimensions. We shall refer
to these points simply as the favoured region/points, or sometimes most favoured
region/points when Axi g < 2.3 is discussed. The best fit point is indicated in the
figures by a black star.

The left plot of Fig. 7.7 shows the strong, positive, correlation between Rh vy and

"m (compare Fig.6.7 for a corresponding analysis in the NMSSM). In most of the
viable parameter space we find Rw > R"’,V. The favoured region contains points

with fully correlated rates in the interval 0.9 < Rh VY < 1.6, but also solutions
with lower degree of correlation, where a vy enhancement (up to Rf’w ~ 1.8) is
accompanied by a much smaller (or no) enhancement of R@V. In the second plot of
Fig.7.7 we compare the results of R% and Ré’b (we remind the reader that the latter
rate is calculated using the V H production mode only) and we find an anticorrelation
between these two rates. As we discussed in the last chapter, this can be understood
from the fact that the h, H — bb decay gives the largest contribution to the total
width for a Higgs boson in this mass range, both in the SM and (typically) also in
the MSSM. A reduction of the h, H — bb partial width is therefore effectively
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Fig. 7.8 Updated analysis: Correlations between signal rates for the light Higgs case. The colour
coding follows that of Fig. 7.5, with the addition of the favoured regions with A Xi < 2.3 (red) and

A X%, < 5.99 (yellow). The best fit point is indicated by a black star

a reduction of the total decay width, which leads to a simultaneous enhancement
of the branching ratios into the subdominant final states. We already discussed this
mechanism to enhance the ~y rate in detail in Chap.6. As we can see here the
reduction of the total width also affects other rates, like R(‘,V. The third (right) plot
in Fig.7.7 shows the weak correlation of RQT to R{,’b, where in principle any value
of RﬁT < 1 is found in the favoured region for RZb <1

The rate correlations for the updated fit can be seen in Fig. 7.8. The general trends
are the same as in the original analysis. We see that the regions of allowed (blue) points
are smaller, e.g. points with RflW > 2, as were still allowed in our 2012 analysis, are
excluded by HiggsBounds version 4.2.0beta. Also the size of the (most) favoured
regions is clearly reduced. The favoured region still extends to Rf’w ~ 1.5, while
for the other rates it is restricted to values close to 1. This can easily be understood,
looking at the Ax? distributions in Fig. 7.5, where one can see that small deviations
of Rl}alb’ R and R}",V from their minimum values (close to 1) entail significant
additional x? contributions. A (slight) enhancement of R% without a simultaneous
suppression of RZb can arise from light staus in the loop-induced 7 — ~~y decay, as
we already mentioned in the previous chapter. This possibility, which is favoured by
the current data, will be discussed in more detail below.
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Fig.7.9 Original 2012 analysis: Correlations between signal rates in the heavy Higgs case. Colours
similar to Fig.7.7, but here representing Axil < 2.3 (red) and Axé < 5.99 (yellow). The black
star indicates the best fit point for the heavy Higgs case
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Fig. 7.10 Higgs sector tree-level parameters (M4, tan 3) in the light Higgs case for the original
2012 fit (left) and the updated fit (right)

Turning to Fig. 7.9, we show the rate correlations for the heavy Higgs case (original
analysis). Similar results as in the light Higgs case are visible in the heavy Higgs
data, with the notable difference in the 777 rate, mainly due to the inclusion of the
contribution from the CP-odd Higgs A. The favoured regions are found at values for

Rg/ A between 2 and 4, while RZ) remains below 1.

We now briefly discuss what mechanisms can alter the branching ratios in the
manner observed, and what the consequences are for the favoured regions of the
MSSM parameter space. In Fig.7.10 we show the scan results for the light Higgs
case in the plane of the Higgs sector tree-level parameters (M 4, tan ), where the
results of the original (updated) fit are shown in the left (right) plot. Starting with
the left plot one can note the region at low M4, high tan 3 which is excluded by
direct MSSM Higgs searches (mainly H/A — 77 77). The excluded region appears
smaller in this plane than the corresponding results published by the experiments [5,
69], since their results are shown only for one particular benchmark scenario (the
so-called m '™ scenario [14]). We see that the regions of very high tan 8 2 40, and
also low tan 3 < 8, are disfavoured by the fit. At high tan 3 this results from a poor
fitto (g —2),, and flavour observables, whereas for low tan 3 the fit to the LHC Higgs
observables becomes worse. For low tan 3 it also becomes increasingly difficult to
fit the relatively high Higgs mass value. Low values of M4 are disfavoured by the
fit results. The region in which we find points with M}, close to the observed signal
starts at M4 2 150GeV. The preferred region starts at M4 = 170GeV (and the
most favoured region at M4 = 230GeV). Taking the rate information into account
therefore suggests somewhat higher mass scales for the MSSM Higgs sector than
what is required by the M n ~ 125.7GeV Higgs mass measurement alone [70].
The relatively large M4 values imply that the MSSM is in the decoupling region
(M4 > Mz), where the light Higgs has (almost) SM-like couplings. Note that this
is already a consequence of the mass measurement alone and therefore no large
deviations from the SM predictions are expected. This agrees with our findings
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in Fig.7.1. It is not surprising that the rate measurements push the MSSM even
further in the decoupling limit, given the high quality of the SM fit to the LHC data.

Turning to the right plot, we see that in the updated analysis a significantly larger
part of the parameter plane (low M 4/high tan ) is excluded by the experimental
limits included in HiggsBounds version 4.2.0beta. This exclusion is dominated
by the constraints from the updated MSSM H/A — 777~ search by CMS [7]. The
updated rate measurements push the favoured and most favoured regions further in the
decoupling limit, starting now at M4 2 250GeV and M4 2 400 GeV respectively.
While in the original analysis tan 3 values 2 40 and < 8 were disfavoured, we
observe that the favoured range for tan 5 opens up in the updated analysis. For
M Fra = M [, = 300GeV (as we had in the original analysis) and tan 5 > 40 the
MSSM contributions to (g — 2),, are too large to explain the deviation between the
SM and the measured value, leading to a large X%g—Z)“ contribution and therefore

a worse fit. By setting M B, =M = Mj, in the updated fit, we find a better

Lo
prediction for (g — 2),, in the region of large tan (.12 In the original analysis we
had approximately twice as many scan points as in the update. With more points the
density of the yellow/red points in the right plot will increase. However we remind
the reader that the point density has no physical meaning.

For the heavy Higgs case, as shown in Fig. 7.11, the situation is very different. Low
values for M 4 are preferred, and the favoured region in (M 4, tan 3) is much smaller
than for the light Higgs case: 110 GeV < M4 < 140GeV and 7 < tan 8 < 13.
Even though H can be very SM-like in this scenario, this situation is very different
from the decoupling limit in the light Higgs case since it implies that all five MSSM
Higgs bosons are light.

While in the heavy Higgs scenario the low preferred values for M 4 typically lead
to a situation where H, A, and H* are rather close in mass, the lightest Higgs boson,
h, can have a significantly lower mass, as illustrated in Fig.7.12. As we see from
this figure, points with M; < 90GeV have a very small effective coupling to vector
bosons, gﬁ 77 < 1, which explains why such light Higgs bosons are compatible with

121n the updated fit, points with large tan /3 values that have a small X% 9-2), have typically Mz = =
M; > 400GeV.



7.3 Results 163

Fig. 7.12 Original 2012
analysis: Effective coupling
squared g,% 2 of the lightest
MSSM Higgs boson to a Z
boson pair, as a function of
the lightest Higgs mass M),
in the heavy Higgs case
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the Higgs search limits from LEP. The bulk of the favoured region in this case is found
for 60 GeV < M, < 90GeV, with an effective coupling squared to vector bosons at
the sub-percent level. Another feature which is clearly visible in the Hi ggsBounds
allowed points (blue) is the degradation of the limit around M), ~ 98 GeV, which
was caused by a slight excess of events observed at LEP in that mass region. While
a scenario in which the Higgs signal at the LHC is interpreted as the heavy CP-even
Higgs, together with M), ~ 98 GeV is in principle possible (see also [70, 71]), it is
clearly not favoured by our rate analysis.

In the heavy Higgs case only values of the charged Higgs boson mass below the
top mass (M y+ < m;) are found, which offers the possibility to test this scenario at
the LHC by searching for charged Higgs bosons in top quark decays. We therefore
show in Fig. 7.13 the fit results for BR(t — bH ™) as a function of M+ . The current
upper limit on this decay mode [12] (published after this analysis was performed)
sets very stringent constraints on this interpretation. Comparing the limit presented
by ATLAS, which is displayed in Fig.4.6 (and which is additionally shown as a
black line in Fig.7.13) with the favoured region obtained from the fit, one sees that
the most favoured region (and most of the favoured region) is excluded at the 95 %
CL. However there are still allowed (blue) points not excluded by the limit of Ref.
[12], for which the mass of the heavy CP-even Higgs is close to the observed signal.

Fig. 7.13 Original 2012 1
analysis: Branching ratio of
the top quark into a charged
Higgs boson and a bottom
quark in the heavy Higgs
case. The experimental upper
limit [12] on this decay mode
is indicated as black line
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Fig.7.14 Original 2012 analysis: Stop mixing parameter X, /Mg, versus the light stop mass (left),
and the light versus heavy stop masses (right) in the light Higgs case

We are currently working on an update to investigate to what extent the interpretation
of the signal in terms of the heavy CP-even Higgs in the MSSM is still viable.

