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Abstract

Within this thesis a precise mass-prediction for the Higgs fields of the Next-to-
Minimal Supersymmetric Standard Model (NMSSM) is obtained with Feynman-
diagrammatic methods. The results are studied numerically for sample scenarios
that are in agreement with current New Physics searches at the LHC. Furthermore
a comparison between the obtained results and different calculations is performed as
a first step in order to obtain an estimation for the theoretical uncertainties of the
Higgs-mass prediction in the NMSSM.

The precise mass-prediction includes the full NMSSM one-loop corrections sup-
plemented with the dominant and sub-dominant two-loop corrections within the
Minimal Supersymmetric Standard Model (MSSM). These include contributions at
the orders O (oo, apas, af, ), as well as a resummation of leading and subleading
logarithms from the top/scalar top sector. Higher-order corrections are essential for
the NMSSM in order to provide a Higgs particle that is consistent with the available
data, including the observed neutral, CP-even Higgs field with a mass of about
125 GeV. We explored the validity of the applied approximation at the two-loop
level and found that it is reliable for a wide range of scenarios within the NMSSM.
This is especially true for the mass of the observed (MS)SM-like Higgs field. The
result of this work will be included in a future extension of the program FeynHiggs.

We also compared our results with the program NMSSMCalc that also performs
a Feynman-diagrammatic calculation of the Higgs-masses with a slightly different
renormalization scheme. The comparison reveals that for the mass of the (MS)SM-like
Higgs field the genuine NMSSM-effects induced by the choice of the renormalization
scheme are by far minor compared to similar effects observed in the MSSM.






Kurzdarstellung

In dieser Arbeit wird unter Verwendung von Feynman-Diagrammen eine Préazisions-
vorhersage fiir die Massen der Higgs-Felder im Néchstminimalen Supersymmetrischen
Standardmodell (NMSSM) erarbeitet. Die Ergebnisse werden numerisch ausgewertet
fiir verschiedene Beispielszenarien, welche im Einklang stehen mit den aktuellen
Suchen nach neuer Physik am LHC. Dartiber hinaus wird ein Vergleich angestellt
zwischen den erhaltenen Ergebnissen und vergleichbaren Berechnungen als ein erster
Schritt zur Abschétzung der theoretischen Unsicherheit der Higgs-Massenvorhersage
im NMSSM.

Die Prézisionsvorhersage fiir die Higgsmassen berticksichtigt die vollstandigen Ein-
schleifen-Korrekturen ergénzt durch fithrende und néchstfithrende Zweischleifen-Kor-
rekturen aus dem Minimalen Supersymmetrischen Standardmodell (MSSM). Diese
beinhalten sowohl Beitrage der Ordnungen O(a;as, apas, (xf, aup), als auch eine Re-
summation von fithrenden und néchstfithrenden Logarithmen aus dem Top/skalaren
Top-Sektor. Korrekturen hoherer Ordnung sind essentiell fiir die Existenz eines
mit den experimentellen Daten konsistentes Higgs-Feldes im NMSSM. Dies gilt im
besonderem Mafle fiir die Masse des beobachteten neutralen, C’P-geraden Higgs-Feld
mit einer Masse von ungefahr 125 GeV. Wir haben in dieser Arbeit die angewandte
Approximation der Zweischleifen-Beitrage untersucht mit dem Ergebnis, dass diese
fir einen groflen Parameterbereich des NMSSM verlasslich ist. Dies gilt in beson-
derem Mafle fiir die Masse des beobachteten (MS)SM-artigen Higgs-Feldes. Die
Ergebnisse dieser Arbeit werden Teil der zukunftigen Erweiterung des Programms
FeynHiggs sein.

Dartiber hinaus wird unser Ergebnis verglichen mit dem Programm NMSSMCalc,
welches ebenfalls eine Feynman-diagrammatische Berechnung der Higgs-Massen mit
einem leicht verschiedenen Renormierungsschema enthéalt. Der Vergleich zeigt, dass
fiir die Massenvorhersage des (MS)SM-artigen Higgs-Feldes reine NMSSM-Effekte,
erzeugt durch die Wahl des Renormierungsschemas, bedeutend geringer sind als
vergleichbare Effekte, die im MSSM beobachtet wurden.
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1 Introduction

The first observation of a Higgs signal in 2012 [1,2] represented a huge success for the
description of electroweak symmetry breaking. While the Higgs particle and its role in
the process of electroweak symmetry breaking within the Standard Model of particle
physics (SM) [3-5] has been postulated almost 50 years earlier by Frangois Englert,
Robert Brout and Peter Higgs [6-9], it evaded detection at previous experiments.
With the now observed Higgs signal any model, which describes electroweak physics,
needs to provide a state that can be identified with it. While within the present ex-
perimental uncertainties the properties of the observed state are compatible with the
predictions of the SM, many other interpretations are possible as well, in particular
as a Higgs boson of an extended Higgs sector.

In the Minimal Supersymmetric Standard Model (MSSM), see e.g. [10, 11], the
number of particle degrees of freedom is doubled by predicting two scalar partners
for all SM fermions, as well as fermionic partners to all bosons. The scalar Higgs
sector is extended by an additional Higgs-doublet in order to give mass to all SM
fermions. In the CP-conserving MSSM the observed Higgs is a linear combination
of the CP-even scalar Higgs fields. For scenarios with one decoupled, heavy CP-even
Higgs, the observed state is the lighter of both. Although the mass of the lightest
CP-even Higgs field in the MSSM is bound from above by My, the MSSM Higgs-
masses receive potentially large higher-order corrections. These corrections can lift
the mass up and thus provide a SM-like state with a mass at around the measured
value of 125 GeV [12].

The Next-to-Minimal Supersymmetric Standard Model (NMSSM) and its vari-
ants [13-19] represent a minimal supersymmetric theory with an extended Higgs
sector by one singlet superfield compared to the MSSM. The two additional scalar
degrees of freedom mix with the doublet Higgs-fields. However its admixture to the
Higgs field observed at around 125 GeV is not allowed to be very large, since it
does not couple to the gauge-bosons. As in the MSSM potentially large higher-order
corrections appear, that are necessary to provide a SM-like state with appropriate
mass. In order to allow for a precise prediction for the Higgs masses in the NMSSM
the calculation of higher-order corrections is necessary.

Within the NMSSM several codes exist that calculate the Higgs masses in the pure
DR scheme with different two-loop contributions. Amongst these codes SPheno [20,
21] incorporates the most complete results at the two-loop level, including two-
loop contributions from the fermion /sfermions, two-loop corrections from the Higgs-
sector in the gaugeless limit as well as mixed contributions of both sectors calcu-
lated with the results of the effective potential approach as outlined in [22]. The
tools FlexibleSUSY [23], NMSSMTools [24,25] and SOFTSUSY [26-28] include leading
(supersymmetric) QCD (SQCD) corrections in the NMSSM from the top-/stop-



1 Introduction

/bottom-/sbottom-sectors supplemented by certain MSSM corrections. Also the code
NMSSMCalc allows to calculate Higgs masses in the NMSSM including leading (S)QCD
corrections from the top-/stop-sector. In contrast to the the aforementioned codes the
calculation implemented in NMSSMCalc [29] is obtained with Feynman-diagrammatic
methods with the option to choose between the on-shell and DR renormalisation
schemes in the top-/-stop-sector.

The results presented in this thesis will provide an additional calculation with
Feynman-diagrammatic methods that will be included in the code FeynHiggs [30-36]
as a first step to extend this code to the NMSSM, labelled NMSSM-FeynHiggs in the
following. The presented results differ from the pure DR calculations listed above by
the use of a hybrid on-shell/DR renormalisation scheme. From NMSSMCalc it differs
by approximating the two-loop contributions by their known MSSM counterparts,
which are already implemented in FeynHiggs. The code NMSSM-FeynHiggs will be
the only code that includes the resummation of large logarithms and thus improves the
results of the Feynman-diagrammatic calculation for heavy supersymmetric partner-
fields with masses beyond several TeV [37]. The code NMSSM-FeynHiggs will fur-
thermore provide also the wave function normalisation factors of the NMSSM with
the employed MSSM approximation for the two-loop contributions. The MSSM
approximation of the two-loop contributions yields an accurate mass prediction for
(MS)SM-like Higgs-fields for a wide range of parameters. For a light singlet-like
Higgs-field the MSSM approximation for the two-loop sfermion-contributions is less
reliable for certain parameter regions. However, in these regions two-loop corrections
to the singlet mass from the Higgs-sector are expected to be larger than the sfermion
contributions of the same loop-level.

Since the calculations implemented in the codes above contain at most partial two-
loop contributions an estimate of the unknown higher-order effects is necessary to
provide an estimate of the theoretical uncertainties of the Higgs-mass predictions.
While such estimations exist for the calculation in the MSSM; see e.g. [32,38], they
are absent for the NMSSM calculation. While a first step for obtaining estimation
of theoretical uncertainties for NMSSM Higgs-mass predictions has been performed
in [39] for DR codes, the impact of different on-shell/DR renormalisation schemes
has not been studied yet. A comparison between the preliminary code NMSSM-
FeynHiggs and the public code NMSSMCalc shows that genuine NMSSM-effects from
different prescriptions induce only small higher-order contributions, while a study of
partial one-loop corrections suggest that the higher-order effects from missing two-
loop contribution can be more significant for certain parameter regions.

Thesis outline

This thesis is structured as follows. In Chapter 2 an overview over the Standard
Model and the supersymmetric extensions in form of the MSSM and the NMSSM is
given. Chapter 3 will provide details about the treatment of higher-order corrections
in supersymmetric theories in general and will discuss regularisation methods, renor-
malisation schemes, the definition of the wave function normalisation factors as well
as the renormalisation group equations. The NMSSM Higgs sector will be discussed



in detail at the one- and two-loop level in Chapter 4. Subsequently the definition of
the Higgs masses at higher-orders will be given in Chapter 5, including a description of
the used methods and codes. In Chapter 6 the one-loop contributions will be divided
into appropriate subsets and discussed separately. At the end of this chapter the
discussion is extended to the implications for the two-loop contributions. Chapter 7
will give a brief overview over future implementations of NMSSM calculations into
the public codes FeynHiggs, FeynArts and FormCalc based on the presented work. A
numerical discussion of the obtained results takes place in Chapter 8. The numerical
impact of partial NMSSM-contributions at the one-loop level will be discussed. The
employed two-loop MSSM approximation will be compared to the full NMSSM result
for the (S)QCD corrections from the top-/stop-sector implemented in NMSSMCalc.
In the last Chapter 9 a detailed comparison between the codes NMSSM-FeynHiggs
and NMSSMCalc will be presented in order to study higher-order effects induced
by different renormalisation prescriptions. The study represents a first attempt to
estimate theoretical uncertainties for NMSSM calculations in hybrid on-shell/DR
renormalisation schemes. Finally, this thesis will conclude in Chapter 10.






2 The Standard Model and its
Supersymmetric Extensions

The development of quantum-field theories (QFTs) during the 20th century provided
a powerful tool for the description of elementary particles. They represent a combina-
tion of special relativity and quantum theory. At a classical level they connect the par-
ticles observed in nature with field degrees of freedom. After canonical quantisation
of the theory the field degrees of freedom become operators. Demanding invariance of
the action under local, (special) unitary transformations of these degrees of freedom
leads to the description of the strong, weak and electromagnetic interactions. The
best tested and accepted gauge theory describing these forces is called the Standard
Model of Particle Physics (SM) [3-5]. It will be described in this chapter with the
conventions used throughout this work. For a more detailed understanding of its
properties and the definition of the mentioned quantities, a general SU(N) invariant
Yang—Mills theory [40] is discussed in the appendix in sec. A.2. After describing the
SM its shortcomings will be outlined to motivate supersymmetric extensions of the
SM. The Minimal Supersymmetric Standard Model (MSSM) and the Zs-invariant
Next-to Minimal Supersymmetric Standard Model (NMSSM) will be described in
more detail as such extensions and the conventions used in this work. A discussion
of a general SU(N) invariant Super Yang—Mills theory is given in the appendix in
sec. A.3.

2.1 The Standard Model (SM)

The Standard Model of Particle Physics is a spontaneously broken gauge theory!.
It successfully unifies the electromagnetic and weak interactions as one electroweak
force and contains a description of the the strong interaction. Before spontaneous
symmetry breaking the SM is invariant under a local gauge transformation of the
groups U(1)y x SU(2);, x SU(3).. After the SU(2);, x U(1)y-symmetry is broken
spontaneously to the U(1)em-symmetry of quantum electrodynamics (QED), massive
fields can be described. The underlying procedure of spontaneous symmetry breaking
is called the Brout—Englert—Higgs-mechanism (BEH mechanism) [6-9]. After sponta-
neous symmetry breaking the theory contains three massive vector fields and massive
fermions. It is invariant under the group U(1)em X SU(3)..

1At the quantised level it is a BRST-invariant theory as described in sec. A.2.



2 The Standard Model and its Supersymmetric Extensions

2.1.1 Gauge Invariance

The generators of the groups U(1)y, SU(2);, and SU(3). can be expressed by the
matrices Y/2, a,/2 and 7,/2. The corresponding charges are called hypercharge,
weak isospin and colour. They are called the hypercharge operator, the Pauli- and
the Gell-Mann-matrices. Their commutation relations read

[K Y] = 07 [Uaa Crb] = igwf‘:abco'ca [Taa Tb] = igsfabc‘rc- (21)

The couplings of the three gauge groups are labelled gy, g, and gs, €4 and fg. are
the structure constants of SU(2)y, and SU (3)., respectively. Since U(1)y is an abelian
group its structure constant is zero. Not all particles in the SM are charged under
all three groups. Fermion fields charged under SU(2);, are denoted by an index L,
fields uncharged under this group with an index R. Only quarks are charged under
SU(3)c. The 8 gauge bosons of SU(3)., labelled Gf., describe the gluons, the massless
mediators of the strong interaction. Thus SU(3). is the gauge group of Quantum
Chromodynamics (QCD). The 4 gauge bosons of the U(1)y and SU(2)y, labelled
B, and Wy, can not directly be identified with the mediators of the electroweak
interaction. Only their linear combinations describe the observed W- and Z-boson
and the photon. To describe the electroweak interaction, the BEH mechanism has to
be applied.

2.1.2 Electroweak Symmetry-Breaking

The SU(2), x U(1)y invariance introduced in the last section forbids explicit mass
terms for both bosons and Dirac-fermions. However, this is in contradiction with
observations, since both fermions and gauge bosons of the electroweak interactions are
observed as massive particles [41]. This fact hints to a breaking of the U(1)y x SU(2)y,
invariance at the weak scale. After the spontaneous breaking a local symmetry under
U(1)em has to remain to describe the massless photon of Quantum Electrodynamics

(QED).
In the SM the introduced Higgs field is in the fundamental representation of SU(2)y,
and decomposed as follows,

_ G*(z)
¢ = <v + % [h(z) + iGO(x)]> ' (2.2)

Here the CP-even field h is physical and called the Higgs boson. The fields G* and
G represent the two electrically charged and the one neutral Goldstone modes. The
Higgs potential defined in (A.23) for the SM reads

VaM(@) = [—p [0 + XY, p A >0, (2.3)
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and thus the vacuum expectation-value obtains the value

12

V=4l (2.4)
Inserting this value into the kinetic term of the Higgs field (A.25) gives rise to non-
zero mass terms for the four vector bosons of U(1)y and SU(2);,. However, these
massive fields are not observed in nature. They mix into the massless photon field A
of QED as well as the massive neutral and charged vector bosons Z,, and Wf of the
weak force. They are obtained by the linear combinations

<W:> _ 1 (1 —i) (Wl,u> (Zu> _ (cosﬂw —sinﬂw> <W3,#> (2.5)
Wu_ V2 \1 i Wa, )’ A, sind,, cosd, B, )" '
The conventions follow those of the calculations implemented in the tool FeynHiggs [30—
36]. It differs from the convention used in [42] by the different sign of the weak mixing
angle 1,,.

The A-Z mixing is parametrised by the weak mixing angle 9,,. This angle can be
related to the coupling constants of U(1)y, SU(2)y, and U(1)em, gy, gw and e, by

. gy Guw
sind, =8, = ————, cosVy, =c, =

) —F— €= GJwSw = gy Cu- 2.6
V¥ + g Vv + g (2:6)

Expressing the mass matrices in analogy to (A.25) reveals only non-vanishing mass
terms for the Z- and W-Bosons while the photon remains massless,

My = Mzcy, = gov, My =0. (2.7)

Dirac Fermions and their Mass Terms in the SM

After breaking the SU(2)1, symmetry spontaneously, Dirac mass-terms for the fermions,
which would break the SU(2);, symmetry explicitly otherwise, can be generated by
couplings with the Higgs SU(2)1-doublet. In the SM with the assumption of massless
neutrinos such couplings exist for the three generations of up- and down-type quarks
and leptons, u, d and [. These couplings can be expressed in family space by the 3 x 3
Yukawa coupling-matrices Y and the right- and left-handed spinor fields. With the
family indices ¢ and j this reads

Ly = (Q1 - 0°) (V)P uy + (@1 - @) (Ya) U dp + (L3 - @) ()7 B (28)

Here ®¢ = io3¢* represents the charge conjugated Higgs field and the dot denotes
the SU(2)p-invariant product given in sec. A.1.3. Replacing the Higgs field by the
vacuum expectation-value reveals the mass matrices. For the leptons the mass matrix
reads

(m)” = v (V)" (2.9)
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The quark fields in the theory are not mass eigenstates. Each of the left- and right-
handed fields can be transformed into mass eigenstates by a unitary matrix Ug IR
Thus the mass matrices for the up- and down-type quarks reads

m, = (UP oYU, ma = (UF) oYaUg. (2.10)
The rotation into mass eigenstates leads to the combination
Verw = (U US, (2.11)

known as the Cabibbo-Kobayashi-Maskawa (CKM) matrix. A complex phase in this
matrix provides the only source of CP-violation in the SM. Flavour violation will
be neglected in the following, the Yukawa coupling matrices will thus be considered
diagonal.

2.1.3 Quantisation

In the SM the functionals C'* mentioned in sec. A.28 are given for the physical
vector fields A,, Z,, and Wj Assuming that the primed and unprimed gauge-fixing
parameters are chosen equally (£ = ¢’), evaluating (A.28) yields

CA = A, CF = 9", — £, MG, CF = 9"WE Ficw My G*, CF = "G,
(2.12)

The mass matrix for the Goldstone bosons and ghost fields is thus diagonal. The
mass parameters of the unphysical ghost fields and Goldstone bosons are equal to the
corresponding gauge-boson masses up to a factor &;,

MEy = M?, = €, M2, Mze = M2y = &y M2, (2.13)

Unless stated otherwise the t’Hooft—Feynman gauge is applied throughout this work,
where all gauge-fixing parameters are chosen to be equal to one (§4 = £7 = & =

e =1).

2.1.4 Lagrangian and Particle Content

The covariant derivative of the SM reads

DM =10, +iA, +1Z, +iW} +iG, (2.14a)
with
1 Cu
A, =e (Buﬂ + 2W37u03> , Z,=e¢ (—Bu]l + ZSW3’”03> , (2.14b)
wi- L Wy ,00), Gy — guG L 2.14
“_2Sw\/§ 1Lu01 + Wa,02), Gy = gs ny (2.14c)



2.1 The Standard Model (SM)

The full kinetic term for three generations of fermions and the gauge bosons reads

3 =3 (L™ Q) + Ly Ly + ™ iy + di 9™ diy + T ™15,
=1
+Tr[A™ Ay) + Te (2" Z,,) + (T [WH W, | +he) + Tr [GG)
(2.15)

with the trace over the gauge indices as defined in (A.22). The left-chiral fermion
doublets of quark and lepton/neutrino fields are denoted by

Q= (“L> and L} = (”127L> . (2.16)
dL lL

The right-chiral fields are denoted with small letters ug, dg and lr for the up- and
down-quark, and the leptons. Neutrinos are considered massless throughout this
work, thus no right-chiral neutrino fields exists.

The Lagrangian of the SM is formed by the sum of the parts mentioned in this
section and the appendix A.2,

LM = L3N+ LR + Lo + Loy (2.17)

It describes the dynamics and interactions of the particles listed in tab. 2.1.

type field  Y/2 I3 field group generators index

Ly —1/2 £1/2 B, U(l)y Y
leptons/ ¢ 1 0 Wo SU@) 0q {1,2,3}
neutrinos Vi, 0 +1/2  G*  SU@3). T, {1,...,8}
Qr  1/6 £1/2  type  field Y/2 03/2

quarks uly 2/3

0 .
& —1/3 g Higgs h 1/2 —1/2

Table 2.1: Matter fields of the SM before electroweak symmetry-breaking. The
symbols denote the eigenvalues of the operators for the hypercharge Y and the
weak isospin I3.

2.1.5 Shortcomings of the SM

In spite of the successful description of electroweak and strong interactions the SM
fails to provide a description of all phenomena observed in nature, among that it
lacks a description of gravity. Due to this shortcoming the SM can be interpreted at
most as an effective theory [43] that is only valid up to the scale where gravitational
interactions are of relevance. The scale of gravity is usually associated with the
Planck scale Mp = 10! GeV. Above this scale a full theory, which includes gravity,
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is needed. The couplings of the SM at the electroweak scale associated with My,
would then be predictions of the full theory.

The unified description of the electromagnetic and weak interactions at the weak
scale motivates to attempt that a unified description of the electroweak and strong
interactions described by a grand unified theory (GUT) exists at a scale Mgyt < Mp.
The description of the unified interactions would be described by one gauge group.
This assumption however implies that the couplings gy, g, and gs have the same
value at Mgur, which is only possible if additional matter is added to the SM [44].

In the treatment of the SM as an effective theory the Higgs mass would be a
prediction of the full theory above Mp. At Mp, the running Higgs mass has to match
the Higgs mass in the full theory. If the full theory contains fermions with a mass of
~ Mp that couple to the Higgs, however, their contributions to the Higgs self-energy
are proportional to M3 and thus would be very large. Since the Higgs mass in the SM
was measured with around 125 GeV very large cancellations have to occur between
the bare self-energies and their counterterms to arrive at this low mass in the on-shell
scheme. This cancellation has to be fine-tuned in order to arrive from contributions
of O(M3) at a mass of the order of O(M%). The large gap between the two scales
has to be bridged by precise cancellations. Even in the absence of additional, heavy
fermions a large gap exists between the mass scales of the SM particles and any new
particles with masses around Mp. This is know as the “hierarchy problem”.

It is implied by astrophysical observations that only 5% of the energy content of the
universe is made of SM matter. Dark Matter (DM) and Dark Energy (DE) constitute
27% and 68% [45], respectively, of the matter content of the universe. Any candidate
for DM has to be stable on cosmological time scales and is only allowed to interact
weakly. None of the SM particles is a viable DM candidate under this constraints?.
Furthermore, additional sources of CP-violation beyond the single complex phase in
the CKM matrix are necessary in order to explain the observed matter-antimatter
asymmetry in the universe and to meet the Sakharov conditions [49].

2.2 Minimal Supersymmetric Standard Model

In the Minimal Supersymmetric Standard Model (MSSM) [10,11] the Poincaré sym-
metry of the SM is extended by one fermionic generator (N = 1 supersymmetry).
The gauge groups of the MSSM are identical to the SM. For each fermion in the SM
a scalar superpartner, a sfermion, and for each SM boson a fermionic superpartner,
a bosino, is thus introduced.

2.2.1 Motivation

Supersymmetric theories cure several shortcomings of non-supersymmetric theories.
The hierarchy problem is directly addressed by supersymmetry: Scalar self-energies

2 Although neutrinos are weakly interacting, massive [46,47] particles, they are too light to account
for more than a small fraction of dark matter [48].

10
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are protected against quadratic contributions due to a non-renormalisation theo-
rem [50-55]. This property is preserved in softly-broken supersymmetric theories like
the MSSM [56], if the difference between the mass of the heavier fermions and their
superpartners is smaller than or of the order of the Higgs mass. The invariance of a
theory under local supersymmetry provides a connection to general relativity [57].

As an extension of the SM, in the MSSM a unification of the three gauge-couplings
Jy, gw and gs at a scale Mgyt is possible. In this case the superpartner masses are
typically of several TeV.

In addition the MSSM can provide a possible cold dark matter candidate. If the
lightest supersymmetric partner field is stable, electrically neutral and only weakly
charged it can serve as a candidate for non-baryonic dark matter [58,59].

For certain scenarios it is possible starting from universal boundary condition on
the high scale to arrive at a negative value of the squared Higgs mass m3(Mgygy) at
the mass scale of the supersymmetric partner fields Mgysy, which leads to radiative
electroweak symmetry-breaking [60]. In such scenarios the Higgs potential obtains
a non-zero vacuum expectation-value that leads to spontaneous breaking of the
electroweak symmetry.

2.2.2 Chiral Superfields for SM Fields

For each SM fermion a chiral superfield, denoted with a hat, is introduced, which
contains the left- and right-handed SM fermion in the Weyl representation and
its superpartners as component fields. The introduced fields and components are
outlined in tab. 2.2. The scalar superpartners are denoted by an additional letter s
in front of the name of its SM partner. E.g. the partners of the top are called stops.

field scalar fermion field scalar fermion
N ~ . ~A\T N i 'y Uy
Qz’ = (7t ,dl Q = (u* ’dz n p ;
Q ( L L) ( L L) dz dR dR
N - ANT o . - .
Lo L=(m0)" L=0L0)" L I

Table 2.2: Superfields and their component fields the MSSM with generation
index 7. In the left table the SU(2)p-doublet superfields are given, in the right
table the SU(2)-singlet superfields. The fermionic component fields are two-
component Weyl-spinors. Since neutrinos are considered massless throughout
this work, superfields for right handed neutrino fields are absent.

2.2.3 Super Gauge-Invariance

The vector superfield V' can be expressed with the generators of the gauge groups,

Y o,
\4 :gYBi +wa .

Ty
" Gp—. 2.18
7 9 +g b ( )

11
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The left- and right-chiral field strength can be decomposed in the same way due to its
construction from V. The vector superfields B, W, and G, contain the component
field as outlined in tab. 2.3.

group  field vector fermion
U(l)y B B, B
SU2), W, Wk W,
SU@3). G Gy Gy

Table 2.3: Component fields of the vector superfields in the MSSM. The
fermionic components for the superfields of U(1)y, SU(2);, and SU(3). are called
the bosino, the winos and the gluinos.

2.2.4 Electroweak Symmetry-Breaking and Soft-Breaking
Terms

Two different Higgs doublets are needed to obtain the mass terms for the SM fermions

given in (2.8), since a term mixing chiral and anti-chiral superfields is not allowed

in the superpotential given in eq. (A.49). The two Higgs superfields will be called

H, and H, and carry the hypercharge Y of —1 and 1, respectively. The term in the
superpotential for these fields in the MSSM is given by

WASSM — ) 1, - H,. (2.19)

Higgs

The D-terms from the kinetic term and the F-terms contribute to the Higgs potential.
If the scalar component fields of H; and Hy are to obtain non-vanishing vacuum
expectation-values v; and vy it is necessary to add the soft breaking terms,

Li0ges MSSM =2 11012 — m [Ho| — [brop (Ho - Hy) + hecl]. (2.20)
With these additions the Higgs potential of the MSSM is given by
VRlSSM — 2 | |2+ m3 [Ha|® + p (Hy - Ha) + [brope (Ha - Hy) + hec.]

- ; (42 +33) (1Maf* + [Hal?)” + ;gg HiH[ (2.21)

The scalar components H; and Hy can be expanded around their vacuum expectation-
values by

~(vr 4 5 (91 —ixa) B b5
Hi = ( ﬂ_qs; ) , Hy= <v2+ L (252 +i>(2)> . (2.22)

Here the fields ¢; are the C’P-even, x; the CP-odd and ¢ the charged scalar fields.
The sum v? = v} + v3 of the squared values for v; and vy is determined by the
minimisation conditions of the Higgs potential. The Higgs-sector fields and the Higgs

12
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potential will be discussed for the Next-to-Minimal Supersymmetric Standard Model
(NMSSM) in sec. 2.3. Both doublets contribute to the masses of the gauge bosons,

that read
My = Mzcy, = guy\/v? + V3. (2.23)

Mass Terms for Fermions and Sfermions in the MSSM

The field Hy gives mass to the up-type fermions/sfermions, the field H; gives mass
to the down-type fermions/sfermions and leptons/sleptons. The superpotential for
these mass terms is given by

3
Wawa = 3 (@1 Ha) Yaiihy — (Q4 - Hy) Yadiy, — (L3 - Hy) Vil (2.24)
i=1
The Yukawa matrices for the MSSM can be written in terms of the ratio between the
vacuum expectation-values and the SM matrices,

1 1
Y, = YW Yo=Y ——, tanf= %2 (2.25)

sin 3’ os 3’ U

The introduction of additional soft-breaking terms for the sfermions allow them to
have different masses than their SM counterparts. They read

oo =
=30 (3, Qi + M2, Jaif + M3, [l + M3, (L[ + 02 [E)
6: |WL ai, |UR d. "R L |FL i, |'r

3 * . . ~ . ~. * . . ~ . ~. *
=S [AY(Q1- i) () + AW (QL- ) (di) + AW (Li- Hy) () +hee].
(2.26)

The parameters Mg and Mj; are the soft mass terms for the partners of the left-
handed quarks, leptons and neutrinos, while Mz: , Mz and Mj; are the soft masses
for the superpartners of the right-handed up- and down- type quarks and leptons.
The parameters A’, A} and A} denote the trilinear breaking terms for the up- and
down-type squarks and sfermions. The superscript i is the generation index.

The soft breaking terms for the gauginos of U(1)y, SU(2)y, and SU(3). read
. 1 o~ .~ U
Lo = = 2 (MiBB + MyW*W* + MsG'G" + h.c.) (2.27)
The aforementioned soft parameters can in general be complex. Since only the CP-

conserving case will be discussed in this work, they are considered to be real.

13



2 The Standard Model and its Supersymmetric Extensions

2.2.5 R-Parity

An additional constraint on the number of allowed vertices is applied by introducing
a global symmetry, the R-symmetry [61,62]. It acts on the Grassmann coordinates
in superfields,

q)(:v, 9, 19) — e(i”‘R)q)(m, eloftey, e’i"‘R‘b@). (2.28)

The eigenvalues Rg¢ are integer numbers, the angle « is an arbitrary real constant;
the eigenvalue of a product of superfields is the sum of all eigenvalues. R-parity is a
special case for a = m. The eigenvalues for an SM component field are defined as 1,
while the eigenvalues of the corresponding superpartner components are defined as
—1. Demanding R-parity conservation forbids vertices that enable the violation of
lepton- and baryon-number conservation.

2.2.6 Lagrangian and Particle Content

For each chiral and vector superfield a kinetic term as given in (A.48) exists in the
MSSM,

EMSSM — EMSSM +£MSSM +£MSSM

kin kin,chir kin,vec kin,Higgs
3
MSSM 2 29 At 2V A AT 2V 2V 7 Ft 2V T N 2V 4
LUSSM = /d 940 " (Qle?Y Qi+ ale® ity + die?V d; + LIe?V L + & Ve;)
=1

kin,Higgs ™

— 2 A A
L= [ R0a0 Y AV, LS = ( [ @ wowe + h.c.) (2.29)
n=1
The terms from the superpotential of the MSSM are given by

LMSSM / A9 WMSSM fhe WSS T, o+ WNSSM (2.30)

Suppot — Higgs
The Lagrangian for the MSSM is the sum of the aforementioned parts,

LU L LU R R (3
The unphysical ghost and the gauge parts are identical to the ones used in the SM. For
the ghost and gauge-fixing parts only the contributions from the SM are considered
in the Re-gauge. The Goldstone bosons of the MSSM are linear combinations of the
charged and CP-odd scalar states from the Higgs doublets.

2.2.7 Shortcomings of the MSSM

However, the most severe shortcoming of supersymmetric extensions of the SM rep-
resents the fact that so far neither a superpartner field nor an additional Higgs field
have been observed [41]. The search for superpartner fields remains as an important
task for contemporary and future experiments.

14
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The dimensionful parameter ;1 appears as a free parameter in the superpotential of
the MSSM. In the SM all dimensionful parameters can be connected to electroweak
symmetry-breaking, which also fixes their order to O(Mz). An association between
and electroweak symmetry-breaking as in the SM would conceptually be preferable.
This is called the p-problem.

tree

The tree-level mass m;*® of the lightest CP-even Higgs is bound from above by the
Z-mass,

2
(m};ee) < M7 cos® 23. (2.32)

In order to lift its value up to 125.1 GeV [12] large higher-order corrections are neces-
sary. While this is possible, especially for scenarios with a large mass splitting between
the stop superpartners, this re-introduces a “little hierarchy problem” between the
masses of the two stops.

2.3 Next-to-Minimal Supersymmetric Standard
Model

The NMSSM and its variants [13-19] represent a minimal supersymmetric theory
with an extended Higgs sector. In the Zs-invariant NMSSM an additional chiral
superfield S, that is a singlet under all gauge groups, is added to the MSSM with a
modified NMSSM superpotential. Its interactions are defined solely by the NMSSM
superpotential. The singlet superfield adds a CP-even and -odd Higgs field to the
theory. The fermionic component of S serves as an additional neutralino.

2.3.1 Motivation

In the NMSSM two shortcomings of the MSSM are addressed directly: It solves the
pu-problem and increases the upper bound for the mass of the lightest, doublet-like
Higgs field compared to the MSSM.

The p-term in the NMSSM is dynamically generated by an additional gauge-singlet
scalar field that receives a vacuum expectation-value by electroweak symmetry-breaking.
Thus in the initial superpotential no dimensionful parameter is present, as in the SM.

The upper bound on the tree-level mass m}"® of the lightest CP-even doublet-Higgs
field is lifted in the NMSSM compared to the MSSM by the new Higgs self-coupling
parameter A,

2
(miree)” < M cos? 28 + A7 sin 28. (2.33)
In the NMSSM the magnitude of higher-order corrections necessary to lift the mass

of the SM-like Higgs to its measured value is therefore decreased compared to the
MSSM.

