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Kurzdarstellung

Seit der Entdeckung des Higgs-Bosons dient dessen Masse als eine wesentliche Ausschluss-
bedingung fiir physikalische Theorien jenseits des Standardmodells welche die Vorhersage
dieser Masse erlauben. Fir prézise Berechnungen dieser Observable wurde eine Methode
FlexibleEFTHiggs innerhalb des Programms FlexibleSUSY entwickelt, die es ermdglicht
einen Ansatz der effektiven Feldtheorie mit einer diagrammatischen Rechnung zu vereinen.
Diese Methode wird in dieser Arbeit erweitert um konsistent Beitrdge aus hoheren Ord-
nungen in der Stérungstheorie einzubeziehen um somit eine Verbesserung in der Vorher-
sage der Pol-Masse des leichtesten C'P-geraden Higgs-Bosons zu erreichen. Fiir dieses
Ziel wird die Aquivalenz zur Bestimmung der Kopplung A im Standardmodell auf Zwei-
schleifenordnung zwischen der angewendeten Vorgehensweise und anderer Ansétze, die in
diversen Programmen Anwendung finden, analytisch bewiesen. Weiterhin wird die Vorher-
sage der Higgs-Boson Pol-Masse mit Ergebnissen anderer Spektrumgeneratoren ausfiihrlich
verglichen. Abschliefsend wird eine Fehlerabschétzung vorgenommen und mit den Ergebnis-
sen der urspriinglichen Version von FlexibleEF THiggs verglichen.

Abstract

Since the discovery of the Higgs boson its mass became a crucial constraint for physical
theories beyond the Standard Model, which predict a value for it. For precise calculations of
this observable the method FlexibleEF THiggs was developed in the program FlexibleSUSY,
which unites the effective field theory approach with a diagrammatic calculation. In this
thesis the method FlexibleEFTHiggs is extended to incorporate consistently higher order
contributions in perturbation theory and to improve the prediction for the pole mass of
the lightest C'P-even Higgs boson in the MSSM. For this purpose, the applied matching
condition for the Standard Model coupling A at the two-loop order is analytically proven
to be equivalent to other choices of the matching conditions implemented in various public
codes. A detailed comparison of the Higgs boson mass prediction is performed with the
results of other mags spectrum generators. An estimation for the uncertainty of the extended
version of FlexibleEFTHiggs is performed and results are compared with the former version
of FlexibleEFTHiggs.
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1 Introduction

The Standard Model (SM) of particle physics provides a profoundly confirmed description
of all observed elementary particles and their fundamental interactions, except for grav-
ity. A substantial building block of the SM is the gauge principle: If a physical system is
symmetric with respect to a spacetime independent group of continuous transformations,
the symmetry remains if the transformations are considered to be spacetime dependent.
This symmetry-based argument gives the SM its outstanding beauty. The enormous suc-
cess has been accentuated by the discovery of the predicted Higgs boson with a mass of
M), = 125.09 + 0.21(stat.) £ 0.11(syst.) GeV [1,2] in 2012. From a theoretical point of view
this discovery, however, manifests simultaneously a loophole in the SM — the so-called hier-
archy problem. This sort of fine-tuning problem is not a difficulty of the SM itself. Instead
embedded together with gravity, the observation of a scalar field at ~ 125GeV in the
presence of a much larger scale would cause questions regarding naturalness if no other
mechanism is involved. This fact is expressed in the large radiative corrections the mass of
the scalar field acquires. Thus, it is desirable to find a way to cancel large contributions and
allow the observation of the light scalar field. Hence, the SM has to be enlarged in order to
resolve its problems and to draw a coherent picture of all elementary processes in nature.

Motivated by extending the symmetry of spacetime, supersymmetry (SUSY) provides at
present the most elaborated guide to new physics. Yielding a promising step towards to
theory of everything, SUSY completes the SM in many ways under the assumption of a
fundamental relation between fermions and bosons. In particular the Minimal Supersym-
metric Standard Model (MSSM) has the potential to resolve the puzzles the SM left us
with. However, since SUSY predicts the same masses for the observed particles and their
superpartners, it would have to be realized in a broken fashion.