The most relevant parameters for higher-order corrections in the MSSM Higgs
sector are the soft SUSY-breaking parameters in the stop sector. In Fig.7.14 we
show (for the original analysis) X;/Mg, versus the light stop mass (left plot) and
the light versus the heavy stop mass (right plot) in the light Higgs case. In the left
plot one can see that the case of zero stop mixing in the MSSM is excluded by the
observation of a Higgs at Mj, ~ 125.6 GeV (unless M, is very large), and that values
of | X,/ Mz, | between ~1 and ~2.5 must be realised if M, is at the TeV scale. For the
most favoured region we find X;/Mz, = 2—2.5. It should be noted here that large

values of |A;| (|A;] = /6 M3, ) could potentially lead to charge and colour breaking

minima [72-78]. We checked that applying a cut at |A;| 2 /6 M3, would still leave
most points of the favoured region. Concerning the value of the lightest scalar top
mass, the overall smallest values are found at my ~ 200 GeV, in agreement with
[70]. Even taking the rate information into account, the (most) favoured values start
at my, 2 200GeV for positive X;. Such a light f1 is accompanied by a somewhat
heavier 7, as can be seen in the right plot of Fig. 7.14. Still, values of m 7 ~ 200GeV
are realised for mj ~ 600 GeV, which would mean that both stop masses are rather
light, offering interesting possibilities for the LHC. The highest favoured m;, values
we find are ~1.4TeV. These are the maximal values reached in our scan, but from
Fig.7.14 it appears plausible that the favoured region extends to larger values of both
stop masses. Such a scenario would be extremely difficult to access at the LHC. For
the interpretation of these results it is important to remember that we have assumed
a universal value for the soft mass parameters in the scalar top and bottom sector.
Relaxing this assumption would potentially lead to larger regions of parameter space
in which all applied constraints can be satisfied and which provide a good fit result.

Turning to the updated fit, we see in Fig.7.15 that the most favoured region for
X:/Mj, widens and that red points can be found for X;/Mz, = 1-2.5, as well
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Fig. 7.15 Updated analysis: Stop mixing parameter X, /Mg, versus the light stop mass (left), and
the light versus heavy stop masses (right) in the light Higgs case
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Fig. 7.16 Original 2012 analysis: Stop mixing parameter X, /Mg, versus the light stop mass (left),
and the light versus heavy stop masses (right) in the heavy Higgs case

as for negative X;.'3 This is connected to the fact that a suppression of bb is no
longer favoured, as we will demonstrate below. While the best fit point has heavy
stops (with masses close to the upper scan limit) the (most) favoured region goes
down to significantly lower m;, values. The favoured (most favoured) region starts at
m; 2 300GeV (mj 2, 400GeV), i.e. somewhat higher values than in the original
analysis.

The results for the scalar top masses in the heavy Higgs case (original analysis)
look quite similar to the light Higgs case, but with substantially smaller favoured
regions, which are nearly solely realised for positive X; with X,/Mz, = 2-2.3,
as can be seen in Fig.7.16. The favoured values of m; range between ~250 and

131n Fig.7.15 we extended the plotted range to large m 7, values, to include the best-fit point in the
plot. The edges for large m;, indicate the upper scan limits. The same feature would be visible in
Fig.7.14 if the plotting range were extended to larger m; masses.
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Fig. 7.17 Original 2012 analysis: Dependence of the rates Ri’w and RZ’b (VH) on the stop mixing

parameter X, /M, for the light Higgs case
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Fig. 7.18 Updated analysis: Dependence of the rates qu, and RZb (VH) on the stop mixing para-
meter X,/ Mg, for the light Higgs case

~700GeV, whereas the preferred range of the heavy stop extends from m;, ~ 650
to mz, ~ 1100GeV.

We now turn to the analysis of rates as a function of the underlying MSSM
parameters. This comparison allows to analyse the various mechanisms that are
responsible for the observed slight differences in the decay rates with respect to the
SM values.

In Fig.7.17 (original analysis) we analyse the correlation between the ratio
X:/Mg, and R% (left) or RZb (VH) (right) in the light Higgs case (for the origi-
nal 2012 analysis). It can be seen that the enhancement in the v~y channel is only
substantial for X,/Mg, Z 2, where values of up to R’};’y ~ 1.7 can be reached in
the favoured region. As we discussed in the previous chapter such an enhancement
can have two sources: a suppression of I'(h — bb)—the largest contribution to the
total width—or a direct enhancement of I'(h — ~+). That the first mechanism is
(in the original analysis) indeed responsible for a substantial part of the scenarios
with an enhancement of R% can be seen in the right plot of Fig. 7.17, which together
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Fig. 7.19 Original 2012 analysis: Correlation of the u parameter to the value of M4 (left), and
dependence of Ay, corrections on p tan 3 (right), both in the light Higgs case

with the middle plot of Fig.7.7 illustrates that the enhancement in the  channel in
the favoured regions is accompanied by some suppression of the bb channel. This
suppression/enhancement is realised for large, positive values of X;/Mz,

Figure 7.18 displays the results for the updated analysis. The most favoured region
contains points in the range 0.9 < R% < 1.3, however—contrary to the original
2012 fit—the v enhancement is essentially not caused by a suppressed bb rate. Since
a suppression of R,};b is no longer favoured by the updated fit, the clear preference
for large, positive X,/ M,, which we saw in the original analysis, is less pronounced
in the fit of the updated analysis.

As analysed in Sect.6.3.1, a suppression of bb can happen in different ways: A
suppression of the 4 — bb channel occurs for scenarios with small .. Further-
more, genuine corrections to the hbb vertex entering via the quantity A, o jtan 3
[79-82],'* can give rise to suppression of the 1 — bb channel, see Eq. (6.8). While
the loop-corrected coupling g5, as given in Eq.(6.8), approaches the SM cou-
pling in the decoupling limit (M4 > Mz), a suppression of g,,; is possible for
M 4 not too large provided that Ap is numerically sizeable and positive. We analyse
this in Fig.7.19 (original analysis). The left plot in this figure shows that the most
favoured regions are obtained for > 1TeV, and that the combination of small p
and M4 < 500GeV is disfavoured. The corresponding Aj values are shown in the
right plot as a function of x tan 3. The most favoured regions are found in the range
0.3 < A < 1.5, for correspondingly large values of sitan 8 ~ 30-70 TeV. Note
that the large values for the A}, corrections do not pose problems with perturbativity,
since they tend to reduce the bottom Yukawa coupling. It should be noted that the A,
corrections in Eq. (6.8) have another important effect: while in the absence of those
contributions a small value of aer would give rise to a simultaneous suppression
of the Higgs couplings to bb and to 7777, the A;, corrections differ from the cor-
responding contributions to the gy, ,+,- coupling. This implies in particular that the

14 The dominant contributions to A, beyond one-loop order are the QCD corrections, given in [83].
Those two-loop contributions are not included in our analysis.
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Fig. 7.20 Updated analysis: Correlation of the p parameter to the value of M4 (left), and depen-
dence of A, corrections on p tan (3 (right), both in the light Higgs case

Jnr+-— coupling may be suppressed while the g, ; coupling remains unsuppressed
(and vice versa).

The updated results in Fig.7.20 show no preference for large 1 (large Ap) val-
ues. This is expected, since a suppression of bb is no longer favoured. The most
favoured region of the updated fit includes points with A values in the range from
0 to ~1.3GeV. In the left plot we can see (as before) that the favoured regions is
pushed to higher M4 values.

For the second mechanism, a direct enhancement of the I'(h — ) width,
it is known that other SUSY particles can play an important role. One possibil-
ity that has been discussed in the literature is to have very light scalar taus [84,
85]. The effect of light scalar taus can also be observed in our analysis, as can be
seen in Figs.7.21 and 7.22. Here we show I'(h, H — ~v)/T'(h, H — 7v7v)sm
as a function of mz . We start the discussion with the light Higgs case shown in
Fig.7.21. In the original 2012 analysis, shown in the left plot, for mz ~ 100GeV
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£ 1.0 £ 1.0F T e ancoa b e
= & 08p '
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Fig. 7.21 Enhancement of the # — <~ partial width in the presence of light staus for the light
Higgs case. The left plot shows the result of the 2012 analysis, the right plot shows the update
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Fig. 7.22 Original 2012
analysis: Enhancement of the
h — ~y partial width in the
presence of light staus for the
heavy Higgs case

SM

I'(H— yy)/T'(H= vv)

the enhancement over the SM width reaches 50 % in the favoured region. Even
lower values of mz, (which are allowed by limits from direct searches, see [25]) are
forbidden in our scan from the requirement that the LSP is the lightest neutralino,
together with the lower limit of M > 200GeV and the GUT relation between
M and M,. Relaxing these assumptions would allow for a larger enhancement of
I'th — vy)/T'(h = ~vY)sMm, as is clear from the sharp rise of this rate seen in
Fig.7.21 for low m3,. For mz, Z 300GeV a decoupling to the SM rate is observed.
Through the contributions of light scalar taus it is thus possible to accommodate
enhanced values of Rz,y, while maintaining sz and R(’,V at the SM level. While the
best fit point has m; ~ 100 GeV, the most favoured region covers the entire m; range.

Also in the updated analysis (right plot of Fig.7.21) the preference for light staus
is clearly visible. Since the latest bb measurements restrict the R{,’b to values close to
1, light staus are the dominant source of the Rf’W enhancement. Even though R% ~1
belongs to the most favoured region, heavy staus (2600 GeV) are less favoured by
the fit. This feature stems from the fit to (g — 2),,, since in the updated fit we choose

MEI,Z = MZI,2 = Ml~3'

RE, (VH)

X/M. X/M.
g, 5

Fig. 7.23 Original 2012 analysis: Dependence of the rates R% and be (VH) on the stop mixing
parameter X, /Mg, for the heavy Higgs case
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Fig. 7.24 Original 2012 analysis: Correlation of the p parameter to the value of M4 (left), and
dependence of Ay, corrections on p tan 3 (right), both in the heavy Higgs case

Table 7.8 Best fit parameter values (in the respective middle column) and ranges for Axi g <1

parameter Light Higgs case Light Higgs case Heavy Higgs case
Original 2012 fit Updated fit Original 2012 fit
Best fit Best fit Best fit
My (GeV) | 300 669 860 398 858 (1000) | 120.5 | 124.2 | 128.0
tan 3 15 16.5 26 9.8 29 (60) 9.7 9.8 10.8

 (GeV) 1900 | 2640 | (3000) | 845 2128 | 3824 1899 | 2120 | 2350
Mg, (GeV) | 450 1100 | (1500) | 637 1424 1481 580 670 740
M;, (GeV) | 250 285 (1500) | 230 356 463 (200) | 323 (1500)
Ay (GeV) 1100 | 2569 | 3600 1249 | 2315 3524 1450 1668 1840
M> (GeV) | (200) | 201 450 (200) | 229 (500) | (200) | 304 370
My (GeV) | 1222 | 126.1 | 127.1 | 124.6 | 1255 | 1264 | 63.0 65.3 72.0
Mpy (GeV) | 280 665 860 386 858 (1000) | 1239 | 125.8 | 126.4
Mpy= (GeV)| 310 673 860 405 858 (1000) | 136.5 | 138.8 | 141.5

Values in parentheses indicate that the limit of the scan range has been reached

In the heavy Higgs case, on the other hand, as shown in the right plot of Fig.7.22,
the favoured region is located close to one, and light staus do not contribute to a
possible enhancement of Rf/'{/.