15
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2.3.2 Differences to the Minimal Supersymmetric Standard
Model

Compared to the superpotential of the MSSM (2.19) only the second part, which de-
scribes the interaction between the extended Higgs and Neutralino sectors is changed.
Several possibilities exist to implement the singlet superfield S, A good overview can
be found in [17]. For this work only the Zs-invariant NMSSM will be discussed.
This symmetry only allows terms with three superfields in the superpotential. The
Superpotential of the Zs-invariant NMSSM reads

PUIN N 1 -
Wimssm = Wyukawa + ngfgSSSM, ngfgSSSM = AS (Hz : Hl) + g/ﬁS?’. (2.34)

The parameters A and k are free parameters of the NMSSM and considered real in the
CP-conserving NMSSM. The new singlet fields are unable to couple to SM fermions
and therefore do not affect their masses. The scalar component of the field S can
acquire a vacuum expectation-value vy, around which it can be expanded as

1
S=v,+ — (¢ +1xs). 2.35
7 (@5 + ixs) (2.35)
The value v, gives rise to an effective pu-term in the superpotential,
S (I:Ig . ]:Il) = floft Hy H, + excitations, eg = Avs. (2.36)

In the MSSM the quartic couplings between the components of the doublet Higgs
fields ‘H; and Hs are determined solely by D-terms. They are proportionally to
the squared of gauge couplings. In the NMSSM additional quartic coupling terms
proportional to A? are introduced due to F-terms from the superpotential. For the
singlet all D-terms vanish. Its quartic couplings are determined solely by F-terms
and thus A and k.

Compared to the soft breaking terms of the MSSM given in (2.26) only the last
term involving the interaction between the Higgs fields is subject to a change in the
NMSSM. For the new parameters \ and x new breaking parameters A, and A, are
introduced, and the scalar component of S receives a soft mass parameter mg,

B I af? = [l ST

1 (2.37)
— NS (Ha M) + AT+ h.c} .

In the CP-conserving NMSSM the new soft-breaking parameters are real. The
Higgs potential of the NMSSM is given by the aforementioned parts and D-term
contributions. It reads

VaMSSM = m2 [ H [P 4+ m3 [ Ho|? + m? [S]? + A2S? (|H1|2 + |H2|2)
1
N (He ) 4+ 182+ [/\AA (Ha-Hy) + 35/1533}1.(;}
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2.3 Next-to-Minimal Supersymmetric Standard Model

5 (4 3) (70 + 1P)” + i Him|” (2.38)

0|

2.3.3 Lagrangian

The Lagrangian of the NMSSM is identical to the one of the MSSM given in (2.31)
up to the different superpotential and the additional kinetic term for the singlet
superfield,

LNMSSM _ /d219 JNMSSM

Suppot
2

LRMSSM / 429427 (Z VA, +STS*> .

(2.39)

Note that the singlet superfield is not coupled to the vector superfields.

2.3.4 Masses of (Gauginos, Higgsinos and Sfermions

The superpartner fields of the SM fields as obtained directly from the superfields
are not observable. They can mix and have to be expressed in the mass basis.
In the following the mass matrices for the superpartner fields will be given in the
conventions of [31,33] for the real case. Instead of the gauge couplings and the
vacuum expectation-values of the Higgs fields the result is expressed in terms of the
gauge boson masses and g where applicable.

Charginos

Charginos are mixed from the charged Higgsino and Winos. They obtain a Dirac
mass-term. The mass matrix for the fields in the interaction basis reads

B M. V2My sin 3

It can be diagonalised by a biunitary transformation
X8 = U7, XV! = diag{m,,, m,,}. (2.41)

A numerical singular value decomposition on X yields numerical results for the
positive and real singular values, which can be identified with the two chargino masses.
The decomposition also yields results for the matrices U and V.

Neutralinos

The superpartner fields of the singlet mix with the other neutral gauginos and
higgsinos. Thus there are five neutralinos in the NMSSM. Their mass matrix in

17
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the interaction basis reads

My 0 —Mysy cos 3 Mysy sin 3 0
0 My Mgew cos 3 —Mgey sin 8 0
Y = | —Mgzsycos3B Mgy cos 3 0 — [off AUy
Myswysin3  —Mgey sin 3 — loft 0 AUy
0 0 AUy AUy —V2kv,
(2.42)
It can be diagonalised by a unitary transformation N,o by
Y (diag) — N;oYNLO = diag{mxg, Mg, M0, M0, mxg}. (2.43)

Since Y is a 5 X 5 matrix, N,o is of the same rank. Since Y is hermitian, it can be
diagonalised with only one unitary matrix N. The numerical values for the mixing
matrix and the neutralino masses are obtained by performing a numerical singular
value decomposition on Y.

Sfermions

The sfermions are mixed between the superpartners of the right- and left-handed SM
fermions. The mass matrix for the fields in the interaction basis reads

M s — MJ%L +m§+M%00825(L{—Qfs%V) myXy
! myX; M3 +mj + M7 cos 26Q sy
(2.44)

with (f, f, fu) € {(u,@,q), (d,d,§), (e, &,1)} and X; = (As— piess t7(8)), where t5(3) =
tan 3 for sleptons and down-type squarks and ¢ f'(ﬁ) = cot 3 for up-type squarks. The

symbols I;{ and )y denote the weak isospin and electric charge of the corresponding
SM fermion.

Since the sfermion mass matrix is hermitian, it can be diagonalised by a unitary
2 x 2 matrix Uy given by

M = UMpUL = diag{m? ,m? }. (2.45)

Throughout this work the mixing matrix will be parametrised by the real mixing
angle 67,

U co§9f smef7 (2.46)
f —sinff cosf;

that depends on the mass hierarchy between the two stop masses. The elements of
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the mixing matrix elements fulfil the relation
) N Xy
f1 fa
The mass eigenstates are given by

1
m%g = m? + 5 [M]% + mfc + L{Mé cos 23
(2.48)

¢\/M}% - M}% + MZcos 28I — Qrs%y) + 43

A5 = |

2.3.5 Higgs Masses

The Higgs potential V contains all terms in the Lagrangian that emerge from terms
proportional to arbitrary powers of Higgs fields. It is formed from by contributions
from both the superpotential and the Kéhler potential (A.48). Since S transforms
as a singlet, the D-terms of the Higgs sector remain identical to the ones from the
MSSM. In this work the vacuum expectation-values of the Higgs doublets (2.22) and
the singlet (2.35), vy, vy and v, are only allowed to be real. Rearranging Vi by
powers of the fields leads to

Va=...—T4,¢1 — T¢2gz52 — T¢S¢S (2.49)
¢1 X1 +
1 1
+ 5 (¢17 b2, Qbs) M¢¢ o2 | + 5 (Xh X2, XS) MXX X2 | + (¢1_7 ¢2_> M¢i¢i <z§>
bs Xs

The coefficients linear in the fields are the tadpole coefficients. The ones bilinear in the
fields are the mass matrices Mygs, My, and Myz,+. In eq. (2.49) the Higgs potential
is given in the interaction basis with the fields ¢; and qﬁjﬁ A unitary transformation
has to be applied in order to obtain physical fields in the mass basis. For the CP-
conserving case the mixing into mass eigenstates can be described at lowest order by
the unitary transformations

Hy ¢1 Ay X1 ot (/51
Hy | =Ugyq | 92| Ay | =Uyo | x2 | » (Gi>:UC(0) ( ¢i>- (2.50)
H, by G° Xs ?

The new fields correspond to the five neutral Higgs bosons H; and A;, the charged
pair H* and the Goldstone bosons G° and G*. For the interaction fields the Higgs
mass-matrices are not diagonal. They are diagonalised at tree-level by the matrices

U{e7o,c}(0)a

UMy Ul ) = diag(m3;,,m3,, miy, ), (2.51a)
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Uo(O)MxxUZ(o) = diag(mil,mZQ, O), (2.51b)
U0y M4 Ul ) = diag(m},0), (2.51c)

without the contributions from gauge-fixing sector. The explicit discussion of the
Higgs mass-matrices and tadpoles will be given in chapter 4.

2.3.6 MISSM-Limit
The MSSM can be obtained as a limit of the NMSSM for

A
A— 0, Kk — 0, leg = const., — = const. (2.52)
K
If k¥ maintains a finite value in this limit, the singlet and singlino sector decouples

from the remaining fields. The result is the MSSM with a self-interacting singlet and
singlino sector.
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The S-matrix element for the transition of an initial state labelled 7 into a final state
labelled f can be written as

Sfl' = (Sfl' +1i (271')4 (5(4)(]91 — pf)./\/lfi (31)

with the Kronecker-delta ¢;; and the invariant matrix element M¢;. The four dimen-
sional delta-function 6* ensures momentum conservation between the initial and
final states. An expansion of My, can be performed in powers of the appearing
couplings. For a theory with one coupling ¢ this expansion reads

M= g"M. (3.2)
n=1

Each Mgﬁ:) relates to a calculation at fixed order and is gauge-invariant independently.
They involve the description of intermediate states that take part in the process 1 —
f. While the four dimensional delta-function in (3.1) secures momentum conservation
for the external states, the momenta of the intermediate states are not necessarily
fully determined by momentum-conservation. In order to consider these momenta
consistently it is necessary to integrate over all possible values. The integration
over all possible momenta leads to non well-defined expressions. In order to address
this problem these integrals have to be regularised. By applying this procedure
the integrals become well-defined quantities. This process is always connected to
the introduction of an unphysical scale pu,., that drops out only if the invariant
matrix element My; is calculated at all orders. After regularisation it is possible
for renormalisable theories to apply a renormalisation procedure that ensures that
each of the MSZZ) remains well-defined after the regularisation procedure is reversed.

3.1 Regularisation

Several methods exist for regularisation. Amongst the most common ones are dimen-
sional regularisation (DREG) [63,64] and dimensional reduction (DRED) [65].

3.1.1 Dimensional Regularisation (DREG)

In order to regularise the divergent integrals all 4-dimensional quantities in the
calculation are treated as D-dimensional objects, where D is an arbitrary real number,
usually expressed as D = 4 — 2¢ with the arbitrary real number €. The limit ¢ — 0
restores the result in 4 dimensions. The change in dimensionality affects the measure
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3 Higher-Order Corrections

in integrations over momentum and spatial coordinates. For the bare invariant action
of a theory with the coupling ¢ and scalar field ¥ with mass m this leads to'

S = u?“l/de L(g,m, V). (3.3)

In order to keep the dimension A for the invariant action the scale u, has to be
absorbed by a redefinition of the couplings and fields of the theory.

The potentially ultraviolet-divergent loop-integrals in momentum space are well
defined quantities in D dimensions. The one-loop integral of a function F' over the
momentum k can be expressed as a polynomial in ¢,

/g:leF (k) — “ﬁ_D/ (il:)kDF (k) = Aaa +ag + €ar + 0(62)’ (3-4)

with the real coefficients a and the typical divergent factor A, which reads for
dimensional regularisation

1
A=—-—~g+Indr. (3.5)
€

Here 7y is the Euler-Mascheroni constant. The first term in eq. (3.5) corresponds to
the divergent contribution in D = 4 dimensions. The remaining constant terms are
introduced by performing the integration in D-dimensions. Any terms proportional
to negative powers of € have to cancel in the calculation of physical quantities. Any
terms proportional to positive powers of € vanish for D — 0, but can cancel their
power in € with divergent terms in calculations beyond one-loop order.

One major disadvantage of dimensional regularisation is its explicit breaking of
supersymmetry. Treating vector fields in D dimensions leads to D bosonic degrees
of freedom, while the number of fermionic degrees of freedom remains unchanged.
In a vector superfield consequently the number of fermionic degrees of freedom is
not equal to the number of the degrees of freedom of the vector component-field,
as supersymmetry requires. In order to avoid this problem either supersymmetric
counterterms can be introduced [66,67] or a supersymmetry conserving regularisation
method can be used.

3.1.2 Dimensional Reduction (DRED)

In this procedure only the momenta of the calculations are treated as D-dimensional
objects, while the vector-fields remain 4-dimensional. The difference to dimensional
regularisation only appears in fixed order calculations. At one-loop order the expan-
sion in terms of € outlined in eq. (3.4) remains unchanged. Dimensional reduction
will be applied to all calculations performed in this work.

It has been shown that DRED conserves supersymmetry at one-loop order [64].

'Eq. (3.3) is understood for the bare quantities. ~With the notation of sec. 3.2 it reads
So = pP~* [dPx Lo(g0, mo, Vo).
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3.2 Renormalisation

As of today the supersymmetry conserving properties of DRED at two-loop order
are only known for special cases. For the calculations and results in this work the
supersymmetry conserving property of DRED has been explicitly checked in [68].

3.2 Renormalisation

Renormalisation is a two-step process. At first a renormalisation transformation has
to be applied to all fields and independent parameters of the theory. This introduces
new parameters, the renormalisation constants. Their explicit form has to be fixed
in a second step.

The renormalisation transformations for independent parameters of a theory with
fields Wy, coupling gy and mass mq read

1

The quantities with the subscript zero are the parameters and fields that are called
unrenormalised or bare. The quantities without subscript are called renormalised.
The quantities denoted with a ¢ are the renormalisation constants. Applying this
procedure to the Lagrangian generates new terms that are denoted by £ and L.
While £ depends only on the renormalised parameters and fields, the counterterm
Lagrangian 6L depends also on the renormalisation constants,

Lo(go, mo, ¥o) — L(g,m, V) +0L(g,m,¥; dg,0m,dZy) = ﬁ(g,m, U: dg,0m,02y).
(3.7)

Both £ and 6L are independent of the bare couplings and fields.
For the renormalisation of a vector field V' in a gauge theory the gauge-fixing
parameter &y also has to be renormalised,

£ — &y (1 + ;5Z§V> | (3.8)

The divergent part of the counterterm for &, however, is fixed by gauge-symmetry
relations of the theory [69] to

86y | = 6.2y | (3.9)

Here 07y is the field renormalisation constant for the vector field V.

In a second step after applying the renormalisation transformations the renor-
malisation constants have to be defined. Only after this step the renormalised
parameters of the theory have a physical meaning. The divergent contributions of
the renormalisation constants is defined such that the contributions from §L cancel
all appearing regularised ultraviolet-divergences in physical observables. The finite
contributions of the renormalisation constants can be defined arbitrarily in each
renormalisation scheme. However, the physical meaning of the renormalised param-
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3 Higher-Order Corrections

eters is dependent on the finite contributions of their renormalisation constants and
thus on the renormalisation scheme. For a fixed-order calculation, however, different
renormalisation schemes can lead to different results. Two common renormalisation
schemes, the on-shell and MS-/DR-scheme, are described in the following section.

3.2.1 On-Shell Scheme

It is possible to define the renormalisation constants for masses and fields such that
the renormalised mass-parameters are the parameters of the classical Lagrangian.
Furthermore it ensures, that in- and outgoing particles maintain correct in-shell
properties. This scheme is called on-shell scheme. Depending on the Lorentz structure
of the fields the on-shell conditions have a different form. An overview over this
procedure in the SM can be found in [42]%. Here the renormalisation conditions that
are necessary for this work will be presented in their general form.

Scalar Fields

The on-shell renormalisation conditions for a single complex scalar field ¢ with the
tree-level mass-parameter M, read

1
=0, lim T et (B) =1 (3.10)

k2—M?2 k2?2 —

Rel'y1, (k?)

k2=M7
The corresponding renormalised two-point functions at one-loop order reads

A : . : 1 ,

g (k?) =1 (kK = M2) +iS16 (k) +1 (k* — M) 5 (025" +62,) —i6M2  (3.11)

with the unrenormalised self energy i 4(k®) and the square of the external momen-
tum k2. The renormalisation conditions lead to expressions for the renormalisation
constants appearing in eq. (3.11) that read

0

OMy P = ReSyig(M3), 0255 = = 5%15(K?) (3.12)

2_)\f2
k*Mqa

The on-shell conditions in eq. (3.10) are formulated for an unstable particle. For a
stable particle it is sufficient to impose both conditions only for the real part of the
two-point functions instead.

Vector Fields

For the renormalisation of a vector field V' with mass My the on-shell conditions read

A ! ) 1 y !
Rel™Y, (¢)¢" (q) . 20, lim ———RelY (q)e(q) =0 (3.13)

2Note the different sign convention for the weak angle between the reference and the calculation
presented here. Furthermore the results in this reference only accounts for stable particles.
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3.2 Renormalisation

with the polarisation vector € and momentum ¢ of the external field. The correspond-
ing renormalised two-point function at one-loop order reads

i (@) (3.14)
[( - (1 60)) 7 - g ] 1| (1 ) () + LS
- 5 [(guy Q;;C]u (1 — §V)> 92 - QWM\Z/l ((5ZVJr + 5ZV)

+i (gu,,5M2 + quﬂqy 5Z£v) )

with the unrenormalised transversal and longitudinal self energies XX (¢%) and 2} (¢?).
Since g,e* = 0 this fixes only the mass and field renormalisation constants. They
read

OMy© = RexY (M), 5298_-Yf;R@ﬂ(Aﬂ) (3.15)

Fermion Fields

For the renormalisation of a fermion field ¢ with mass m,, the on-shell conditions
read
|

. —m S !
20, lim HRGFW (p) u(p) =

prm, P2 — 3

iu(p). (3.16)

Rel'y (p)u(p)

g?=m},

with the spinors u of the external field. The corresponding renormalised two-point
function at one-loop order reads

iCyu(p) = i(p — my) +1%pu(p) +i(p — my)dZy — idmy (3.17)

with the unrenormalised self energy >, which can be decomposed as

Sy (p) = PE(p) + my S5 (p) (3.18)
—p| =R W) + P 0)] +mo [REGP () + RESD ()

in electroweak theory. This leads to the mass renormalisation constants given by

1 L) (B.R) s, s,
5m%S = Re {2 () + =2 () + 5P () + 2P (p)

(3.19a)

p=my

For the field renormalisation constants of the left- and right-handed field in the on-
shell scheme this yields

62;% = —Rex ) (p?) — m? [;;Re (Efﬁ( ?)+S(p ))] (3-19D)

p?=m},
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3 Higher-Order Corrections

o2 = —resl () - [ Tre (S0 + 50(7)| . aso

3.2.2 MS-/DR-Scheme

The MS-scheme denotes a modified minimal subtraction (MS) scheme using dimen-
sional regularisation. In this scheme the renormalisation constants absorb only the
divergent part and the constants that appear in the typical divergent factor given in
eq. (3.5). The DR renormalisation scheme refers to MS with dimensional reduction
as the regularisation procedure. Since only the DR renormalisation scheme is used in
the following, the superscript MS will be dropped. In D dimensions a renormalisation
constant reads at one-loop order

5g°R = A-¢, = const. (3.20)
The relation between the DR and on-shell counterterms can be obtained vial
= fin.
5mzos _ 5m2DR+ sm zos ’ 52;)5 _ 5Z(1;R+ 6Z¢?S‘ (3.21)

Here the finite contributions to the renormalisation constants do not contain contri-
butions proportional to A. It is, however, not necessary to obtain the full on-shell
renormalisation constants to determine DR renormalisation constants. Since only
the divergent part is necessary, any renormalisation condition imposed to a vertex
function that involves the renormalisation constant is sufficient.

3.2.3 Conversion between Renormalisation Schemes

If it is necessary to transform a renormalised quantity from renormalisation scheme I
to another renormalisation scheme I/, the transformation can be performed by start-
ing from the bare parameter which is equal in both schemes. The bare parameter can
then be expressed by the renormalised parameters and the renormalisation constants
of both schemes according to

go =g +dg" = g' + 64" (3.22)

Thus the renormalised parameter in scheme I, ¢/, can be expressed by the renor-
malised in scheme II, g’f

g =g+ ((5g” — §gI) =gl 4+ A, (3.23)

The difference between the renormalisation constants in both schemes yields a finite
shift A,.
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3.3 Wave Function Normalisation Factors

3.3 Wave Function Normalisation Factors

In order to ensure the independence of the S-matrix from the field normalisation,
each external leg of a stable field ¢ in amputated Green-functions has to enter the
calculation with a factor \/7 . The factor Z, is given by the residuum of the full
propagator

iZ¢ = RGSMz [A¢¢] 21 m sz - MQ) A¢¢ (p2>}, (324)

= 1li
p?—M?
where M? is the (real) pole of the full propagator. This is a result of the Lehmann—
Symanzik-Zimmermann (LSZ) theorem [70]. At lowest order Zs = 1 holds. In the
on-shell renormalisation the field renormalisation constant of ¢ is chosen such that

this relation holds also at higher-orders.

For the Higgs-fields fields h;, that are unstable and can mix with each other, on-shell
renormalisation conditions given in eq. (3.10) have to be imposed for all two-point
functions involving fields h; in order to ensure that the normalisation factors for the
fields h; are identical to one. However, for the calculation in this work each Higgs-
doublet and the Higgs Higgs-singlet field receives one field renormalisation constant
that is fixed in the DR-scheme. Thus the wave function normalisation factors Z; the
Higgs-fields h; are not equal to one at higher-orders. Furthermore the wave function
normalisation factors form a non-unitary matrix Zh, that relates the }All with the fields
hi,

AN
hy | =2y | ho (3.25)
]Alg hS

The fields h; are the tree-level Higgs-fields in the mass basis. The fields h; can be
interpreted with physical, asymptotically free fields. The matrix 7y is non-diagonal
and accounts for higher-order corrections to the mixing of the interaction states. If
all fields were renormalised in the on-shell scheme, the matrix Z;, would be the unity
matrix.

The elements of the Z,-matrix are obtained with the full propagator-matrix A (k?),
that is related to the inverse of the matrix of the renormalised two-point functions,
L (k?),

[f‘hh(/{?2)}ij = <p2 — m,%l) 5ij + ihihj (pQ) (326)
1

A (k) =1 [T (k)] (3.27)

With the results for the renormalised self-energies ¥y, (k?) the inverse propagator
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3 Higher-Order Corrections

matrix can be calculated as

(k)] = (K = m3,) 0,5 + Shn, (K2). (3.28)

ij

With the result of [71,72] the matrix elements of Z read

. a 1 5 Ah.hv(k@)]
Zi(E*)| = —=— Resprpe |Apn, ()| = V28 [” : 3.29
{ h( )LJ \/Z»Za M3 [ hih; ( ﬂ Ahihj (]i?2) P22 ( )
where M2 denotes on of the complex poles of the propagator-matrix and
7% = Respg [ Ann, (K7)]. (3.30)

With this relations the matrix Zh can be written as

7 az, oz,
Zn = |\/232% \/ 73 7373 | - (3.31)

All matrix elements that contribute to iza are considered to be evaluated at the
complex pole M2 assuming that Re(M3) < Re(M3) < Re(M3). If no off-diagonal

a’

A

of the full propagator matrix Ayy,(k?), the matrix Zj, is diagonal. In this special
case its entries correspond to the Z-factors of the LSZ-theorem, but evaluated at the
complex pole for unstable particles. In this case no higher-order mixing-effects are
considered in Zj. The inclusion of off-diagonal entries of Ay (k?) relates to including
higher-order mixing-effects due to the inversion of the non-diagonal matrix T'y,(k?).

With this definition of the wave function normalisation matrix Z;, the diagonal
elements of the inverse propagator-matrix have on-shell properties if the matrix Z,
is applied for both external legs

| 1 oo o

The analogue procedure can be used to obtain the wave function normalisation factors
for the CP-odd Higgs-fields. For an extensive discussion of the wave normalisation
functions see [73].

3.3.1 Relation between physical Fields and Fields in the
interaction Basis

Only the matrix 7 can determine the admixture of a certain mass eigenstate h, to
the physical fields h at higher-orders. For the admixture of the fields ¢, ¢2 and ¢,
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to the physical fields h can be obtained by

}}1 . hl N ¢1
hay | = Zn | ha | = ZpUe) | 02 (3.33)
h3 h?) ¢s

Depending on the loop-order of the higher-order contribution in the inverse propagator-
matrix we define

Uiy = 20Ul ), (3.34)

where ZEZ") denotes the wave function normalisation matrix obtained with two-point

functions including correction up to the n-th loop-order. However, Z;ln)
corrections of a higher loop-orders due to mixing effects as explained above.

contains

The Z-matrix was not available for the numerical results presented in this work.
Thus we will use an approximate result for U,(,) instead, that is obtained by the
singular value decomposition of the inverted propagator-matrix close to zero momen-
tum, to illustrate the singlet-admixture to the physical fields in certain numerical
scenarios.

3.4 Renormalisation Group Equation

Any result for a physical observables must be independent of the renormalisation pre-
scription. The renormalisation group equation (RGE) [74,75] describes this by depict-
ing the independence of renormalised vertex functions of renormalisation points [69].
In dimensional regularisation this translates to the independence of the unphysical
regularisation scale p,.. The total derivative of a renormalised vertex function IR
with n external scalar fields W as described in sec. 3.2 with respect to the regularisa-
tion scale p, has to vanish,

d n
0= Mrar( )(pk;g, m; H’T)

B 0 N 3gg+8mi+@i82\p PO (p: g, m: 1) (33
s op,  Our.0g O, Om 2 Zy Ou, P §, 7% fir)-
The coefficients in front of the derivatives in eq. (3.35) define the S-function
i 0
ﬁ(gu m; ,ur) = hH(l) ,uraig(gm my, €; :ur)7 (336)
€— Ly
the anomalous dimension
(9,05 1) = —lim == Z4 (g0, o, € 1) (3.37)
Y\G, ™M, y) = el_I% QZ\yuralllr wldo, Mo, €; Uy .
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and the renormalisation-group coefficient for the mass term

1 0
’Ym(gamaﬂr) - ll_I)I(l) my'Ta (QOamannur)v (338)

where € is defined as in the previous sections.

Renormalisation Group Evolution

Before applying the limes € — 0 to the S-function, eq. (3.36) presents a differential
equation for the finite part of the coupling g,

pegtli) = B+ 0(0) = 3= 67537 + OC), (339)

where ﬁé”) represents the [-function of g at n-th order divided by ¢™(u,). By
solving this equation the finite value of g can be obtained at any scale for a given
initial condition pg. Including the one-loop S-function leads to the running coupling
including all leading logarithms in the scale p,, including the two-loop [-function
leads to the incorporation of next-to-leading logarithms, etc.

Construction of divergent Counterterm Contributions

Due to the structure of the coefficient
pP=t = e = 1 4 eln p? + (’)(62) (3.40)
in eq. (3.4) the typical divergent factor appears with the same coefficient c,
4-D A _ 2
e A =cA+clnp? + O(e). (3.41)

Thus the identity

(3.42)

holds at one-loop order. Thus the divergent part of an unrenormalised quantity can
be expressed by (-functions and anomalous dimensions,

g = ABY + finite (3.43a)
ZW = Ay 4 ﬁnite (3.43b)
(1) — Am(o) _|_ ﬁnlte (3430)

The superscript (0) denotes tree-level parameters. From these expressions the DR
renormalisation constants can be obtained by

),DR

g —5gW = finite = sgWPR = A (3.44a)
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ZW — §ZzWPR L finjte = §Z2WPR = A1 (3.44D)

m® — smMPR = finite = gmPR = Am 4D (3.44c¢)

for a given scale p,.
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4 Higgs-Sector of the NMSSM

The mass My of a complex field ¥ with total width I'y is defined according to the real
part of the complex pole M2, = M2 — iM3Ty; of the renormalised, full propagator.
For this value the inverse propagator, the renormalised two-point function fq,m, as
given in eq. (3.11), vanishes,

AR

R2=M,

The two-point function receives higher-order corrections. If the parameter m2 is
independent, a renormalisation condition can be applied to f‘qﬂrqj directly and the
pole mass can be renormalised independently. If m2 is a dependent quantity no
independent renormalisation condition can be imposed on lA“\I,m,. The pole mass can
then be predicted in terms the independent parameters.

For the determination of the pole mass it is necessary to obtain the Higgs propagator-
matrices and tadpole coefficients expressed by the independent parameters. In a
next step the counterterms for Higgs mass-matrices are obtained by applying the
renormalisation transformation for the independent parameters. After that the renor-
malisation constants are fixed by independent renormalisation conditions.

The results outlined in this section are obtained in the same convention as used
for calculations of the corresponding quantities in the MSSM, e.g. [31, 33, 35], that
are included in FeynHiggs. The analytic results for the MSSM mass matrix elements
and their counterterms as given in [31] have been verified in the MSSM limit defined

in eq. (2.52) for the real case. Further checks have been performed with the analytic
NMSSM results given in [76].

4.1 Higgs Mass-Matrices and Tadpole Coefficients

In this section the explicit expressions for the tadpole coefficients and Higgs mass-
matrices are given together with the relations between the chosen set of independent
parameters. The initial set of independent parameters and the chosen set for the
calculation are shown in tab. 4.1.

4.1.1 Tree-Level expression in terms of the initial Set of
Parameters

In the CP-conserving NMSSM the Higgs mass-matrices, My, M,, and Mg+ 4+, are
hermitian 3 x 3 and 2 x 2 matrices respectively. Their independent entries read for
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4 Higgs-Sector of the NMSSM

Kahler super- vacuum soft breaking
potential potential expectation-values parameters

g1, 92 )\7 KR U1, V2, Us T¢>17 T¢27 T(bsa my, Mg, Mg, A)\a AN
MW7 My Aa K tanﬁ) U, et Th17 Th27 Th37 MHi) Ali

Table 4.1: Set of independent parameters of the NMSSM Higgs-potential Vi1
as given in eq. (2.38) listed by their origin (first row) versus the final choice of
independent parameters (second row). The arrows denote parameters that are
replaced in the specified sectors.

the CP-even fields

N 1
(M), = mi + A\ + 1 (g% + gg) (37]% - Ug) (4.2a)
— 1
(Mg)yy = 1125 + A7 + 1 (g% + gg) (37’3 - U%) (4.2b)
(M) gy = m2 + A (v% + vg) — 2Mkv vy + 6K%02 + 2K0, A, (4.2¢)
1
<M¢¢)12 = —/,l/eﬂ‘B + 2)\21)11]2 — 5 (gf —+ gg) V1V (42d)
v
(M¢¢)13 = _fﬂeﬂB + Avg (2>\U1 - HUZ) (426)
v
(Mgg)ys = —U—l,ueffB + Mg (2Avg — Koy) (4.2f)
for the C'P-odd fields
1
(Myy)y, =7 + Aoy — 1 (91 + 92) (Ul - U%) (4.3a)
1
(M )gy = 105 5+ Nt — 1 (91 + 92) (v% - U%) (4.3b)
(Myy )y = m2 + N (vl + v2> + 2MK01vg + 26207 — 2KV, A, (4.3¢)
(Mxx>12 = — et B (4.3d)
v
(Myy )3 = —U—ZueffB + 2XKVq5 (4.3e)
v
(M, )ys = UJMB — 2\Ky 0, (4.3f)
and for the charged fields
1 1
(Mg )y =758 + 07 (6 08) + 25 (08 +15) (440
., 1 1
(Mgt ),, = M5 + 1\ ( vf) + 193 (vg + Uf) (4.4b)
1
(M¢i¢i)12 = —/LeffB -+ )\21}11}2 — §g2’l}11}2, (44C)
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4.1 Higgs Mass-Matrices and Tadpole Coefficients

where mj = mJ + MNv? and pgB = \vs (kvs + Ay). The Higgs mass-matrices are
diagonalised according to eq. (2.51).

4.1.2 Tree-Level expressions in terms of the chosen Set of
Parameters

For the determination of NMSSM Higgs-masses at higher orders all appearing in-
dependent parameters have to be renormalised. At one-loop order only the twelve
independent parameters from the Higgs potential Vi given in eq. (2.38) enter the
calculation. While their number is fixed, the set of independent parameters can in
principle be chosen arbitrarily. In practice choices are constrained due to numerical
stability and sensitivity of masses, e.g. in the neutralino-/chargino-sector, to the
soft-breaking parameters.

Parameters from the Kahler Potential

The gauge-boson masses, My, and My, and the SM vacuum expectation-value v
are known and fixed [77-79], while the remaining parameters only appear in the
NMSSM- and a subset also in the MSSM-calculation. The Higgs mass-matrices have
to be expressed by the chosen set of independent parameters and thus the relations
between them and the initial parameters are necessary.

Vacuum Expectation Values

The relation between the v, v and v is given by
v +v; = v’ (4.5)
Thus the two vacuum expectation-values of the doublet fields can also be expressed
by their ratio,
V2 .
tanf = —, wv; =wvcosf, vy =wvsinf. (4.6)
v

1

The relation between the vacuum expectation-values and the gauge-boson masses are
stated in eq. (2.23), the relation between the singlet vacuum expectation-value and
the effective p-parameter pog is given in eq. (2.36).

Charged Higgs Mass

The relation between the trilinear breaking parameter A, or p.gB, and the charged
Higgs mass at lowest order is obtained by diagonalising the charged Higgs mass-matrix
M= 4+ from eq. (4.4a). With the real angle . and the ansatz

U = (— sin . cos ﬁc> (@7

cos 3. sin 3,
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4 Higgs-Sector of the NMSSM

the masses of the charged Higgs and unphysical Goldstone pair read

Mpe = (Mgzgt),, sin® B + (Myzgt ),, cos” B — 2 (Myzgt ), sin 3. cos 8. (4.8a)
Me: = (Myzgt),, cos® B + (Mgrgt),, sin’ B, + 2 (Myzge ), sin fecos 8. (4.8D)

The explicit value for (. can be obtained by the requirement that the mass of the
charged Goldstone pair depends only on the tadpole coefficients and thus vanishes
at tree-level for the contribution from the Higgs sector. In general there are also
contributions from the gauge-fixing term. In case of 3, (. € [0,2x) this is true, if
8. = (3, which yields

1 [sin?p cos? 3 e B
M= — — T — T | T 4+ M2+ \%0? 4.9
H V2u (cosﬁ 2 sinfg =% sinﬁcosﬁjL w AT (4.9)
1
Mg: = — — (T, cos B + Ty, sin 3) (4.9b)

V20

By solving eq. (4.9a) for u.gB one obtains
1
He B = N (sin3 B Ty, + cos® 3 T¢2) + (Mfli — M, + )\21)2) sinfcosB.  (4.10)

It hast to be pointed out that the angle [, is not an independent parameter and
consequently will not receive a counterterm.