The attractiveness of the MSSM and SUSY in general emerges from the conceptual el-
egance it contains. This is expressed rather in the principles this theory is based on than
in the extensive calculations in perturbation theory. An example of this fact is obtained
by the Higgs boson mags parameter my. In contrast to the SM, this is not an additional
parameter in supersymimetric models but a prediction, which depends on couplings of the
SUSY theory. This circumstance allows to calculate the pole mass of the Higgs boson in
dependence of other model parameters. Or stated otherwise, the comparison of the theory
prediction and the experimentally observed value enables restriction of model parameters
beyond the SM. Especially, this includes the mass spectrum of the superpartners, which is
affected by a breaking mechanism of SUSY.

Indeed, much effort has been invested since more than 20 years in order to perform cal-
culations of the pole mass of the lightest C'P-even Higgs boson in the MSSM. Nevertheless,
the theoretical estimation of the uncertainty is with several GeV much larger than the ex-
perimental uncertainty. In particular the large mass gap between the Higgs boson mass
and the potentially large SUSY scale affects the prediction by fixed-order mass spectrum
generators strongly, since higher order logarithms are missing. This work is dedicated to
improve the correct resummation of these large logarithms in the framework of the mass
spectrum generator generator FlexibleSUSY.



1 Introduction

This thesis will start off with an introduction of the theoretical background. It covers
the SM in chapter 2 , the concept of SUSY in chapter 3 and especially the MSSM in sec.
3.2. After the introduction of FlexibleSUSY in sec. 4.1 the implemented method is present
in sec. 4.2 with which the Higgs boson mass calculation is performed . In chapter 5 the elab-
orated method is presented in detail. This includes also the comparison to other approaches.
Furthermore, the performed matching condition is explained by analytical formulas and the
equivalence to other approaches is proven. After the theoretical part, the numerical effects
for the SM coupling A are presented and discussed in chapter 6. Chapter 7 provides the
obtained results for the lightest C'P-even Higgs boson pole mass and compares them with
the ones from spectrum generators. Finally, in chapter 8 the theoretical uncertainties are
discussed and illustrated.



2 Standard Model of Particle Physics

In order to describe all known elementary particles and their interactions the relativistic
quantum field theory (QFT) the Standard Model of particle physics (SM) was developed
and accomplished in the 1970s by Steven Weinberg, Abdus Salam and Lee Glashow [3].
Through the second half of the 20th century its predictions were tested and verified to high
precision in observables like particle masses and cross sections [4]. The tremendous success
of this theory continued with the discovery of the predicted Higgs boson at the LHC in
2012 [1]. Despite its weaknesses [5] , the mentioned arguments emphasize the validity of the
SM as a suitable low energy approximation of the fundamental theory of nature. Two main
advantages of the SM are on the one hand the unification of the electroweak (EW) theory
and on the other hand the inclusion of Quantumchromodynamics (QCD), the theory of the
strong interaction. These sectors of the SM are based on the principle of symmetries, which
will be explained in this chapter.

2.1 Symmetries

The structure of the SM is given by the symmetries it is based on. Due to Noether’s
theorem every continuous symmetry of the action' S is associated with a conserved current
g (x) = (j%x),7(2)), u, € {1,2,3,4} , which satisfies the continuity equation,

8,5" () = 0. (2.1)

Therefore, the conserved current implies, by integrating the equation (2.1) the existence
of a conserved quantity @ of this symmetry, also known as Noether charge 2,

Q= [ Pajav (2.2)
v
0 0 -
—Q=—=— [ V-5dV =0. 2.3
ate ot /V J (23)
Subsequently, the conservation of e.g. energy and charges in the SM can be formulated as

a consequence of symmetry transformation acting on the SM Lagrangian.® The symmetry
of the SM is determined by the global Poincaré symmetry and internal symmetries.