Similarly to the light Higgs case, we investigate the dependence of the rates on the
stop sector parameters for the heavy Higgs case. The results are shown in Fig.7.23.

As in Fig.7.16, the favoured regions are given for large and positive X;/Mg,, where

we find 0.8 < R% < 1.6 and a corresponding suppression of 0.6 < Rﬁ < 1.0.

The A} corrections can also in this case be largely responsible for the suppression
of the R:E rate, as we show in Fig.7.24. Here one can see that in the heavy Higgs
scenario only values of Aj; between ~0.3 and ~0.6 are favoured, which are realised
for 10 TeV < ptan 3 < 35 TeV, i.e. smaller values than in the light Higgs case (of
the original 2012 analysis).
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In order to summarise the discussion on favoured MSSM parameter regions, we
list in Table7.8 the parameter values for the best fit points (of the complete fit).
We also give the parameter ranges corresponding to Axi y < L. For several of
the parameters this range extends to the limits of our scanned interval. Cases like
this have been indicated in Table7.8 with parentheses around the corresponding
numbers. One can see that in most cases the ranges with Axf” g < 1are quite wide.
In the original analysis, one exception is tan /3, which is relatively tightly constrained
(at least at the level of AX%,, g < 1) in the light Higgs case, and even more so in the
heavy Higgs case. However the tan 3 range got significantly wider for the updated
fit. For the updated fit M;, is constrained to relatively small values, which is in
particular an effect of (¢ — 2), as we analysed above. In the heavy Higgs case, as
discussed above, also the masses of the additional Higgs bosons are relatively tightly
constrained. More precise experimental data would be needed to achieve tighter con-
straints on the other fitted parameters which enter the MSSM Higgs phenomenology
via loop corrections. The fact that even in the more “exotic” scenario, where the
observed signal is interpreted in terms of the heavier CP-even Higgs of the MSSM,
the values of individual SUSY parameters are only moderately constrained by the
fit illustrates that a reasonably good description of the data can be achieved without
the need of tuning certain parameters to specific values. It remains to be studied how
much this will change when updating also the analysis for the heavy Higgs case.

7.4 Summary

We have analysed the compatibility of the Minimal Supersymmetric Standard Model
(MSSM) with the recent discovery of a Higgs boson at the LHC. To this end we have
studied the low-energy (phenomenological) pMSSM-7 parameter space, where we
allowed the seven parameters most relevant for Higgs and flavour phenomenology
to vary freely.

A random parameter scan over the seven free parameters with O(107) scan points
has been performed. For each scan point, a x> function was evaluated, taking into
account the measured rates in the individual Higgs search channels from ATLAS,
CMS, and the Tevatron, the best-fit mass values of the LHC experiments, as well
as the following low-energy observables: BR(B — X;v), BR(By, — utpu™),
BR(B, — Tv7), (9—2), and My . In this chapter we presented the original analysis
performed in the end of 2012, where we took 37 Higgs boson rate measurements into
account. We also showed the results of an undated analysis making use of the code
HiggsSignals containing the most recent Higgs rate measurements (90 in total).

Starting with the original 2012 analysis, we find that the SM yields a good fit to
the data, with a x? per degree of freedom around unity. The precise value depends
on whether low-energy observables and/or the Tevatron data are included in the fit.
Turning to the MSSM, we find that the pMSSM-7 provides a good fit to the Higgs
and low-energy data in the case that the light CP-even Higgs is interpreted as the
new state at ~ 125.6 GeV. In the updated analysis the quality both of the SM and the
MSSM (light Higgs case) fits gets slightly worse, however both models still provide
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a good fit to the current data. In the case that the heavy CP-even Higgs boson is
interpreted as the newly discovered state the fit is still acceptable, but somewhat
worse than in the light Higgs case, once Tevatron and low-energy data is included.
In the original analysis, the two MSSM best-fit points have a total x2/v of 30.4/36
(42.4/36) for the light (heavy) Higgs case, respectively, after the inclusion of LHC,
Tevatron and low-energy data. The corresponding SM value for x2/v is 45.3/42. In
the updated fit the MSSM (light Higgs case) the best-fit point has a x? /v of 87.2/82,
while for the SM we find 102.8/88, thus the MSSM (light Higgs case) provides
an equally good description of the data as the SM— the overall fit quality is even
slightly better.

The largest x> contribution in the SM comes from the inclusion of (g —2) > Which
shows a more than 3 o deviation from the SM prediction. Regarding the comparison
of the results for the light Higgs case and the heavy Higgs case in the MSSM it
should be noted that a sizeable part of the additional x? contribution in the heavy
Higgs case results from the BR(B, — 7v;) measurement and from (g — 2),,. The
agreement between theory and experiment for BR(B, — 7v;) would improve with
the inclusion of the new Belle measurement. The x2 contribution arising from (g—2) i
for the heavy Higgs case of the MSSM could be improved if the second generation
slepton parameters would be treated as additional free fit parameters or be set equal
to the third generation slepton parameters (as we did in the updated analysis of the
light Higgs case).

Thus, while the best description of the data is achieved if the new state discovered
at the LHC is interpreted as the light CP-even Higgs boson of the MSSM, the more
“exotic” interpretation in terms of the heavier CP-even Higgs of the MSSM is also
permitted by the data (at the time the original analysis was performed), even if the
results from the Higgs searches at the LHC are supplemented with results from
the Tevatron Higgs searches and with results from flavour physics and electroweak
precision data. As we discussed earlier in this thesis, the latter interpretation would
imply that also the other four Higgs bosons of the MSSM would be rather light. So
far no additional Higgs boson has been seen at the LHC and stringent constrains on
this scenario were set, in particular from charged Higgs searches. We are planning to
update also the analysis of the heavy Higgs case, to see whether this interpretation
can still provide a viable description of the current data.

In the light Higgs case, we find for the best-fit point of the full fit an enhancement
of production times branching ratio for the +y channels of about 40 % (in the original
analysis) and 20 % (in the updated analysis) with respect to the SM prediction. Also
in the heavy Higgs case a (small) enhancement of ~~y is found. The rates in the vy
and V'V channels are strongly correlated, however in most cases with the possibility
of a stronger enhancement (or smaller suppression) in the 4y channel. Between the
47y channel and the bb channel an anti-correlation can be observed. This shows that
a yy enhancement can arise from a suppression of the bb channel. A suppression of
the bb channel can (for both interpretations of the Higgs signal) be caused by a large
value of Ay, which can reach values exceeding unity. In the original analysis the
MSSM fits (both for the light and the heavy Higgs case) favour a scenario where the
bb rate is suppressed, at least over parts of the preferred regions, while in the update
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fit a bb suppression is disfavoured. In the updated analysis the favoured regions for
Rz’b, RﬁT and R}\l/v are all restricted to values very close to 1 (the SM value).

In the light Higgs case, the v~ channel can be enhanced by the contribution of
light scalar taus to the decay process. In the case where the lightest scalar tau mass
is as low as ~100 GeV, we find an enhancement of up to 50 % from this mechanism.
This mechanism to enhance the ~+ rate is favoured in the updated analysis. In the
updated fit we assume a universal slepton mass parameter, consequently the (g —2),,
measurement which favours light selectrons and smuons implies that also light staus
are favoured.

For the scalar top masses, we find that the favoured regions start at m; ~ 200
and mj ~ 600GeV in the light Higgs case and at somewhat higher masses in the
updated analysis. The mixing in the scalar top sector must exceed | X;/ Mgz, | ~ 1
for M, values within our scanned parameter range, where (in the original analysis)
the most favoured region has X; /Mg, = 2—2.5. This region is wider in the updated
analysis, since a bb suppression is no longer favoured. Similar values for the lower
bounds on the scalar top masses are found in the heavy Higgs case. However, for
this case we find that the favoured regions are also bounded from above by (roughly)
mz S 1TeV.

Itis evident from our analysis (as demonstrated e.g. by Figs. 7.1, 7.2 and 7.3), that
the fitted rates in the MSSM interpretations are not significantly different from the
SM predictions. Therefore very precise measurements of the rates of the observed
Higgs boson will be necessary to gain sensitivity for distinguishing a MSSM Higgs
boson from the SM one. New data for the ATLAS and CMS Higgs analyses will come
next year. It will be particularly important to investigate on the one hand potential
deviations of the rates from the SM predictions and on the other hand the outcome
of searches for additional non SM-like Higgs bosons. Confronting these results with
predictions in the MSSM will show whether this model, whose unambiguous pre-
diction of a light (and potentially SM-like) Higgs boson seems to be well supported
by the current data, will continue to provide a good description of nature also in the
future.
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Chapter 8

Constraining SUSY Scenarios
Using Simplified Models

Abstract The experimental results of direct SUSY searches are typically presented
as limits in simplified versions of the full SUSY models, with only a few parameters.
The reinterpretation of the results in the context of other models is in principle
possible, however time-consuming and computationally very intensive. This chapter
presents a new computer tool, called Fastlim, which facilitates and speeds up the
calculation of limits on the parameter space of new physics models form direct LHC
searches. We explain in detail how the program works. Further we present a first
application of Fastlim, where we study the constraints from LHC searches for SUSY
particles on the parameter space of natural SUSY models, a class of SUSY models
where the particles closely tied to the Higgs boson mass are relatively light, while
the rest of the particle spectrum is assumed to be beyond the reach of the LHC.