Tadpole Coefficients

The tadpole coefficients in the interaction basis are defined as the first derivatives of
the Higgs potential with respect to the Higgs fields taken in the classical minimum,
where all fields vanish. In order to obtain a stable minimum all first derivatives with
respect to the Higgs fields have to vanish,

0

Ty = 5 Vi =0 (4.11a)
¢i (blmea(briz:O
0 )

T = 5 Vi =0 (4.11D)
Xi gy xn,0E=0
0 |

Tye = 5oV = 0. (4.11c)

' D gy xmst =0

They are related to the tadpole coefficients in the mass basis for in the mass basis
Th“ by

Th1 T¢>1 T¢1 Thl
Th2 = Ue(()) T¢2 and T¢2 = UZ(O) Th2 . (412)
Thy To, To, Thy
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4.1 Higgs Mass-Matrices and Tadpole Coefficients

For the tree-level calculation all tadpole coefficients are zero, but they receive higher-
order corrections. Thus it is necessary to treat them as non-vanishing quantities and
neglect them only after their renormalisation transformations are applied. In order
to shorten the following expressions, the tadpole coefficients in the interaction basis
will be used in the following.

In the NMSSM with real parameters the conditions (4.11b) and (4.11c) are always
fulfilled due to CP- and charge-conservation. However, this is not true for condi-
tions (4.11a). In order to fulfil these conditions for the CP-even fields it is necessary
to choose three free parameters, normally the soft Higgs-masses m;, such that the
tadpoles for the CP-even fields vanish. If conditions (4.11a) are fulfilled, the soft
Higgs-masses are given by

— Ty, U2 99, 1/ 2 2 2

my = — + =B — N2 + = (g% + vy — v 4.13a
1 NI vl'u i 2Ty (91 92) ( 2 1) ( )

T, U1 22, 1/ 2 2 2

iy = = B — Aol + (97 + 53) (v} — v3) (4.13b)

T
mi=——2 4 —Uﬂf Lot B — \? (vf - vg) + Aiv1vy — 26707 — KugAy,  (4.13¢)
v, U

The expressions for the soft-breaking parameters given in eq. (4.13) in terms of the
new set of independent parameters read

_ T, 1
my=——2 4+ pegBtan 8 — A0 sin? B+ — M2 (sin? 5 — cos? 4.14a
1=~y B tan 3 B+ M3 (sin 5 —cos B)  (4.14n)
My = T + pegB cot f — N*v? cos® B + 1M2 (C082 3 — sin? ﬁ) (4.14Db)
V2v cos 3 ¢ 47
M, A2y? K? K
m? = — 9s + | e B==— 4+ Mcv? | sin Bcos B — AN20% — 2= 120 + = fiog AL
s \/§Meﬂ et R B cos N2 Hes )\H ff

(4.14c¢)

Higgs Mass-Matrices

In the final set of independent parameters the Higgs mass-matrix elements for the
C’P-even fields read

1 1 —sin? 3
M = — Ty, + cos® Bsin 8 T, >
( ¢¢)11 \/§U ( cos 3 é1 P2 (4.15&)
+ (M?{i — M2, + )\21)2) sin? 8 + M3 cos® 3
1 1 —cos* 3
M = — [sin®*Bcos B Ty, — ————T, )
( ¢¢)22 \/ﬁv ( ¢ sin 3 ) (4.15b)

+ (MIQ# — M, + )\27)2) cos® B+ Mz sin® 3
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4 Higgs-Sector of the NMSSM

(Mgg)

(Mg )y, =

(Myg) 5 =

(Mgp)gs = —

A
% \/Zueff

[_Tdn n AU

sin 3 cos (3 (sin3 B Ty, + cos® 3 T¢,2)]
Meft

2,U2
+

sin? 3 cos” 3 (Mf[i — M3 + /\2’U2) (4.15¢)
eff

2
— Akv?sin B cos 3 + 4%;}55 + ;ﬂeﬂ‘AH
1
— NoE (T¢1 sin® 8 + T}, cos® ﬁ)
— (Mfli — Mj, + M0 + Mg) sin 3 cos 3

sin 3 (sm B Ty, + cos 35 T¢2)

(4.15d)

\/_,uef'f
A
+ Y (MHi — MI?V + )\21)2) sin? 3 cos 3
Heft
— KU SN Blieg + 20 COS Blleg

cos 3 (sin3 B Ty, + cos® 3 T¢2)

(4.15e)

A
\/§,ueff

A
v (M?{i — M3, + )\21)2) cos® Bsin
Heft
— KU €OS Bllefr + 20 Sin B llesr,

N (4.15f)

for the CP-odd fields the Higgs mass-matrix elements read

(Mxx)u =

(Mxx)22 =

(Myy )33 =

(MXX)12 =

(Mxx)m =
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\/§,ueff

1 1 —sin* 3
— T, > Bsin B T,
/20 < cosp Lo + cos” Bsin 3 ¢2>

+ (Mps — Mg, + \0%) sin” 3

(4.16a)

1 .9 1 —cos?p3
Ty, — ———T.
30 (sm Beos B Ty, S ¢2>

+ (M?{i — M3, + )\21)2) cos® 3
A

(4.16D)

A
[—Tm + el sin 3 cos (3 (sin3 B Ty, + cos® 16} T¢2)]
Heff

2,,2

+

sin? 3 cos® 8 (M?{i — M3 + /\2v2) (4.16¢)
eff

+ 3\kv?sin B cos § — 3§ueﬂrA,ﬁ

T, sin® 5 + T, cos® ﬁ) — (M?{i — Mgv + /\202) sin (3 cos 3
(4.16d)

1
7

sin 3 (sin® B Ty, + cos® 8 Ty,
\/_,ueff ( ’ ’ )
AV
,ueff

(4.16e)

(Z\/[mE MI%V + )\21)2> sin® 3 cos 3 4 3kv sin Blies



4.1 Higgs Mass-Matrices and Tadpole Coefficients

(M,) cos (3 (sin® 8 Ty, + cos® B Ty,
e \/_“eff ( ) (4.16f)

A
,UU (M?{i Mg, + )\21)2) cos® Bsin 3 — 3kv cos Blic.
eff

Obtaining the Goldstone Bosons

In the (unphysical) charged Higgs sector the charged Goldstone pair G* is obtained
with the rotation matrix given in eq. (4.7) with 5. = 8. When rotating the mass
matrix M,, of the CP-odd Higgs-fields into the mass basis the neutral Goldstone
boson must only contain admixtures of the doublet fields. Thus the mixing matrix
in the CP-odd sector can be decomposed as

a G
Uo) = Ug(()))UE,(o)) ; (4.17a)

where the second matrix rotates the doublet fields such that the the Goldstone boson
is obtained and the first matrix rotates the remaining CP-odd fields such that the
physical fields are obtained,

u @ @ [ W [ A
UO(O) X2 Uo(O U 0(0) X2 | = UO(O) ag‘s) = A2 . (417b)
Xs Xs GO GY

After the first rotation the field a; is purely doublet and the field ags) is purely singlet
like. The singlet field is demixed from the remaining, MSSM-like field a; and the
Goldstone boson. For the mass matrix this leads to

T _ 1@ 11(G) (@) (a
Uo(O)Mxon(o) - UO(O)U (O)Mxx (UO(O)) (UO(O )
_ (@) \T 4.17c
= UL M., (U (4.17¢)
=di ag{mAl,mAZ,O}

Both matrices U ao and U((o) are rotations with one angle. This allows the ansatz

—sin 3, cosf, 0
ulg=| o 0o 1. (4.18)
cosf3, sinf, 0

As f3. the real mixing angle /3, is not an independent parameter and does not need to
be renormalised. The value for (3, can be fixed by the condition that the Goldstone-
boson mass,

Meo = (M,y),, cos® 3, + (M) g0 sin® 3, + 2 (M, )1, 8in 3y, cos 3y, (4.19)

depends only on on tadpole coefficients and vanishes at tree-level. In case of 3, (3, €
0, 27) this is true, if 3, = [.
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4 Higgs-Sector of the NMSSM

With the mixing matrices given in eqs. (4.7) and (4.18) for the charged and CP-odd
Higgs sector the Goldstone bosons are obtained only from the doublet fields as

G* = —¢7 cos B+ ¢3 sin 3 (4.20a)
G° = —x1 cos B+ xasin 3, (4.20b)

as in the MSSM for the same sign conventions in the Higgs doublets as given in
eq. (2.22).

4.2 Renormalisation of the Higgs Potential

The renormalisation transformation for the Higgs potential reads
Vi — Va+ oV (421)

with the dependent counterterm 0Vy. It enters the renormalised two-point func-
tions (4.1) in the form

Ty, () = (4.22)

2
sy, () —i [m%

k25 {1 + ; (024, + 024,

(VH + 5VH)

i=w,,=0

where U denotes any scalar Higgs field with the field renormalisation constant d Zy.
The self-energy for the according external fields is denoted by E@Tq;j(k'z)- From

the definition of Vi in eq. (2.49) the contributions from the Higgs potential and its
counterterm can be read off

62 Vy

Vi = | — = (M g 4.23
( H)\IJT\II] l(S‘I’I(s\Ijj}\pj:\I}m:o | Wl)w 429)
5% (5 1
0 F ) duT=v,,=0

where Myy denotes the mass matrix for the fields ¥ with the counterterm mass-
matrix 0Myyg. In this section the counterterm mass-matrices will be given explicitly.

4.2.1 Renormalisation Transformations for independent
Parameters at One-Loop Order

Compared to the MSSM, the number of independent parameters that enter the Higgs
mass calculation at one-loop order is increased in the NMSSM. In the MSSM one-loop
calculation only tan 3 and the charged Higgs mass M%. (or the mass of the single
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4.2 Renormalisation of the Higgs Potential

CP-odd Higgs field M%) need to be renormalised, all other parameters drop out!.
The additional parameters that have to be renormalised in the NMSSM are the new
NMSSM specific parameters A\, k and A,, as well as the vacuum expectation-value v,
that does not drop out as in the MSSM.

The renormalisation transformation for the set of independent parameters read

Th, — Thy + 0T}, tan # — tan 8 + dtan 8
Thy — Thy + 0T, et — et + Oflef
Th, — Th, + 0Ty, v — v+ o
M} — Mz + M3 A — A+ 6N
M3, — M, + 6 My, K — K+ 0K
Mps — Mps +0Mpe A, — A+ 6A,. (4.25)

The tadpole counterterms in the mass basis are connected to the counterterms in the
interaction basis in the same way as the tadpole coefficients by

5T, 6T, 5T, 6T,
0Th, | = Ue) | 0Ty, | and | 6T, | = Ul [6Th, | - (4.26)
6T, T, 5T, 5T,

4.2.2 Explicit Counterterms for the Higgs Mass-Matrices in
the interaction Basis

The counterterms for the mass matrices (4.15) of the CP-even and -odd Higgs fields
read in the interaction basis

M¢¢ — M¢¢ + 5M¢¢ (427&)
M,, — M,, + 6M,,, (4.27Db)
They read in components
2 2 2
5mg>1¢>1 6mg>1¢2 5mé¢1¢>
OMg 4, MG 4, OMG o
2 2 2
5m§1X1 5m§1X2 5m§1X5
oM, = 5m)2<2X1 5m>2<2X2 5m§2xs . (4.28b)
meX1 5T'/LX8X2 mXSXs

In order to obtain the Higgs mass-matrix counterterms the renormalisation transfor-
mations given in eq. (4.25) have to be applied to the tree-level mass-matrices given
in eq. (4.15) and (4.16).

This yields for the components of the counterterm matrix in the interaction basis

IThe gauge couplings appear with a coefficient v and thus are expressed in terms of the gauge-boson
masses.
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4 Higgs-Sector of the NMSSM

for the CP-even fields

2 _
5m¢1¢1 -

2

OMigy g, =

2 _
0mg, 4, =

42

1 1 —sintp
— T, ?Bsin B OT,
\/§v< cos 3 0Ty, + cos”Bsin 3§ ¢2>
2 2 L2 2 2 (4.29)
+ [(5MH¢ — 0Myy, + 2Xv (6 v + )\(51))} sin® 3 + M7 cos”
+2(M7 + N0 — M}, — MZ)sin B cos® 3 tan 3
1 Ly 1 —cos' 3
E (Sln ﬁCOSﬁ (5T¢1 — Sln/@(ST¢2>
(4.29b)

+ [5M12{i — M3, + 220 (6w + )\611)} cos® 3+ 0M3 cos® 3
+2(M7. + N0 — M, — M%) cos Bsin® 3 6tan 3

A Av
—0Ty, + i sin® 3 0Ty, + cos® 3 8Ty, ]
g 7T g 3 G0 e 1 7.
)\2 2
+ sin” B cos” B [SMs — SM, + 2w (hv + Aov))|
)\Qefg
2 (Mfli — M7, 4+ X 2) sin? 3 cos? 3 -
eff
0N Opter ov? 5 .5 o\ Otan 3
2 (22— =42 - e
l<)‘ /Leff>+?12+ (Cosﬁ smﬁ) tan 3
K2 0Kk 0N Oftefr K 0k 0N Opegr O0A
2 o € o A o €: K
+8)‘2Meﬁ< )‘—’_:U’eff>_'_)\,uelcr K("f >\+/Leff+An
(4.29¢)
L3 3
- - (sin® B 0T}, + cos® B 6Ty,)
v
— [0MFs — 603, +2X0 (520 + Adv)] sin 3 cos 3 (4.29d)

— (M?{i — M3, + )\21)2) cos® 3 (Cos2 B — sin? 5) dtan 3

sin 3 (sin® 3 6Ty, + cos® 3 6T,
\/_,ueff ( i ¢>

v

+ 2 sin2 Beos 3 [5M§,i — M2, + 2)v (6Xv + Aav)}
Meff

AU

Heft

+

(M?Ii — M}, + )\202) sin® 3 cos 3 -

ON  Ope | 1607 s
[A_ ot +§F+<2COS ﬁ—SIH ﬁ)

et~ 0 14 ot
Mﬁ+£+f%+c0826 anﬁ)
tan 3

Heft ko 2w
SN e 1 60?2
4 Heft v . )

5tanﬁ (4296)
tan (3 ]

— KU Sin O e <

+ —— +sin B cos [ dtan 3

+ 2)\v cos O lheft ( 3 o 20



4.2 Renormalisation of the Higgs Potential

9 A

5 = - in® 3 0Ty, + cos® B 0T,
M6 NoTe cosﬁ(sm B 0Ty, + cos” 3 ¢2)
A
+ MU sin® 3 cos 3 {(5M§Ii — SMG, + 2w (6w + )\(51))}
eff
A
+ MU (Mfli — M3, + )\21)2> sin® B cos 3 -
eff
4.29f)
ON  Oper | 1007 , o otang]
[A— Lot +§?+ (COS ﬁ—QSHl ﬁ) tanﬁ
O e 4] 1 602
— KU COS Blheft Hett —i——ﬂ—l—fi—l—sinﬁcosﬁ dtan 3
Meft R 2 0?2
, N Opesr 1007 , Otan 3
+2)\vsmﬁueg<>\ + o + 5 2 + cos 6tan6

and for components of the counterterm matrix in the interaction basis for the CP-odd
fields

1 1 —sin*p
2 9 .
(5mX1X1 = T30 (— cos 0Ty, + cos™ Bsin 3 (5T¢,2>
+ [5MEe — 6MZ, + 220 (5Av + Adv)] sin® (4.30a)
+ 2(Mps + N*v? — M) sin B cos® 3 dtan 3
1 1 — cos?
2 o ) _l=cos" P
5mX2X2 = Tﬁv (sm Bcos B 0Ty, S 5T¢2>
(4.30b)

+ {5M12{i — M7, 4 20w (6w + /\57))} cos® 3
+2(M7. + N*v? — M},) cos Bsin® 3 dtan 3

A A .
5misXs = \/_Tueﬁ l—éT% + @ sin 3 cos (3 (sm3 B 0Ty, + cos® 3 5T¢2)]

)\2 2
+ g sin? Feos? B [SME. — 6M2, + 20 (5Av + Adv)]
Hefr

A2p?
+— (M?Ii — M‘?V + /\21}2) sin? 3 cos? 3 -

Hofr
2
[2 <5>\ — 6'%&) + 5% +2 (COS2 B — sin® 5) 5tanﬁ]
v

A Hef tanﬁ
2
K- 5 (0K OA  Oflest K 0k 0N Opegr  0A,
\2 Y N Me Am U
+8)\2Neﬁ</€ )\+[j,eﬁ +)\,uﬂ - >\+Meﬂ+AH
(4.30c)
1
5m>2<1X2 = — E (sin36 0Ty, + cos® 3 5T¢2>
- [5M§1i — 6 M, + 220 (6w + )\(51))} sin (3 cos 3 (4.30d)

— (M?{i — M3, + )\21}2) cos® 3 (COS2 B — sin® 6) dtan (3
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5m§<1xs - \/;\,Ueg sin 3 (Singﬁ 5T¢1 + COS3ﬁ 5T¢2)

AV in? Beos 3 [0MFs — SMy, + 2)v (6Av + Adv)]

+
Heft

AV
Heff

+ (M?{i — MI%V + )\2172) sin? 3 cos 3 -
ON  Oper 100 5 5
o2 10 (o)

Spleg Ok 1602 , Otan 3
+ - +21)2 + cos ﬂtanﬂ

oA n (5,Ueff 1 6v? )

5tanﬁ (4306)
tan (8 ]

— KU Sin O e <

Heft

+ —— +sin G cos [ dtan 3

+ 2)\v cos O lheft ( 3 w207

A .
5mexS = — Vopen cos 3 (sin3 B 0Ty, + cos® 3 (5T¢2)

sin” B cos 3 [SM7s — SMg, + 2\ (9Av + Adv)]

AV
+
Heft

AU
Heft

+ (MIQ# — Mg + )\21)2) sin? 3 cos 3 -

2 22
3 . +§F+<COS £ — 2sin B)

1 2

O fleft +5j+7éi+sinﬂcosﬁ 5tanﬁ>

Heft K 27}2

SN Oper 1607
4 Ope | LOV7

[5)\  Opter | 1 dv? dtan 61 (4.30f)

tan 3

— KV COS (3 heft (

2\ si o
T 2Avsin Hier < A ey 207 ¢ tan (3

od? ﬂétan ﬁ)

4.2.3 Explicit Counterterms for the Higgs Mass-Matrices in
the mass Basis

For the calculation the counterterms have to be transformed into the mass basis,
where the renormalisation transformation for the diagonalised mass matrices read

Mhh — Mhh + 5Mhh (431&)
MAA—>MAA+5MAA7 (431b)
Mpysgs — Mpzg: + 0Mpgg+. (4.31c¢)

The components of the counterterm matrices in the mass basis are obtained by
rotating the counterterm mass matrices in the interaction basis in the same way
as the tree-level mass-matrices (2.51),

T 5m§1h1 5m§1h2 5m§1h3
6Mhh - Ue(o) 6M¢¢ Ue(O) = 6mh2h1 6mh2h2 6mh2h3 (432&)

2 2 2
5mh3h1 5mh3h2 5mh3h3
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4.2 Renormalisation of the Higgs Potential

0Maa, = Ug(o) 0M UZ(O) = | 0mA,a, 0mi,a, Omig, (4.32b)

2 2
OMpge = Uyq)6Mye e Ul ) = <5mgiHi 57”5*6*) : (4.32¢)

In the charged sector the only relevant counterterm matrix-element reads
5miIiHi = 5Méi, (433)

since the charged Higgs-boson mass is renormalised after the rotation into the mass
basis. For the CP-odd counterterm matrix the rotation can be performed in two steps
as described for the tree-level mass matrix in eq. (4.17),

T
U0 5Mxon(o) =

Im? Im? om?
. (a) (G) (G) T (a) T B X1X1 X1X2 X1Xs
= Uj0)Up )My (U0(0)> (UO(O)) = mgle 5m§<2x2 0m, .
6meX1 5meX2 5meX.s
om2 . om2 . om?
=UY sM (U(a) )T _ | 6m2, om2. 6m21G0
0(0) aa 0(0) a2a1 azaz2 as GO
(5mé0a1 6mG0a2 5mé0G0
oM, 4, OMA, A, 577%24100
= My = 5m242A1 om?_ 4, 5m242G’0 . (4.34)

In the first rotation the singlet counterterms are demixed from the doublet countert-
erms similar to the fields as described in egs. (4.17).

Although the charged and neutral Goldstone fields obtain a mass term &y M3, and

£z M2 by the gauge-fixing term, they are considered to be renormalised such that do
not contribute to the counterterm construction.

4.2.4 Field Renormalisation

For the field renormalisation, which is necessary to obtain finite Green-functions for
arbitrary values of the external momentum, a single renormalisation constant is given
to each Higgs doublet and the singlet,

Hy — (11 4 ;5ZH1) Hi, Ho— (]1 4 ;52712) My S — (11 4 ;5zs> S. (4.35)

In the mass basis the field renormalisation in the CP-even and CP-odd sectors reads

hq 1 hy 1 (9%mhi 0Znny 0 Zning hy
hz — |:IL + 25Zhh:| hg = |1+ 5 5Zh2h1 5Zh2h2 (SZthS h2 (436&)
hs hs 0Zhghy 0Znghy 0 Znghy hs
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A, ) A 5Zmin, 6Zain, 6Zaco\] [Ar

A | = []1+25ZAA Ao | = (14 = (62,0, 0Zupn, 6Zayeo || | Ao

G° G 5ZG0A1 5ZG’0A2 5ZG0G0 G°
(4.36b)

The renormalisation constants defined in the interaction basis according to eqgs. (4.35)
are related to the renormalisation constants in the mass basis from by

672y, 0 0

0Zm=Uee | 0 02y, 0 |Ul, (4.37a)
0 0 dZs
67y, 0 0

0Zaa=Uyq | 0 62y, 0 U, (4.37b)
0 0 0Zs

Since the all fields of H;, Hs and &, the on-shell conditions can not be fulfilled
for all physical fields at the same time, which leads to non-trivial wave function
normalisation-constants.

4.3 Renormalisation Conditions

For the one-loop calculation the chosen set independent parameters from the Higgs
potential Vi given in tab. 4.1 has to be renormalised. In this section the explicit form
of their counterterms given in eq. (4.25) will be fixed. An overview over the chosen
renormalisation schemes for the independent parameters is given in tab. 4.2. In order

on-shell scheme:

DR scheme:

MWa MZa MHi(a Th17 Th27 Ths)

/\7 K, tanﬁa U, Heft, A/{

Table 4.2: Chosen renormalisation schemes for the set of independent parame-
ters. The on-shell scheme for the tadpole coefficient means they are renormalised
to their classical value, which is zero in the minimum of the Higgs potential Vy;

to maintain compatibility with earlier calculations in the MSSM as implemented in
FeynHiggs, the MSSM-Parameters are renormalised according to the conventions
of this code. An overview over employed renormalisation schemes in the MSSM
with real parameters can be found in [80]. All parameters that are genuine to
the NMSSM-calculation are chosen to be renormalised in the DR scheme at the
specified renormalisation scale of the Higgs-mass calculation. In FeynHiggs this scale
is typically the mass of the top-quark.
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4.3 Renormalisation Conditions

4.3.1 MSSM(-like) Parameters

The SM gauge bosons and the charged Higgs masses are renormalised on-shell,
OM3, = ReSWW (M), 0M% =Rex??(M3), 6Mj, = ReXpeps (M ). (4.38)

As the tadpole coefficients are required to vanish to ensure the minimisation of the
Higgs potential, their renormalisation constants follow from

T 46T, =0, i€ {1,2,3} (4.39)

where Téj) denotes the tadpole contributions at one-loop order?. The conditions (4.39)
yield

0T, = -1, ie{1,2,3}. (4.40)
For the field renormalisation constants the DR-scheme is chosen

9 div P div P div

001, = —gzXoin| o+ 00my = —55600e| 045 = — 75 Ns.0. (4.41)
The field renormalisation constants completely drop out in the determination of the
Higgs-boson masses at one-loop order. They only enter via residual higher-order
effects as a consequence of the iterative numerical determination of the propagator
poles described in sect. 5.2. The DR scheme for the field renormalisation constants is
convenient in order to avoid the possible occurrence of unphysical threshold effects.
Higgs bosons appearing as external particles in a physical process of course have to
obey proper on-shell conditions as discussed in sec. 3.3.

Based on the field renormalisation constants the DR scheme is adopted for tan 3

otan (3 :1 0Ly, — 0Zy,) tan B 4.42
2 2 2

Since clear experimental signals for supersymmetry are a absent, a manifestly process
independent renormalisation condition as in eq. (4.42) is convenient. For calculations
in the MSSM this definition yields numerically stable results [81-83]. This scheme also
is gauge-independent at the one-loop level both in the MSSM [83] and NMSSM (84,
85].

4.3.2 Parameters genuine to the NMSSM Calculation

In the MSSM only the renormalisation constants of the W-boson mass, §Mg,, the
charged Higgs mass, dM%., and dtan 3 enter the one-loop calculation together with
the tadpole counterterms. In the NMSSM more renormalisation constants enter.
These constant are not all genuine to the NMSSM. Genuine to the NMSSM are A, &,

2Although the singlet tadpole coefficient is not MSSM-like it is mentioned along its MSSM
counterparts, since it is renormalised in the same way.
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4 Higgs-Sector of the NMSSM

A, and the tadpole of the singlet field T}, . Besides the tadpole, that is renormalised as
its MSSM counterpart, they are renormalised in the DR scheme. The parameters not
genuine to the NMSSM the vacuum expectation-value v and peg. They do not drop
out in the tree-level NMSSM calculation like for the MSSM calculation. In particular
the DR renormalisation of v has repercussion on the charge renormalisation, since
they are directly related to each other. This relation will be discussed in the following
section in greater detail.

4.4 Renormalisation of the electromagnetic
Coupling Constant «

In the NMSSM calculation of Higgs masses the SM vacuum expectation-value v does
not drop out of the tree-level calculation. Thus an additional independent parameter
has to be renormalised, either v or the electromagnetic coupling constant «, which
are related by

2 172
9 _ 2sy My,

v
Ay

(4.43)

The weak mixing angle is not an independent parameter in the presented calculation,
where the gauge-boson masses are treated as independent parameters. The weak
mixing angle is related to them by eq. (2.7).

Applying a renormalisation transformation to the parameters s,, and «,

a—a(l+62,), s —si+6s2 (4.44)
to eq. (4.43) yields
252 M2, (6s%  6ME
fu? = Zw W[ W _§Z.1. 4.45
! e ( s2 - M, (4.45)

Considering § M3, and subsequently ds? already fixed by on-shell conditions for the
gauge-boson masses as outlined in sec. 4.3.1, where the dependent counterterm for
the sine of the weak mixing angle is given by

oM}, SM3
652 = —c% ( MI%Z/ - M;) : (4.46)

either 07, or dv in eq. (4.45) can be fixed by an independent renormalisation condition
(and the other counterterm is then a dependent quantity).

In this section a motivation for the chosen DR renormalisation scheme for v will
be given together with a description of the implications for the renormalisation of «
and the applied reparametrisation procedure.
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4.4 Renormalisation of the electromagnetic Coupling Constant «

4.4.1 Motivation for a DR renormalised v

The renormalisation prescription [76] where 07, is fixed by renormalising e,
e—e(14+02.), 0Zy=20Z, (4.47)

in the static limit results in a non-DR renormalisation for dv. Here 67, is the
counterterm of the charge renormalisation within the NMSSM according to the static
(Thomson) limit,

1 sw Y12 (0)
62, = -II"(0) + ==L
2 ( ) + Cw M% ’

(4.48)

and I177(0), £77(0) are the derivative of the transverse part of the photon self-energy
and the transverse part of the photon—7 self-energy at zero momentum transfer,
respectively. It is important to stress that the sign convention for the weak mixing-
angle differs from the standard convention found in the literature for the SM, e.g.
in [42,69], which changes the sign in front of £77(0) in eq. (4.48).

For the self-energies in the Higgs sector dv enters the counterterms for the renor-
malised Higgs potential in eq. (4.21) with coefficients involving A and x, like

5m?¢s¢{172} D —Kpte {sin 3, cos B} (v +...), (4.49)

for the self-energies with each an external doublet and singlet field. The ellipsis in
eq. (4.49) denote other renormalisation constants that are fixed in the DR-scheme and
thus do not contribute with a finite part. However, a finite contribution from dv would
lead to a x-dependence of all loop contributions to dv, in particular also of the correc-
tions from the fermions and sfermions (while the fermion and sfermion contributions
to the unrenormalised self-energy are k-independent). A finite contribution from Jv
would furthermore imply the rather artificial feature that a self-energy involving an
external gauge singlet field would receive a counterterm contribution involving the
renormalisation constant 07, for the electric charge. We therefore prefer to use the
DR-scheme for the renormalisation of v, which means that we use a scheme where
07, is a dependent counterterm. This leads to the relation

1[és2  SM?2 dv?
§Z4° = — | =2 v — 4.50
¢ 2 l s2 M, v2 ] ’ (4.50)
which implies
fin
de fin 1 (58121) 5M€V
5Ze P - 5 [32 M%V (451)

for the finite part of 2%, In this scheme the numerical value for the electric charge
e (and accordingly for «) is determined indirectly via eq. (4.51). In order to avoid a
non-standard numerical value for o/ in our numerical results, a two-step procedure is
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4 Higgs-Sector of the NMSSM

applied: In the first step a DR renormalisation for v is applied as outlined above. As a
second step this result is reparametrised in terms of a suitably chosen expression for a.
By default we use the same convention as for the MSSM result that is implemented in
FeynHiggs, namely the expression for the electric charge in terms of Fermi’s constant
G, in order to facilitate the comparison between the FeynHiggs result in the MSSM
and our new result in the NMSSM. For the numerical comparison with NMSSMCalc
a(Myz) will be used instead. The procedure of the reparametrisation is outlined in
the following section.

4.4.2 Reparametrisation of «

Because of the equality of the bare couplings, the couplings g’ and ¢’ in two different
renormalisation schemes are in general related to each other by

g (1+062)) =g" (1+062l") . (4.52)

The corresponding shift in the numerical values of the coupling definitions is obtained
from the finite difference of the two counterterms, A = ¢''6Z!"—¢'6Z!. Accordingly,
a reparametrisation from the numerical value of the coupling used in scheme I to the
one of scheme II can be performed via

g =g"+A. (4.53)

Since A is of one-loop order, its insertion into a tree-level expression generates a
term of one-loop order, etc.

In our calculation the reparametrisation of the electromagnetic coupling is only
necessary up to the one-loop level, since all corrections of two-loop and higher order
that we are going to incorporate have been obtained in the gauge-less limit (some
care is necessary regarding the incorporation of the MSSM-type contributions of
O(a?), see [86,87]). At this order the shift A can simply be expressed as A =
gt (52 Tzl ) Specifically, for the reparametrisation of the electromagnetic cou-
pling constant in terms of G the parameter shift A, reads

1
Ag, = e (526 —0zdP — 2ATNMSSM) : (4.54)

Here 07, is the counterterm of the charge renormalisation within the NMSSM ac-
cording to the static (Thomson) limit as given in eq. (4.48). The counterterm
573 has been defined in eq. (4.50), and for the quantity Ar~MSM e use the
result of [88] (see also [89]). The numerical value for the electromagnetic coupling
e in this parametrisation is obtained from the Fermi constant in the usual way as

€ = QMWsw\/ GF\/§

Similarly, for the reparametrisation of the electromagnetic coupling defined in the
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4.4 Renormalisation of the electromagnetic Coupling Constant «

previous section in terms of a(My) the parameter shift Ay(az,) reads

1
N (52 —§zde 2Aa> . (4.55)

zZ

The numerical value of e in this parametrisation is obtained from a(Myz) = «(0)/(1—
A«), and «(0) is the value of the fine-structure constant in the Thomson limit. The
quantity Aa will be discussed when A, sz, will be described in more detail for the
comparison with the code NMSSMCalc in sec. 8.1.3.

4.4.3 Reparametrisation of the NMSSM Higgs-Sector

The reparametrisation of the NMSSM Higgs-sector leads to additional terms of one-
loop order that are added the mass matrices at tree-level,

My — My + AMG,, Ve {o, x}. (4.56)

The matrix AM?%,, is proportional to the finite shift A, and vanishes in the MSSM-
limes. Its components read for the CP-even sector in the interaction basis

(AM?M)) LT Mo?sin? B A, (4.57a)
(Al\/Ii@22 = 0% cos® B A, (4.57b)
)\4 4
(AM;¢>33 = (2 sin® 3 cos® 3 — Akv? sin 3 cos 6) A, (4.57¢)
(AM?M)) b= )\21)2 sin G cos 5 A,, (4.57d)
v’ . A,
(AM?w) 13 <3 et sin 2 cos 8 — Kv e Sin 3 + 2 0 e COS ﬁ) - (4.57e)
)\37j3 A
(AMiff’)Qg = <3 o cos® 3sin B — KU e cOS 3 + 20 e SN ﬁ) -5 (4.57f)
and for the CP-odd sector they read
(AM2) = N’sin B A, (4.58a)
(AM2 ) = Av?cos? B A, (4.58b)
AM . )\41)4 <92 2 )\ 2 . A
( x)33 = (2 2 sin® # cos® B + 3 kv sin fcos 3 | Ag, (4.58¢)
(AM x) b= T A% sin B cos f A, (4.58d)
N3, _ A,
(AM X)ld = <_3 ,ueff sin HCOSB+3RUMEHSIHB> 7 (4586)
A33 A,
(AM X)23 = (3 Lot COS ﬁsulﬁ SI{U,LLeﬂ‘COS 5) 7 (458f)
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4 Higgs-Sector of the NMSSM

The shift-matrix AMZ,, is transformed into the mass basis by the unitary transfor-
mations Uy, 03(0) at lowest order,

AM2, = Ue(O)AMi¢UZ(O), AM? , = UO(O)AMiXUZ(O). (4.59)

4.5 Analytic Tests of the Renormalisation Scheme

Including DR renormalisation constants does not influence the Higgs-mass predic-
tions, which depend only on finite higher-order contributions. However, including DR
renormalisation constants presents a non-trivial test for the calculation. It involves
all NMSSM vertices that enter the Higgs-mass calculation. This test is of particular
importance for the genuine NMSSM couplings that are not present in the MSSM.