!The action is defined by the spacetime integral over the Lagrange density S = Jc d*z.

By using GauR law, the space integral in (2.3) translates into a surface integral at infinity, where the
current components j(z) vanish.

3Due to the Weinberg-Witten theorem every non-Abelian gauge theory with charged massless spin 1
particles cannot admit a gauge invariant conserved current [6]. However, considering a current, coming
from the charged vector potential e.g. gluon field in SU(3)¢, a conserved quantity can be constructed.
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2.1.1 Poincaré Symmetry

The global Poincaré symmetry is the full symmetry of special theory of relativity and a
(special) relativistic QFT has to contain it. Accordingly, the SM action Ssy is required to
be Poincaré invariant. This invariance leads i.a. to the conservation of the four momentum.
Within the language of Lie groups, the Poincaré group is a semi-direct product of Lorentz
group O(3,1) and translations group R*! on the affine Minkowski space M*. Hence, the
building blocks of the Poincaré group are the generators J*” and P* which correspond to
Lie groups O(3,1) and R*!. Those satisfy the commutation relations:

[P#, PJ=0, (2.4)
[ ] (gup g,uO'Pp)a
[J,uw ] (gvp uo g,uszzo + g,uanzp - gqu,up)-

Beside translations the Poincaré algebra describe generalized rotations on the Minkowski
space generated by J,,, i.e. for ¢,5 € {1,2,3}. The J;; build up spatial rotations and Jo;
are associated with boosts.

2.1.2 Gauge Symmetry

The SM describes gauge fields and their interaction among themselves, with fermion- and
scalar fields. These interaction terms in the SM Lagrange density Lg\r are restricted by the
local symmetry group SU(3)c ® SU(2) @ U(1)y. For the Lgy, this means in particular all
terms are omitted that are not invariant under the symmetry transformation at every event
in spacetime.

To illustrate the formalism one consider a massless fermion SU (/) multiplet ¥ of N Dirac
spinors ¥ = (v1,...,n)" and a gauge field

G, = GeTe, (2.7)

with a € {0,.., N> —1}. The (N x N) hermitian matrices T, gather the N2 — 1 generators
of the SU(N) symmetry group and satisfy the Lie Algebra

[Ta Tb] fabcTr (28)

where £ denote the structure constants. If f2¢ = 0, the Lie group is Abelian e.g. U(1)
and non-Abelian in the case of non-vanishing structure constants e.g. SU(N), N > 2. The
infinitesimal gauge transformation U(x) € SU(N) acts then on the fermion multiplet and
the gauge field,

U(z) = ¢9@aTa (2.9)
U — U(x)V, (2.10)

1
GH — GF + Eauaa(a:) — 0" (2) G, (2.11)

Furthermore, we introduced in eq. (2.9) the dimensionless gauge coupling g. Since the group
element U(x) depends on functions 0%, which map from the Minkowski spacetime into the
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real numbers
6% : M* — R, (2.12)

the parameter 0%(z) clarify the spatial dependence of a group element. From this specific
transformation one obtains that the kinetic term W~*9, ¥ preserves global gauge symmetry
but breaks the local gauge symmetry.* The replacement of the partial derivative 0y, with
the covariant derivative D), conserves the gauge symmetry at the local level

Dy =0, —igT*Gy,. (2.13)

Indeed, the fermion fields obeys the following SU (V) invariant Lagrangian

Lp =iUy"D,¥ (2.14)
N —
=i Y Un(Oumy" O — ig" Gy T ) om, (2.15)
m,n=1

where the bar notion about the Dirac spinor is defined as the adjoint spinor
= ia0. (2.16)

Moreover, this Lagrangian also introduces the interaction between the fermion and the gauge
field. A physical interpretation of the gauge boson G* requires also dynamic terms in the
Lagrangian.