8.1 Introduction

In the three years of the LHC operation, ATLAS and CMS conducted many direct
SUSY searches, and limits on the SUSY parameter space have been set (as discussed
in Sect.4.2.3). The experimental collaborations have so far interpreted their results
in specific models, e.g. the CMSSM, or various simplified models, while large parts
of the high-dimensional SUSY parameter space remain unexplored. In phenomeno-
logical studies of SUSY models, as the ones presented in the previous chapters, it
would be desirable to include the LHC constrains from direct SUSY searches.
Testing a BSM parameter point against direct LHC search results is generally pos-
sible. This is however a computationally intensive effort which requires generating
(Monte-Carlo) events, running a detector simulation program and finally estimating
the efficiencies in the signal regions of the searches of interest. In total it can take a
few hours to test a single model point. The impact of LHC searches on certain BSM
scenarios which have not been addressed by the LHC experiments, has been studied
by several authors following this procedure, see e.g. Refs.[1-4] (a more compre-
hensive list of references can be found in Ref. [5]). However, it is obvious that the
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number of parameter points which can be tested in this way is very limited by time
and computing power. Testing each point of a large parameter scan is not feasible.

‘We have developed anew tool (Fast1im)whichis simple to use and can calculate
a conservative limit on a parameter point of a BSM model in less than a minute.
The program makes use of simplified models, which provide the basis to decouple
the (slow) Monte Carlo (MC) event generation and simulation steps necessary to
estimate the efficiencies, from the (much faster) limit setting steps. The idea to use
simplified models to constrain more complex models, has already been discussed
in the literature [6-8]. In the first version of the code we implemented searches
and topologies relevant for R-parity conserving SUSY models. The program can be
generalised to R-parity violating models as well as to non-SUSY models, but in this
chapter we will focus on R-parity conserving SUSY models.

The input of the program are the masses and decay branching ratios of SUSY
particles which must be given in the SLHA [9] format. Fast1im does not perform
any MC simulation. Instead, the program reconstructs the visible cross section, for
each signal region of the implemented analyses, from the contributions of the relevant
simplified event topologies, by interpolating the pre-calculated efficiency tables and
the cross section tables, which are provided together with the program. The visible
cross section in each signal region can be compared to the reported upper limit
to decide whether a parameter point is excluded. In this approach, the reconstructed
visible cross section can only be underestimated because only the available simplified
topologies and searches are considered. Including additional topologies may only
strengthen the bounds.

In order to demonstrate the utility of the program we study the constraints from
the ATLAS 2013 missing energy searches on the “natural” SUSY parameter space,
a class of SUSY models where the particles closely tied to the Higgs boson mass are
relatively light, while the rest of the particle spectrum is assumed to be beyond the
reach of the LHC. Fastlim version 1.0 contains a set of event topologies which
can cover the “natural” SUSY model parameter space, however the same topologies
appear also in other interesting SUSY models.

8.2 Methodology

8.2.1 The Traditional “Recasting’ Approach

In a cut-and-count based analysis, experimentalists define several sets of selection
cuts, called signal regions, such that the SM events falling into these regions are
suppressed whilst the signal events are enhanced. Based on their observation, the
experiments provide the 95 % CL upper limit on the number of allowed SUSY
events over the SM background in signal region a. On the other hand, the SUSY
contribution to the signal region a, N, é%)SY, can be calculated as
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NS(LIJJ)SY =" osusy - Lint, (8.1)

where €@ is the efficiency for the signal region a, osysy is the inclusive SUSY
cross section and Liy is the integrated luminosity used in the analysis. Comparing
the theoretical prediction with the reported upper limit, one can test the considered
SUSY model point.

The efficiency and the cross section depend in general on the whole SUSY particle
mass spectrum and the couplings. For the calculation of the SUSY cross section
several public tools are available, e.g. PROSPINO [10] and NLL fast [11-15]. The
efficiency must be estimated by a MC simulation, according to

(@ —  fim # of events falling in signal region a ’ 8.2)
Nyc— 00 # of generated events

Therefore—in a first step—SUSY events have to be generated using an event gen-
erator like Herwig [16], Pythia [17, 18] or MadGraph [19]. The event samples
are then passed to a fast detector simulation code (e.g. Delphes [20] and PGS [21])
which should be tuned beforehand to reproduce as accurately as possible the detector
response and object reconstruction criteria for that analysis. Finally signal region cuts
must be implemented, and the efficiency can then be estimated according to Eq. (8.2)
using the detector level events.

This method is generic and in principle applicable to any model. However tuning
the detector simulation, defining the reconstructed objects (often on a per analysis
basis) and validating the code for the efficiency estimation, is a cumbersome task
which becomes increasingly difficult as the analyses become more elaborate and
the number of analyses increases.! Another disadvantage of this method is the com-
putation time. Neglecting the time needed to implement and validate the setup, the
running time for the whole procedure, including the event generation and efficiency
estimation, can easily take up to an hour per model point (of which the largest part of
the time is used for the event generation/detector simulation). This becomes a crucial
problem when a parameter scan is performed, requiring large computing facilities.
In order to overcome this problem, leveraging on the idea of simplified topologies,
we take a different approach, which is described in the next subsection.

8.2.2 A New Approach to Calculate the Visible Cross Section

We start by rewriting Nél{J)SY: the SUSY contribution can also be expressed as the
sum of the contributions of all event topologies,

IThere is a program, called ATOM [22], which takes an event file as input and evaluates the efficien-
cies, for a set of well-validated analyses, taking detector effects into account. A similar program is
CheckMate [23]. For our work we make use of the ATOM framework, as we will explain below.
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all topologies

Nelsy = Z &V i Lin, (8.3)

i

where e ) is the efficiency for topology i (e.g. i = pp — gg — qqxquxl, c)

which can be calculated in the same way as in Eq. (8.2) but using only the events with

topology i. The cross section for topology i, o;, can be written as the product of the

production cross section and the branching ratios for the decay chains (assuming the
(a)

narrow width approximation holds). For instance, the visible cross section, o,;; =

N, é?}SY /Lint, can be written as,

(a) (a) 2
Tvis = eq—wqxl q—>qqx°( i msy) - ogglmy, mg) - BRy_, 4439
(a)
Eq_)qxl q—>qx0( g My 0) qu(mg,mq) (BR(IH(IXI)
(a)
69—>qu1 q—>qx°( g Mg» My 0) ng(mg,mq) BRJ—>qqx BR:}—>qS<?
+o (8.4)

Unlike the €, the el@ do not depend on all SUSY parameters but only on the masses
and couplings of the particles appearing in topology i. The couplings modify only
the angular distributions of the final state particle, but hardly alter the p7 of the final
state objects. Since the LHC searches (which are still sufficiency inclusive) are not
very sensitive to these effects, the dependence of the efficiency on the couplings is
typically small [7]. In Eq. (8.4), the masses relevant to the efficiencies are written out
explicitly.

If the decay chains in the topology i are sufficiency short, the el@ depend only on
few mass parameters. For such topologies, one can pre-calculate (using the recasting

method described in Sect.8.2.1) the el@(m,-) for every grid point in the parameter

space, m; = {mm ml@, ...}, and tabulate the values. Once such tables are avail-

able, one can obtain the el@ for any parameter point by interpolating between the grid
points and by reconstructing the visible cross section according to Eq. (8.4), without
having to generate MC events. In practice, it is computationally feasible to generate
the efficiency tables only for topologies involving two or three different SUSY par-
ticles.> Therefore, some of topologies might be neglected by the formula in Eq. (8.4)
and in this case the reconstructed visible cross section is underestimated. This means
that the derived limit is conservative. Detailed information on the currently available
efficiency tables will be given in Sect. 8.4.2.

Similarly to the efficiency tables, Fast1im contains pre-calculated cross section
tables for various production modes (more details in Sect. 8.3.1), and the cross section
for any parameter point can be obtained by interpolation.

2In certain cases, topologies with more than three SUSY particles may be approximated by two or
three dimensional topologies, as will be described in Sect. 8.3.3.
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8.3 Functionality of the Program Fastlim

This section explains the code Fast1im. More details (in particular how to use the
program) can be found in [5].

8.3.1 The Calculational Procedure

The calculation procedure is as follows: The program goes through all the event
topologies, starting with the SUSY particles specified in the main program file
(e.g. §g, f1f1, . . .), and collects the branching ratios of each decay mode of the SUSY
particles from the input SLHA file.> The cross sections are then obtained for the given
production modes by interpolating the cross section tables. The cross sections of the
event topologies, o; are calculated by multiplying the corresponding production
cross sections with the branching ratios. In the next step, a loop through all the event
topologies is performed, where the program checks whether efficiency tables exist
for the event topology under consideration. If the corresponding efficiency tables are
found, the efficiencies for all the signal regions are obtained by interpolation. The
topologies, for which no efficiency tables are found, are not considered. The visi-
ble cross section for the topology, ai(a), is then calculated by multiplying the cross
section and the efficiency. Summing over all topologies gives the total visible cross
section, Ui‘i’s) , for the signal region a for each implemented analysis. Some relevant
information has previously been extracted from the experimental papers, including
the 95 % confidence level (CL) upper limit on the visible cross section, J[(Jaﬁ, the
contribution of the SM background, Néa(g, together with its uncertainty, the observed

data, Né‘g;, and the luminosity used for the analysis. A convenient measure for the
exclusion is the ratio between the visible cross section and its 95 % CL upper limit
(a)

R(a) = Ovis

(@) "
ouL

The model point is excluded at the 95% CL if R > 1. The program can also
calculate the CL{*) variable [25] by comparing N égg and N]g’g + Né‘gsy taking their
uncertainties into account. The CLga) provides a conservative exclusion p-value and
the model point is excluded at the 95 % CL if CL\ < 0.05.

The program outputs R for all the signal regions and provides C LEa) if specified.
If R@ > 1, ittells the user that the tested parameter point is excluded by signal region
a. In the output it is also shown how much of the total cross section is covered by
the implemented event topologies. This information is crucial, since the exclusion

3Here we make use of the code PySLHA [24] to extract the masses and branching ratios from the
SLHA file.
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Fig. 8.1 The structure of FastLim

limit can be significantly underestimated, if the cross section of the implemented
topologies is substantially smaller than the total SUSY cross section. A schematic
diagram for the calculation procedure is shown in Fig.8.1.