The presented calculations of higher-order corrections in the Higgs sector were
performed semi-automatically. In order to generate the unrenormalised higher-order
corrections the NMSSM was implemented into a model file for the tool FeynArts [90].
The implementation of the NMSSM is performed in the mass basis, expressed by the
vertices in the interaction basis and generic mixing matrices for the superpartner
fields. The model file is based on an automatically generated NMSSM model file
obtained by an early version of Sarah [91]. The model file itself was already used
for previous NMSSM studies [92] in which not all sectors relevant to the Higgs-mass
calculation were involved, and thus the model file was only partially tested. Thus
further testing and improvement of this model file was advisable and necessary.

In order to have a simple and elegant check for DR renormalised NMSSM spe-
cific parameters k, A and A,, the one-loop [(-functions have been recovered from
their counterterms as described in sec. 3.4. The [-functions and anomalous (field)
dimensions v of the NMSSM are well-known, see [17,93,94], for a more general
treatment see [84,85,95-97]. The one-loop 3 functions are unique for a given theory.
In particular they are independent of the basis in which they are calculated. Hence
a calculation in the interaction basis for the Higgs-, higgsino- and gaugino-sectors
is applied. In this approach, where no mixing between any fields in these sectors
occurs, the calculation obtains a simple structure and is thus feasible to be performed
analytically. In the mass basis the presence of several mixing matrices makes an
analytic calculation unwieldy. For the NMSSM calculation with the help of FeynArts
and FormCalc the calculation in the interaction basis is performed as in the mass
basis, but with all mixing matrices set identical to the unity matrix. The outlined
approach is spelled out for the one-loop calculation. It makes extensive use of reduced
set of couplings between the singlet /singlino field and the remaining field spectrum.
An extension to two-loop order is possible, but retrieving the divergences from the
[-functions and anomalous dimensions is more involving.
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4.5 Analytic Tests of the Renormalisation Scheme

4.5.1 Feynman-Rules and higher-order Corrections in the
Interaction Basis

In the interaction basis both diagonal and non-diagonal entries of the mass matrices
can give rise to tree-level vertices between two different fields, which reads for scalars
;

Ly, () =1 [p*0 — (Muw);] - (4.60)

If the fields in the interaction basis are considered massive, the diagonal entries of
the mass matrices are included in the propagator and do not give rise to additional
vertices,

Lo, (p7) =1 (0° = [Muw)y] 85 =1 (Maw),; (1= 555). (4.61)

inverse propagator vertex

In terms of Feynman rules this reads as a propagator and a mass-vertex

151]
== 4.62a
’ p*— (M‘I"I’)m ( )

\I/i - --- \Ijj :1<M\I/\I/>ZJ (1 - 5@) . (462b)

These vertices give rise to an infinite number of Feynman diagrams that contribute to
higher-order corrections at each order separately. From these new diagrams, however,
only a very small number is divergent and needs to be considered in order to obtain
the divergent part at each order. The analogous procedure gives rise to similar new
Feynman rules for the fermion fields in the interaction basis, in particular for the
higgsinos. In the following the divergent contribution of higher-order corrections to
fermion self-energies and trilinear couplings between three scalars, and two fermions
and one scalar will be outlined. The potentially divergent diagrams will be identified.

Self-Energies

In the interaction basis an infinite number of diagrams contributes to the self-energy
>, at one-loop order,

(p?) = —(/’\‘,—+—(/’\‘,—+—(l.\‘,—+ .

The diagrams expressed by the ellipses contain more than one two-point vertex.
However, power-counting reveals that only the first two diagrams are potentially

(4.63)
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4 Higgs-Sector of the NMSSM

divergent, while all remaining diagrams are finite.

Three-Point Function for three Scalars ',

The one-loop diagrams contributing to a triple scalar vertex include pure fermion or

scalar loops,
V] \\// ,,{
bbp = \ /(\\ —|---\z\\i _|_--<[ —l—--<[ + ... (4.64)

Again, the diagrams expressed by the ellipses contain more than one two-point vertex.
The second diagram with the scalar triangle loop is finite, while the other depicted
diagrams are power-counting divergent.

Three-Point Function for two fermions and one Scalar FWJ}

The contributing one-loop diagrams to a vertex with two fermions and one scalar are

W) _ T e
Ty = \\E + < +.... (4.65)

The only power-counting divergent diagram is the second one, containing one scalar
and two fermion propagators. Diagrams with one or more two-point vertices are
finite.

4.5.2 Renormalisation Conditions for A\, x, A, and peg

The parameter peg will be fixed by renormalising the two-point function in the neu-
tralino/higgsino sector, while the remaining parameters are renormalised by vertex
functions. The renormalisation conditions for the renormalised two- and three-point
functions,
; : A (0 : A(1)
Do =-Yau+06Ysu+% ;. Deww =004 +0Tess + Ty, (4.66)
where the index W denotes any external field and the superscripts 0 and 1 denote
tree-level and one-loop quantities, read
div

Ui heds = U4.p.0.] =0. (4.67)

Yy = —flest, (4.68a)
o, o= V2R (Pr+ Pr) = =25, (4.68b)
o __ A __A

Cities, =~ 5 (P + Pg) = 75 (4.68¢)
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4.5 Analytic Tests of the Renormalisation Scheme

2
0 . =—V2 (mﬁ + 6’1%3) . (4.684)

After applying the renormalisation transformations to these equations and using the
result of [84, 85],

Ofet OA aveg div
- — = —0Z 4.69
[ ,Ueff )\ ] 2 o ) ( )

one obtains the following expressions for the renormalisation constants
div.
bk = — r“l \/§r(°> 57+ Yoz ) (4.70b)
T V2 L hshses hshss ¢s T 9770 '
1 1 div

A= VBT ST (62 + 02k +02,,)] (4.70¢)

1 3 div 5 2 6
0A, = Jon {Ffﬁ?@@ - QFfb()s)qsmﬁqus] — A, j +65 \ Het (2 " 5Z¢s>
K
(4.70d)

According to eq. (3.19b) the field renormalisation constant for the neutral higgsinos,
which are Majorana fermions, are given in the DR-scheme by

div
52k, =02 =6z, = |50 0] . ie {12 (4.71)

For the charged higgsino, which is a Dirac fermion, the DR field renormalisation
constants read

div div
(p.L) (R
57k, = [Eh’;hi( eﬂ)] SR = [zhﬁhi (Mgﬂ)] . (4.72)

Since only the divergent parts of higher-order contributions are necessary, only a sub-
set of all contributing one-loop diagrams in the interaction basis has to be considered
They will be discussed explicitly in the following section.

4.5.3 Diagrams with mixed Propagators

For the renormalisation conditions above two additional diagrams are necessary in
order to express the neutral and charged higgsino self-energies and the one-loop
corrections to the three-scalar vertex in terms of diagrams in the interaction basis.

Self-Energies

In the neutral higgsino sector only one power-counting divergent diagram with one
two-point vertex exists which is given in eq. (4.63). It is, however, finite and does

95



4 Higgs-Sector of the NMSSM

not contribute to the determination of the DR field-renormalisation of the neutral
higgsino.

Also for the charged higgsino only one diagram with one two-point vertex is
power-counting divergent. The diagram is indeed divergent, but the divergence is
independent of the external momentum p and p?. Thus it does not contribute to

Eg )11 (0) and subsequently does not contribute to the field renormalisation constants

of the charged higgsino.

Higher-Order Corrections to I'y 4 4.

For the higher-order corrections to the vertex function I'y 4 4, one diagram with a
two-point vertex has to be evaluated. Since the singlet does neither couple to the SM
fermions nor to the gaugino fields at tree-level,
) _ 1) _1©O

F(bsf,f — FQSSIX/:E‘A/‘}:‘: — P(j)SEE — 07 (473)
those fields cannot appear as internal fields in the diagram. Additionally the couplings
to the neutral higgsinos are severely constrained with only one non-vanishing vertex
to both different neutral higgsinos, see eq. (4.68c). The coupling to two charged
higgsinos does not vanish, but no two-point vertex exists for the charged higgsino.
The only divergent diagram reads

R . Ps
hy
Topg = 95 === h . (4.74)
hi o e
Ps

Due to the simple coupling structure of the singlet to the higgsinos the divergent
contribution of this graph can be easily calculated via the box diagram,

Ps ~ Ps
\\\ ¢2 //
(1) _ ~ ~
Lg06,600, = ol o (4.75)
A
by replacing one vertex Ffzﬁ(:)fu e A/V/2 with the two-point vertex F%OI)BQ = — lleff,
(1,mix) | Pk ) " foff o) 1
- (1,mix) |4V hihs (1 - eff [.1~(1 v
Uy 600, = [ N 1F¢s¢s¢s¢s] = —V2 3 {1F¢s¢s¢s¢5] : (4.76)
¢shihz
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4.5 Analytic Tests of the Renormalisation Scheme

4.5.4 Explicit Expressions for dpeg, 0\, 6k and dA,

After the calculation of all relevant diagrams eqs. (4.70) yield the analytic results

) A
T =g (X e
A
04, = 1556 (\2Ax + 52Ay) (4.77b)
6:ueff A 1 2 2 2 2 o 2
8 (L e o vt 102) 4779
6)\ A ]. 2 2 2 2 2 a 2
=1 <2(3Yt +3Y + Y7) + K2 4207 — ii(1+20w) - (477d)

The results are given in the original set of independent parameters as present in
the Higgs potential (2.38) to enable an easier comparison with the S-functions given
in [17]. Both results agree with each other®. In order to test the consistency of the
model file the higher-order corrections for additional vertices between three fields
were successfully checked for finiteness with the methods described in this section.

These tests included all three-point vertices at one-loop order with three CP-even
Higgs bosons and all remaining singlet-higgsino-Higgs vertices,

r (0) 1) ;
F¢i¢j¢k = F¢i¢j¢k —+ F¢i¢j¢k -+ (5F¢i¢j¢k = ﬁIllte7 (478&)
o _ 1 (1) . s
Lhihog, = Fhihsd)j + Fﬁiﬁmj + 0T}, 1,4, = finite, (4.78b)

where {7, 7, k} € {1,2,s} and

1
6F\pl\pm\pn = (Sg\pl\pm\pn + 5 (5Z\pl + 6Z\I/m + (SZ\pn) F&?l)q,mq,n. (478C)

Here the symbols ¥; denote Higgs- or higgsino-fields, and dg contains no field renor-
malisation constants.

3In [17] the B-functions for an additional supersymmetry conserving u-parameter and \? are given.
The result for pegs is identical to the result for u, while the one-loop result for A is related by

Bx = Bxz/2.
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5 Calculation of Higgs Masses

The determination of NMSSM Higgs-masses was performed as a first step of an
extension of the public tool FeynHiggs [30-36] for the NMSSM with real parameters.
This extension consists of a full one-loop calculation in the NMSSM supplemented by
two-loop contributions from the MSSM that are already implemented in FeynHiggs.
Thus the presented calculation was performed by using the same diagrammatic
methods with a mixed on-shell and DR renormalisation scheme as was used for
the calculations implemented in FeynHiggs. The NMSSM- and MSSM-calculations
should thus yield identical results for the Higgs-masses in the MSSM-limit.

In this chapter the definition of the Higgs pole-masses will be given. Furthermore
the chapter will provide descriptions of the tools and methods used in the calculation
and numerical evaluation of the obtained results for the Higgs pole-masses.

5.1 Pole-Mass Definition

The pole mass mypqe of an unstable scalar field ¢ is determined by the real part of
the complex pole M of the full propagator, which is given in the ¢*-theory by
+> (p

) T ) (5.1

—( v ( p |
S-O-rerOr) —2)

+

+
where the scalar field ¢ is always denoted by a solid line. The first diagram in eq. (5.1)
denotes the tree-level propagator, the second line contains all renormalised one-loop
diagrams and the third line all renormalised two-loop diagrams!. The ellipses denote
diagrams of higher-order. Summed up the full propagator reads

iA¢¢ (p2) = p———-D

—

—_

. 1
Ago(p?) = — 5.2
o(1") 7t 1 507) (5.2)

ITadpole contributions are considered to be already renormalised and absorbed by the tadpole
counterterm contributions.
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5 Calculation of Higgs Masses

where my denotes the tree-level mass-parameter of the field ¢. The renormalised
higher-order corrections are expressed by the renormalised self-energy X,

i(pQ) = i () (p2) =M (p2) + 5@ (p2) +... (5.3)

with

2(1)(]92):29_0_13’ g(z>(p2):p_<D_p +p—®7p. (5.4)

At the pole M? of the full propagator the inverse propagator vanishes. This means
the renormalised two-point function vanishes at M?2,

1A} (M?) = Tyg(M?) = M2 —m2 + 5(M?) =0. (5.5)

After obtaining the complex pole by solving eq. (5.5) it can be decomposed into the
pole mass and the total width I'y of the particle ¢

M? =m2 1, — impeiel s (5.6)

pole

In the NMSSM the Higgs bosons mix with each other resulting in a propagator matrix
with several poles M?. The pole condition given in eq. (5.5) is then translated into

det [T (1#)}]62:%2 = 0. (5.7)

5.1.1 Self-Energy Contributions

The renormalised self-energies in the CP-even and -odd sectors are evaluated by
taking into account the full contributions from the NMSSM at one-loop order and as
an approximation, the contributions from the MSSM at two-loop order,

+ 55y (k)

The two-loop self-energies are taken directly as a numerical result from FeynHiggs.
For the final implementation the momentum dependence of the term of O(aya) [98]
will be included as well.

MSSM

S (K2) & S0 (k)

. WU € {hh, AA). (5.8)

k2=0

5.2 Pole-Mass Determination in the NMSSM
Higgs-Sector

The masses of the NMSSM Higgs bosons are obtained from the complex poles of the
full propagator-matrix. The inverse propagator-matrix for the three CP-even Higgs
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bosons h; from eq. (2.50) is a 3 x 3 matrix that reads
iAp (k) = Do (K?). (5.9)

Here My, denotes the diagonalised mass matrix of the CP-even Higgs fields at tree-
level and X5, denotes their renormalised self-energy corrections,

R k? — nzf%l + ihlhl (kQ) i:h1h2(/f2) ?hlhs(kQ)
Lrn (k2> = ¥h2h1(kj2> k? — 772%2 + Zh2h2(k2) Ehghs('IfZ)
Sy (K?) Shghs (K?) k% —mi, + Bpyng (K?)

(5.10)

The three complex poles M; of the propagator in the C’P-even Higgs sector are given
by the values of the external momentum %2 for which the determinant of the inverse
propagator-matrix vanishes,

det [T (k)] . =0, i€{1,2,3}. (5.11)

For the CP-odd sector the inverse propagator matrix reads
1AL (K?) = Taa(k?). (5.12)

Here M 44 denotes the diagonalised mass matrix of the CP-odd Higgs fields at tree
level and Y 44 denotes their renormalised self-energy corrections,

k? — m1241 + fjAlA1 (kQ) f3141142(]{"2) 2/316'0(]{:2)
Taa(k?) = S as, () = md, 4 S (R Saye0(k?)
ZgoAl (kQ) EgoA2 (k‘Q) k? + YGogo (/{ZQ)

(5.13)

The Higgs—Goldstone mixing contributions and the self-energy of the neutral Goldstone-
boson, Sgou, (k?) and Sgogo(k?), are of subleading two-loop order and are thus
neglected. In the pole determination the Goldstone-boson is considered massless.
Besides the trivial propagator-pole at k% = 0, the remaining poles are determined as
in the CP-even sector.

5.3 Incorporation of One-Loop Contributions

The one-loop diagrams were generated with FeynArts 3.9 [90] by using the pri-
vate NMSSM model-file mentioned in the previous chapter. The amplitudes were
subsequently calculated with FormCalc 7.4% [102]. For both tools the computer
algebra software Mathematica [103] was used. After obtaining analytic expres-

2The versions of both tools were the current versions of the time of the calculation, while several
updates for FormCalc have been released in the meantime [99-101].
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sions for the higher-order corrections the renormalisation scheme was implemented
in Mathematica. Finiteness of renormalised self-energies was checked analytically
for the fermions/sfermion contributions and numerically for the remaining Higgs-
and gauge-sector contributions in Mathematica. Since computer-algebra software
tends to be relatively slow for processing numerical evaluations, the analytic results
were converted into Fortran code. This was performed partly with the help of the
export features of FormCalc. Due to the better numerical performance the numerical
evaluation of the finite results was performed completely in a self-developed Fortran
code using the Fortran library of LoopTools 2.12 [104] to evaluate the one-loop
diagrams.

5.3.1 Implementation of complex Momentum-Dependence

LoopTools does not allow the evaluation of loop functions for complex momenta.
In order to attribute this shortcoming for the determination of complex poles, the
self-energies are expanded around the real part of the complex momentum

S(p*) ~ 2(p}) + ip?;ﬁE(pf), p* = p} +ip}. (5.14)

The approximation performed by truncating the series has been tested to create no
significant error [105] for many parameters.

5.3.2 Reparametrisation

For the determination of ArNMSSM 5 Fortran/Mathematica-routine based on the

result of [88] has been used. Contributions from the reparametrisation are added as
a momentum independent shift to the inverse propagator-matrices,

Tyy (k?) = (1k* = M3y ) + AM3y + e (k?), W € {h, A}. (5.15)

For the reparametrisation to a(Mz) the value Ay(ar,) no additional input from an
external code is necessary, since A« is a constant value.

5.3.3 Implementation of the Pole Determination at
One-Loop Order

The pole determination is performed numerically by an iterative procedure. It starts
by performing an eigenvalue decomposition on the loop-corrected mass matrix

M) (k2) = My, — S5 (K2), M (k) = M (R?) + 537 (k) (5.16)

for a given (complex) momentum argument &7,). The obtained eigenvalues Jqf(k(?n))
are stored. Since the pole condition given in eq. (5.11) can be written with the
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complex poles M? as

!
0=

3
1=

{k&y — M2}, (5.17)

1

the quantity
iy = Wy = ME (k)| (5.18)

is calculated, where i is fixed for the algorithm. If d(,,) > 107, the determinant will
not be considered as vanishing. Then a new momentum will be defined as

Koy = M: (kD) (5.19)

and d(,,41) will be calculated. This procedure is repeated until d,,,y < 107 or a given
number of 50 iterations reached. In the first case the last value for the momentum is
considered the as the complex pole. In the the second case the routine is considered
as unsuitable for the task, since it found no converging result. However, the algorithm
has proven to be viable for a wide range of parameters.

The procedure has to be executed for all different poles. The tree-level masses are
a good choice as starting conditions for finding all poles,

kfy = mi., (5.20)

since the algorithm tends to find the pole closest to the starting condition [73].

5.4 Incorporation of Two-Loop Contributions

The renormalised two-loop self-energies are taken as a numerical result from FeynHiggs
2.10.2. They are passed to the Fortran code containing the one-loop results, where
they are converted into the mass basis of the NMSSM and subsequently added to the
one-loop self-energies of the NMSSM. In this section the available two-loop corrections
implemented in FeynHiggs for the MSSM are described together with the description
of their implementation into the NMSSM results.

5.4.1 FeynHiggs

FeynHiggs [30-36] is a package for the prediction of Higgs observables in the real and
complex MSSM. For the Higgs-boson masses it includes the full MSSM one-loop and
partial two-loop contributions. In the CP-conserving, real MSSM the included two-
loop corrections are of O(asay, a2, asap, ), for an overview see [32], in the complex
MSSM the implemented contributions are of O(asay, ) [31,35,36]. Furthermore it
includes a resummation of large logarithms that can appear for large scale differences
in the calculation [30] and momentum-dependent two-loop contributions of O(a;av)
for the MSSM with real parameters [98]. Also included in FeynHiggs are higher-order
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corrections A, to the bottom Yukawa-coupling [106,107]. In all calculations the stop-
masses are considered to be renormalised on-shell. The top-mass is also renormalised
on-shell, but a reparametrisation to the MS-mass of the top quark is available as an
option.

For this work the NMSSM predictions include the MSSM two-loop corrections with-
out momentum-dependence and without Aj-corrections. In the MSSM the momentum-
dependence at two-loop order has a minor effect of less than 1 GeV for the mass of
the light, SM-like Higgs field in the scenarios considered in [98] and can increase up
to the experimental uncertainty [12]. The A,-corrections also remain very small for
the scenarios discussed in this work. Both features are thus neglected for this work,
but will be available in the public NMSSM-version of FeynHiggs.

5.4.2 Conversion of the MISSM Self-Energies

The MSSM self-energies from FeynHiggs have to be converted into self-energies in the
mass basis off the NMSSM. All necessary parameters for this procedure are provided
by FeynHiggs.

In the CP-even sector the two-loop MSSM-corrections are provided by FeynHiggs
in the MSSM mass-basis of the fields h and H

SN (2 (2
sossw _ (Shn S 5.21)
T\ 8, -

together with the lowest-order mixing matrix U%?SM

fields ¢; and ¢4 in the interaction basis,

b\ _ yovssm (1 (MssM) _ [—sina cosa
<H>_U6(0) <gb2 - Yo = cosa sina ) (5.22)

Since the two-loop self-energies are taken in the limit of vanishing external momenta,
the momentum argument of the self-energies is suppressed in this section.

) that relates h and H with the

In the CP-odd sector only one self-energy and the mixing matrix for the CP-odd
Higgs field A is given,

. 52
SIS _ (ZSA 8) (5.23)

together with the lowest-order mixing matrix U%?SM) that relates A and the neutral

Goldstone boson G with the fields y; and ys in the interaction basis,

A\ _ ssw (xa (Mssm) _ (—sinB cosf3
(G) = Yoo ()@ - Yoo = cos sinf)’ (5:24)
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5.4 Incorporation of Two-Loop Contributions

The MSSM self-energy corrections in the interaction basis are obtained by

$(MSSM) (MSSM)\ T ¢ (MSSM) 5 1 (MSSM) Z(MSSM $(MSSM)

Yews = (Ue(O) > Yent Ueo) == 2(MSSM) 2?1\14%231\/1) (5.25)
201 P22
N (MSSM) — $2(MSSM)

& (MSSM (MSSM)\ P & (MSSM) 7 (MSSM) 2 by

SOV — (Uo(o) ) Yoac Uy = = <iz<l\1/l>éISM) i&?‘sm) (5.26)
X2X1 X2X2

and are subsequently rotated into the NMSSM mass-basis with the mixing matrices
of the NMSSM,

e[S s 55,
& (MSSM MSSM _ | < S S
Ehh ’ — e(0) 2252¢1 ) 2252¢2 ) O Ue(()) - ;hgfu ;hghz ?hzhs (527)
0 0 0 Ehg,hl Eh3h2 Eh3h3
W = U | S0 S0 0| Ul = | £4a, Sapr, 0f - (5:28)
0 0 0 0 0 0

The two-loop contributions to the Goldstone boson self-energies are neglected.

5.4.3 Renormalisation Scheme and On-Shell Conversion for
the Parameters in the Stop Sector

In order to use the two-loop self-energies from FeynHiggs the parameters in the
stop-sector have to be given as on-shell parameters, where the stop-masses are renor-
malised on-shell. In the public, MSSM-version of FeynHiggs the conversion of DR-
renormalised stop-parameters given at a specified scale into on-shell parameters is
included. The formulas can be found in [108,109] for the complex case. A discussion
of the conversion for a possible extension to the NMSSM is given in this section.

For the top- and stop-sector the renormalisation transformation of the top- and
stop-masses together with the mixing angle 6; read

my — my + 0my, mi — mi + 57”%-7 0; — 0; + 66;. (5.29)

The mass counterterms are obtained by on-shell renormalisation-conditions as de-
scribed in sec. 3.2.1,

1 L R . .
sm® = SRe |5 p) + S (0) + E7Y () + =0 ()] (530

p=m

5m§i,OS = ReXj;, (mf) ) (5.31)

while the counterterm for the mixing angle reads

s, — Lo [P (mt) = D, ()] 5.32)

2_ 2
2 mi —mg
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5 Calculation of Higgs Masses

The finite shifts for the conversion between the DR and on-shell scheme for the
top-quark and stop-squark masses and the mixing angle are given by the finite
contributions of the renormalisation constants,

Amy = omS — omPR, AmE = dmbos — dmZy, Ay =009% —50P%  (5.33)

k3

Thus the finite shifts for the conversion of the soft-breaking parameters of the
stop-sector, M£2L7 M? and A, from the DR scheme into the on-shell scheme for the
top-quark and stop-squark masses in the NMSSM with real parameters read

AME = (Uy)| Am2 + (Uy)) Am, - 2(Un’; ;12_ (:é) 2 AG; — 2m,Am,  (5.34a)

AME = (U)) Am? + (U;) Am2, - (Un’; ;11 (U§>21 Af; — 2m,Am, (5.34)

1 t2
A4, = Wllt KUJZ>11 (Uf>12 (Amtgl N Ami) T (mtgl N mi) Al — XtAmt} '
(5.34c)

The corrections that have to be included in the top and stop self-energies for the
Higgs-mass calculation depends on the considered two-loop contributions. If only
two-loop corrections of O(ayay) are considered, only corrections from (S)QCD have
to be considered. If O(a?) corrections are included, contributions from the Higgs-
sector have to be included as well, since they enter the calculation at the same order.

Differences between the MSSM and NMSSM Conversion

While the renormalisation constant of the top-quark mass dm; is identical for the
MSSM and NMSSM, the self-energies of the stops receive additional corrections from
the scalar singlet-fields of the NMSSM. The contributions from the neutral Higgs-
and the stop-fields to the stop-squark self-energy have the form

- (5.35)

with any neutral Higgs field ¥,, in the mass basis. In the NMSSM the singlet
component of W, couples to the stops only via the coupling of O()), while the
MSSM-like doublet component couples to the sfermions via couplings of O(Y;) and
D-terms that are proportional to the gauge couplings ¢g; and go. If the electroweak
gauge-couplings are neglected the stop self-energies at one-loop order can be classified
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5.5 Validating sample scenarios with HiggsBounds

as

s, (k) = 209 (k) + 850 (k2) + 505 (k2) (5.36)

titi iti

=0(as) =0(v?) =0(\?)

The first term denotes the (S)QCD corrections, the second term denotes the MSSM-
like contributions from the doublet-admixture of the Higgs fields denoted by W,,, and
the third term denotes the corrections from the singlet admixture that are genuine
to the NMSSM. The (S)QCD corrections are identical in both models. The MSSM-
like contributions partially differ from the MSSM contributions by the mixing matrix
elements of the Higgs sector.

In our result we incorporate MSSM-like two-loop corrections of O(a;ay, a?), while
the genuine NMSSM corrections at two-loop order are neglected. These are correction
from the stop-sector including at least one power of A instead of Y; in any coupling.
Thus for a consistent DR to on-shell conversion in the stop-sector it is sufficient to
include only MSSM-like contributions.

For scenarios where the singlet character is significantly attributed to one particular
field in the CP-even and -odd sector, the MSSM conversion represents a very good
approximation for the MSSM-like contributions from the Higgs-sector.

5.5 Validating sample scenarios with HiggsBounds

For the purpose of investigating the result for scenarios that are not excluded by
experimental probes of the Higgs sector the code HiggsBounds [110-114] was used
to validate chosen scenarios. Thus the input parameters needed by HiggsBounds
have to be derived from the definition of the scenario. This was done by a two-step
procedure: First the scenario definition for the preliminary version of the FeynHiggs
NMSSM-extension, which requires on-shell parameters in the stop-sector, was con-
verted into a SUSY Les Houches Accord (SLHA) [115,116] conform input file, which
only contains DR parameters at a specified scale. After that the input was used to
run NMSSMTools [17], which calculated all necessary input parameters in the effective
coupling approximation as needed for HiggsBounds?.

5.5.1 Conversion of the parameter X,

The by far largest effect from the on-shell to DR conversion of the parameters in the
sfermion-sector stems from X;. Thus only the conversion of this parameter including
only (S)QCD corrections at one-loop order was considered in this work. We follow
the conversion as described in [105] for the case of real parameters. The relation

3For a more complete check of its experimental viability the scenario should be tested with
HiggsBounds in conjunction with HiggsSignals [117]. However, for providing a first check for a
sample scenario to test for the Higgs-mass prediction the check with HiggsBounds is considered
sufficient.
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5 Calculation of Higgs Masses

between the on-shell and DR value for X, is given by

BR A Am?
X089 — x (PR <1 + mt) _omE (5.37a)
my 2my
where
Qg t t 2 mt2 2 m£27
Am, = G |9+ g, 6log o 10 | +mZ | log i 1),  (5.37h)
200 4z 7
ami =2 (gf — 2) (5.37c)
f— (10 i, 1) + FiRe [Bo (2, m2 m2)]™ (5.37d)
i i | 108 2 t 0\ W00 T, ’ '
gl =2m2 (log 2% —2) — #Re [B (mg m2 mZ)}ﬁn (5.37e)
i i g M2 i 0 Ty gy 11t ’ :
fi=mi+mi] —mi — (—1)" 2mgmy. (5.37f)

Here my denotes the gluino mass and B, denotes the one-loop standard integral as first
defined in [118]. The conversion depends explicitly on the renormalisation scale p,.. It
also depends implicitly on the renormalisation schemes and scales of the parameters
entering the conversion outlined in eqgs. (5.37). This dependences, however, are of
higher-orders and thus are neglected with the exception of the running of a,. The
numerical value of a running « can change significantly when calculated at different
scales in both the DR- and MS-schemes. For the conversion of X; the value of o, at
the scale j, in the MS scheme at one-loop order, given by

OZS(MZ) (1) 1 2
oslpir) ~ —— R —— (11 - Nc), (5.38)

1+ =) 5D o 22 w73
is used for five active flavours, N. = 5, when evolving a, from the scale M, to
my. For the purposes of this work pu, is set to the on-shell mass of the top-quark

mEOS) = 173.2 GeV, which results in a change of the numerical value of oy by ~ 10%,

0s(Mz) = 01184, o (mi”) = 0.1081, (5.39)

where as(My) was taken from the results of [119]. Any higher-order contribution
in eq. (5.38) would lead to contributions that formally contribute to the Higgs-mass
calculation as an effect of three-loop order. They are thus neglected in the result
presented here which includes only one- and two-loop contributions.
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6 Partial Contributions

The calculation of the one-loop corrections is performed in separate parts. Besides
the full ons-loop calculation in the NMSSM also appropriate subsets of the one-loop
corrections are identified and calculated to study the numerical impact of different
partial one-loop contributions. With this approach the numerically leading higher-
orders contributions can be identified. Four subsets are calculated for the one-loop
Higgs masses, which are listed in tab. 6.1. The splitting of the m} approximation into

Approximation Contributions

m{-MSSM t/t-sectors in gaugeless limit for A — 0
mi-NMSSM t/t-sectors in gaugeless limit

f/ f contributions from a complete

fermion /sfermion doublet

HG Approximation Higgs/higgsino/gauge/gaugino-sectors

Table 6.1: Overview over the different subsets considered for the one-loop
corrections.

an MSSM and an NMSSM part is motivated by an upper bound on the NMSSM-
parameters A and k, if one demands perturbativity of the NMSSM up to a high scale
Mcur [120]. In this case the relation

M+ k2 <05 (6.1)

has to hold. Since the couplings between the singlet sector and the remaining fields
are governed by A, a “small” value for this parameter is expected to reduce the
influence of the singlet sector. This effect can be quantified by calculating MSSM
and NMSSM versions of approximations. The listed approximations will be described
in this chapter and numerically studied chapter 8.

6.1 The m;-Approximations

The m} Approximation accounts only for the contributions from the t/t-sectors in
the electroweak gaugeless limit. It comes in two variants: The first, m{-MSSM, only
accounts for MSSM-like contributions, the second, m}-NMSSM, also includes genuine
NMSSM corrections. A comparison of both contributions reveals the impact of the
genuine NMSSM corrections.
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6 Partial Contributions

The approximation is a two-step procedure. The first step, which is common for
both versions, consists of neglecting the momentum dependence of all present self-
energies. The second step selects specific t/-contributions, that are different for both
versions of the mj-approximations.

6.1.1 Common Approximations for Self-Energies

In both approximations the momentum-dependence of all appearing self-energies are
neglected, since it is a sub-leading effect,

Zq/jq/j (kz) ~ Z\I/jq/j(o) = Zqzjq/j (6.2)

Without momentum-dependence the self-energy becomes a real quantity. The mo-
mentum dependence of the self-energy will be suppressed for the rest of this section.
Neglecting the momentum-dependence corresponds to neglecting the tree-level Higgs
masses in the one-loop calculation. The renormalised two-point function reads

1PW (K?) =1 (k1 — My + ZW) y (6.3)
with the renormalised self-energy matrices
(ZW> =gty = Zaty, — Vi, (6.4)

The approximate one-loop corrections represent a finite, real shift to the pole of the
propagator.

Since no Higgs fields appear within the loops in this approximation the mixing
matrices from eq. (2.50), which transform the Higgs fields into the mass basis, appear
only for the external Higgs fields. Thus the self-energy contributions in the mass basis
can be written as linear combinations of the self-energies in the interaction basis in
this approximation,

m & (md m m
St = U S00ut ), S50 = UyeSmbut (6.5)

6.1.2 Classification of the leading Top/Stop-Contributions

For the two different m{-approximations the Higgs self-energies can be classified by
their couplings to the top quark and stop squarks in the electroweak gaugeless limit.
These couplings will be given for the CP-even sector in this section together with a
list of the contributing topologies.

Only the doublet Higgs field ¢5 couples to the top-quark at lowest-order,

1
Ty = ——=
SV

The matrices for the couplings of thel three CP-even Higgs fields to the stop squarks

4t m?

2
Yoo g =il =0, ¥ = 252 sin® 3 M3,

(6.6a)
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6.1 The m}-Approximations

t; and %, in the electroweak gaugeless limit read

V2 sin 26; —% cOS 205) (6.6D)

T, o= i, .
g8 = 1Heff L't (—\}5005295 —\/§Sln29{

2sin20; —-L cos26;

0
/5 COS 20; —+/2sin 26; V2

(6.6)

2 sin 07 cos 07 L cos26;
il'y 7 = imyAcot 3 - (\/_ ! ! V2 ! )

% cos20;  —+/2sinf;cos b;

and the non-vanishing coupling matrices between two stops and two CP-even Higgs
fields read

. 2 (10 . . sin 6; cos 0; %COS29,§
L gppuit = —1V3 <O 1)’ iLg1g.i = —1AY: $cos20;  —sinbjcosf;) (6.6¢)

Classifying the couplings in terms of the order of Y; reveals that the singlet couplings
to sfermions are of a lower order in Y; than their counterparts with doublet fields.
For each lower order in Y; they gain a power in A,

Iy =01)+0(a), Lyg =0 (6.7a)
Fpanit = O(Y7) + 0(a), Ty = ONY)). (6.7b)

The reduced number of non-vanishing couplings between singlet Higgs and stop fields
leads to a decreased number of topologies that can contribute to the unrenormalised
Higgs one-loop self-energies with an external singlet field. They are given together
with their order in Y; and A in tab. 6.2. The first column in this table shows diagrams
that represent MSSM-like contributions in the NMSSM, while the second to forth
column depict genuine NMSSM-corrections involving one ore two external singlet
Higgs field. Applying the classification to the bare self-energies leads to

L (o) 0pE) oYy
S = | OV O(¥2) 0|, (6.8)
O(Y,) O(Y) O()

where the 2 x 2 sub-matrix contains MSSM-like contributions and the third row and
column contain genuine NMSSM-corrections, involving the singlet Higgs field. For
the CP-odd sector the according classification leads to a similar result,

\ OY?) Oy, 0
2 = 1O(\Y;) o) 0], (6.9)
0 0 0

with the MSSM-like self-energy for the doublet Higgs field. one-loop contributions to
the Goldstone-boson are neglected here, since they contribute at sub-leading two-loop
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6 Partial Contributions

L) 2,12 1) (2,5) (s,5)
order o2 00\, 0OQ0Y) O(\?)
fields top/stop stop stop stop
topologies

Table 6.2: Diagrams and their order in terms of the couplings in the top-/stop-
sector that contribute to the self-energies of the CP-even fields ¢; at one-loop
order in the gaugeless limit. The numbers 1 and 2 denote the doublet-states as
external fields, while s denotes an external singlet. The internal lines depict either
a top (solid) or a scalar top-partner (dashed).

order to the CP-odd masses. For the one-loop tadpole-contributions the classification
yields
V=0, TV=0), TV =00 (6.10)

1 2

As a result from the classification by powers of the couplings A and Y; a possible
suppression or enhancement of the genuine NMSSM-contributions by the parameter
A becomes apparent.

6.1.3 Analytic Relations between MSSM-like and genuine
NMSSM Corrections

For the MSSM-like and genuine NMSSM diagrams in tab. 6.2 simple analytical
relations exist. Due to the simple coupling structure, the genuine NMSSM-diagrams
can be expressed by their MSSM-like counterparts and the ratio between the involved
couplings.

Diagrams with a quartic Coupling

The third row diagrams in tab. 6.2 are related to each other by

t t

a F ~ - a
% = _tatelale % , (6.11)
\

I i 7 \
¢1 ez __ ¢S P2p2tata ¢2 s __ ¢2

where the superscript a is the squark index in the mass basis. The coefficients are
identical for both stop-fields and read

<2 (6.12)

F¢1 ¢st ta ‘
~2

Pd)Q ¢2tata.
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6.1 The m}-Approximations

for Y; &~ 1. This coefficient represents an upper limit for the size of each genuine
NMSSM-diagram of this type relative to their MSSM-like counterparts. However,
this upper limit only applies for a specific value of the mixing angle 6; = 7/4 from
the stop sector.

Diagrams with trilinear Couplings

The MSSM-like and genuine NMSSM diagrams involving trilinear scalar couplings
differ only by the trilinear Higgs—stop couplings,

ta la
= | A s =
?s —-{ :—- D127 # ¢i == :" ¢11,2) (6.13a)
\N— @biia{b \~—
tb tb
i, ta
.~ Tyii Dot -~
¢s --( :" ¢s - %M ¢z --( :-- ¢j ) (613b)
\: ditaty ~ ¢jtats \:
tp 123

where the superscripts a and b are the stop indices in the mass basis, and no
summation over the indices 7,7 is intended. The relation holds for all choices for
7 and j. All non-vanishing ratios of the vertices read

F¢s£a£b — )\ v

cos 3 6.14a

Ly i, Heft ( )
| v | v sin 26;

¢st1t2 — )\7 ¢stata — t . 614b

F¢25152 At o8 ﬁ’ F¢2£a£a 2mt :i: At sin 2(9{ cos 6 ( )

where the indices a, b represent the stop-index in the mass basis and the value for the
vacuum expectation-value of the doublet fields is v &~ 177 GeV in our conventions.
The plus/minus sign in eq. (6.14) depends on the value of a.

The ratios in eq. (6.14) yield, that the graphs given in eq. (6.13) can be suppressed
compared to the respective couplings from the doublet-sector not only by small values
of X and cos 3, but also by values of pg larger than 177 GeV.

The ratio in eq. (6.14a) is applicable for all diagrams of this specific type, but yields
a weaker upper limit than the ratios involving the trilinear breaking-parameter A,
in eq. (6.14b). Since small values < 100 GeV for g are disfavoured due to direct
searches for charginos [41] the upper limit from the first ratio in eq. (6.14a) is given

by
I‘ P
_Oslals < 77, (6.15)
d1taty

The remaining two ratios in eq. (6.14b) can yield stronger upper bound on the relative
size of the genuine NMSSM-diagrams for large values of A; >> p.g. However, the
trilinear breaking-parameter A; can be chosen such that one of the ratios diverges:
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6 Partial Contributions

either A, = F2m;/sin260; or A, = 0. In this case the corresponding MSSM-like
diagram vanishes in the electroweak gaugeless limit, while the according genuine
NMSSM-diagram does not. However, the NMSSM-diagram can still experience a
relative suppression by the condition in eq. (6.14a). For the two extreme choices of
A; the ratios in eq. (6.14) without a pole read

r, ;- 1. v . 1
A =0: FLZZ < 5)\% sin 260; cos 3 ~ 5)\ (6.16a)
th F¢ t1ts 1 v . 1
= == < —\— sin 26; ~ = 6.16b
Toinas; T,y ~ 2 my ST G (6.16b)

We found that the effect of large values for these ratios is not severe even for the two
extreme choices for A;. This will be addressed in the discussion of numerical results
in chapter 8.

6.1.4 Approximation in the Sbottom-Sector

If one restricts the self-energy contributions to the t/f-sectors all independent mass
parameters from other sectors are neglected, in particular the bottom mass my, is
neglected

4

my = 0. (6.17)

In this approximation the Yukawa coupling of the bottom-quark Y}, vanishes and the
left- and right-handed sbottom-fields do not mix at lowest-order (2.44). Only the
left-handed sbottom field appears in the self-energy contributions for the charged
Higgs due to the non-vanishing coupling-matrix between the charged Higgs-, the
“left-handed” sbottom-field and any of the stop-fields,

| (U7),,
FHiﬁ)L = (At COS ﬁc + U SIN ﬁc) Y;ﬁ U . (618)
f) 22

Since the left handed mass breaking parameter MQ% contributes to both the stop
and sbottom mass-matrices it cannot be neglected. Subsequently the sbottom fields
can not both be massless The sbottom mass-matrix and the sbottom masses in the
m{-MSSM approximation read

Mﬁﬂ%() m? M2 m2 g (6.19)
b 0 Mb2 ) by Q1 by b

In this case the sbottom mixing-matrix that is identical to the unity matrix. Ex-
pressing the soft mass-parameter for the third squark generation in terms of the top-
and stop-masses and the stop mixing-matrix yields

mlgn @ MI?L = ml%l <Uf)11 + mtgg (Uf)m - m? (620)
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6.1 The m}-Approximations

Using this relation for one shottom mass ensures the correct treatment of the sbottom
sector in the m}-approximation.

6.1.5 m}-MSSM Approximation

In the m}-MSSM approximation only MSSM-like t/#-contributions are taken into
account. They are very well-known to be the numerically leading MSSM contri-
butions [33,121-124]: For the CP-even sector this means the 2 x 2 submatrix in
eq. (6.8), and for the CP-odd sector this means the single matrix-element containing
the self-energy for the doublet Higgs in eq. (6.9). These contributions are of O(Y;?)
and they are usually denoted as corrections of order O(a;), where oy = Y;?/(47) and
a factor m? is suppressed. These corrections yield the leading MSSM-contributions
of O(mj{/M3;). The set of non-vanishing renormalisation constants necessary to
properly renormalise the self-energies in this limit is reduced.

Throughout this section an overset m; will be used for the equal signs to express
an equality that holds only in the m}-MSSM approximation. Quantities in this
approximation will be marked with a super- or subscript mj.

Renormalisation Constants and Counterterms

Only the counterterm contributions to the Higgs potential that lead to terms are of
O(Y;?) have to be considered. In the applied limit the only renormalisation constants
with non-vanishing contributions are those for the charged Higgs mass and the doublet
tadpoles,

Mz, 0Ty, 6Ty, (6.21)

The renormalisation constants of the gauge-boson masses vanish in the gaugeless
limit.

Also the DR renormalisation constants
O, o0tan B, dpte, 0V, 0 Zp,. (6.22)

do not contribute, although they can potentially lead to contributions that are of
O(Y;?). However, not all of the renormalisation constants above contribute to O(Y;?)
in the counterterms of the Higgs-mass matrices, given in egs. (4.29) and (4.30). The
constants stated in eq. (6.22) appear with a prefactor of v or v?. This effectively
changes their order in Y}, since

my . i MW
sin3 My sinf’

vY; = (6.23)

which results in a term that is neglected in the gaugeless limit. Accordingly, terms
of this type These terms do not contribute in this approximation. The remaining

75



6 Partial Contributions

renormalisation constants vanish in the m{-MSSM approximation,

m4 ’I7’L4 m4 m4
Sk GA, S 52y, ™ 57, 0. (6.24)

The reduced set of counterterms for the Higgs mass-matrix in this limit is identical
for the CP-even and -odd sectors. They read

o(mdy 1 B 1 —sin* g3
cos 3

omy gt = T30

6T, + cos® Bsin 3 5T¢2> +dMpisin? 3 (6.25a)

2,(m 1 . 1 —cosp
5m\pi%) = E (sm2 Beos B 0Ty, — sir156T¢2> + S M3+ cos® B (6.25b)
m 1
6m§;$\1}§) — 7\/5 (sin3 B 6Ty, + cos® 3 (5T¢2> — §M 34 sin B cos 3 (6.25¢)
v
omitas = omglyt = omyl5! =0, (6.25d)

where W denotes either ¢ or y. Thus the renormalised self-energies in the m;-MSSM
approximation read

(m}) (my) 2,(m}) 2,(m})

o () 2\1/131/1 2\11131/2 0 57”\1/1\1/;1 57"\1/1\1/% 0

Ypo' = |2y w8 o] = [emy) smyle) of- (6.26)
0 0 0 0 0 0

While the self-energies in the interaction basis are exactly the self-energies as they
would appear in the MSSM for the two Higgs doublets in the same limit, they are
combined with the NMSSM tree-level Higgs mass-matrix and subsequently diago-
nalised.

6.1.6 m/-NMSSM Approximation

In the m}-NMSSM approximation the genuine NMSSM-corrections of order O(\Y;, A?),
which are genuine to the NMSSM, are added to the m#-MSSM approximation. In the

literature, e.g. [109,125], these contributions are generally referred to as corrections of

O(ay), although they include corrections beyond this order. For this work the order

of genuine NMSSM-corrections will be spelled out in this section and whenever it is

necessary to distinguish them from the MSSM-like corrections. For all other purposes

they will be referred to together with their corresponding MSSM-like corrections as

NMSSM-corrections of O(ay). Throughout this section the symbol m} will be used

in the same fashion as m; in the last section for the m{-MSSM approximation.

Renormalisation Constants and Counterterms

All counterterm contributions to the Higgs potential that of O(Y;?) have to be con-
sidered. In the applied limit the only renormalisation constants with non-vanishing
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6.1 The m}-Approximations

contributions are those for the charged Higgs mass and the tadpoles,
SMpx, 6Ty, 6Ty,, 6Ty, . (6.27)

The renormalisation constants of the gauge-boson masses vanish in the gaugeless
limit. Also the DR renormalisation constants

OA, dtan B, dpiesr, 0V, 0Zpy,. (6.28)

have contributions that are of O(Y;?). Again, the remaining renormalisation constants
vanish in this approximation

md mé m m
5k §A 2 67y, = 57, ™ 0. (6.29)

In order to obtain a finite result the counterterms for the Higgs mass-matrix have
to be extended. Spelling them out in detail is useful for understanding the genuine
NMSSM-contributions. The counterterms for the CP-even and -odd sectors read

m} oA ov dtan
5mi’l(¢1t) 6m¢1 + 2)\2’02 Sln2 ﬁ ( —+ 27 ﬂ tanb6> (630&)
i A v . otan (3
5mi’2(¢2t) 5m¢2 + 2)\2’02 COS ﬁ ( + 27 6 tanﬁ) (630b)
m A ov St
5mi’l(¢j) = 5m§>’1 — 2\%v? sin B cos 8 [ + 2— + ((3052 3 — sin® ﬁ) t:jﬁﬁ]
(6.30c)
e ‘1’5 [ md’m’s}(sn:(sm:o’ 1€11,2,s}, (6.30d)
and for the CP-odd sector
ot = i’(fg)’ 6,5 €{1,2} (6.31a)
4
omi i) = [5%,(5} snsao’ FE {1,2, s}. (6.31b)

Here the counterterms for the singlet self-energies introduce non-vanishing contri-
butions due to the counterterms for the tadpoles and the charged Higgs mass. In
the m{-NMSSM approximation the field renormalisation cannot be neglected in the
DR-scheme applied here. It gives a purely divergent contribution with a coefficient
of O(XY}). For the counterterms of the MSSM-like 2 x 2 submatrix they read

(Muyw) gy 623, 22 gin 28 6Z3, = [(Muw)gy 0234, (6.32a)

4 4
(M) 072, = — 5)\21)2 sin §cos § 6 Zy,, = [(Maw)yy 6Z1,]"™),  (6.32b)

N[ —
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6 Partial Contributions

where U again denotes either ¢ or y. For the counterterms of the genuine NMSSM-
corrections the contributions read
m? 1 )\?J

1 1
5 (Mgg)os 623, = =—A*0” cos® Bsin 3 6 2y, +

2 flefr 9 (2Avpteqrsin f — Kvpte cos 3) 0 Zy,

my)

(M) 5ZH2}(
(6.32¢)

=3 A“v* cos” Bsin 8 6 2y, — 53/{1),%3 cos 3 02y,
Heft (6.32d)

= {((Mxx)zza 5ZH2} o)

Thus the finite contributions to the renormalised self-energies in the m;-NMSSM
approximation read

/\(7/:':[,4) ﬁn
o 0 0 Y,
s mh [ & (mi) o (i)
PO = |3yd + 0 0 Yy , (6.33)
i(mé‘) i(mé‘) i(mé‘)
\IIS\III ‘115‘112 ‘ljs‘ljs

where U denotes either ¢ or y. While the finite contribution of the MSSM-like self-
energies is identical to the m}-MSSM approximation. Furthermore the renormalised,
genuine NMSSM self-energies contribute in the m{-NMSSM approximation. The
renormalisation of the additional self-energies involves contributions from the field
renormalisation constants.

6.1.7 Comparison with Results obtained in the effective
Potential Approach

The m{-NMSSM approximation has been calculated already in the effective poten-
tial [125-127]. This makes an analytic comparison of the obtained result possible.

The effective Higgs potential can be decomposed in the neutral Higgs sector as
Veg = Vo + AV, where AV contains higher-order corrections. Thus the Higgs mass
matrices receive higher-order corrections,

The higher-order corrections AMSE, correspond to the renormalised self-energies in
eq. (6.3). They are given by the derivatives of AV with respect to the fields taken in
the classical minimum of Vg, which corresponds to vanishing fields W;

min.

min. 2
OAV I e s), (6.35)

L 6y 0AV[™™
OV,07,

] - \/§ (5 8‘1&

(Abry)

where the short-hand notation v; = vcosf and vy = vsin 3 is used. The first term
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6.2 Subsets of Fermion/Sfermion-Contributions

corresponds to the diagrammatically obtained finite parts of the tadpole contribu-
tions, the the second to the DRrenormalised Higgs self-energy in the m}-NMSSM
approximation,

min fin

_ (z@) - (6.36)

[

min G OPAV

AV
= 0Tw[™ OV, 0

ov;

The calculation in the effective potential approach corresponds to a Feynman-diagrammatic
calculation in a pure DR-scheme, where the only non-vanishing counterterm contri-
butions are

\/ﬁvi 6T¢i
These contributions stem from the expression of the soft-breaking Higgs-mass terms.
The additional contributions from the tadpole counterterms to the Higgs-mass coun-
terterms given in eqgs. (4.29) and (4.30) are a result of the chosen on-shell renor-
malisation scheme for the charged Higgs-mass M%.. They are not present in the
effective potential approach, that correlates to a calculation where the independent
parameters are assumed to be DR-renormalised. The identity between the result
in the effective potential (left side) and the corresponding result obtained from the
Feynman-diagrammatic calculation (right side),

fi
Imyy, in e 1,25} (6.37)

eff 777'? fin eff fin
(AM\IJ\I!) = <E\II\I/> —omy.y,| (6.38)

i ij

has been confirmed analytically.

6.2 Subsets of Fermion/Sfermion-Contributions

Amongst the fermion /sfermion-contributions (f/f-contribution) additional subsets
can be formed by contributions of any fermion-doublet together with their super-
partners, for example contributions that are proportional to the colour factor N, of
the third generation. These contributions stem from the top/bottom quarks and
stop/sbottom-squarks. No additional approximation is applied in their evaluation,
which means that the Higgs fields can couple to the squark fields via D-terms. Scalars
that are gauge-singlets, however, do not obtain D-terms and thus no additional
couplings between singlet Higgs fields and the squarks are introduced by D-terms.
Hence all allowed diagrams for MSSM-like and genuine NMSSM self-energies are
identical to the set in the mj-approximation as shown in tab. 6.2. All renormalisation
constants are required besides those that obtain only corrections from the Higgs-
and gauge-sectors, which are 67, , 0k and dA,. In particular this means that the
renormalisation constants for the gauge-boson masses contribute in this case.
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6 Partial Contributions

6.3 Higgs- and Gauge-Sector Contributions

Finally we are considering the subset accountingl only for the contributions from the
Higgs- and gauge-sectors. All renormalisation constants and self-energies have to be
considered.

For the contributions from gauge bosons and the gaugino fermions the couplings
are identical to the MSSM-like Higgs fields and will not be discussed here. The focus
of this section will be on the Higgs-higgsino and Higgs self-couplings genuine to the
NMSSM. However, the contributions from the gauge bosons are necessary for a con-
sistent renormalisation of the Higgs sector. Other than in the fermion/sfermion sector
the number of contributing NMSSM diagrams in this sector is enhanced compared
to the self-energies for the MSSM-like Higgs fields. In the MSSM the Higgs self-
couplings and the couplings between Higgs and higgsino fields are determined purely
by the gauge couplings, while the MSSM p-term only contributes to the Higgs and
higgsino masses. In the NMSSM, however, the Higgs self-couplings are determined
by the gauge-couplings, A\ and x. The NMSSM Higgs-higgsino-couplings involving at
least one singlet- or singlino-field are determined only by A and x and vanish in the
MSSM-limit.

In this section the qualitative features of these contributions will be discussed in the
interaction basis for simplicity. For the full calculation the diagrams have to evaluated
in the mass basis. This means that the single diagrams have to be multiplied by the
mixing matrix elements. The arguments then hold for the fields mixed into the mass
states.

Higgsino Contributions

The genuine NMSSM higgsino contributions to the Higgs self-energies have the form

Vm
Ui(k) === (k) = O(Ty 5 T (6.39)
Un

In the MSSM no such diagram exists with purely higgsino-fields in the loop and thus
they represent a genuine NMSSM-correction. If classified in terms of the couplings
the self-energy corrections from these diagrams read

] O(\?) O(X?) O(Axk)
she, =1 0N O\ O(Xk) | . (6.40)
O(\k) O(\k) O(K?)

Since the singlino-mass depends on the parameter s the order of couplings must not
represent the k-dependency of the contributions. For example, after renormalisa-
tion the diagram in eq. (6.39) yields for neglected external momenta a self-energy
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6.3 Higgs- and Gauge-Sector Contributions

contribution that is proportional to

2 4
Mp, K2 2
2 ~ ﬁﬂeﬁlog’% g (6.41)

r

where p, is the renormalisation scale, since the singlino mass grows linearly with &,

my, = V26 ) Miet.

Higgs Contributions

The Higgs self-couplings stem from two diagrams,

Vo,
Wi(k) --0 e W(k) = Tou,0,Dvgw,u, Bo (K2 m3,  m3, ) (6.42a)
v,
V.,
O
\Pz(k) -———l-- \P](k’) = quiq;j\quijo (m?pm> (642b)

The non-vanishing trilinear Higgs self-couplings are of the the orders

F¢z¢]¢k = O(A2)7 F¢z¢]¢s = O()\K})7 F¢z¢s¢s = O<)\K’>7 F¢s¢s¢s = O(KLQ) (643)

for the CP-even fields without D-terms. For the CP-odd fields any vertex with an
even number of CP-odd fields is allowed and of the same order as the vertex for CP-
even fields. For the quartic coupling the pattern is similar: A vertex that involves
only CP-even fields is proportional to A%, a mixed vertex is proportional to s, and
a pure singlet vertex is proportional to xk?. The diagrams in eqs. (6.42) are thus of
the orders

v, Y

77N 4-—n, n v 2—n , .n
Wik) == r= k) = O(NR"), Wilk) —==4-= W(k) = O(NR")

v, (6.44)

where n denotes by the number of involved singlet fields. As for the higgsino-
contributions the order of the couplings might not reflect the A- and x-dependence of
these contributions, since the masses of the internal fields depend on both parameters.

Comparison with the m}-NMSSM Approximation

Both the magnitude of the genuine NMSSM-corrections from the stop-sector and
from the Higgs-sector increase with A\. However, the Higgs-sector contributions
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6 Partial Contributions

depend on higher powers of A than the stop-contributions. Thus scenarios with
an increased NMSSM-contributions from the stops are expected to have have also
increased NMSSM-contributions from the Higgs-sector. These contributions are not
genuine to the higher-order corrections to the mass of the singlet, since also doublet-
fields couple with .

For increased values of x only the contributions to the self-energies with an external
singlet may yield a more sizeable contribution.

While the impact of the genuine stop-contributions is decreased for large values
of peg (6.14a), the Higgs-sector contributions can increase with peg (6.41). Thus in
scenarios with large values for Aor x, and p.g the Higgs-sector contributions might
be increased and have a larger impact than the genuine NMSSM-contributions from
sfermions.

6.4 Two-Loop MSSM Approximation

Up to now the two-loop calculations for Higgs masses in the MSSM and NMSSM have
mainly been performed in the electroweak gaugeless limit. In the previous sections
the one-loop contributions were discussed in detail. The discussion can be used to
estimate the numerical impact of genuine NMSSM-corrections at two-loop order. In
the MSSM the leading two-loop contributions stem from QCD and SQCD corrections
of O(aya), involving a gluon or a gluino, and the two-loop corrections of O(a?). The
corresponding diagrams can be written as one-loop diagrams with an insertion as seen
in tab. 6.3. The insertions are denoted by blobs. The blobs represent the topologies

/@‘ k) =0

@ % )y 0 - 2
/

N N~ \ 1 \ !

(al) (a2) (bl) (b2) (cl) (c2)

Table 6.3: Two-loop diagrams depicted as one-loop diagrams with insertions of
a propagator correction, labelled (#1) , and a vertex correction, labelled (#2).

02 02 f1 02
fa
i 4@< . Thbh fo . ThE = 4©< (6.45a)
01 h 01 fo O
fi /
i _@_ o0 szolfzf:& = _O_ 0, szo =3 L 0, (6‘45]3)
fa

where the plain solid lines represent any field denoted by its label.
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6.4 Two-Loop MSSM Approximation

6.4.1 Corrections of O(oay)

For this class corrections from a gluon, a gluino or a stop to the diagrams of the
m{-approximations are taken into account. We focus here on the diagrams involving
the Higgs singlet field on one or both external lines.

The diagrams with a propagator-correction, any topology from eq. (6.45b) inserted
into diagrams (#1), are suppressed by the same factors as the one-loop diagrams,
since the Higgs fields couple directly to the fermion/sfermion fields in the outer loop.

For the diagrams with a vertex correction, any topology from eq. (6.45a) inserted
into diagrams (#2), the number of diagrams with an external singlet is reduced. The
singlet field does not couple to the top-quark in either the inner or outer loop, thus

%, =0. (6.46)
The loop-induced singlet—top—top vertex gives rise to a contributions from the dia-
gram (al) to the singlet-doublet self-energy. However, it can be suppressed compared
to the according diagram with a loop-induced vertex involving only Higgs doublet-

fields,

A A
tatg,g — Pstatp Ftaéag (6 47)
ott F@'fafb Pt

with the suppression factors given in eq. (6.14).

Since the vertex corrections of the diagrams (#2) for the singlet field receive a
similar suppression as the corresponding one-loop diagrams, the two-loop self-energy
corrections can be classified by the order of their couplings as

O(YPas) O(YPas) O(AYas)
Ypr = | O(Y2a,) OY?Za,) O\Yay) | . (6.48)
O(\ia,) O(\Yia,) O(Nay)

As for the m}-NMSSM one-loop approximation the genuine two-loop NMSSM con-
tributions of O(«;a) are suppressed or enhanced compared to the MSSM-like contri-
butions. Thus the relative size of the genuine NMSSM-corrections at one-loop order
can be used as an estimate for the impact of the according two-loop corrections.

The genuine NMSSM-corrections of O(a;as) have been calculated and implemented
into the public code NMSSMCalc. This allows to test the MSSM-approximation for
this set of contributions, see sect. 8.1.3.

6.4.2 Corrections of O(a?)

For this class corrections to the diagrams of the m}-approximations with insertion of
O(Y;2, \Y;, \?) involving top/stop fields are taken into account. Both the external-
and the sub-diagrams can contain a Higgs-singlet field and thus receive a suppression
compared to the corresponding diagram in the MSSM. If the sub-diagram contains
only stop-fields, it is always MSSM-like. Only the external diagram can be suppressed
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in this case.
The two-loop self-energy contributions thus can be classified by the highest power
in the coupling Y; as

) O Yt4_n)\n O Y't4—n)\n O )\1+nYi3—n

Spe =Y | O(YmAn O(Ymam)  O(NFmy2 ") | (6.49)
n=0 O()\H_nY?in) O(}\l-{—ny;?ﬁn) O )\2+n}/;27n

For n = 0 only MSSM-like subdiagrams appear. The MSSM-like contributions for
the doublet fields are recovered for this case in a 2 x 2 submatrix. They are identical
to the MSSM-contributions up to mixing effects between the Higgs fields.

A calculation of the O(a?) corrections in the NMSSM in a mixed DR/on-shell
scheme is still missing. However, for DR calculations the contributions at this order
have been obtained, see e.g. [39].

6.5 Conclusion

In this section partial one-loop contributions from appropriate subsets were deter-
mined. Analytic arguments for the expected numerical impact of these contributions
have been provided for the genuine NMSSM contributions. The estimations based
on these arguments will be tested for specific scenarios in the following chapters.
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7 NMSSM-FeynHiggs: Predictions for
NMSSM Higgs masses and

mixing contributions

The results of this work will be part of the next major update for the code Feyn-
Higgs [30-36]. This update will extend the calculation of the Higgs masses and the
wave normalisation factors to NMSSM with real and complex parameters. The ex-
tension will include the full one-loop calculation including momentum-dependence, as
outlined in this work. The MSSM approximation will be used for the two-loop contri-
butions of O(a,ay, a2, asap, azay), for an overview see [32], and O(a,ay, o?) [31,35,36]
for the MSSM with real and complex parameters, respectively. The resummation of
large logarithms due to large SUSY-masses [30] will be included for the real and the
complex as well as the momentum-dependence for the corrections of O(ayay) in the
real case [98].

In order to extend the one-loop calculation presented in this work to the NMSSM
with complex parameters a new model file for FeynArts and FormCalc is created.
It will contain all necessary counterterms for fully automated one-loop calculations,
similar to the available model file for the MSSM with complex parameters [128]. The
renormalisation scheme for the absolute values complex parameters will follow the
scheme outlined in this work. Any additional DR-counterterms for the phases of the
complex parameters are obtained with the methods described in sec. 4.5. The model
file for the NMSSM with complex parameters including one-loop counterterms will
be published separately and included into future versions of FeynArts and FormCalc.

The new version of FeynHiggs will include an extended SLHA-conform interface,
that allows to supply every DR-parameter at its own scale. For the Higgs-mass
calculation these parameters will be RGE-evolved to the renormalisation scale my,
where the stop-parameters will be converted into the on-shell scheme for the top- and
stop-masses with the MSSM routines as an approximation as discussed in sec. 5.4.3.

The obtained renormalised self-energies in the Higgs-sector will be used to calculate
the wave function normalisation factors for the Higgs-fields, described in sec. 3.3, for
the NMSSM with complex and real parameters.

The aforementioned implementations and developments are work in progress. For
the studies in this work a preliminary version of FeynHiggs was used. In this version
the one-loop calculation and the pole-determination was separated from FeynHiggs,
which provides only the renormalised MSSM self-energies at the two-loop level as
described in sec. 5.3. The calculation of wave normalisation factors will be available
only in the final NMSSM-extension of FeynHiggs.
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8 Study of the MSSM
Approximations at one- and
two-loop order

In this chapter the MSSM approximation implemented at the two-loop level will be
tested. For this purpose a genuine NMSSM scenario will be studied, which gives rise
to a SM-like Higgs with a predicted mass at the two-loop level of around 125 GeV
and a lighter, singlet-like Higgs field. In order to investigate the influence of the
extended Higgs- and higgsino sector of the NMSSM compared to the MSSM the
study will start with one-dimensional variations of A. The limit A — 0 and constant
et leads to decoupled singlet fields with infinite mass and MSSM-like doublet fields
in the Higgs- and neutralino sectors. Increasing the value of \ translates directly
to increasing the influence of genuine NMSSM-effects. A detailed study of the
one-loop result and the quality of approximations by partial contributions will be
performed. In order to study the two-loop MSSM approximation the results obtained
with the methods described in the previous chapters will compared with the public
tool NMSSMCALc [29]. This tool offers a similar Higgs-mass calculation with
diagrammatic methods in a hybrid DR/on-shell renormalisation scheme and thus
is well suited for a comparison.

In a subsequent study the behaviour of the mass of a singlet-like Higgs field under
variations of A; will be studied for different values of X. It will be compared with the
A-dependence of the masses of MSSM-like Higgs fields.

The chosen scenarios will always respect the relation

N+ k2<05 (8.1)

to ensure perturbative predictability of the NMSSM up to high scales [120].

8.1 MSSM-Approximation: A sample Scenario

The sample scenario for our study is defined by the parameters given in table 8.1.
The parameter A is varied if not stated otherwise. The derived tree-level masses
of the stop-, chargino- and neutralino-fields are given in the appendix in sec. B.1 .
For values A 2 0.32 the mass of the lightest state becomes tachyonic at tree-level
and therefore the analyses will be performed only for values of A up to 0.32. The
choice for the top-quark mass will be the pole mass mPS for the comparison with

NMSSMCalc and mM3(my) for the remaining studies. Using the MS top-mass allows
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to include the resummation of leading and next-to-leading logarithms implemented
in FeynHiggs. The renormalisation scale for the studies in this chapter will be fixed
at the used value of the top-quark mass. The discussed scenario is tested against the

Higgs sector parameters: heavy fermion masses:
Mp+ tanf8  peg  Ag K moS mm(mt) mﬁs(mb) my
1000 8 125 —-300 0.2 173.2 167.48 4.2 1.78

sfermion- and gaugino-parameters:

M; My A AL AL A, A MEYD M, M
1500 200 —2000  —1500  —100 A~ 143 300 1500

Table 8.1: Definition of the analysed sample scenario. All dimensionful pa-
rameters are given in GeV. All DR-parameters are defined at mMS(m;). All
stop-parameters are on-shell parameters.

full set of experimental limits implemented in HiggsBounds 4.1.3 [113]. To obtain
the relevant quantities for HiggsBounds we made use of NMSSMTools 4.4.0 [17] and
linked it with HiggsBounds' as described in sec. 5.5.