The efficiency and cross section tables are provided in the form of a standard text
file so that new tables can be added straightforwardly. The efficiency tables installed
in Fastlim 1.0 are generated by us using MadGraph 5 and ATOM. More details
how the efficiency tables are obtained are given in the beginning of Sect. 8.4.2. The
cross section tables should be provided for each production mode and centre of
mass energy. In Fastlim 1.0, g, g4, g and gg* cross sections and uncertainties
are generated by NLL fast [11-15] combining different PDF sets, following the
prescription described in Ref.[26]. For the stop and sbottom pair productions, the
cross sections are taken from the values given by the SUSY Cross Section Working
Group [27].

8.3.2 Nomenclature of the Event Topologies

We defined a naming scheme, such that each topology has a unique name. Since we
will use these names later, we will shortly explain them here.

We assume that the SUSY particles are pair produced and that each SUSY
particle decays into at most one other SUSY particle. This assumption is true for
most R-parity conserving models,* but it is also realised in a large class of R-parity

#We do not consider the SUSY particle decays into three or more SUSY particles.
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Fig. 8.2 The naming scheme for the event topology

violating models. We use lower case letters for R-even particles and upper case letters
for R-odd particles. The names for R-even and R-odd particles are given in Table 8.1.

By using the particle names in Table 8.1, one can assign a unique name to each
event topology. Considering for example the event topology pp — gg followed by
g— qqf((l) ononesideand g — tbfd—L, )NCT — Wif((l) on the other: the string GggN1
describes the first first decay chain and is generated by joining the particle names. In
each decay, the mother SUSY particle comes first and the daughter SUSY particle
comes, if existing, at the end. The SM particles are placed in between, in alphabetic
order. With this rule, the string assigned to the second decay chain is uniquely deter-
mined as GbtC1wN1. Finally we connect the two strings in the alphabetic order and
insert “_” in between, which defines the name GbtClwN1_GggN1l for this event
topology (see Fig.8.2).

In order to reduce the length of the topology name, we do not specify the decay
of the SM particles because the decay branching ratios for the SM particles are fixed
and independent of the SUSY parameters.” We also do not distinguish between light
(s)quark flavours. Finally, we do not distinguish between particles and anti-particles.

8.3.3 Further Approximations

Treatment of Soft Decays

Several SUSY models predict partially degenerate SUSY mass spectra. Examples
are higgsino LSP scenarios, where higgsinos have similar masses, leading to almost
degenerate )Zf )2(2) and )2(1). If one SUSY particle decays to another which has a
similar mass, the SM particles produced in the decay tend to be very soft. These SM
particles may not be observed in the detector because of the low detector acceptance
and the reconstruction efficiencies. Even if such objects are reconstructed, they will
hardly affect the signal region efficiencies since high-pr cuts are employed in the
SUSY searches. Therefore it is useful to truncate such a decay from a topology and
redefine the topology as a shorter effective event topology, if this decay is associated
with two nearly degenerate SUSY particles. Let us consider for example the topology

3 A possibility to take deviations in Higgs branching ratios from the SM values into account can be
included in future Fast1lim releases.
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GbbC1lggN1l_GbbClggN1l. If the chargino, C1, and the neutralino, N1, are mass
degenerate, its efficiencies would be very similar to those of GbbN1_GbbN1 because
the light quarks from the chargino decays will be too soft to be separated from soft
QCD radiation. Therefore (if the efficiency tables for GbbC1lggN1l_GbbClggN1l
are not available) one can instead take the efficiencies from the GbbN1_GbbN1
tables. In the current version of the program such a possibility is implemented by
default for N1, N2 and C1 if their mass splitting is smaller than 10 GeV. Note that this
replacement may introduce topologies in which the electric charge appears to be not
conserved. For example, truncating C1ggN1 in GbbN1_GbtClggN1 introduces
GbbN1_GbtN1.

Topologies with Similar Decay Structure

In general the 7, and 7; decay kinematics depend on their 77 g admixture. The
top quarks coming from stop decays may be polarised depending on the 77 g
admixture of the stop. However the Fastlim code provides the efficiencies
only for unpolarised top quarks. Therefore the two topologies T1tN1_TI1tN1
and T2tN1_T2tN1 are identical apart from the stop mass. We provide the effi-
ciency tables only for T1tN1_T1tN1 but use them for both T1tN1_T1tN1 and
T2tN1_T2tN1. The same efficiency tables can be used also for BLtN1_B1tN1
and B2tN1_B2tN1, which may arise after truncating the soft chargino decays in
B1tClggNl_B1ltClggN1l and B2tClggN1l_B2tClggNl, respectively.

Reduction of Multidimensional Topologies

Let us now consider the event topology Gt T1tN1_GtT2tN1, which involves four
on-shell SUSY particles: G, T2, T1, N1. Thus in principle it requires four dimen-
sional efficiency tables. However, if for example T1 and T2 are close in mass® to each
other, one may use the three-dimensional efficiency tables of GET1tN1_GtT1tNL1.
By default, the efficiencies for GtT1tN1_GtT2tN1 are taken from those for
GET1tN1l GtT1tN1 if (m; — m;)/m; < 0.1 In that case, the average mass,
(mg, +mj,)/2, is used for the mass of the intermediate particle between G and N1 in
the interpolation.

8.4 Fastlim Version 1.0

8.4.1 The Available Analyses

Most of the standard E 7‘9155 (MET)-based searches published by ATLAS in 2013 are
available in the first Fast1lim version. The list of the available analyses together
with short descriptions, the centre of mass energies, the luminosities and the number

OThis is in principle possible, however many SUSY models require a large splitting in the stop
sector in order to predict a realistic value for the Higgs boson mass.
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Table 8.2 The analyses available in Fast1im version 1.0

Name Short description Ecm Lint # SRs

ATLAS_CONF_2013_024 | 0 lepton + 6(2 b-)jets + MET 8 20.5 3
[Heavy stop]

ATLAS_CONF_2013_035 | 3 leptons + MET [EW production] | 8 20.7

ATLAS_CONF_2013_037 | 1 lepton + 4(1 b-)jets + MET 8 20.7
[Medium/heavy stop]

ATLAS_CONF_2013_047 | 0 leptons + 2-6 jets + MET 8 20.3 10
[squarks & gluinos]

ATLAS_CONF_2013_048 | 2 leptons (+ jets) + MET 8 20.3 4
[Medium stop]

ATLAS_CONF_2013_049 | 2 leptons + MET [EW production] | 8 20.3 9

ATLAS_CONF_2013_053 | 0 leptons + 2 b-jets + MET 8 20.1 6
[Sbottom/stop]

ATLAS_CONF_2013_054 | 0 leptons + >7-10 jets + MET 8 20.3 19
[squarks & gluinos]

ATLAS_CONF_2013_061 | 0-1 leptons + >3 b-jets + MET 8 20.1 9
[3rd gen. squarks]

ATLAS_CONF_2013_062 | 1-2 leptons + 3-6 jets + MET 8 20.3 13
[squarks & gluinos]

ATLAS_CONF_2013_093 | 1 lepton + bb(H) + Etmiss [EW 8 20.3 2
production]

The units for the centre of mass energy, Ecm, and the integrated luminosity, Lin¢, are TeV and b1,
respectively. The number of signal regions in each analysis are also shown

of signal regions in the analysis are listed in Table 8.2. The SUSY searches carried
out by CMS will be included in a future release.

We have implemented the analyses given in Table 8.2 into the ATOM framework.
The validation has been done using the cut-flow tables provided by ATLAS (when
they are available7), and the validation results can be found in Refs. [5, 28].

8.4.2 The Implemented Event Topologies

The efficiency tables installed in Fastlim have been generated as follows:
5. 10* events have been generated using MadGraph 5 [19] for each grid point
in the respective mass plane (independent of the topology and the mass spectrum).
The samples include up to one extra hard parton emission at the matrix element
level, matched to the parton shower (carried out by Pythia 6 [17]) using the MLM
merging scheme [29], where the merging scale is set at msysy /4 with msysy being
the mass of the heavier SUSY particle in the production. The event files are then

7In the cases where no cut-flow tables were available, we validated our implementations by checking
two independent implementations or by comparing to the simplified model exclusion plots.
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passed to ATOM [22], which evaluates the efficiencies for various signal regions
(of the analyses given in Sect. 8.4.1) taking the detector effects into account.

Fastlim 1.0 contains the efficiency tables for a set of event topologies which
are listed in Fig.8.3. These topologies provide a good coverage of the “natural”
SUSY model parameter space, as we will show explicitly in Sect.8.5. In Fig. 8.3,
round brackets indicate that the efficiencies for this topology can be taken from
one of the other topologies in the same group (e.g. the topology T2tN1_T2tN1
can use the efficiency tables of T1tN1_T1tN1 as discussed in Sect.8.3.3). The
square bracket means that the efficiencies of this event topology can be obtained
from another topology only if the condition mg1 =~ mpy or mp1 = mr; is satisfied
(see Sect.8.3.3 for more details.). There are several event topologies in which the
electric charge appears not to be conserved. These topologies can appear after the soft
decays are truncated as mentioned in Sect.8.3.3. We include also the loop induced
decay G — gN1 (viaa stop-top loop), which can have a sizeable branching fraction if
the two-body modes and Gt tN1 are kinematically forbidden. The rate of this decay
is enhanced if the stop and higgsino masses are small and the trilinear coupling A;
is large. These conditions may be found in “natural” SUSY models.

Although the event topologies are chosen to cover “natural” SUSY models, many
of the topologies appear also in other models. A large rate of the gluino pair production
is relatively common in a wide range of the SUSY models because the gluino has
the largest colour factor among the MSSM particles. Many high-scale models tend
to predict light stops, since in the RGE running of the Higgs soft SUSY breaking
parameter m, down to lower scales, radiative corrections occur involving terms
proportional to the squared stop masses (as we will show explicitly in Sect. 8.5). The
electroweak symmetry breaking conditions suggest that the stops should be light,
since otherwise large cancellations would be needed (see also Sect.2.2.10).

Additional topologies are being evaluated and will become available soon. The
incorporation of externally produced efficiency maps for additional topologies is
straightforward.

8.5 Constraints from Direct Searches on “Natural” SUSY
Models

In this section, we study the constraints from direct SUSY searches conducted by
ATLAS on “natural” SUSY models (a well studied region of the SUSY parameter
space [30-39]) using Fastlim.