8.1.1 Full Result

The full results for the tree-level, one- and two-loop Higgs-mass predictions in the
sample scenario defined in tab. 8.1 are shown as a function of X in fig. 8.1 for the
CP-even fields and in fig. 8.2 for the CP-odd fields. The term ’full result’ refers
to all one-loop corrections in the NMSSM including momentum-dependence and
reparametrisation, and all available contributions of O(asay, asay, a?, ayayp) from the
MSSM including the resummation of large logarithms. For this study the parameter
A will be varied between 0.1 and 0.32. The lower limit of the parameter A is chosen
to depict only one point with a cross-over behaviour for the two smaller masses, my,
and my,. For values A < 0.1 there is another point with cross-over behaviour of the
two larger masses. However, due to the small values of A\ in this region it is less
suitable to study the behaviour of the genuine NMSSM-corrections that scale with
A

In order to understand the physical situation of the scenario it is important to
determine the admixture of the genuine NMSSM-contributions to the plotted masses.
Thus the squared mixing matrix elements determining the singlet admixture are given

'We thank Florian Domingo and Oskar Stél for providing a modified version of NMSSMTools
including a link to HiggsBounds.
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Figure 8.1: Upper row and lower left: Mass of the CP-even Higgs-fields my,
at tree-level, full one- and two-loop order. All corrections from the NMSSM are
calculated at one-loop order including momentum-dependence and reparametri-
sation. At two-loop order the MSSM-type corrections of O (o, s, ai, aray)
without momentum-dependence are taken into account as well as the resummation
of large logarithms. The dotted line represents 125 GeV. Lower right: Squared
mixing-matrix elements that determine the singlet-admixture to the two lighter
fields h1 and hs. The values for AE") at the intersection are )\((;0) ~ (.26, )\1(1) ~ 0.21,

and )‘1(2) ~ 0.23 at the respective loop orders.

for the two lighter CP-even fields. For the remaining fields no cross over behaviour
appears in the depicted interval of A, their mixing matrix elements are either =~ 0 for
doublet-like and ~ 1 for singlet-like fields. The heaviest CP-even and -odd fields, hg
and A, are doublet-like, while the lighter CP-odd field A; is singlet-like.

The lighter CP-even masses switch their dominant admixture: For low values of A
the field hs is singlet- and the field h; is doublet-like and vice versa for large values
of XA. Both fields are evenly mixed between a singlet and a doublet Higgs-field at
the value A(" at the n-th loop-order with n = 0 denoting tree-level. The values A\(™
are different from each other. They can be determined from the plot on the lower
right in fig. 8.1 as the intersection points between the squared mixing-matrix elements
[Ug(n)]{lg’gg}, that are defined in sec. 3.3, that quantify the singlet-admixture of the
fields hy and hy. The (momentum-dependent) one-loop corrections cause the largest
shift for A{Y of A(Y — A\ ~ —0.05, while the additional shift from the (momentum-
independent) two-loop corrections is much smaller with A\(2) —A{) = 0.01. At A both
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450

m/GeV

0.10

A A

Figure 8.2: Mass of the CP-odd Higgs fields my, at tree-level, full one- and
two-loop order with the same contributions as for the CP-even sector given in
fig. 8.1.

mixing-matrix elements are equal to 0.5 and thus higher-order corrections from both
the singlet- and the doublet-sectors contribute equally to the mass prediction. Neither
contribution is enhanced or suppressed by mixing effects. At AgZ) it is expected that
the effect from neglecting genuine NMSSM-corrections as performed at the two-loop
level is most severe.

The A-dependence of the masses is dominated by tree-level and mixing effects: A
strong singlet admixture leads to decreasing masses with increasing values of A, while
a small singlet-admixture leads to a slightly increasing masses. Generally the higher-
order corrections for singlet-like fields grow faster with A than their counterparts for
doublet-like fields, since the Higgs singlet couples to the remaining field spectrum via
A. In the MSSM-approximation of the two-loop result singlet-like states receive no
two-loop corrections. As in the MSSM the larger masses (of doublet-like fields) are
affected by higher-order corrections to a lesser extent than the lighter states.

8.1.2 Numerically leading One-Loop Contributions

In this section the numerically leading one-loop contributions will be identified by
studying the partial contributions defined in chapter 6. The ratios of Higgs—sfermion
couplings defined in sec. 6.1.3, which can enhance or suppress the genuine NMSSM
contributions, are plotted as a function of A in fig. 8.3. All ratios are smaller than 1
and should suppress the genuine NMSSM-corrections.

The mass predictions for the MSSM- and NMSSM-versions of the m;}-approximation
are depicted together with the tree-level and full one-loop results in fig. 8.4 as a
function of X. For all three masses the two different m}-approximations are almost
indistinguishable from each other for a wide range of A\. For the light singlet-light field
at larger values of A\, however, a slight difference between both m{-approximations
can be observed together with a less accurate approximation of the full one-loop
prediction. In order to study this effect in more detail the absolute differences between
the partial and the full one-loop mass-predictions are plotted as a function of A\ in
fig. 8.5 together with the squared mixing-matrix elements that determine the singlet-
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Figure 8.3: Suppression factors as defined in sec. 6.1.3. The omitted ratios of
couplings remain smaller than the maximal value of As.

admixture to the lighter states h; and hs.

In the first row of fig. 8.5 the squared mixing-matrix elements for the singlet-
admixture are plotted for the three CP-even fields as a function of A. All plotted
approximations reproduce the behaviour of the full one-loop result well. The dif-
ference between the points with cross-over behaviour between the two lighter fields,
Ae, never exceed the value of 0.01. However, for some approximations the shift can
give rise to intersection points between the full one-loop and the approximate mass
predictions as observed in the upper left plot for the mass of the lightest field in
fig. 8.4. They result in discontinuous points in the plots of the mass-differences.

In the second row of fig. 8.5 the difference between the mi-NMSSM approximation

4 . . (m3-NMSSM) (m3-MSSM) |y .
and the m;-NMSSM approximation (Am = |m,, " —my, " ) is plotted
as a function of \. The maximal difference between the approximations m}-MSSM
and m;-NMSSM remains below 500 MeV for the mass of the lightest field h;. For
hy and hs the difference decreases by one and two orders of magnitude, respectively.
The A-dependence of Am is different for the three masses depending strongly on
the singlet admixture: The largest values for Am are observed for singlet-like fields
where it rises with A. For doublet-like fields the difference remains below 10 MeV
even for larger values of A. At A{), the point of the cross-over behaviour between
hy and hs, a local maximum of the difference can be observed. However, it does not
exceed 100 MeV. For the Higgs field with a mass around 125 GeV this represents
an improvement an additional contribution of less than 1%o by including genuine
NMSSM-corrections of O(AY;, A?). For the mass of the singlet-like field for larger
values of \ a sharp increase of the difference between the approximations m}-MSSM
and -NMSSM can be observed. The corrections of O(AY;, A?) account for a maximal
contribution of &~ 1% for a singlet-like field with a mass below 40 GeV. For the
heaviest field hs the difference is negligible but rises with its singlet admixture. This
suggests that in scenarios where values A > 0.32 are allowed, the genuine NMSSM-
contributions could become more important and even dominant compared to the
MSSM-like contributions. This, however, is not the case as will be discussed in the
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Figure 8.4: Upper row and lower left: Masses of the C’P-even Higgs-fields in the
approximations m#-MSSM and m}-NMSSM approximations, at tree-level and at
full one-loop order. Lower right: Squared mixing-matrix elements that determine
the singlet-admixture to the two lighter fields hy and he for partial one-loop
contributions. The solid and dashed lines denote the singlet-admixture for h;
and hs, respectively. Lines with the same colour are calculated for the same set
of partial contributions: full one-loop (red), m#-MSSM and m}-NMSSM (green).
The approximations yield almost identical results for the singlet-admixture, thus
only one of both is shown in this plot.

following.

In the third row of fig. 8.5 the difference between the m}-NMSSM approximation

and the full one-loop contribution (Am = |m§ZZL§_NMSSM) - mglL)D is plotted as a

function of A. For the light doublet-like field, h; for A < A. and hs for A > A, the
m$-NMSSM approximation, which takes only leading top/stop-sector contributions
into account, approximates the full one-loop result with an error of less than 5%. For
the heaviest field the deviation remains far below 1 GeV and is negligible. For the
singlet-like field, hy for A < A and hy for A > X, the m{-NMSSM contributions (and
subsequently the MSSM version) approximates the full one-loop result very poorly.
The error rises up to 50% of the full one-loop mass prediction of ~ 40 GeV. This large
deviation arises from contributions beyond the leading top/stop-sector contributions.
These contributions can stem from either the remaining fermion/sfermion sectors or
the Higgs- and gauge-sectors including their superpartners. Both sectors and their
contributions are studied separately.
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Figure 8.5: Partial one-loop contributions to the mass predictions and singlet

admixture in the CP-even sector.

Each column shows the result for one of the

fields hy, ha and hs (from left to right). In the first row the result for hsg is
scaled by a factor 100. In the second to last row the mass axis is scaled by 10
and 100 for ho and hs, respectively. First row: Squared mixing-matrix elements
that determine the singlet admixture for the result in the mj-approximation. The

mixing is very similar for all depicted approximations. At )\gl), the vale for the
cross-over behaviour between the two lighter fields, the squared mixing matrix-
element is equal to 0.5 (dash-dotted black line). Second to last row: Absolute
differences between partial one-loop mass predictions and the full one-loop result.

For a detailed description and discussion see sec. 8.1.2.
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8 Study of the MSSM Approximations at one- and two-loop order

In the fourth row of fig. 8.5 the difference between the prediction including the
contributions from all fermions and sfermions including momentum-dependence and

the full one-loop result (Am = |m§l’: M _ méliL)D is plotted as a function of A\. While
this subset provides a very accurate approximation for the light singlet-like field, it
still provides only a bad approximation for the mass of a light singlet-like field. The
heaviest field is approximated as well as in the m{-NMSSM approximation. The com-
parison of the left plots in the third and fourth rows shows that the fermion /sfermion-
sector contributions beyond the MSSM approximation, which are important for the
MSSM-like doublet-fields have a negligible effect on the mass-prediction of singlet-like
fields.

In the fifth (last) row of fig. 8.5 the difference between the m}-NMSSM approxima-
tion supplemented with the momentum-dependent corrections from the Higgs- and

(m#-NMSSM+HG) (1L)
gauge-sectors (HG) and the full one-loop result (Am = |m,, —my,. ")
is plotted as a function of A. The additional corrections in this approximation are
found to cure the unsatisfactory behaviour of the previous approximations for the
mass of a light singlet-like state at large values of A\, while the impact of the missing
contributions from the fermion/sfermion sector beyond the m;-NMSSM approxima-
tion is clearly visible for the doublet-like fields in the left plot. Even for the heaviest
state, the mixed-in genuine NMSSM-contributions are well approximated. For the
light MSSM-like fields the Higgs- and gauge-sector contributions improve the one-loop
approximation by &~ 1 GeV. The impact of the added contributions is less significant
for the doublet-fields than for the singlet-like field and is comparable to its expected
size in the MSSM [32].

As a result of the study outlined in this section the MSSM-like top/stop-sector
contributions of O(Y;) have been verified as the leading one-loop contributions to
MSSM-like fields at the one-loop level. The genuine NMSSM top/stop-sector contri-
butions of O(AY;, A?) have the largest impact on singlet-like fields for large values of
A. For such large values of A\, however, the improvement of including those genuine
NMSSM contributions is by far overshadowed by the fact that Higgs- and gauge-sector
contributions become more and more important for a singlet-like Higgs field, so that
the complete fermion /sfermion contributions no longer provide a good approximation
for the full result in this region.

8.1.3 Comparison with NMSSMCalc

In order to test our results against available tools, we decided to compare with
NMSSMCalc [29], since it is the only public tool performing the Higgs-mass calculation
in a mixed DR/on-shell renormalisation scheme. In this section the numerical differ-
ences between the results for the masses of the two lighter Higgs states of NMSSMCalc
and our calculation will be discussed at different orders for the scenario given in
tab 8.1. Both codes, NMSSMCalc and our calculation, labelled NMSSM-FeynHiggs in
the following, are adapted. Both codes interpret the stop-sector parameters as defined
for on-shell renormalised masses of the stops®. Since NMSSMCalc uses a different charge

2We thank Kathrin Walz for providing a modified version of NMSSMCalc for this feature.
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8.1 MSSM-Approximation: A sample Scenario

renormalisation and the value a(Myz) for the electromagnetic coupling constant, we
reparametrised our result as described in sec. 4.4.2. The numerical values for a(My)
and A« are taken directly from NMSSMCalc,

Aa = Aal”) + Aoy, = 5891881072, (M) = 1/128.962 . (8.2)

After the reparametrisation is applied the only difference between the one-loop Higgs-
mass predictions of NMSSM-FeynHiggs and NMSSMCalc stem from the finite contribu-
tion of dv. Furthermore only MSSM two-loop contributions of O(aa) calculated
for on-shell renormalised top- and stop-masses are considered for this comparison as
only their NMSSM-counterparts are implemented in NMSSMCalc. The resummation
of logarithms is not included for the study in this section. For simplicity, we will
refer to this reduced set of two-loop contributions as two-loop order throughout this
section. The remaining differences between the Higgs-mass calculations of NMSSMCalc
and NMSSM-FeynHiggs are summarised in tab. 8.2. The applied modifications ensure
that the comparison between both codes will quantify the numerical impact of the
genuine NMSSM two-loop corrections of O(Y; Ao, A2as).

NMSSMCalc NMSSM-FeynHiggs
one-loop  aem(Myz) renormalised, <« e (Mz) reparametrised

(5Ze — %AO[) ((Sdep, AQ(MZ))
two-loop NMSSM O(aza) - MSSM O(ayas)

Table 8.2: Main calculational differences between NMSSMCalc and our modified
calculation (labelled NMSSM-FeynHiggs) used for the comparison in sec. 8.1.3.
The difference at one-loop stems only from the dependent renormalisation of the
electric charge, described in sec. 4.4.2. At two-loop order the codes differ only
by the genuine NMSSM contributions of O(AY;, A?), described in sec. 6.4. The
two-loop MSSM corrections beyond O(aas) and the resummation are turned off
in NMSSM-FeynHiggs for the comparison in sec. 8.1.3.

We used the SM parameters as specified in the built-in standard input files of
NMSSMCalc for our calculation as given in the appendix in sec. B.2. We passed
over the input values in the quark- and squark-sectors as on-shell parameters to
NMSSMCalc. The pole mass for the top, mgos) = 173.2 GeV, is used in this section,
and the renormalisation scale is chosen as ml(gOS). For the comparison both codes use
the identical, value aETS(m,gOS)) = 0.1069729, which is evaluated by NMSSMCalc with
the routines of [129].

As an initial test the one- and two-loop results of NMSSMCalc and NMSSM-FeynHiggs
are compared in the MSSM-limit, where A and s vanish simultaneously. Both the
effects of the different renormalisation schemes and the reparametrisation have to
vanish in this limit and thus the results have to be identical. The one- and two-
loop results for the mass of the lightest CP-even field obtained with both codes,
140.742 GeV and 116.902 GeV, respectively, are in agreement with each other with
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8 Study of the MSSM Approximations at one- and two-loop order

a precision of < 1 MeV. This confirms that the MSSM-contributions are treated
identically in both calculations. Thus all observed differences between the results
for non-vanishing values of A and x have to stem from the treatment of the genuine
NMSSM-contributions and residual higher-order effects of the different renormalisa-
tion of v after the reparametrisation.

0.15 0.15
Amy, Amy,
o.10f — 1-loop 0.10f — 1-loop

> 09— 2-loop > 09— 2-loop /_75:’——’:
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Figure 8.6: Difference between the mass predictions for the two lighter CP-
even fields h; and hg of NMSSMCalc and NMSSM-FeynHiggs at one- and two-loop
order, Amy, = my oo FH — lisstieale “The result of NMSSM-FeynHiggs has been

reparametrised to a(Mz). The point for the cross-over behaviour between the

fields hy and hg at one- and two-loop order read )\((31) ~ 0.21 and /\((;2) ~ 0.24,
respectively. the value of Amy, is negative for the singlet-like field and positive
for the doublet-like field.

For the sample scenario defined in tab. 8.1 the absolute difference between the
two mass predictions are plotted in fig. 8.6 as functions of A for the two lighter CP-
even states at one- and two-loop order®, Amy, = mjiS"FH — pisSteale  The Jeft
plot in fig. 8.61 shows the mass for the lighter state h;. It behaves doublet-like for
values A < A and singlet-like state for values A > A(. The behaviour of hy is
the opposite. The relative influence of the genuine NMSSM-corrections compared to
the MSSM-like corrections is expected to be large at A", where neither the genuine
NMSSM-corrections nor MSSM-like corrections are enhanced or suppressed due to
mixing effects.

The difference between the two calculations is largest for regions with larger values
of X for the mass of the singlet-like state. The mass of the doublet-like state is effected
to a lesser extent by the MSSM-approximation. For both fields Am,, increase with
A, although the increase is more significant for the mass of the singlet-like field. At
neither order a pronounced local extremum can be observed around )xi(") at each
order. The impact on Amy, around )\i(n) is less significant than the impact of larger
values of A\. The general shape of the one-loop difference, caused by the different
renormalisation schemes, is still present for Am,, at two-loop order. However, the

point with cross-over behaviour between h; and hy is shifted by A\, = A?) — A() ~

3The variation of the mass of the heaviest state is smaller than 2 MeV and thus not plotted in
fig. 8.6.
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8.1 MSSM-Approximation: A sample Scenario

0.03 between one- and two-loop order, which makes a point-wise comparison of each
Amy,, between both orders difficult. However, it is possible to compare the local and
global extrema, in particular at A(” and for the largest values of A, to read off the
numerical impact of the genuine two-loop NMSSM corrections implemented only in
NMSSMCalc. For hy this yields Amy, (M) S 50 MeV, for hy we obtain Amy,(Ac) S
30 MeV. Both values are obtained for the A = 0.32. The corresponding two-loop
Higgs masses for this maximal differences are my, ~ 40 GeV and my, ~ 125 GeV,
for the singlet- and doublet-like field, respectively.

These results confirm that the two-loop MSSM-approximation induced an uncer-
tainty that is numerically small if A < Y} as discussed in sec. 6.4.1. This is especially
true for the masses of MSSM-like fields. The relative error induced by the two-loop
MSSM-approximation remains in the region far below 1% even for the light singlet
mass and larger values of A\. The different renormalisation schemes for év and 07,
respectively, have a larger, but still small impact on the results in the given scenario.

8.1.4 Corrections beyond O(a;ay)

While the genuine NMSSM two-loop corrections of O(AY;a,, A2a,) induce a very small
effect below 50 MeV, the MSSM-corrections beyond O(aas) and the resummation
of large logarithms can result in a shift for the mass of the light doublet-like field of
several GeV. In order to quantify the impact of the additional MSSM-contributions
of O(a?, apas, ayay) and the resummation of logarithms the results with and without
these corrections are plotted as functions of A in fig. 8.7 using the MS-value of the top-
quark mM3(my). A sizeable shift of about 3—4 GeV can be observed for the mass of the
doublet-like field. The mass prediction for the singlet-like field remains unaffected by
the two-loop MSSM-corrections, since all singlet self-energies are neglected at two-
loop order. The impact of the additional corrections beyond O(a;cs) exceed the

125 134 m,

120 132 — o(agsay,...)
> n}’ > 130 _— o(asat)
() 4 D 128

,,,,,, 125 GeV
‘é 1S __ o(asay,...) = 126
110l — o(asa;) 124 L
,,,,,, 125 GeV 122

1%5 1%0
.10 0.12 0.14 0.16 0.18 0.20 0.22 0.24 .22 0.24 0.26 0.28 0.30 0.32
A A

Figure 8.7: Mass predictions for the two lighter CP-even fields h; and
ho for different contributions at two-loop order. The blue lines include all
MSSM-corrections of O(aras, apas, oF, azay), the red curves contain only MSSM-
corrections of O(a;as). Both include the resummation of large logarithms and
the full NMSSM one-loop contributions. The thin, constant line marks 125 GeV.

numerical impact of the genuine NMSSM-corrections of O(\Y;a,, A\2a) by several
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8 Study of the MSSM Approximations at one- and two-loop order

orders of magnitude.

8.2 Stop-Mixing Dependence for a Singlet-like
Higgs-field

The previous section was focused on the variation of A, which couples or decouples
the singlet Higgs-field and its superpartner from the remaining field spectrum of the
NMSSM. In this section the influence of the trilinear breaking-parameter of the stop-
sector, Ay, will be investigated for different values of A in the sample scenario defined
in tab. 8.1. In the MSSM the Higgs masses have a strong dependency on the value
of A; at one- and two-loop level, see for example [130] and references therein. While
in the literature typically X; is varied, that determines the mixing between the two
stops, the studies presented in this section will focus on A; due to its importance

for the suppression-factors defined in sec. 6.1.3. For the sample scenario the relation
between the X, and A; reads X; ~ A; — 16 GeV ~ A,.

8.2.1 Mass-Prediction and Singlet-Admixture

The mass of the lightest CP-even Higgs-field h; is plotted as a function of A, for
different values of A\ together with their singlet-admixture in fig. 8.8. The singlet-
admixture shows a strong dependence on A;, especially for "maximal” stop-mixing
around A; ~ \/éMq ~ 3700 GeV at the one-loop level and around A; ~ 2M; =
13000 GeV at the two-loop level for on-shell parameters. In the investigated scenario
the field h; remains doublet-like for A = 0.2, while the singlet-admixture increases
sharply at "maximal” stop-mixing for larger values of A, until the field h; becomes
dominantly singlet-like at A = 0.24 for values of A; between £4.5 TeV and +4 TeV
at one- and two-loop order, respectively.

For the doublet-like field at A = 0.2 the A;-dependence resembles the situation in
the MSSM: Significant maxima and minima for the mass my, can be observed for
for "maximal” and absent stop-mixing, respectively. The magnitude of the maxima
are not identical for positive and negative values of A;, the difference between the
two maxima is more pronounced in the two-loop result. For an increased singlet-
admixture to the field h; at higher values of A these maxima are flattened out. Thus
the minima for A; ~ 0 become less pronounced for increased singlet-admixtures.

8.2.2 Singlet-Admixture for "maximal” Stop-Mixing

In order to study the behaviour of the maxima around ”maximal” stop-mixing in
dependence of A\ the plots in 8.9 show the mass predictions of both lighter CP-even
fields hy and hs for different values of A\. The values of A are chosen such that both
fields h; and hs receive similar singlet-admixtures for "maximal” stop-mixing. For
the lowest depicted values of A the field hy is dominantly singlet- and for the largest
values of A doublet-like at "maximal” stop-mixing and vice versa for the field h;. With
increasing doublet-admixture for "maximal” stop-mixing the mass my, 'inherits’ the
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Figure 8.8: The left plots show the A;-dependence of the mass my, of the lightest
CP-even Higgs-field hy at one- and two-loop order in the upper and lower row,
respectively, for different values of A\ in the sample scenario defined in tab. 8.1.
The right plots show the according A;-dependences of the squared mixing-matrix
elements that determine the singlet-admixture to hy. The values for \ are chosen
such that they are close to the one- and two-loop values of Aﬁ”) of the sample
scenario, where hi receives singlet- and doublet-contributions equally.

behaviour of the mass my, of the former doublet-like field. At the same time the
flattening observed for the maxima of the mass mj, resembles the behaviour of the
mass myp, of the former singlet-like field.

8.2.3 Genuine NMSSM-Corrections to a dominantly
Singlet-like Field

A more detailed study of the A;-dependence for the mass my,, of the either dominantly
singlet- and doublet-like field h; is shown in fig. 8.10. The mass is plotted in the
MSSM and NMSSM version of the m}-approximation at the one-loop order, which
accounts for the dominant dependence on the stop-squark masses. For an increasing
singlet-admixture the mass my, exhibits a weaker dependence on A; both in the
m$-MSSM and m}-NMSSM approximations. The A;-dependence is very similar for
both approximations. This is quite remarkable since the m{-MSSM approximation
contains no higher-order corrections for the singlet-field ¢,. The additional genuine
NMSSM-corrections included in the m}-NMSSM approximation result in a mass-shift
that depends only weakly on A;. These contributions are shown in fig. 8.11 as the
absolute difference between the two m}-approximations. For all values of A the A;-
dependence remains in the region of 10...20 MeV, several orders of magnitude below
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Figure 8.9: Upper row: One-loop mass-prediction for the lightest and next-to-
lightest CP-even Higgs-fields hy and he for A = 0.21, 0.215, 0.22, chosen close
to AE"), where the fields hy and ho receive a similar singlet-admixture close to

"maximal” stop-mixing. Lower row: Two-loop version of the upper row for A =
0.21, 0.215, 0.22.

the A;-dependence of a doublet-like field. Since the singlet—sfermion—sfermion vertex
is independent of A;, the observed A;-dependence thus stems from the stop-squark
masses that enter the calculation logarithmically. The genuine NMSSM-corrections
included in the m{-NMSSM approximation have the strongest impact on the mass
prediction for values of A; where the singlet-admixture is shared between the two
fields h; and hg, e.g. around "maximal” stop-mixing for A = 0.2 in this example.
The apparent increase for larger values of A; is an effect caused by the increasing
doublet-admixture to hy, that takes effect for slightly different values of A; for both
mj-approximations.

As explained above the genuine NMSSM-corrections to the mass my, have only a
very weak dependence on A;. However, extrema can be observed for the dominantly
singlet-like states in fig. 8.10. Thus the A;-dependence of the mass my, for the
dominantly singlet-like field h; is an effect driven by the residual doublet-admixture to
hi. Even for a singlet-like state with a doublet-admixture of < 1% the A;-dependence
of the genuine NMSSM-corrections from the top/stop-sectors can remain subleading
to the residual A;-dependence of the MSSM-like corrections.
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Figure 8.10: A;-dependence of mass my, of the field h; for selected values of
A at the one-loop level in the approximations m#-MSSM and m}-NMSSM. For
A = 0.2 the field is dominantly doublet-like. The singlet-admixture increases with
A as shown in the lower right plot in fig. 8.8 until h; is dominantly singlet-like for
A =0.29.

8.3 Conclusion

In this section the two-loop MSSM-approximation employed in NMSSM-FeynHiggs and
the partial one-loop corrections to the masses of the CP-even fields in the NMSSM
with real parameters were studied.

The MSSM-like one-loop contributions from the top/stop-sector have been identi-
fied as the leading fermion/sfermion-contributions at one-loop order in the NMSSM.
However, for the mass of a (light) singlet-like field and larger values of A these con-
tributions can be subleading compared to the Higgs- and gauge-sector contributions.

For the MSSM-approximated two-loop corrections of O(a ) the result was com-
pared against the full NMSSM-corrections of this order, yielding only very small
deviations in the predictions for the masses of both doublet- and singlet-like fields.
The MSSM-approximated contributions of O(a?) included in the prediction of NMSSM-
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Figure 8.11: Absolute difference between the mass in both mj-approximations,
4_ 4_

Amp, = |m§LTt MSSM) _ mg?t NMSSM)| for different values of A\. For A = 0.17 the

field is dominantly singlet-like. The singlet-admixture increases with A as shown

in the lower right plot in fig. 8.8 until h; is dominantly singlet-like for A = 0.29

FeynHiggs so far have no counterpart in the NMSSM at this order in a mixed
on-shell /DR renormalisation scheme. However, the same reasoning that success-
fully motivated the MSSM-approximation of O(aa;) can be applied for the MSSM-
approximated corrections of O(a?). One can expect that they are dominant relative
to their genuine NMSSM-counterparts as well.

For the two-loop corrections beyond the fermion /sfermion-contributions potentially
large one-loop corrections from the Higgs- and gauge-sector suggest an increased effect
of Higgs- and gauge-sector contributions also at the two-loop level. An increased
importance of these contributions has already been observed for pure DR-calculations
for similar scenarios [131], while a full calculation of these contributions in a mixed
on-shell/DRrenormalisation scheme is still missing.
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9 Theoretical Uncertainties for
NMSSM Higgs-mass predictions

The experimental value of the mass of the detected Higgs signal [12],
my = 125.09 £ 0.21(stat.) £ 0.11(syst.) GeV, (9.1)

has an error of only several permil. It is thus already three years after its discovery
an (electroweak) precision observable. In order to make full use of this high-precision
measurement every model that provides a prediction for this quantity should ideally
provide a result with a similar precision. If a prediction with similar precision is
unavailable it is important to provide a solid estimate for the theoretical uncertainties
of the available prediction. This is the situation for both the MSSM and the NMSSM,
the experimental error of the mass of the SM-like Higgs-boson is significantly smaller
than the theoretical uncertainties of the current predictions. Two different sources for
theoretical uncertainties exist in these predictions. One are the experimental errors
of the input parameters, the other are unknown higher-order corrections.

For the MSSM detailed estimates for theoretical uncertainties of the Higgs-mass
predictions are available, see e.g. [32,38]. At least one tool, FeynHiggs, provides
routines for an automated estimate of the theoretical uncertainties of its Higgs-mass
prediction.

For the NMSSM several public spectrum generators are available that offer an auto-
mated calculation of Higgs-masses: FlexibleSUSY [23], NMSSMCALC [29], NMSSMTools [24,
132,133], SOFTSUSY [26-28] and SPheno [20,21]. The results obtained by the different
codes for the same set of input parameters can differ by several GeV.

A first step towards investigating the theoretical uncertainties for NMSSM Higgs-
mass predictions using DR-methods has been performed in [39]. In this publication
the tools mentioned before were used to calculate NMSSM Higgs-masses for six
sample scenarios with different physical properties. The sources for the differences
between the codes have been identified. After they have been modified to address the
differences, an agreement at the level of O(10 MeV) for the same set of higher-order
corrections has been achieved. However, this comparison did not account derivatives
resulted by use of different renormalisation schemes. Among the tested tools only
NMSSMCalc offered the option to use a mixed DR/on-shell scheme , but a comparison
between different DR/on-shell schemes was not considered in [39]. In order to improve
on this situation a comparison between NMSSMCalc and the NMSSM-extended version
of FeynHiggs developed in this work, called NMSSM-FeynHiggs in the following,
is currently performed. It follows closely the comparison performed in [39] with
necessary adaptions and extensions for the on-shell calculation as described below.
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

Q tan B(Mz) A K Ay Ay Loff M My Mg Ay Ay My, M;
TP1 1500 10 0.1 0.1 —10 —10 900 500 1000 3000 3000 0 1500 1500
TP2 1500 10 0.05 0.1  —200 —200 1500 1000 2000 2500  —2900 0 2500 500
TP3 1000 3 0.67 0.1 650 —10 200 200 400 2000 1000 1000 1000 1000
TP4 750 2 0.67 0.2 405 0 200 120 200 1500 1000 1000 750 750
TP5 1500 3 0.67 0.2 570 —25 200 135 200 1400 0 0 1500 1500
TP6 1500 3 1.6  1.61 375 —1605 614 200 400 2000 0 0 1500 1500

Table 9.1: Definition of the TP scenarios. All parameters are given DR
parameters at the scale ) besides tan 3, which is defined at M. All dimensionful
parameters are given in GeV. The remaining soft SUSY breaking-parameters,
common to all points, are MfL = My = 1500 GeV,A; =0.

In a subsequent step a comparison between the DR /on-shell and the DR calculations
of the codes mentioned above is necessary. After these steps an estimate of theory
uncertainties can be obtained.

This section focuses on the comparison of the predictions for Higgs-masses im-
plemented in NMSSMCalc and NMSSM-FeynHiggs. It aims at an identification of all
sources for differences in their mass-predictions and eliminating all differences beside
those that are caused by the different renormalisation scheme. Since this task requires
thorough knowledge about both codes it is performed in close collaborations between
the authors of NMSSMCalc and NMSSM-FeynHiggs and is currently work in progress.
The results for modified versions of NMSSMCalc have been obtained by its authors.

First a brief description of the studied scenarios will be given followed by a short
classification of the possible sources of uncertainties Subsequently a short descrip-
tion of the differences between the codes NMSSMCalc and NMSSM-FeynHiggs will
be provided together with the means to identify those that are unrelated to the
renormalisation-scheme dependence. Finally the present status of the ongoing com-
parison will be presented.

9.1 Description of Scenarios

The test-point (TP) scenarios discussed in [39] for the comparison of the calculations
with DR-methods will also be used for the comparison between NMSSMCalc and
NMSSM-FeynHiggs. They are defined in tab. 9.1. The TP-scenarios correspond to
the following different physical situations:

e MSSM-like point (TP1)

e MSSM-like point with large stop splitting (TP2)

e Point with light singlet and A close to the perturbativity limit (TP3)
e Point with heavy singlet and A close to the perturbativity limit (TP4)

e Point with slightly lighter singlet. Additional matter needed for perturbativity;
inspired by [134] (TP5)

e Point with huge A (TP6)
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9.2 C(lassifying Uncertainties

All points feature an (MS)SM-like Higgs-field with a mass around 125 GeV at the
two-loop level for DR calculations. For the comparison of the DR/on-shell codes the
scenarios will be evaluated once at the high scale () and once at the on-shell value
of the top-quark mass m® = 172.9 GeV, called the low scale in the following. No
evaluation for TP2 at the low scale was possible, since the RGE-evolved parameters
at the low scale yield tachyonic stops. Since NMSSM-FeynHiggs is designed with the
intent of calculating Higgs-masses at the top-quark mass m,, only the comparison at
the low scale will be considered for the final estimate of the intrinsic uncertainties. At
this scale hybrid DR/on-shell calculations are expected to provide a more accurate
mass prediction compared to pure DR-calculations. The calculation at the high scales
will be included for completeness to enable a later comparison with the results of [39].

9.2 Classifying Uncertainties

Uncertainties of the Higgs-mas prediction can be divided into two types: Parametric
and intrinsic uncertainties. Parametric uncertainties are all uncertainties related to
the input-parameters of the calculation . Intrinsic uncertainties denote all uncer-
tainties that are related to unknown higher-order corrections. Calculations differ by
higher-order effects in particular because of differences in the renormalisation scheme
and scale of the calculation and further differences like the RGE-evolution of DR/MS-
renormalised input parameters together with their on-shell conversion.

For this comparison we will divide the theory uncertainties slightly differently
into all uncertainties that are caused by input parameters and uncertainties that
are caused by differences of the Higgs-mass calculations themselves. The input
uncertainties include the parametric uncertainties for the SM-quantities together with
higher-order effects due to the RGE-evolution and conversion of input parameters.
The remaining uncertainties are caused only by the renormalisation scheme and scale
dependence of the calculation.

9.2.1 Parametric Uncertainties

Amongst the parametric uncertainties the experimental error of the top-quark mass
m; has the by far the largest influence on the MSSM Higgs-mass predictions, since
the leading MSSM one-loop corrections are of O(m}/MZ,). In the NMSSM this also
holds for an (MS)SM-like Higgs-field. The experimental errors of remaining heavier
fermions, the bottom-quark m;, and the 7-lepton m., can have a minor influence on the
Higgs-mass prediction in the TP-scenarios. Since the two-loop (S)QCD contributions
to the Higgs-mass are proportional to ay, its experimental error also can have a visible
effect on result depending on the total size of the two-loop corrections. A detailed
study of the parametric uncertainties in the MSSM can be found in [38]. For the
investigation of the intrinsic uncertainties of NMSSMCalc and NMSSM-FeynHiggs both
codes get the identical input values for measured quantities. They are listed in the
appendix under sec. B.3.
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

9.2.2 SUSY Input Parameters

The TP-scenarios are defined by a complete set of independent parameters, where
all DR-quantities are given at the scale ) besides tan 3, which is given at M. In
principle these parameters can be defined in any renormalisation scheme at any scale.
The SUSY Les Houches Accord (SLHA) has been defined in [116,135] as a well-defined
interface between different codes. In this input format all SUSY parameters have to
be given as DR-parameters together with the scale at which they are defined. Any
code reading the SLHA input-file has to transform the DR-parameters MPR(M)
defined at their individual input scale M7, into the form necessary for the calculations
carried out by the code. This can include both the RGE-evolution of MP® to the
scale M., of the calculation as well as the conversion into another renormalisation
scheme, typically the on-shell scheme,

MPR(ME) SRR MPR (M) e MO, (9-2)
The order at which either the RGE-evolution or the conversion is performed can give
rise to higher-order effects in the comparison of different codes.

9.2.3 Theoretical uncertainties from unknown higher-order
Corrections

Unknown higher-order corrections contribute to the intrinsic uncertainties of the
Higgs-mass prediction. Parts of them can be studied by comparing the mass pre-
dictions that employ different renormalisation schemes that account for different
higher-order contributions. The predictions of NMSSMCalc and NMSSM-FeynHiggs use
a different renormalisation and reparametrisation of the electromagnetic coupling-
constant «. Since the reparametrisation for o only accounts for on-loop order effects
of the renormalisation to a non-standard value for «, residual two-loop effects are
expected as additional higher-order corrections that appear in the comparison. These
higher-order corrections should be studied separately, since their leading contributions
can be of the order of potentially non-negligible two-loop correction from the Higgs-
sector.

9.3 Differences between NMSSMCalc and
NMSSM-FeynHiggs

The implemented functionalities in NMSSMCalc and NMSSM-FeynHiggs are different.
NMSSMCalc allows one to calculate Higgs-masses and branching-ratios in the NMSSM
with complex parameters. The currently unpublished version of NMSSM-FeynHiggs
calculates only Higgs-masses in the NMSSM with real parameters with the MSSM-
approximation at the two-loop level.

NMSSM-FeynHiggs was intended for the calculation of MSSM and NMSSM Higgs-
masses at or close to the electroweak scale for SUSY-masses up to several TeV.
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9.3 Differences between NMSSMCalc and NMSSM-FeynHiggs

Although NMSSMCalc uses a similar calculation with Feynman-diagrammatic methods,
the codes is designed to calculate the Higgs masses at a common scale that is
given in the input file. However, for purely Feynman-diagrammatic calculations the
reliability for very large SUSY masses above &~ 5 TeV is questionable. The higher-
order corrections can become potentially large due to logarithms of the ratio of the
electroweak and the SUSY scale. Partially the problem can be remedied by the
resummation of such large logarithms, which are included in FeynHiggs and NMSSM-
FeynHiggs see [37] and references therein.

NMSSMCalc provides the calculation of NMSSM Higgs-masses with on-shell or DR
renormalised top- and stop-masses, while NMSSM-FeynHiggs provides only the on-shell
renormalisation of these sectors is implemented, with the option to reparametrise the
on-shell top-quark mass m?® to the MS- or DR-scheme. For the comparison described
in this sections the options for on-shell renormalised top- and stop-masses will be
considered if not stated otherwise.

In this section we will focus on the differences affecting the implemented Higgs-
mass prediction for these options in the CP-conserving (real) NMSSM. The relevant
differences between the two codes stem from the employed renormalisation scheme
for electromagnetic coupling-constant «, the included higher-order corrections, and
the treatment of the strong coupling constant o for both the Higgs-mass prediction
and the on-shell conversion of the stop-sector parameters.

Treatment of DR input-parameters

According to the SLHA-conventions all soft-breaking parameters are provided in the
DR-scheme together with their respective scale.

NMSSMCalc accepts all soft-breaking parameters at the same scale (), which serves
as the renormalisation scale for the Higgs-mass calculation. No RGE-evolution for
the soft-breaking parameters is necessary.

In NMSSM-FeynHiggs a conversion from DR input-parameters to on-shell param-
eters, which are used internally, is performed in the stop-/sbottom-sector. In the
present version of the code no RGE-evolution for the remaining soft-breaking param-
eters is performed. Their effects are treated as higher-order effects and are neglected.
In the public version of NMSSM-FeynHiggs, the necessary routines needed for a proper
treatment of SLHA input files will be implemented.

Both NMSSMCalc and NMSSM-FeynHiggs perform the on-shell conversion at the
one-loop level. The conversion is performed at the one-loop level to account for the
on-shell renormalisation at the two-loop level.

Included higher-order Corrections

The two-loop corrections in NMSSM-FeynHiggs are approximated by the MSSM con-
tributions, while in NMSSMCalc a complete NMSSM-calculation of only the O(ayay)
is implemented while all further contributions at the two-loop level are neglected.
Within of the MSSM-approximation NMSSM-FeynHiggs contains contributions be-
yond O(a;as) and the resummation of large logarithms. It also includes higher-order
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

corrections to the bottom Yukawa-coupling summed up in 4A,. These additional
contributions and features that are not (yet) included in NMSSMCalc and thus will
not be considered for the comparison of the two codes.

Renormalisation Scheme of «

The renormalisation schemes employed in NMSSMCalcand NMSSM-FeynHiggs are al-
most identical to each other, with the notable exception of the renormalisation of the
vacuum expectation-value v or the electromagnetic coupling constant . While in
NMSSM-FeynHiggs v is renormalised as an independent parameter in the DR-scheme,
in NMSSMCalc « is renormalised and a(My) is chosen as input parameter instead. In
the standard version of NMSSM-FeynHiggs « is reparametrised in terms of Fermi’s
constant, yielding the value a¢,. In contrast to the MSSM calculation the charge
renormalisation is of particular importance for the determination of the theoretical
uncertainty for the NMSSM calculation. In the MSSM different choices for o are an
effect of two-loop order, that formally is of the same order as two-loop corrections
from the Higgs- and electroweak gauge-sector. However, the two-loop corrections of
O(ayas) have been obtained in the electroweak gaugeless limit and thus the higher-
order effects related to the renormalisation of a are neglected for the contributions
of O(ayars). In the NMSSM, however, the charge renormalisation appears already at
one-loop order and the numerical value of « has either to be chosen according to the
renormalisation scheme or has to be reparametrised.

Treatment of a;: Two-Loop Higgs Self-Energies

In NMSSM-FeynHiggs «; is always evolved to the scale of the on-shell top-quark mass
m9S from the input-value for aM5(My). In NMSSMCalc aM5(My) is evolved to a scale
@ and subsequently converted into its DR-value. The employed RGE-evolution of o
is described in [129]. It represents the running in the SM. The MS to DR conversion
for s can be found in [136].

Treatment of a,: On-Shell Conversion of stop-sector Parameters

Since only corrections of O(ayas) are considered, both codes use the MSSM-conversion
of O(ay) as described in see sec. 5.4.3. However, the calculation of the relevant
top and stop self-energies differs by the used value for a,: While NMSSM-FeynHiggs
always uses aM5(mP%), NMSSMCalc uses aP®(Q). While a;, does not enter the one-
loop calculation explicitly, different choices for o cause a higher-order effect within
the on-shell conversion for the stop-sector parameters.

9.4 Identification of Input-Uncertainties

The initial task for the comparison in this section is to identify the input uncertainties
in order to isolate the intrinsic uncertainties from higher-order corrections. This is
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9.5 Numerical Results

done by separating any treatment of the provided input parameters from the Higgs-
mass calculation and by providing adapted versions of both codes for the comparison.

9.4.1 RGE-Evolution and On-Shell Conversion of the Input
Parameters

For the calculation in the TP-scenario at the low scale the input parameters have
to be evolved from Q to m®S. The RGE-evolution is performed by FlexibleSUSY
1.2.2 [23], which includes the two-loop RGE-evolution in the NMSSM for the soft-

breaking parameters.

After the input parameters have been evaluated at either the high or the low scale,
all necessary input-parameters are calculated by the built-in routines of NMSSMCalc.
The parameters obtained by NMSSMCalc include the on-shell values for the trilinear
breaking parameter A, and the soft-breaking masses M;, and M; in the stop-sector
as well as the on-shell mass of the charged Higgs My+. The on-shell value for My«
is calculated with one-loop corrections for the one-loop Higgs-mass predictions and
two-loop corrections for the two-loop Higgs-mass predictions, respectively. By this
procedure of using the same input parameters in both codes possible higher-order
effects from the RGE-evolution and on-shell conversion are avoided.

9.4.2 Adapted Versions of NMSSMCalc and NMSSM-FeynHiggs

In order to address the different treatments of a, in the Higgs self-energies at the
two-loop level, the two codes will be adjusted such that they use an identical, fixed
value for a,,. Further adaptions are provided for the treatment of the renormalisation
of the electromagnetic coupling constant « in order to separate this effect from the
influence of a,. The different settings are listed together with their abbreviations in
tab. 9.2. A more detailed explanation of the adaptions will be given together with
the obtained numerical results in the following section 9.5.

9.5 Numerical Results

In this section the Higgs-mass predictions for the (MS)SM-like field in the TP-
scenarios will be discussed. The scenario TP6 will be omitted, since the MSSM-
approximation is not expected to be viable for its “extreme” value of A\ ~ 1.6.
While the complete results for all CP-even Higgs-masses can be found in the ap-
pendix B.3, this section will focus on the differences between the mass-predictions
for the (MS)SM-like Higgs-field of NMSSMCalc and NMSSM-FeynHiggs. Each scenario
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

o A, Qg comments
NMSSM-FH ag,. aG, v aM(my;) vanilla
NMSSM-FH a(My) a(My) v oMS(my)
NMSSM-FH a(Mz)(=) a(My) — o M(m,) unphysical
NMSSMCalc a(Mz)  —  oPR(Q) vanilla
NMSSMCalc aod a(My)  —  a(my)
NMSSMCalc (—) a(My)  —  aMS(m,) uses GvPR

Table 9.2: The headings specify the used value for the electromagnetic coupling
constant «, whether the reparametrisation A, for the used value of o has been
applied and which value for the strong coupling constant o is used. In the versions
marked with “(—)” the chosen value for o does neither fit the renormalisation
scheme nor has a reparametrisation been applied (see text). They represent
inconsistent and thus unphysical calculations created only for the purpose of this
comparison.

will be evaluated at the high scale Q and the low scale mPS. Additionally a “rough”
MSSM-limit of each scenario was evaluated.

In the following a short discussion of the singlet-admixture will be provided before
the numerical results are presented. Subsequently the theoretical uncertainties caused
by the input parameters and the MSSM-approximation of NMSSM-FeynHiggs are
presented together with an explanation of the adapted versions of the codes outlined
in tab. 9.2. In the last section the two codes will be compared for their standard
mass-predictions.

9.5.1 Singlet-admixture

The singlet-admixture to the fields h; beyond lowest-order is defined by the wave
function normalisation matrix Z and the tree-level mixing matrix U,) as defined
in eq. (3.34). However, in this section we use the approximation for the matrix
U,(n) as described in sec. 3.3.1. The approximate matrices U, are obtained by the
eigenvalue decomposition from the iterative pole determination as an approximation
for the wave renormalisation factors. The quantities U,y are approximately unitary
matrices with a unitarity violation of typically less than 1%o, if the obtained mass
from from the iterative procedure is of the order of O(100 GeV). Since at lowest-

!The input parameters evaluated at either scale will be fixed after the RGE-evolution with non-
vanishing values for A and x, and subsequently the MSSM-limit, involving A, x — 0, is taken.
For a future comparison with DR-calculations the MSSM-limit should be applied before any
RGE-evolution takes place, to ensure that both codes calculate results in the same scenario.
Since A and k have the largest effect on genuine NMSSM-parameters, the error of this approach
is expected to be minor for the present calculation. Also for the purpose of the presented results
the “rough” MSSM-limit is sufficient since no RGE-evolution is implemented in either NMSSMCalc
or NMSSM-FeynHiggs.
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9.5 Numerical Results

order the singlet-admixture to the fields h; is determined by the squared matrix-
elements [U,()|%, we will assume that at higher-orders the matrix-elements |U,(,)|%
approximate the singlet-admixture to h;.

For the TP-scenarios numerical values for the [Uc|? and |Ue,)|?; are presented
in tab. 9.3. The depicted values for |U,,)|?% are obtained by the pole determination
for the mass of the the lightest CP-even Higgs-field.

Comparison [ Comparison II
‘Ue(n) ’%3 ’Ue(n) |g3 |Ue(n) |§3 |Ue(n) |%3 |U€(n) ‘%3 ‘Ue(n) |:2’,3
n=>0 0 1 0 0 1 0
TP1 n=2 0 1 0 0 1 0
n=>0 0 1 0 - - =
TP2 n=2 0 1 0 - - =
n=>0 0.84 0.14 0.02 0.95 0.03 0.02
TP3 n=2 0.92 0.06 0.02 0.96 0.02 0.02
n=>0 0 0.97 0.03 0 0.97 0.03
TP4 n=2 0.17 0.80 0.03 0.02 0.95 0.03
n=>0 0.03 0.95 0.02 0.13 0.84 0.02
TP5 n=2 0.31 0.67 0.02 0.28 0.69 0.02

Table 9.3: Singlet-admixture ’Ue(()) |123 at lowest order and approximate two-loop
singlet-admixture \Ue(2)|?3 to the fields h; for the high scale @ (comparison I)
and the low scale m©S
assumed.

(comparison II). The mass hierarchy mp, < mp, < myp, is

At two-loop order in each scenario TP1 ...4 one field can be identified to be
dominantly singlet-like. For TP5 the singlet-admixture is significant for both lighter
Higgs-fields. For TP4 the singlet-admixture to h; at the low scale m®S is an order of
magnitude smaller than at the high scale (). This may lead to smaller higher-order
effects from the genuine NMSSM corrections.

9.5.2 Higher-order effects from a;

The codes NMSSMCalc and NMSSM-FeynHiggs have a different standard value that
is used internally for the strong coupling-constant a,: In NMSSMCalc the DR renor-
malised value for ay is evaluated at the scale specified in the SLHA-Input file, while
NMSSM-FeynHiggs always uses the MS-value of a, at the pole mass of the top-
quark. The value for ay is fixed intentionally, since NMSSM-FeynHiggs is designed
to calculate the Higgs-mass at the electroweak scale. The strong scale dependence

2In [39] the dominantly singlet- and the (MS)SM-like fields are identified primarily by the matrix
U
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

of o, can lead to vastly different two-loop results for the Higgs-masses, since all two-
loop contributions of O(aay) are directly proportional to ag. In fig. 9.1 the absolute
differences between the two mass-predictions for the dominantly (MS)SM-like Higgs-
field obtained by the standard (vanilla) version of NMSSMCalc and NMSSM-FeynHiggs
are shown in orange for all TP-scenarios at the high and low scale. In order to
eliminate the influence of different values for the electromagnetic coupling constants,
the used NMSSM-FeynHiggs-modification includes the reparametrisation for a(My) if
not stated otherwise. It is abbreviated with “NMSSM-FH «a(My)”. The comparison for
TP2 at the low scale is unphysical, since the scenario yields negative squared masses
for the stop-squarks after the RGE-evolution. Throughout this chapter it will be
treated as if the difference between the codes were zero to allow an easy comparison
between charts depicting the low- and high-scale results.

For the calculation at the high scale the differences between the mass-predictions
can exceed 5 GeV, while at the low scale the difference generally remains below 1 GeV.
This behaviour is a pure MSSM-effect, since also TP2 with a very small value for
A is significantly affected. It can be directly traced back to the scale dependence
of a;. The values at the different scales () in the TP-scenarios are shown in the
DR- and MS-scheme in tab. 9.4. The shown values for o5 were obtained with the

Q aMS(Q) aPMQ)
m?s 0.10697 0.10789
750 GeV  0.09065 0.09131

1000 GeV  0.08803 0.08865
1500 GeV  0.08458 0.08515

Table 9.4: The strong coupling constant at the different scales @) of the TP-
scenarios and the top-quark mass m{S. As starting value as(Mz) = 0.1184 [119]
was used.

results of [129] including corrections up to partial four-loop order as implemented in
NMSSMCalc, while the values for aP® were obtained with the two-loop result of [136].
The scale variation has a larger effect on «, than the MS to DR conversion.

In tab. 9.5 the two-loop shifts to the (MS)SM-like Higgs-boson masses,

mgL) = mgt:ee) + AmgliL) + Am,(iL) = mgliL) + AmgL) (9.3)

with
AmgL) = mgL) — m,(lliL), (9.4)

are given for the vanilla version of NMSSMCalc and NMSSM-FeynHiggs reparametrised
to;x(M 7) together with the change of the strong coupling constant at the high scale
aPR(Q), that is used in NMSSMCalc, relative to its MS value at mPS, that is used

in NMSSM-FeynHiggs. The majority of the difference between the two-loop shifts
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Figure 9.1: Absolute difference between the two-loop predictions for the mass
of the dominantly (MS)SM-like Higgs-field of NMSSMCalc and “NMSSM-Feyn-

Higgs O[(MZ)” (orange, Am = |m§LI\:C) _ m(l‘:‘FH Cv(MZ))D, “NMSSMCalCOz?lOd” and
mod -

“NMSSM-FeynHiggs a(Myz)” (brown, Am = |m§gC s _ mgj £ a(MZ))D, and

(NC afred)

“NMSSMCalca™@d” and “NMSSM-FeynHiggs a(Mz)(—)” (blue, Am = Imy,,

mgN,-FH o(Mz )(_))|). The upper chart shows the comparison at the high scale, the

lovs;er chart at the low scale.
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

Am(Y) /GeV
()/GeV NMSSMCalc NMSSM-FH Adg
TP1 1500 19.692 25.263  ~20%
TP2 1500 20.253 26.014 =~ 20%
TP3 1000 10.896 13.196 ~ 17%
TP4 750 4.571 5.675 ~ 15%
TP5 1500 11.603 13.875 ~ 20%

Table 9.5: Two-loop shifts Am = |m®Y) — m(L)| for NMSSMCalc and NMSSM-
FeynHiggs with a(Myz) and relative difference between the values of the strong
(08)

coupling constant in the MS-scheme at the top-quark pole mass m; and in the
DR-scheme at the high scale Q, dae = (as(mgos)) - as(Q))/ozS(ml(tOS))

of NMSSMCalc (abbreviated as NC) and NMSSM-FeynHiggs (abbreviated as N-FH) in
tab. 9.5 at the high scale can be explained by Aay,,, since

A" (1 — Acvg) &~ Am™C. (9.5)

The calculation at the low scale is only influenced by the MS to DR conversion, and
the low-scale mass-predictions are in much better agreement with each other than
the high-scale mass-predictions, that are also affected also by the RGE-evolution of
Q.

In order to eliminate the influence of an RGE-evolving «, and its renormalisa-
tion scheme conversion, NMSSMCalc was modified such that it uses the same value

aMS(m9%) as NMSSM-FeynHiggs. This version is labelled “NMSSMCalc a™°4”. The dif-
ference between the two-loop mass predictions of this modified version and “NMSSM-FH
a(Mz)” is shown in brown in fig. 9.4. For the calculation at the high scale both codes
show much more similar results with a difference of at most 430 MeV. At the low
scale the modified version “NMSSMCalc a°” yields a more similar mass prediction for
the MSSM-like scenario TP1 and TP5. For TP3 and TP4 the differences between the
two predictions are slightly increased compared the comparison with the unmodified
version of NMSSMCalc and can be attributed to the MS-DR-conversion of o and the
two-loop MSSM-approximation of NMSSM-FeynHiggs.

The residual differences are increased for larger singlet-admixtures and increased
difference between the mass-scale of the stops and the renormalisation scale. These
behaviours can be observed in both charts in fig. 9.1: The residual differences between
the predictions of “NMSSM-FH a(Mz)” and “NMSSMCalc a™°?” that are depicted in
brown in fig. 9.1, are smaller at the high scale, where the renormalisation scheme
p; is chosen close to the stop-masses (tab. 9.6). They are somewhat enhanced for
the scenarios with larger mass-splitting in the stop-sector, most notably for TP3 and
TP4. The extreme mass-splitting for TP2 is mitigated by the small values of \, which
suppress genuine NMSSM-corrections.

In order to eliminate the theoretical uncertainty induced by a; for all subsequent
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9.5 Numerical Results

Comparison [ Comparison II

mg mi, mg mg,
TP1 1360.25 1656.14 1547.21 1564.19
TP2 2553.68 507.225 -
TP3 941.474 1085.45 941.784 1085.16
TP4 669.224 855.688 760.14  549.379
TP5 1547.21 1564.19 1503.75 1468.22

Table 9.6: Stop-squark masses in GeV at tree-level for the calculation at the
high scale @ (comparison I) and low scale m$® (comparison II).

studies both NMSSMCalc and NMSSM-FeynHiggs will use the same fixed value for

ai}TS(mgOS)) = 0.10697. For all following studies this modification is considered to
be included if not stated otherwise. Hence, the addition “a™4” for the a,-modified

version of NMSSMCalc will be dropped in the following.

9.5.3 Effects of the MSSM-Approximation

The residual differences between NMSSMCalc and “NMSSM-FH «(My)”, depicted in
brown in fig. 9.1, are caused by the different renormalisation schemes for dv and § Z,,
respectively, and the two-loop MSSM-approximation of NMSSM-FeynHiggs. They
correlate to the difference studied in sec. 8.1.3, but have a generally somewhat larger
impact than the effects observed in that section. Scenario TP3 bares the closest
resemblance of the physical situation in the sample scenario from section 8.1.3.
Both scenarios feature a light singlet-like state (tab. B.1) with relatively small mass-
splitting in the stop-sector and a large gluino-mass.

In order to disentangle the effects from the renormalisation scheme and the approx-
imation a further comparison is performed, where NMSSMCalc and NMSSM-FeynHiggs
were modified such that both codes use a DR renormalisation scheme for the vacuum
expectation-value v while using a(Myz) without applying a reparametrisation. These
versions are labelled “NMSSMCalc (—)” and “NMSSM-FH a(My)(—)”. These modified
versions do not reflect a physical calculation, since they use a value for o that does
not fit the applied renormalisation condition without applying a reparametrisation.
However, the residual two-loop difference between the these versions, that is depicted
in blue in fig. 9.1, provides an insight into the size of the genuine NMSSM two-
loop corrections. For the calculation at the high scale they remain below 90 MeV
in all TP-scenarios and are largest for TP5, where the singlet-admixture to the
dominantly (MS)SM-like field is largest. For the calculation at the low scale the
residual differences are slightly larger, up to 210 MeV, for TP5.

Thus the MSSM-approximation can be expected to lead to an effect that is minor
compared to the effect of the different renormalisation schemes. The effect of the
differences in the renormalisation scheme is enhanced compared to the effect observed
earlier in section 8.1.3 for the sample scenario that is similar to TP3. This enhance-
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

O(as) Oy, aparg)  full’ Amy Ames

+ MSSM
TP1 124.84 123.84 123.84 < 0.01 <0.01
TP2 12381 123.08 123.05  0.73 0.03
TP3  127.55 126.59 126.10  0.96 0.49
TP4  128.23 127.52 126.33  0.71 1.19
TP5 126.12 125.12 124.85  1.00 0.27

Table 9.7: Results for the (MS)SM-like Higgs-mass for the high scale as obtained
with SPHENO from [39]. The orders of the included two-loop NMSSM-contributions
are stated, where “MSSM” refers to the DR results for the corrections that are
included in FeynHiggs and ’full’ denotes the corresponding NMSSM-contributions
plus the correction from the Higgs-sector in the gaugeless limit, that means
corrections including the couplings A and k. The differences Am; denote the
impact of the MSSM corrections, Amy, and the Higgs-sector contributions, Ames.
The corrections of O(apa,) alone are negligible for all scenarios.

ment is driven by the larger values of \. The uncertainty arising from employing
the MSSM-approximation can be seen to be insignificant compared to the other
theoretical uncertainties for all TP-scenarios. The largest (but still numerically small)
effect occurs to TP5, where the increased singlet-admixture to the (MS)SM-like field
accounts for a larger impact of the MSSM-approximation.

9.5.4 Higher-order effects from the Reparametrisation

In NMSSM-FeynHiggs the reparametrisation procedure for « is applied at the tree-
level, leading to a reparametrised result at one-loop order. Beyond one-loop order the
reparametrisation shifts are considered to be negligible higher-order effects. However,
a reparametrisation for the genuine NMSSM one-loop Higgs-contributions would re-
sult in contributions that are formally of the same order as the two-loop contributions
from the Higgs-sector. The impact of these contributions can be estimated for the
TP-scenarios. For the comparison of DR-calculations in [39] the code SPheno includes
two-loop corrections from the Higgs-sector in the gaugeless limit. The corresponding
numerical results are given in tab. 9.7 for convenience?®.

While the Higgs-sector contributions at the two-loop level give rise to a small
mass-shift for the MSSM-like scenarios TP1 and TP2, their effect on the mass of the
(MS)SM-like fields reside between 0.3 and 1.2 GeV for TP3-5. As mentioned above,
a change in the parametrisation of a1l at the one-loop level induces a shift that is of
the order of the two-loop contributions from the Higgs-m and gauge-sector. It can
therefore give an indication of possible effects of unknown higher-order effects of this

3While the two-loop MSSM-corrections seem to have a very small effect on the results in all TP-
scenarios, they have been found to yield a larger effect for the calculation with mixed on-shell/DR
renormalisation schemes in certain scenarios.
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9.5 Numerical Results

order.

9.5.5 Higher-order effects from «

In fig. 9.2 the differences Am between the two-loop mass-predictions using the values
a(Myz) and ag,., and the corresponding renormalisation schemes are depicted. In
order to disentangle the effects that are genuine to the NMSSM, the difference between
the corresponding Higgs-mass predictions in the MSSM are depicted in orange. For
the original TP-scenarios two results are presented. In brown the difference between
the NMSSM-FeynHiggs versions with the reparametrisations to o, and to a(My) are
depicted, while the difference between the vanilla versions of NMSSM-FeynHiggs with
corrections up to Oazas only and NMSSMCalc is depicted in blue.

Both for the calculation at the high and the low scale the difference between the
MSSM-results ranges between 500 and 700 MeV, with marginally larger differences
for the calculation at the low scale.

For the MSSM-like scenarios TP1 and TP2 the genuine NMSSM-effects are small
at both scales. They remain below 50 MeV for both the results obtained with only
one or two different codes.

For TP3-5 the difference between the reparametrised versions of NMSSM-FeynHiggs
is generally smaller than the difference in the MSSM-limit. The comparison of the
vanilla versions of NMSSMCalc and NMSSM-FeynHiggs yields larger differences, since
it accounts also for the different renormalisation schemes. The size of this additional
difference between the two comparisons for the TP-scenarios (brown and blue bars
in fig. 9.2) closely resembles the differences obtained for the comparison between
NMSSMCalc and “NMSSM-FH «a(My)” (brown bars in fig. 9.1). For an estimate of the
remaining theoretical uncertainties from unknown higher-order corrections all the
above effects have to be taken into account.

The genuine NMSSM-effects are more important for scenarios with rather large
values for A (TP3-5), where the difference can be altered by up to 500 MeV compared
to the MSSM-result at the high scale. For TP5 that means that the MSSM-difference
(orange) is almost completely absorbed by genuine NMSSM-effects. For scenarios
with large mass-splitting in the stop-sector the genuine NMSSM-effects are somewhat
enhanced (TP3, TP4) as well as for a larger singlet-admixture (TP5).

For the calculation at the low scale the genuine NMSSM-effects alter the MSSM-
result by at most 200 MeV. From the obtained results neither at the high nor at the
low scale a tendency can be deduced that indicates a general increase or a decrease of
the differences due to genuine NMSSM-effects. However, the difference between the
calculation using only one and both codes (brown and blue bars in fig. 9.2) is increased
for large mass-splitting in the stop-sector (TP3, TP4) and a larger singlet-admixture
(TP5).

The presented results indicate that the renormalisation scheme of the electromag-
netic coupling constant o can have a significant numerical impact on the mass-
prediction even for a (MS)SM-like Higgs-field of up to 1 GeV from the combined
MSSM-like and genuine NMSSM-effects. The comparison between the two codes
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Figure 9.2: Absolute difference between the two-loop mass-prediction
parametrised in terms of a(Myz) and ag, for the MSSM-limit (orange, Am =

(NC) _ pp (N-FH) ), between the two reparametrisations in NMSSM-FeynHiggs

‘mhi my,
brown, Am = m(N_FHa(MZ ) _ m(N_FH) and between the original versions with
) h; hs ) g

corrections up to O(azas) (blue, Am = ‘mg:c) - mg_m)

), of the TP-scenarios.
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9.6 Conclusion

based on somewhat different schemes reveals differences that go beyond the ones
obtained from changing the parametrisation in a single code.

9.5.6 Higher-order effects from the Top-/Stop-sector

In this section results for the comparison of “NMSSMCalc a™°?” with DR-renormalised
masses in the top-/stop-sector and the standard version of NMSSM-FeynHiggs with
on-shell renormalised masses in the top-/stop-sector are presented in tab. 9.8. The
scenarios were evaluated at the scale mPS. The results are preliminary, in the sense
that the DR-option in NMSSMCalc only accounts for the conversion of the top-mass
and stop-sector parameters, but not for the determination of the on-shell mass for
the charged Higgs. In NC the on-shell charged Higgs mass is determined with top-
and stop-masses in the chosen renormalisation scheme, while the results for NMSSM-
FeynHiggs are obtained for the on-shell mass for the charged Higgs obtained with on-
shell top- and stop-masses. The differences between the two codes for contributions

TP1 TP2 TP3 TP4 TP5

NMSSMCalc aod 116.94  — 12834 132.29 123.84
NMSSM-FH O(oqas) 11319 —  123.39 128.25 121.78
NMSSM-FH 121.70 - 126.30 131.13 123.48

Table 9.8: Results for the (MS)SM-like Higgs-field obtained in the TP-scenarios
from the codes “NMSSMCalc a®°4” with DR-renormalised masses in the top-/stop-
sector and NMSSM-FeynHiggs evaluated once including only the corrections up to
O(aas) and once including all corrections of O (s, i, asap, aay) with on-shell
renormalised masses in the top-/stop-sector.

up to O(a;a,) employing a DR and the on-shell renormalisation of the stop-sector are
found to be sizeable, reaching up to 5 GeV for TP3. The inclusion for the additional
MSSM corrections result in a sizeable shift compared to the results including only
correction of O(azay), reaching up to 8.5 GeV for TP1. For all TP-scenarios the
results including the additional MSSM contributions in the on-shell scheme for the
top-/stop-sector are generally closer to the result with a DR scheme in the same
sector including only corrections up to O(aasy).

9.6 Conclusion

In order to asses theoretical uncertainties from unknown higher-order corrections, in
a first step the theoretical uncertainties related to the input parameters in NMSSMCalc
and NMSSM-FeynHiggs have been identified. Different modified versions of both codes
have been developed to disentangle different sources for higher-order effects:

e Higher-order effects from the soft-breaking input-parameters have been dis-
entangled by separating their RGE-evolution and on-shell conversion of DR
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9 Theoretical Uncertainties for NMSSM Higgs-mass predictions

input-parameters from the actual Higgs-mass calculations.

e Higher-order effects from a, have been identified. For comparison purposes a
modified version of NMSSMCalc has been provided by its authors, where the

fixed value oM5(m®3) is used.
e Higher-order corrections from the renormalisation scheme of o have been ad-
dressed by adapting both codes such that both use the identical renormalisation

scheme for a.

With these modified versions it was possible to isolate the uncertainty related to the
MSSM-approximation in NMSSM-FeynHiggs. For the points TP1-4 the uncertainty
remains very small and does not exceed 140 MeV, while the larger singlet-admixture to
the (MS)SM-like Higgs-field for TP5 slightly increases the uncertainty to &~ 210 MeV.

Furthermore the uncertainties estimated by different renormalisation prescriptions
for a the top-/stop-sector have been quantified for the evaluation at the low scale
m9S:

e Higher-order effects from the top-/stop-sector induced by either choosing the
DR or the on-shell scheme for the top- and stop-masses together with different
renormalisation prescriptions for « yield a effects between 2-5 GeV. Their total
size is similar to the expected MSSM-effects [38].

e Higher-order effects from different renormalisation prescriptions for « yield no
significant differences to the corresponding effect in the MSSM. The genuine
NMSSM-effect remains < 200 MeV for all studied scenarios. Thus it remains
small compared to the studied higher-order effects from the top-/stop-sector.

The comparison of different renormalisation prescriptions has been used to study
the order of unknown higher-order correction. The investigation at the one-loop level
revealed that genuine NMSSM-contributions from the Higgs- and gauge-sector can
be sizeable. However, only the DR results in the gaugeless limit are available so
far for the Higgs-sector contributions at the two-loop level. The resummation of
large logarithms, which is only contained in NMSSM-FeynHiggs, can yield additional
contributions in the range of several GeV for SUSY masses of more than 2 TeV [37].
Appropriate estimates of theoretical uncertainties are necessary for for different pa-
rameter regions taking into account the type of corrections implemented in different
codes.
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10 Conclusion

The goal of the work presented in this thesis was to provide precise predictions
for the Higgs-masses and related quantities in the Next-to-Minimal Supersymmetric
Standard Model (NMSSM). Such precise predictions are important for an accurate
interpretation of the Higgs signal discovered in 2012 at the LHC and the already very
precise determination of its mass.