The requirements for “natural” SUSY can be investigated based on the elec-
troweak symmetry breaking condition

M3 = =25 + |ul®) + O(cot® ), (8.5)
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GbB1bN1_GbB1bN1  GbbN1_GbbN1 GbbN1_GgN1 T1bN1_T1bN1
GbB1bN1_GbB1tN1  GpbbN1_GbtN1 GbtN1_GgN1 T1bN1_T1tN1
GbB1tN1_GbB1tN1  GpbN1_GttN1 GgN1_GgN1 T1tN1_T1tN1

GtT1bN1 GtT1bN1  GbbN1_GggN1 Ggl1_GttN1

GtT1bN1 GtTItNL  GbtN1_GbtN1 GgN1_GqgN1
GtT1tN1_GtT1tN1 GCbtN1_GttN1

GbB2bN1 GbB2bN1)  GhtN1_GqqNi

(B1bN1_B1bN1)
(B1bN1_B1tN1)
(B1tN1_B1tN1)
(B2bN1_B2bN1)
GbB2bN1_GbB2tN1)  GttN1 GttN1 (B2bN1_B2tN1)
GbB2tN1_GbB2tN1)  GttN1_GqqNi (B2tN1_B2tN1)
(T2bN1_T2bN1)
(T2bN1_T2tN1)
(T2tN1_T2tN1)

(

(

(
(GtT2bN1_GET2bN1)  GqqN1_GggN1
(GtT2bN1_GtT2tN1)
(GtT2tN1_GtT2tN1)
[GbB1bN1_GbB2bN1 ]
[GbB1bN1_GbB2tN1]
[GbB1tN1_GbB2bN1 ]
[GbB1tN1_GbB2tN1]
[GtT1bN1_GtT2bN1 ]
[GEtT1bN1_GtT2tN1]
[GtT1tN1_GtT2bN1]
[GtT1tN1_GtT2tN1 |

Fig. 8.3 The event topologies whose efficiency tables are implemented in Fast1im version 1.0.
The round bracket means that the efficiencies for the topology can be taken from the efficiency
tables for one of the other topologies in the same group. On the other hand, the square bracket
means that the efficiencies can be obtained only when the two intermediate SUSY masses are close
mp1 X mgp Or M1 = mr2

which follows from the requirement that the Higgs potential (see Eq.(2.54)) has
a minimum which breaks the electroweak symmetry. This condition implies that
the parameter p controlling the higgsino mass, and the soft mass of the up-type
Higgs, m,, should not be too far from M at the electroweak scale, otherwise a
precise cancellation is required among these parameters. The most relevant one- and
two-loop corrections to the mass m; stem from stops and gluinos. Consequently
these SUSY particles should not be too far away from the electroweak scale, and we
define “natural” SUSY models as a class of spectra where only the gluino, left-handed
stops and sbottoms, right-handed stops and higgsinos (whose masses are given by
the parameters mg, Mp,, My, and p) are at energy scales accessible at the LHC
while the other sparticles are assumed to be heavy (since the fine tuning condition
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Fig. 8.4 Constraints from direct SUSY searches on the (My;, 1) plane. The other parameters are
mg = Mg, = 3000GeV, tan 3 = 10and X, = 0. The left plot shows the exclusion regions from the
analyses listed in the plot. The right plot shows the cross section coverage, as defined in Eq. (8.6).
The blue dashed line represents the kinematical threshold of the T1 — tN1 decay

(8.5) is not very sensitive to their masses). For the study below we fix the soft masses
of the other sparticles at 3 TeV.?

We calculate the sparticle spectrum and branching ratios using SUSY-HIT [40].
For the results in this section, we generated two-dimensional grids (with ~500— 1000
points) covering slices of “natural” SUSY parameter space. The constraints presented
below are obtained by interpolating (with Mathemat ica) between the grid points.
By using Fast1im performing the whole study presented in this section with 4836
parameter points took 18.7h (14 s per model point on average) on a single computer.

In Fig. 8.4, we show the direct SUSY search constraints on the (M, () plane. For
one specific analysis the 95 % CL exclusion is obtained by comparing the calculated
value for the visible cross section for a certain parameter point with its 95 % CL upper
limit (see Eq.(8.3.1)) in the signal region which has the highest sensitivity. We do
not combine several signal regions. In the left plot of Fig. 8.4 (and in following plots
of that type) we show (superimposed) the 95 % CL exclusion regions from several
analyses. In this model only the right-handed stop and the higgsinos are light, while
all other particles are decoupled; we fix the other parameters as Mg, = mz = 3TeV,
tan 3 = 10, X; = A; — pcot § = 0. The right plot of Fig. 8.4 shows the cross section
coverage

implemented o

Coverage = =L "', (8.6)

Otot

8Throughout this section we set: M| = My = Mg p u,, = Mp, = 3000 GeV, X, = X,.
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where the numerator is the sum of the cross sections of the topologies implemented
in Fastlim 1.0 (as specified in Sect. 8.4.2). As can be seen, Fast1imhas a almost
perfect coverage on this parameter slice.

In this model, the dominant processes are TIbN1_T1bN1, T1bN1_T1tN1 and
T1tN1_T1tN1, after truncating the soft decays among the higgsino states, meaning
C1,N2 — N1. All three of these decays are governed by the top Yukawa coupling.
The blue dashed line represents the kinematical limit of the T1 — tN1 decay. The
topology T1bN1_T1bN1 (arising after the truncation of C1 on both decay branches)
dominates on the left hand side of this line. On the right hand side, the phase space
and symmetry factors give the relation o (T1bN1_T1tN1) > o(T1bN1_T1bN1) >
o(T1tN1_T1tN1). In the grey region, the 7; becomes lighter than the i?, thus the
spectrum has a charged LSP. We therefore do not consider this region. The white gap
in the right plot of Fig. 8.4 between the grey and the coloured region results from the
grid spacing and the Mathematica interpolation. This artefact would disappear
with a finer grid.

The left plot of Fig.8.4 shows the constraints from the SUSY searches imple-
mented in Fastlim 1.0 (see Table 8.2). In this plot (and the following ones of the
same type) only the names of the analyses providing an exclusion are listed on the plot,
using the same colour as the exclusion contour. The exclusion regions are plotted in
descending order, starting with the top one in the list. As can be seen, only the analyses
ATLAS_CONF_2013_024 and ATLAS_CONF_2013_053 exclude a region in this
mass plane. ATLAS_CONF_2013_024 is designed to constrain the TLtN1_T1tN1
topology targeting the fully-hadronic top decays. Because T1tN1_T1tN1 is sub-
dominant here, the constraint from this analysis is weaker than the corresponding
exclusion plot in Ref. [41] assuming Br(f; — tf((l)) = 1. ATLAS_CONF 2013_053
(looking for exactly two jets originating from b-quarks), on the other hand, has been
designed for the B1bN1_B1bN1 topology. Since in this “natural” SUSY model,
T1bN1_T1bN1 has the largest/second largest rate among the possible topologies
depending on the parameter region, this analysis gives a strong exclusion. It roughly
excludes My, < 500GeV with 1 < 200 GeV.

Figure 8.5 shows the exclusion (left plot) and the cross section coverage (right plot)
for the (Mg,, u) plane. The other parameters are chosen as My, = my; = 3TeV,
X; = Oandtan 3 = 10. The small M ¢, values resultin both light 7, and light by.The
71 is slightly heavier than the b; because of the contribution from the top quark mass
to Eq. (2.43). Here again the blue dashed line represents the kinematical threshold of
the T1 — tN1 decay. On the left hand side of the blue dashed line, T1bN1_T1bN1
and B1bN1_B1bN1 dominate. If kinematically allowed (on the right hand side of
the blue line) the 77 and b 1, decay preferably to fg and ﬁz while the T1 — bN1 and
Bl — bN1 modes are instead suppressed by the bottom Yukawa coupling. The right
plot of Fig. 8.5 shows that the coverage is slightly below 100 % near the T1 — tN1
kinematical threshold line, where the three-body T1 — ggB1 decay via an off-shell
W boson takes a small branching fraction.

From the left plot of Fig. 8.5, one can see that ATLAS_CONF_2013_053 mainly
constrains the left hand side of the blue dashed line. This can be understood because
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the analysis is tailored for the T1bN1_T1bN1 and B1bN1l_B1bN1 topologies. On
the other side of the blue dashed line, the T1tN1_T1tN1 and B1tN1_B1tN1
topologies dominate, and in this region, ATLAS_CONF_2013_024 (and ATLAS_
CONF_2013_037) are particularly constraining because they are designed for the
hadronic-hadronic (and hadronic-leptonic) top modes for the T1tN1_T1tN1 topol-
ogy. ATLAS_CONF_2013_024 excludes M g, values from ~ 400 up to 750 GeV for
p < 250GeV at the 95 % CL. Because of the transition between different dominant
decay modes, there is a gap in the exclusion region near the blue dashed line. In
this particular region, Mg, = 400GeV and p = 200GeV is still allowed by all the
analyses implemented in Fastlim.

Figure 8.6 shows the exclusion (left plot) and the cross section coverage (right
plot) in the (mj, p) plane. Here, we set My, = 3TeV, tan3 = 10, X; = 0. My,
is chosen such that the 7; mass is roughly in the middle between the § and )Z(l)
mass: Mg, =~ (mtg1 — mtz)l/2 with m; = (mg + p)/2. This condition links the
stop and sbottom masses to the gluino and higgsino masses. This connection is also
visible from the line indicating the kinematical threshold for the G — tT1 decay.
The right plot of Fig. 8.6 shows that the coverage degrades to ~70 % at the right
hand side of the G — tT1 threshold line. In this region, asymmetric gluino decays
e.g. GbB1tN1_GtT1tN1 are relevant. This topology requires four-dimensional
grids and is therefore not implemented in Fastlim.

Nevertheless, one can see from the left plot of Fig. 8.6 that many analyses exclude
regions in this parameter slice because of the large cross section of the gluino pair pro-
duction. Among them, ATLAS_CONF_2013_024 and ATLAS_CONF_2013_061
yield the most stringent constraints. Since ATLAS_CONF_2013_024 mainly con-
strains the T1tN1_TI1tN1 and B1tN1_BI1tN1 topologies, the bound from this

500 500

Charged LSP

ATLAS_CONF_2013_024
ATLAS_CONF_2013_053

1005 100
300 400 500 600 700 B0O 900 1000 300 400 500 600 TO0  BOD 900 1000
Mo, [GeV] Mo, [GeV)

Fig. 8.5 Constraints from direct SUSY searches on the (Mg,, 1) plane. The other parameters are
mg = My, = 3000GeV, tan 3 = 10and X; = 0. The left plot shows the exclusion regions from the
analyses listed in the plot. The right plot shows the cross section coverage, as defined in Eq. (8.6).
The blue dashed line represents the kinematical threshold of the T1 — tN1 decay
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analysis on the gluino mass gradually decreases as the stop and sbottom masses
increase with the higgsino mass value. Here, ATLAS_CONF_2013_024 excludes
m;, < 750GeV. On the other hand, the limit from ATLAS_CONF_2013_061 is
almost independent of the higgsino mass. This analysis looks for events with 0-1
lepton plus >3 b-jets, targeting the gluino pair production processes with the gluino
decaying to the third generation quarks either through an on- and off-shell 7 or by.
The analysis roughly excludes a 1.2 TeV gluino regardless of the value of p at the
95 % CL.

We now look at the constraint on the (my, My, ;) plane, where we take My, =
Mo, p = 200GeV, tan 8 = 10, X; = 0. The right plot of Fig.8.7 shows that the
cross section coverage decreases to ~60 % in the region around the G — tT1 thresh-
old line. Here, as before, the asymmetric gluino decays (e.g. GbB1bN1_GtT1tN1
in the region slightly above the G — tT1 threshold line, and e.g. GbB1bN1_GttN1
slightly below the line) become sizeable. One can see from the left plot of Fig.8.7
that the exclusions on the gluino mass and the stop mass are roughly independent
of each other. The gluino mass is excluded up to 1280 GeV, almost independently
of the stop mass.” The most stringent constraint on the gluino mass comes from
ATLAS_CONF_2013_061. The soft mass parameters for the third generation squarks
are, on the other hand, constrained up to 750 GeV where the strongest limit comes
again from the ATLAS_CONF_2013_024 analysis, constraining the stop production
processes independently of the gluino mass.

400
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ATLAS_CONF_2013_061
ATLAS_CO) 3047
ATLAS_CONF_2013_053
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AS_CONF_20 62
ATLAS_CONF_2013_093
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Fig. 8.6 Constraints from direct SUSY searches on the (mg,u) plane. The other parameters are
My, = 3000GeV, tan 3 = 10 and X; = 0. My, is chosen such that the 71 mass is in the middle
between the § and X9 mass (Mg, ~ (m§1 —m})/2 with m; = (my + p)/2). The left plot shows
the exclusion regions from the analyses listed in the plot. The right plot shows the cross section
coverage, as defined in Eq. (8.6). The blue dashed line represents the kinematical threshold of the
G — tT1 decay

9Here (and more generally in the discussion of the plots in this section) the exclusion refers to the
95 % CL exclusion given by the analysis that is most sensitive in that region.
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Fig. 8.7 Constraints from direct SUSY searches on the (mg, My;,g;) plane. We set tan 8 =
10, 1 = 200GeV and X; = 0. The left plot shows the exclusion regions from the analyses listed

in the plot. The right plot shows the cross section coverage, as defined in Eq. (8.6). The blue lines
represent kinematical thresholds

50 ATLAS_CONF_2013_024
ATLAS_CONF_2013_053
ATLAS_CONF_2013_048
40
o
§ 30
20
10 A
400 600 BOO 1000 1200 400 600 20O 1000 1200
Mo, [GeV] Mo, [GeV)

Fig. 8.8 Constraints from direct SUSY searches on the (Mg,,tan 3) plane. The other parameters
are My, = mg = 3000GeV, 11 = 200GeV and X; = 0. The left plot shows the exclusion regions
from the analyses listed in the plot. The right plot shows the cross section coverage, as defined in
Eq. (8.6). The blue dashed line represents the kinematical threshold of the T1 — tN1 decay

In Fig. 8.8, we investigate the tan 3 dependence of the M, limit. In this parame-
ter plane, the cross section coverage is ~100 % everywhere. The other parameters
are fixed as y = 200GeV, X; = 0 and My, = myz = 3TeV. This parameter plane
intersects the one of Fig. 8.5 at u = 200GeV and tan 3 = 10. The gap observed in
the left plot of Fig.8.5 around Mgy, =~ 400GeV, p = 200GeV is also visible here.
The size of tan 3 affects the branching fractions of the T1 — bN1 and B1 — bN1
modes since these decays are dictated by the bottom Yukawa coupling. From
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tan 5 = 10 to 50, BR(B1 — bN1) changes from O to 28 % (for Mo, =~ 500GeV).
Because of this effect, the constraint from ATLAS_CONF_2013_053 gets stronger
as tan (3 increases. Consequently, the gap closes for tan 3 X 40. In the large M 03
region, the strongest limit comes again from ATLAS_CONF_2013_024, designed
for T1 — tN1 modes. However, increasing tan § the T1 — tN1/B1 — tN1 rates
decrease (T1 — bN1/B1 — bN1 rates increase), and the exclusion from ATLAS_
CONF_2013_024 gets weaker: varying tan 3 from 10 to 50, the limit on M o, changes
from 750 to 620 GeV.

We finally show the exclusion for the (A;, (Mlzj3 + MéS)l/ 2) parameter plane
in Fig.8.9. Considering a model where the parameters are defined at a scale A,
the radiative correction (to the RGE running) lead to the up-type Higgs soft mass
term [42]'°

3y7

A
~2 2 2 2

Thus in the (A;, (Mlzj3 + M 53)1/ 2) parameter plane, the distance from the origin
roughly provides an indication for the size of the fine tuning. We take My, = My,
in the upper plot, whereas My, = 2 M, is chosen in the lower plot. The other
parameters are my = 3000GeV, p = 100GeV, tan 6 = 10.

As can be seen, ATLAS_CONF_2013_024 again places the most stringent limit
on the soft mass for the third generation squarks, both for the My, /Mo, = 1 and
My, /Mo, = 2 cases. The blue dashed lines show the 7; mass contours. One can see
that the exclusion limit on (M [2]3 +M 53 )!/2 does not change much when A, is varied,
even though the limit on the 7; mass changes from 780 to 600 GeV when varying
|A;| from 0 to 2 TeV (for (M, + M3 )'/* = 1TeV) in the My, /Mo, = 1 scenario.
The mass splitting between 71 and 7, get larger when |A,| is increased. However, the
changes in the cross section times efficiency from the 7,7} and 7,75 processes tend to
cancel each other, and the resulting visible cross sections are relatively stable against
the variation of |A;|. For My, /Mg, = 2 scenario, f1 is mostly composed of 7 and
the dependence of the 71 mass on the | A, | variation itself is rather mild.

The green curves show the Higgs mass contours, where we allow for 3 (dashed)
and 2 (solid) GeV deviation from the central observed value 125.6GeV, taking
the theory uncertainties into account. We have calculated the Higgs mass using
FeynHiggs 2.9.4 [43]. In the My,/Mgp, = 1 scenario, most of the parame-
ter space is constrained more stringently by the Higgs mass measurement than
by direct SUSY searches. On the other hand, in the My,/Mp, = 2 scenario the
ATLAS_CONF_2013_024 analysis excludes (at 95 % CL) a significant part of the
parameter space where the Higgs mass condition is satisfied.

10Radiative electroweak symmetry breaking was briefly discussed in Sect.2.2.10. In this formula
the running of the soft masses is neglected.
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Fig. 8.9 Constraints from direct SUSY searches on the (A;, (M, [2,3 + M 53)1/ 2) plane. In the upper
plot we choose My, = Mg, and in the lower one My, = 2 Mg,. The other parameters are
mg = 3000GeV, tan3 = 10, 4 = 100GeV. Both plots show the exclusion regions from the
analyses listed in the upper plot. The blue dashed curves show the f; mass contours. The green
curves represent the Higgs mass contours, where we allow 3 (dashed) and 2 (solid) GeV deviation
from the central observed value 125.6 GeV. Note the difference in scale on the y-axis

8.6 Summary and Future Plans

In this chapter we described a new computer tool, Fast1im, and we demonstrate its
usability by discussing a first application. Fast1im can calculate limits from direct
LHC searches on the BSM parameter space. The first version of this tool can be used
to constrain R-parity conserving SUSY models, but the structure of the program
allows for a generalisation also to other BSM models. The key idea of the program
is that it reconstructs the visible cross section (in the signal regions of the considered
analyses) by adding up the contributions from different simplified event topologies.
This approach enables the user to get visible cross sections without running any
Monte-Carlo event generation or detector simulation. Our program takes an SLHA
input file and then reads off, and interpolates between, pre-calculated cross section
tables and efficiency tables (for simplified model topologies), which are provided
with the code.
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We presented a minimal and intuitive naming scheme, which assigns a unique
name to every event topology. Further we discussed useful approximations, which
enhance the applicability of Fastlim.

As a first application of our program, we study the sensitivity of the recent direct
SUSY searches, performed at the LHC at 8 TeV, to the parameter space of “natural”
SUSY models. We have shown the constrains from the ATLAS 2013 missing energy
searches on two dimensional parameter slices of “natural” SUSY models. We found
that direct LHC SUSY searches (at 8 TeV) can give more stringent constraints than
the observation of a Higgs signal at ~125.6GeV in some regions of the “natural”
SUSY parameter space. This was not the case when the exclusion from the 7TeV
data was analysed [30].

Adding additional topologies and experimental analyses in the Fast1im frame-
work is straightforward. We are working on producing efficiency tables for more
topologies, which will be included in future updates, thus extending the applicability
of the program. Recasting LHC analyses to extend the number of topologies became
a coordinated effort [44], and we hope that efficiency tables of other authors will
become available and can be included in the Fast1im framework. In particular we
hope that the experimental collaborations will directly provide their efficiencies in
a table format so that their results can be included and thus reinterpreted in a wide
range of the SUSY models.