We presented a detailed discussion of the Higgs-mass prediction in the NMSSM for
the full and partial contributions at the one-loop level, while at two-loop order the
result was approximated with the known corrections from the Minimal Supersym-
metric Standard Model (MSSM). The applied MSSM approximation was motivated
by a detailed study of analytic and numeric properties of the one-loop contributions
and numeric properties of the two-loop contributions in Chapters 6 and 8.

The status of automated higher-order calculations in the NMSSM with real and
complex parameters for the tools FeynHiggs, FeynArts and FormCalc and upcoming
improvements as a consequence of this work were briefly discussed in Chapter 7.

Furthermore, we presented first results for an estimation of theoretical uncertainties
in the NMSSM from genuine NMSSM-effects in Chapter 9.

NMSSM Higgs-mass prediction

The Higgs-masses in the Next-to-Minimal Supersymmetric Standard Model (NMSSM)
can receive potentially large higher-order corrections. In order to provide a precise
prediction for the Higgs-masses, these higher-order contributions have to be calcu-
lated and included. We provided Higgs-mass predictions for the C’P-even and -odd
sectors, that contain a full calculation of the momentum-dependent one-loop correc-
tion and added the known, momentum-independent MSSM two-loop corrections of
O(asay, a2, asap, agay) to the result. The terms neglected by the MSSM approxima-
tion are genuine contributions for the gauge-singlet Higgs-field and its mixing with
the remaining Higgs-fields at higher-orders. Our approximation is intended for the
use in scenarios where the NMSSM remains predictive up to the GUT-scale Mqyr.
For the one-loop contributions from the sfermions the genuine MMSSM contribu-
tions are sub-leading to the corresponding MSSM-like contributions, if one demands
perturbativity of the theory up to the scale Mgy, which implies that A < 0.7. The
suppression of the genuine NMSSM-contributions is caused by a relative suppression
of the singlet—sfermion couplings compared to the according doublet—sfermion cou-
plings by small values of A and large values of pg. For large values of A the genuine
NMSSM one-loop corrections from sfermions become larger. However, we found that
for such cases the genuine NMSSM-contribution from the Higgs-sector, that grow
faster with A can be more important, especially for the mass of a singlet-like state.
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10 Conclusion

The behaviour of the genuine NMSSM contributions at the one-loop level suggests a
similar behaviour of the genuine NMSSM contributions at the two-loop level. We have
tested this assumption by comparing the result including contributions of O(aya)
between the MSSM approximation and the NMSSM contributions available in the
code NMSSMCalc in a genuine NMSSM scenario where the second lightest state is
responsible for the Higgs signal at around 125 GeV. We found that they were still
sub-leading to their MSSM-counterparts at two-loop order, especially for the mass
of a (MS)SM-like Higgs-field. These results suggest that the MSSM-approximation
is applicable for two-loop corrections beyond O(a;ay). However, the DR-results for
the NMSSM two-loop contributions from the Higgs-sector imply that the genuine
NMSSM corrections from the fermions are in comparison also sub-leading as they are
at the one-loop level.

The dependence of the mass of a singlet-like state on the trilinear breaking pa-
rameter of the stop sector, A;, has been investigated. We found that even for a
doublet-admixture of less than 1% the dependence on A; can be dominated by the
As-dependence of the admixed doublet-like fields.

Automated higher-order calculations

The renormalisation scheme developed in this work forms the basis for a FeynArts
model file for the NMSSM with complex parameters. It will include all one-loop coun-
terterms to allow automatic higher-order calculations. Based on the presented results
the code FeynHiggs will be extended to provide NMSSM Higgs-mass predictions and
the calculation of the wave function normalisation matrix Z with renormalised self-
energy contributions up to the two-loop level in the applied MSSM approximation.

Theoretical Uncertainties for NMSSM Higgs-mass Predictions

As a first step for estimating the intrinsic theoretical uncertainties of NMSSM Higgs-
mass predictions, the comparison of different renormalisation prescriptions imple-
mented in the codes NMSSMCalc and NMSSM-FeynHiggs has been used to study the
order of unknown higher-order corrections.

We compared our results of NMSSM-FeynHiggs with the code NMSSMCalc for con-
tributions of up to O(azay). We found that higher-order effects induced by different
renormalisation prescriptions for the electromagnetic coupling « and the top-/stop-
masses are of similar size to the according difference in the MSSM calculation. The
higher-order effects induced by different renormalisation prescriptions for the strong
coupling «; are minor compared to higher-order effects induced by a possible RGE-
evolution of ay, that can be induced by choosing a non-standard renormalisation scale
for the Higgs-mass calculation implemented in FeynHiggs. The standard renormal-
isation scale for the Higgs-mass predictions in FeynHiggs is either the on-shell, MS
or DR mass of the top-quark, that is used in the calculation. By including MSSM
corrections beyond O(aya;s) an additional sizeable higher-order effect is induced that
reaches up to 8 GeV. The investigation at the one-loop level revealed that genuine
NMSSM-contributions from the Higgs- and gauge-sector can be sizeable. However,
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only the DR results in the gaugeless limit are available so far for the Higgs-sector
contributions at the two-loop level and can yield a sizeable effect for the studied
scenarios between 1 and 2 GeV. The resummation of large logarithms, which is only
contained in NMSSM-FeynHiggs, can yield additional contributions in the range of
several GeV for SUSY masses of more than 2 TeV. For appropriate estimates of
theoretical uncertainties in the NMSSM are necessary for different parameter regions
taking into account the type of corrections implemented in different codes.
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A Appendix: Theory

A.1 Conventions and Notation

A.1.1 Conventions

The metric tensor is defined as follows
gm,:diag(l,—l,—l,—l). (A.1)

The ~-matrices are given in the Weyl representation by

W= 0 " where o = (1,5), o = (1,—7) (A.2)
6_# 0 Y ) )

with the three dimensional Pauli matrices &. From these matrices the left- and right-

chiral projectors for Dirac fermions,

P, = ; (1-9") and Py = ; (1+4°), (A.3)

can be formed with v° = i7%y!'4243. The elementary charge e is defined positive in

this work, e > 0.

A.1.2 Grassmann Numbers

The left-sided derivative of Grassmann coordinates from chapter A.3.1 can be defined
by

05 = g, m b, 5, = ai

8190( 195 = 5% (A4)

o

The integral over a Grassman variable can be defined by its application to a general
superfield (A.38),

/ Ao F (2, 0,9) == \/2ba (), (A.5)
/d@aF(a;, 9,9) 1= V2xa(2), (A.6)
/ A29F (2,0,9) = M(z), (A7)
/ d20F (z,9,7) == N(x), (A.8)
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[ @oiF (2, 0,9 = ;D@). (A9)

A.1.3 SU(2)p-invariant Product

The product of two SU(2)r-doublets ®; and P, is defined by

o 0 —1
Dy - Dy = €,5PIDY, €0 = <1 0 ) : (A.10)
af

A.2 SU(N) invariant Yang—Mills Theory

The invariant action S of a field theory is given by
S = /d4a; L. (A.11)

Invariance of the measure under Poincaré- and local SU(N) gauge-transformations
leads to an invariant Lagrangian under the same transformations. Its parts will be
outlined in the following section. For an abelian group the relations in this section
hold for vanishing structure functions.

A.2.1 Poincaré Invariance and allowed kinetic Terms

The fields of a relativistic invariant quantum field theory (QFT) transform under a
representation of the Poincaré-group, which is formed by the Lie algebra

[PM’ PV] =0 ) (AlQa)
[Pl JP7] =i (g P" — gh PP | (A.12D)
[JH JP7) = i (=g J77 + g"P T — g7 ghT ) (A12¢)

of its generators P* and J*. This invariance determines the structure of all possible
terms in the Lagrangian density. All so far observed elementary particles in nature
carry either spin 0, 1/2 or 1. The allowed kinetic terms for complex scalar (¢, spin
0), fermion (¢, spin 1/2) and vector (A*, spin 1) fields are’

£kin = ‘Ckin,scalar + Ekin,fermion + Ekin,vector

- A13
= _CbTaMaMQS + w&w - iFW/Fpm ( )

where ¢ = 70, @ = v*0, and F'* denotes the total antisymmetric field-strength
tensor. The kinetic term (A.13) describes massless, non-interacting, relativistic fields.

!Terms involving the dual field strength tensor lead to total derivatives that do not contribute to
the action.
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A.2 SU(N) invariant Yang-Mills Theory

A.2.2 Gauge Invariance

The choice of the gauge group under which the Lagrangian of the theory remains in-
variant determines the described interaction. All fields of the theory that are charged
under a specific generator have to be given in a specific multiplet representation of
the according gauge group. For this work only the (anti-)fundamental and adjoint
representations are necessary.

A field F' that is charged under a gauge group SU(N) is given in the fundamen-
tal representation, the corresponding anti field F' is given in the anti-fundamental
representation. The field F' transforms under SU(N) as

F(z) — exp |[—ia(x)]F(x). (A.14)

Fields uncharged under the gauge group transform trivially as a singlet. The bold
faced av is given in the adjoint representation of SU(NN) and can be written with its
generators Ty,

a(z) =g Z_l ()T, (A.15)

Here g is the real valued coupling constant of the theory. Since fields in the adjoint
representation are of matrix value, they are bold faced in the following. The N? — 1
generators for SU(N) fulfil the commutation relations

[Tm Tb] = igfabcTc (A16)

with the structure constants f,,.. The spin-one fields V# of the theory are given in
the adjoint representation of SU(N),

N2-1
V.=yg > vire (A.17)
a=1
and transform as
Vi=Vutiua+ila, V], (A.18a)
which reads in components
V,u,a - v,u,a + a,uaa + gfach/fOéc- <A18b)

To maintain gauge invariance of the kinetic terms given in (A.13), the transition from
the derivative to the covariant derivative has to be performed for the fermions and
scalars of the the theory,

N2-1

18, — D, = 19, +iV, =19, +ig > VT (A.19)
a=1
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The field-strength tensor for the spin-one fields is now given by the covariant deriva-
tive

i 1
Vio =~ (D D) = - (0,V, = 0V, = [V, V) (A.20)

which reads in components
V:u - a,uvz/a - 81/‘/; - igfabcvivyc- (AQOb)

The component fields Vi are called gauge bosons. For more than one gauge group
the transformations for the fields (A.14) and the covariant derivative (A.19) can be
extended by additional transformations.

The kinetic terms for the fermions and gauge bosons in a gauge theory with an
SU(N) invariance read

Ekin = Z &me —Tr [V'uy‘/uu]v (A21)

where the index ¢ sums over all fermion multiplets and singlets and the trace is
understood over the component fields

N2-1

e [VV,] = 3 vemye (A.22)
a=1

A.2.3 Spontaneous Symmetry-Breaking

Mass terms for gauge bosons violate gauge invariance explicitly. To maintain a
description of vector bosons within a framework of gauge theories the mechanism
of spontaneous symmetry-breaking can be used. In order to generate mass terms for
gauge bosons by spontaneous symmetry breaking a Lorentz-scalar, the Higgs field &,
in the fundamental representation of SU(N) can be introduced to the theory. The
Lagrangian for this field is given by

Liggs = (Duq))T (D'®) — V(D) (A.23)
with the Higgs potential V. The Higgs field can be decomposed as
b=v+d=v+p+x (A.24)

into multiplets in the fundamental representation of SU(N) for the constant vacuum
expectation-value v and fields ¢. To avoid confusion between symbols the underlined
quantities in the decomposition are multiplets in the fundamental representation of
SU(N). The component fields are distinguished by an index. The fields ¢ can be
further decomposed into the physical Higgs fields ¢ and the massless Goldstone bosons
X, that accompany spontaneous breaking of continuous symmetries [137-139]. These
Goldstone modes can be absorbed into the gauge bosons by a gauge transformation

128



A.2 SU(N) invariant Yang-Mills Theory

and thus the vector bosons gain a longitudinal degree of freedom. Demanding the
decomposition of (A.24) breaks the SU(N) symmetry spontaneously. The explicit
form of v is determined by requiring that Vi (v) is minimal at the classical level.

The mass terms for the gauge bosons are obtained by inserting the vacuum-
expectation value into the kinetic term of the Higgs field,

* a T a — a
(D) (D), = ¢? [vj (12) Tﬁcvk} vevhe = (M) Vv (A.25)

Here M7 is the squared mass matrix for the gauge bosons.

A.2.4 Quantisation

It is not possible to quantise the Lagrangian (A.13) naively, since one would quantise
unphysical degrees of freedom of the gauge bosons. Gauge invariance is a symmetry of
the classical (unquantised) theory and alone is not sufficient to construct quantised
vector fields that suffice the commutation relations of canonical quantisation. A
generalisation of the gauge symmetry that holds for the quantised theory provides a
way to circumvent these problems. This symmetry is called Becchi-Rouet—Stora—
Tyutin (BRST) symmetry [140-143]. It allows to add BRST-invariant terms that
violate gauge invariance explicitly. Additionally, new, unphysical degrees of freedom,
the so called ghost fields, are introduced for each of the vector fields.

With the BRST operator s [69] the gauge fixing and ghost terms reads
Eﬁx—&—ghost - Eghost + Eﬁx =S (ﬂaFa> . <A26)

The implicit sum over the group indices is understood here and in the following. Here
u® is the antighost field and F® the gauge fixing functional, which can be written as

1
po_Sipay C°[A,], B*=-=C" (A.27)

2 §

The real parameter &4 is called a gauge-fixing parameter. Here B® is an auxiliary
field, the Nakanishi-Lautrup field that can be eliminated by its equation of motion,
and C* is a functional depending of the vector field itself. The C'* can be chosen
arbitrarily. A convenient choice for C* is the R¢-gauge,

C* = 0" A} + ig€yviT¢;, (A.28)
which avoids gauge boson—Goldstone mixing propagators at tree-level. Here g is the

coupling constant of the gauge group. Inserting (A.27) and (A.28) into (A.26) yields
for the kinetic terms of the ghost fields u®

c—a al a * a\T
['ghost =1u 8NDMb - 5:4(Mg2host) b— 5.{4921)1' (Z]) Tj]bkgbk] uba (A29)
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with the covariant derivative D, and the ghost mass matrix

a o (o)t
(Mgoe)™ = g*v7 (T5) Thor. (A.30)

The kinetic term gives rise to couplings of the ghosts to gauge bosons and Higgs fields
of the theory. The mass of the ghost fields depends on the choice of the gauge-fixing
parameter £4. The result for the gauge-fixing term is

o 1 a2 1 o Aa s e a 2
It leads to mass terms for the Goldstone bosons
2 (61/4)2 2 a . .*x b
<Mx)ij XiXj = == 9 (aTa0;) (vl ) » (A.32)

that are also dependent of the gauge-fixing parameters.

A.2.5 Lagrangian

The Lagrangian from eq. (A.11) for a spontaneously broken Yang—Mills theory is
given by the sum of the aforementioned parts,

L= »Ckin + ﬁHiggs + £fix + ghost- (A33)

A.3 SU(N) invariant Super-Yang—Mills Theory

A Super-Yang—Mills theory is the supersymmetric extension of a Yang—Mills theory.
The Poincaré-invariance is extended in the only non-trivial way, which leads to an
increase of the number of degrees of freedom. Super gauge invariance, the supersym-
metric version of gauge invariance, generates furthermore additional interactions that
are not present without supersymmetry.

A.3.1 Super-Poincaré Invariance and allowed kinetic Terms

According to the theorem of Haag, Lopuszanski and Sohnius [144] the Poincaré
group (A.12) can only be extended nontrivially by fermionic operators. The N
new fermionic generators @);, (i € {1,...,N}) form together with the generators
from (A.12) the Super-Poincaré group. The new generators fulfil the anticommutation
relations

{Qi,au Qi,a} = 07 {Q?v Qza} = O (A34)

In the supersymmetric extensions discussed in the following only one additional
fermionic generators is added (N = 1). The Lie algebra of the Super-Poincaré group
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is thus formed by

{Qa. Qs} =2(0"),5 Py , {Qu:Qs} ={Q%, Q% =0, (A.35a)
[Qa, P'] =0, Qo ) = — (0), P Q5 . (A.35b)

With the extension of the Poincaré algebra it is necessary to change the field degrees
of freedom of the theory. Additionally to the four space-time coordinates x* two more
two-dimensional fermionic coordinates ¥, and ¥4 (o, & € {1,2}) are introduced. All
tupels (z,9,7) together form the superspace. With them the fermionic generators
are given by

Qo =i (00 +1(0"),50%9,) and Q%= —i(0°+i(6")"950,).  (A.36)

Due to the extension of the space-time coordinates to the superspace, the covariant
derivative D, (A.19) needs to be extended. The extension describing the derivative
with respect to the new Grassman variables 9, and 9¢ read

Dy =04 —i(0"),50°9, and D*=3%—i(5")*"0, . (A.37)

These fermionic derivatives transform covariantly on the superspace. They anticom-
mute with the new Grassmann variables and the new generator (A.36). The field
degrees of freedom are described as fields on superspace. They are polynomials in
and 9 up to the order ¥* = ﬁaﬁaﬁgﬁﬁ , where the sum over the indices on the right
side is understood,

F(z,9,9) =f(x) + V29¢(x) + V20x(z) + 9IM(x) + 99N (z)

_ __ __ 1 (A.38)
+ 9ot A, (x) + 909N (x) + 909 (z) + 519191919D(x) :

The fields described in A.13 appear as complex component fields, but not all of them
have a physical meaning. To describe physical fields, special cases of this general
superfield are needed.

Chiral Superfields

To describe the SM fermions and their superpartners chiral and antichiral superfields
® and ®' are used. They are defined by

D*®=0 <  &(z,9,9) =exp (—i"ﬁa“ﬁ) o(z,1)
= Ay) + V20¢(y) + 9IF(y) (A.39)

with y = = + ido*9. A chiral superfield contains a complex scalar field A, a Weyl-
spinor field and a complex auxiliary field F' without dynamic terms. Thus the chiral
superfield contains the same number of fermionic and bosonic degrees of freedom.
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Vector Superfields
To describe the gauge vector-fields, general superfields V' with the property

V=V (A.40)

are used. This condition constrains the component fields from the general super-
field (A.38): The fields f, A, and D have to be real and M = NT, £ = y, A = (. The
definitions of the vector superfield in a gauge theory allows another constraint using
a chiral superfield A in the form of a super gauge-transformation,

V-V =V+i(A-Af), (A.41)

Under this transformation the vector field transforms analogous to a classical gauge
transformation, 4, — A, — 20, Im f. In the Wess-Zumino gauge [145] a special
choice for A gauges the component fields f, & and M to zero. Thus the form of the
vector superfield in this gauge reads

Viez = D00 A, (x) + 099A(x) + DO () + ;mm)(x). (A.42)

The field D is an auxiliary field without an own dynamic. The resulting field contains
three real, bosonic degrees of freedom with A, and four fermionic degrees of freedom
with A and A.

Kinetic Terms

By introducing a left- and right-chiral field strength
1o _. _ 1 _
W, = —ZpﬁpﬁDaVWZ, W = —ZDﬁDﬁDaVWZ, (A.43)

the kinetic terms for a chiral superfield and a vector superfield in the Wess—Zumino
gauge read

Lin = [ @920 310 + ( [ aowve + h.c.> . (A.44)

This term contains the kinetic as given in (A.13) for all component fields according
to their spin.

A.3.2 Super Gauge-Invariance

A (anti-)chiral superfield that is charged under a gauge group SU(N) is given in
the (anti-)fundamental representation of the gauge group. A vector superfield V'
containing the gauge bosons of SU(N) as component fields is given in the adjoint
representation. They transform under a super-gauge transformation as

B e AP, D BN 2V oAV AT (A.45)
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Here the bold faced fields are given in the adjoint representation of SU(N),

T T
V=gVt A=g\T (A.46)

The left- and right-chiral field strength is derived from the component fields,

a = =5 a A )G 1 Y
Wi = =, DyD°DaV, Wy = = D°DsDV,. (A.47)

With these transformations the super-gauge invariant kinetic term for one chiral and
one vector superfields reads

Lo = [ P90 BV @ + ( [ o wawe + h.c.> | (A.48)

The kinetic terms for a vector superfield as given in (A.44) remain invariant under
a super-gauge transformation (A.41). Together the terms (A.48) are known as the
Kahler potential. The Kéhler potential gives rise to quartic interactions between
the scalar components of chiral and anti-chiral superfields that are defined by the
gauge-couplings. They stem from the auxiliary component fields.

A.3.3 SUSY electroweak Symmetry-Breaking and Soft
SUSY-Breaking Terms

Demanding Super-Poincaré invariance of the action implies additional interaction
terms between chiral superfields. The renormalisable terms that can be written down
are polynomials in either chiral or anti-chiral superfields up to the third power,

W = (IZ'(I)I' + bZJ(I)Z(I)j + Cijkq)iq)jq)k (A49)

with the complex coupling matrices a, b, and c¢. These terms can be used to implement
mass terms for the superfields by the BEH-mechanism as described in section 2.1.2.
Since the superpotential has to be a polynomial in either chiral or antichiral super-
fields, at least two Higgs superfields are necessary to create mass terms for leptons, up-
and down-type quarks. These mass terms stem from the trilinear terms in eq. (A.49).

Soft Supersymmetry-Breaking

With the superpotential of eq. (A.49) the mass term generates an identical mass
for all components of a fermion/sfermion superfield. The same happens also for the
masses of the gauge bosons and their superpartners, although their mass terms are
generated in the Kéahler potential. However, no superpartners have been observed
until today [41]. To allow for different superpartner masses while conserving gauge
invariance and renormalisability of the theory soft-breaking terms have to be intro-
duced. These are additional terms of the supersymmetric Lagrangian involving only
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superpartner fields. They can have the form

Con = L3 + L LI = ail byl 4 epdidid
fermion By yaya ’

‘Csoft = Mij Tr )\ZAJ = MZ])\,L )\j .
The breaking parameter matrices a, b, c and M can be complex. Soft-breaking terms
break supersymmetry while keeping gauge invariance intact.

A.3.4 Quantisation

The quantisation described in sec. A.2.4 for the non-supersymmetric case is not
applicable directly to supersymmetric theories. The BRST-symmetry sector has to
be extended to a supersymmetric form in order to define supersymmetric BRST-
invariant gauge-fixing terms. The extended gauge fixing term can give rise to addi-
tional parameters that need to be renormalised. The additional counterterms of this
sector are finite and can be used to restore supersymmetric properties of a calculation
if they are violated due to a regularisation procedure. Their explicit form has to
be derived directly from the symmetry-relations of the theory, the Slavnov—Taylor-
identities [66, 146].

For Higgs-mass calculations in the Minimal and Next-to-Minimal Supersymmetric
Standard Models as described in this work the extended, supersymmetric gauge-fixing
sector can be neglected. It has been shown that the applied dimensional reduction
conserves supersymmetry for the full one-loop calculation and the used two-loop
calculations in the electroweak gaugeless limit [68]. For the one-loop calculation the
non-supersymmetric gauge-fixing term as described in [68] is sufficient.
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B.1 Derived Masses in the Sample Scenario
The chargino- and stop-masses are independent of X\. They read

mye = 110.1 GV, mis =326.2 GeV, mj =1388.8 GeV, mj, =1620.8 GeV.
(B.1)

The neutralino masses are A-dependent due to the A-dependent singlino mass-terms.
They are plotted as a function of A in fig. B.1. For A < 0.14 the heaviest neutralino
field x? is singlet-like, for values A > 0.14 the second-heaviest field x§ is singlet-like.
For large values of A all fields besides x2 obtain a singlet component and thus a
A-dependent mass.

500
400 - mX05
> 300 — My,
Qo —_— m 0
g< X3

200
mX02
100 —_— mX01

000 005 0.10 015 020 0.25 0.30
A

Figure B.1: Neutralino masses in the sample scenario of chap. 8.

B.2 Input Parameters for the Comparison with
NMSSMCalc

The SM input parameters for the comparison are taken from the built-in SLHA input
file,

a(My) = 128.962 - 10 (B.2a)
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aMS(My) = 0.1190 (B.2b)
mS = 172.5 GeV (B.2¢)
mMS(my) = 4.19 GeV (B.2d)
mOS = 1.77684 CeV. (B.2e)

B.3 Numerical results for Comparison with
NMSSMCalc

The tree-level Higgs-masses are given in tab. B.1. The masses of the CP-even Higgs-

Comparison [ Comparison II
mp, mp, Mpy mhp, mMh, Mpg

TP1 88.23 1797.49 2768.59 88.41 1795.71 2842.02
TP2 89.22 5949.75 6369.10 - - -

TP3 76.34 105.78 653.62 58.70  108.70 665.17
TP4 107.35 138.05  466.69 100.03 135.15  475.25
TP5 100.64 120.03  625.57 94.76  109.46  631.22

Table B.1: Tree-level Higgs-masses for the TP-scenarios at the high and the low
scale. The bold numbers refer to the (MS)SM-like Higgs-field, the italic numbers
refer to the dominantly singlet like field.

fields for the comparison with NMSSMCalc are depicted in the following for the TP-
scenarios together with the value for the on-shell mass for the charged Higgs as
obtained with NMSSMCalc at the respective order are depicted in tab. B.2. The
corresponding results in the MSSM-limit are given in tab. B.3.
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TP1

TP2

Comparison I at scale Q, MHi = 2751.09

Comparison I at scale Q, M, + = 6376.48

NMSSMCalc vanilla
NMSSMCale a4
NMSSMCalc (—)

{121.843, 1797.457, 2747.997}
{116.264, 1797.451, 2747.834}
{116.261, 1797.450, 2747.834}

NMSSMCalc vanilla
NMSSMCalc a4
NMSSMCalc (—)

{120.416, 5951.364, 6374.602}
{114.655, 5951.362, 6374.514}
{114.655, 5951.362, 6374.514}

NMSSM-FH ag,,
NMSSM-FH o(My)
NMSSM-FH o(Mz)(-)

{115.701, 1797.451, 2747.909}
{116.277, 1797.451, 2747.838}
{116.262, 1797.451, 2747.840}

NMSSM-FH ag,
NMSSM-FH a(My)
NMSSM-FH a(Mz)(—)

{114.123, 5951.363, 6374.593}
{114.655, 5951.363, 6374.523}
{114.655, 5951.363, 6374.524}

Comparison II at scale m?

S, M+ = 2695.70

Comparison II at scale m?

S, M, + = 6343.78

NMSSMCalc vanilla {113.452, 1797.462, 2694.140} NMSSMCalc vanilla {-, =, =} (tanchyonic stops)
NMSSMCalc a;"oc‘ {113.755, 1797.543, 2692.842} NMSSMCalc K. Walz {-, =, =} (tanchyonic stops)
NMSSMCalc CT mod {113.781, 1797.543, 2692.839} NMSSM-FeynHiggs {-, =, =} (tanchyonic stops)
NMSSM-FH ag {113.189, 1797.596, 2692.842} NMSSM-FH ag {-, =, =} (tanchyonic stops)
NMSSM-FH a(Mz) {113.799, 1797.596, 2692.753} NMSSM-FH a(Mz) {-, -, -} (tanchyonic stops)
NMSSM-FH a(Mz)(—) {113.783, 1797.596, 2692.755} NMSSM-FH a(Mz)(—) {-, =, =} (tanchyonic stops)

TP3

TP4

Comparison I lat scale Q,

M, + = 639.815

Comparison I at scale Q, MHi = 453.502

NMSSMCalc vanilla
NMSSMCale a4
NMSSMCalc (—)

{91.141, 125.674, 650.870}
{90.240, 123.482, 650.798}
{90.376, 123.664, 650.915}

NMSSMCalc vanilla
NMSSMCale a4
NMSSMCalc (—)

{127.681, 142.370, 465.721}
{126.051, 141.856, 465.572}
{126.226, 141.982, 465.641}

NMSSM-FH ag,,
NMSSM-FH o(Myz)
NMSSM-FH o(Mz)(—)

{89.933, 124.142, 650.177}
{90.178, 123.780, 650.517}
{90.481, 123.668, 650.900}

NMSSM-FH ag
NMSSM-FH o(Myz)
NMSSM-FH o(Mz)(—)

{127.131, 141.951, 464.905}
{126.483, 141.852, 465.231}
{126.251, 142.095, 465.600}

Comparison II at scale mtOS

, M, + = 634.538

Comparison II at scale m?

S, M, 4 = 449.349

NMSSMCalc vanilla
NMSSMCalc a0d
NMSSMCalc (—)

{89.370, 124.008, 645.337}
{90.195, 124.208, 645.369}
{89.640, 123.479, 644.877}

NMSSMCalc vanilla
NMSSMCalc aod
NMSSMCalc (—)

{128.857, 139.075, 461.312}
{128.999, 139.752, 461.348}
{128.001, 139.176, 460.963}

NMSSM-FH ag
NMSSM-FH o(Myz)
NMSSM-FH a(Mz)(—)

{90.549, 123.387, 645.191}
{89.813, 123.579, 644.45}
{90.151, 123.417, 644.818 }

NMSSM-FH ag ,
NMSSM-FH o(Myz)
NMSSM-FH o(Mz)(—)

{128.248, 139.961, 461.312}
{128.392, 139.184, 460.487}
{128.143, 139.433, 460.846}

Table B.2: Two-loop masses of the CP-even Higgs-fields in the TP-scenarios.

TP5

Comparison I at scale Q, ]WHi = 614.300

NMSSMCalc vanilla
NMSSMCalc a4
NMSSMCalc (—)

{120.559, 123.698, 626.088}
{118.168, 122.326, 626.020}
{118.441, 122.538, 625.288}

NMSSM-FH ag,,
NMSSM-FH o(My)
NMSSM-FH o(Mz)(-)

{119.039, 122.291, 625.468}
{118.841, 122.204, 625.600}
{118.528, 122.449, 626.283}

Comparison II at scale m?

S, M, + = 614.981

NMSSMCalc vanilla
NMSSMCalc afod
NMSSMCalc (—)

{118.842, 122.372, 626.460}
{118.800, 122.312, 626.431}
{118.472, 121.811, 625.944}

NMSSM-FH ag
NMSSM-FH o(Mz)
NMSSM-FH o(Mz)(—)

{119.011, 121.778, 626.481}
{118.277, 122.080, 627.677}
{119.107, 121.597, 625.869}

The masses are given in GeV in the form {my,, mp,, mp, }.
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TP1 MSSM-limit

TP2 MSSM-limit

Comparison I at scale Q, M, 1+ = 2751.161

Comparison I at scale Q, M, + = 4345.769

NMSSMCalc vanilla  {122.497, 1797.498, 2747.993}
NMSSMCalc a0d {116.951, 1797.498, 2747.830}

NMSSMCalc vanilla  {120.401, 2949.576, 4344.175}
NMSSMCalc o204 {114.639, 2949.576, 4344.113}

NMSSM-FH a(My)
NMSSM-FH ag

{116.951, 1797.498, 2747.835}
{116.378, 1797.498, 2747.965}

NMSSM-FH ag
NMSSM-FH a(Mz)

{114.107, 2949.576, 4344.161}
{114.639, 2949.576, 4344.119}

Comparison II at scale mtOS’ Myi = 2695.188

Comparison II at scale m?s, Mg+ =

NMSSMCalc vanilla {114.165, 1771.217, 2694.188} NMSSMCalc vanilla {-, =, =} (tanchyonic stops)
NMSSMCalc a’gmd {114.466, 1771.217, 2692.894} NMSSMCalc ozf:md {-, -, =} (tanchyonic stops)
NMSSM-FH «a(Mz) {114.466, 1771.217, 2692.900} NMSSM-FH agp {-, -, =} (tanchyonic stops)
NMSSM-FH ag . {113.903, 1771.217, 2962.980} NMSSM-FH a(Myz) {-, -, -} (tanchyonic stops)

TP3 MSSM-limit

TP4 MSSM-limit

Comparison I at scale Q, MHi = 738.595

Comparison I at scale Q, Myi = 541.156

NMSSMCalc vanilla {102.796, 397.492, 736.464}
NMSSMCalc a;m’d {99.945, 397.492, 736.360}

NMSSMCalc vanilla {91.606, 400.000, 541.721}
NMSSMCalc agn‘)d {89.304, 400.000, 541.539}

NMSSM-FH ag
NMSSM-FH o(Myz)

{99.365, 397.492, 736.362}
{99.946, 397.492, 736.360}

NMSSM-FH o(Myz)
NMSSM-FH ag ,

{89.304, 400.000, 541.539}
{88.599, 400.000, 541.510}

Comparison II at scale m?s, MH:E = 718.245

Comparison II at scale m?s, MH:E = 528.181

NMSSMCalc vanilla {101.680, 379.520, 715.785}
NMSSMCalc oz’sm’d {101.823, 379.520, 715.842}

NMSSMCalc vanilla {90.738, 386.446, 528.400}
NMSSMCalc oz'snOd {90.878, 386.446, 528.459}

NMSSM-FH ag
NMSSM-FH o(Mz)

{101.187, 379.520, 715.851}
{101.823, 379.520, 715.846}

NMSSM-FH a(Myz)
NMSSM-FH g

{90.878, 386.447, 528.459}
{90.134, 386.447, 528.433}

TP5 MSSM-limit

Comparison I at scale Q, MH:E = 705.613

NMSSMCalc vanilla {101.848, 393.700, 703.381}
NMSSMCalc a_r:wd {97.633, 393.700, 703.286}

NMSSM-FH o(My)
NMSSM-FH ag ,

{97.632 393.700, 703.286}
{97.099, 393.700, 703.287}

Comparison II at scale 'mtOS7 MHi = 687.785

NMSSMCalc vanilla  {98.794, 372.606, 684.680}
NMSSMCalc a0d {98.977, 372.606, 684.626}

NMSSM-FH o(Mz)
NMSSM-FH ag ,

{98.977, 372.606, 684.626}
{98.395, 372.606, 684.633}

Table B.3: One-loop masses of the CP-even Higgs-fields in the TP-scenarios.
The masses are given in GeV in the form {my,,mp,, mp,}. The mass that is
unaffected by the change of codes is the mass of the decoupled singlet-field.
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