Once enough topologies will be available, Fast 1 imcan be used also for phenom-
enological studies of the MSSM (or NMSSM) parameter space as the ones presented
in the previous chapters of this thesis. Currently Fast1im needs in average 14 s per
parameter point, and we are aiming to increase the speed of the program further in
future releases.
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Chapter 9
Conclusions

Abstract In this chapter we summarize our results and conclude.

In this thesis we presented various complementary possibilities to employ the
experimental measurements in order to test models beyond the SM. We derived
constraints on the MSSM and the NMSSM model parameters and we investigated
preferred parameter regions, by confronting their predictions with the experimental
results from precision measurements (of My and m,), Higgs measurements and
direct SUSY searches.

Both the MSSM and the NMSSM provide an excellent description of the data
provided by collider experiments. Their parameter spaces are narrowed down by the
different experimental results, thus sharpening the predictions made by these SUSY
models. The discovery of a Higgs boson with a mass of ~125.6 GeV implies (if inter-
preted as the light CP-even Higgs) that in the MSSM the CP-odd Higgs mass, M 4
has to be in the decoupling region, which automatically causes the Higgs couplings
to be SM-like. In such a case a significant improvement of the precision of the Higgs
decay rate measurements will be necessary to get sensitivity for distinguishing the
MSSM from the SM. This interpretation requires a large splitting in the stop sector.
Very light stops are disfavoured by this interpretation (and are also challenged by
the direct LHC searches, as we shall see below), however we found that stop masses
down to ~200 GeV are still allowed by the Higgs mass constraint. In models with
extended Higgs sectors, such as the NMSSM, the bounds, imposed by the mass of
the discovered Higgs boson, are less stringent and a viable interpretation of the Higgs
discovery in the non-decoupling regime, in terms of the second lightest Higgs of the
model, is possible. This interpretation involves the existence of another Higgs boson
with a mass below the LHC signal and reduced couplings to vector bosons.

The direct searches for SUSY particles have been unsuccessful so far, pushing
parts of the SUSY particle spectrum (in particular gluinos and squarks of the first two
generations) to relatively high masses. Studying the impact of direct search limits
on the “natural” SUSY parameter space, we have seen that in this scenario also light
stops and sbottoms are put to the test by the latest results, but there are still regions
© Springer International Publishing Switzerland 2016 201
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in the parameter space, not yet reached by the current searches. In a general pMSSM
scenario light stops and sbottoms are presumably significantly less constrained by
the current searches. We are planning to investigate the impact of the LHC limits
from direct searches on the pMSSM parameter space in a future study. Electroweak
precision observables, such as My, can enhance the sensitivity for discriminating
between different models and give additional indirect constraints, supplementing the
ones from Higgs physics and direct searches. We found that the My prediction in
SUSY models is very well compatible with the measurement, taking into account
constraints from the Higgs boson discovery and direct SUSY searches. More stringent
limits on the masses of stops and sbottoms (or a measurement of these masses) will
drastically sharpen the My prediction in SUSY models. We have shown that an
improved measurement of My could yield bounds on the masses of SUSY particles,
which could be of great interest for direct searches—demonstrating the strength of
the interplay between these complementary methods.

More details on the work presented in this thesis are summarised in the following.

Electroweak Precision Observables

In the first part of this thesis (containing original research) we provided the currently
most precise prediction for the W boson mass in the MSSM and the NMSSM. We
presented our one-loop computation of My in the MSSM (for the general case of
complex parameters) and in the NMSSM. We combine our one-loop result with all
relevant available higher order corrections. To make use of the sophisticated SM
result, we split the (N)MSSM results into a SM-type part, containing the state-of-
the-art SM prediction with all relevant loop corrections, and a SUSY part, consisting
of the one-loop results and the known leading two-loop corrections. This procedure
ensures that the full SM result is recovered in the decoupling limit. Furthermore
it facilitates the extensions to other models beyond the SM. We have performed
the one-loop calculation using the tools FeynArts, FormCalc and LoopTools
which allow to carry out one-loop calculations with a high degree of automation. In
the case of the NMSSM, we employed a new FeynArts model file, presented in
Ref. [1]. The MSSM prediction has been encoded in Mathematica and Fortran
format, while the NMSSM prediction is so far only available as Mathematica
code. Mathematica provides the flexibility that allows us to analyse the functions
at an analytic level, while Fortran is significantly faster and therefore suitable for
large scans.

We demonstrated that the SUSY contributions to My typically give rise to an
upward shift, generally improving the agreement of the theoretical prediction with the
experimental measurement compared to the SM, where a 1.5 o deviation is found. For
our MSSM analysis we performed a large scan over the parameter space (taking into
account constraints from Higgs and SUSY searches) to study the overall behaviour
of My, while in the NMSSM analysis we focussed on a few interesting benchmark
scenarios. The largest SUSY contributions stem from the stop/sbottom sector. Thus
more stringent constraints on third generation squarks would severely decrease the
possible My range in the (N)MSSM. Even if stops and sbottoms are heavy, we
found that sizeable contributions to My are possible if either chargino, neutralinos
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or sleptons are light. Furthermore we have shown that both in the MSSM and the
NMSSM, the interpretations of the LHC Higgs signal in terms of either the lightest or
the second lightest C’P-even Higgs both imply a prediction for My in good agreement
with the experimental value. We studied the impact of the precision observable My in
the context of possible future scenarios and found that an improved accuracy of My
and m; measurements, which could be obtained with the ILC, would significantly
enhance the sensitivity to discriminate between the SM and new physics models. A
hypothetical scenario in which a light stop, but no other SUSY particle, is discovered
at the LHC has been discussed and we demonstrated that in this case a high-precision
Myw measurement could provide stringent upper bounds on the masses of the other
third generation squarks. In the context of the MSSM we have also shown that a
complex phase in the sfermion sector can lead to a significant shift in the W boson
mass prediction, confirming earlier results given in Ref. [2]. Finally we investigated
the pure NMSSM effects on My and found that in particular the extended neutralino
sector can lead to M contributions that are larger than in the MSSM case.

Higgs Physics

In the second part of this thesis we analysed different interpretations of the discov-
ered Higgs signal in the context of SUSY models. Therefore we performed scans
over the relevant regions in parameter space, taking constraints from Higgs and
SUSY searches, flavour physics and electroweak measurements into account. As a
first important result we found that both the MSSM and the NMSSM permit the
interpretation of the Higgs at ~125.6 GeV in terms of the lightest or second lightest
C’P-even Higgs boson of the respective SUSY model. In the MSSM the interpreta-
tion of the Higgs signal in terms of the heavier Higgs implies the presence of a light
charged Higgs and is therefore very constrained by the latest ATLAS results from
charged Higgs searches Ref. [3]. One part of our study concerns a possible enhance-
ment of the vy~ rate compared to the SM. We found that both the MSSM and the
NMSSM can accommodate a Higgs at ~125.6 GeV which decays into two photons
at the level of the SM or higher. An enhancement of the v~ rate can result either
from a suppression of the bb decay mode (in which case also the other sub-dominant
decay modes are affected) or directly from an enhancement of the v width. A direct
enhancement of the width is caused by light staus, giving additional contributions
to the loop-induced Higgs decay into two photons (without causing relevant modifi-
cations of the Higgs production rate via gluon fusion). In the MSSM a suppression
of the bb rate can arise either from Higgs boson propagator corrections entering
the effective mixing angle aefr or by large Aj corrections, which parameterise the
modifications in the Higgs coupling to bb caused by a loop-induced coupling of b
quarks to the ‘wrong’ Higgs doublet. The NMSSM possesses an additional mech-
anism to suppress the bb decay and thus enhance the two photon rate, namely via
singlet-doublet mixing.

Within the MSSM we have performed fits for the two MSSM interpretations of
the Higgs signal, taking into account the measured Higgs rates in the various decay
channels, the measured Higgs mass and low-energy observables. In this thesis we
presented a fit, conducted at the end of 2012, including the results which were publicly
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available at that time, as well as an update for the ‘light Higgs case’ (interpretation of
the signal at ~125.6 in terms of the light CP-even Higgs) including the latest data.
In the updated analysis, we observed an overall good fit-quality in the MSSM, as
well as for the SM, where the MSSM fit for the interpretation of the signal at ~125.6
in terms of the light C’P-even Higgs is slightly better than the SM one. The SM fit
gets somewhat worse if low-energy observables are included. This is a consequence
of the deviation between the SM prediction and the measurement of the anomalous
magnetic moment of the muon. All rates predicted by the MSSM best-fit point are
quite close to the SM values, apart from the two-photon rate, which is enhanced by
~20%. A suppression of the bb Higgs decay is no longer favoured by the latest LHC
measurements, and consequently the v+ enhancement is caused by light staus. A good
MSSM fit is found for relatively large ranges of the MSSM parameters illustrating
that in the MSSM a good description of the latest data is achieved, without the need
of tuning any parameters to specific values. The parameter which is most constrained
by our fit is the slepton soft mass parameter. While light staus are favoured by the
~~ enhancement, light smuons and selectrons are preferred by the measured value

of (g —2),.
Direct SUSY Searches

In the last part of this thesis we studied the impact of direct SUSY searches. In order
to calculate the exclusion limits also for models not covered in the experimental
analyses, we developed the tool FastLim. This program reconstructs the visible
cross section, which can be compared to the upper limits quoted in the experimental
papers, by adding up the contributions from different simplified event topologies
(e.g. pp — 33 — 99X°qqXY. pp — GG — qX3qX), ...). FastLimallows a fast
estimation of the conservative limits from direct LHC searches, without performing
Monte Carlo event generation. This is achieved by reading off pre-calculated cross
section tables and efficiency tables for simplified model topologies, involving not
more than three SUSY particles. As a proof of concept of this approach, we imple-
mented recent ATLAS SUSY searches and presented their impact on the parameter
space of “natural” SUSY models. The implemented simplified event topologies pro-
vide a very good cross section coverage of the “natural” SUSY parameter space.
We found that direct LHC SUSY searches (at 8 TeV) can give more stringent con-
straints than the observation of a Higgs signal at ~125.6 GeV in some regions of the
“natural” SUSY parameter space. The code structure of FastLim is very flexible,
and additional efficiency tables can be included straightforwardly. Once we imple-
mented enough topologies, we plan to use FastLim to investigate the impact of
direct search limits on the pMSSM parameter space.
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