For the kinetic part of gauge fields one introduces the field strength tensor G, and its
components G,

Gy = ~[D,, D] = G2, T°, (2.17)

v
)
G4, = 0,G — 0,GS + gf*" GG, (2.18)
The transformation of Gf,, under gauge group SU(N) is given by
a a abc b e
G, — G, — f70(2)° Gy, (2.19)

Therefore, a quadratic term in G, gives rise to the kinetic part and ensures the gauge
symmetry of this kinetic term. In addition, this dynamic term covers also interactions
between the non-Abelian G, -fields. On the whole, one can now obtain the SU (V) invariant
Lagrangian including the fermion multiplet and gauge bosons as

1 _
L= —5Gp, G + iy D, V. (2.20)

“If one consider a constant map @ in (2.2).
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gauge field coupling Lie group structure constants generator

Gy, Js SU(3)c fabe A
Wi Jw SU(2)r dik %
B, 9y U(l)y 0 r

Table 2.1: This table provides all gauge bosons in the SM before symmetry breaking,
where the coupling refers to the interaction either among themselves or to other fields.
In the matrix representation, the SU(3)c group is generated by the eight Gell-Mann-Low
matrices \* (a € {1,...,8}) the SU(2), by the Pauli matrices ¢* (i € {1,2,3}) and U(1)y
by the weak hypercharge operator Y.

2.2 Gauge Bosons

It has already been mentioned that the gauge symmetry of the SM is composed of three Lie
groups, SU(3)c, SU(2),U(1)y, where the indices are referencing to the associated charges:
C color, L weak isospin and Y weak hypercharge. In summary, the kinetic part of all gauge
bosons reads
L = _lga GYHY — EW“ WorY — 1B B (2.21)
Gauge 4w 4" 4 uv s .

where the field strength tensors have the similar form as in (2.18) and are constructed with
the boson fields from the table 2.1

G, = 0,G — 0,G% + g5 f*"°GhGE, (2.22)
Wi, = 0,W, — 0,W}, + gud”*WiW}, (2.23)
By, = d,B, — 8,B,. (2.24)

Likewise, in eq. (2.14), the fermion Lagrangian of the SM provides the fermion-gauge boson
interaction within the covariant derivative according to the SM gauge group

a O.l

A . ;Y
D, =0, - zg5?Gz — ZQUJ?WZL — zgygBu. (2.25)
The proper quantization of gauge theories requires a replacement of the local gauge in-
variants with the more general BRST symmetry. In the SM, this method introduces three

arbitrary gauge fixing parameters (&g, &y, &) for each gauge group °
1 1 1
285 28w 28y

Although the introduced fixing parameters are in principle arbitrary, the requirement is
satisfied, that every predictive observable within this BRST- invariant theory is independent

LFiXing = (a,U«GZ)Q - (aHWZL)2 - (8“BM)2. (226)

% After symmetry breaking, new mass eigenstates for the SU(2)r, and U(1)y vector bosons occur. This leads
into a kinetic mixing term of a Goldstone boson field with a gauge boson. However, in the R°-gauge
Lrixing has a different form and ensures a diagonal propagator for massive vector bosons.
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of them. In the non-Abelian case one has to include new unphysical fields ¢2, ¢!, the Fadeev-
Poppov ghosts

Lanost = — Ca0,0"ct + g5 f*(0"cd) Gt (2.27)
— é,0,0"ct, + gwdijk(auciu)WZciU, (2.28)

where ¢2 and &, denote the anti-ghosts with respect to SU(3)¢ and SU(2) 1.6 For a detailed
explanation the interested reader is invited to explore the topic in ref. [7].

2.3 Fermions

A suitable way to summarize the fermions of the SM is to classify them according to the
value of their Noether charges. Table 2.2 lists all spin s = 1/2 (matter) fields of the SM and
subdivide them in three generations. However, fermions in this chapter, are introduced as
Dirac spinors and are therefore composed of a left-handed(lh) and a right-handed(rh) part.
Since the SU(2); gauge group interacts only with lh particles one needs to distinguish
between the lh and the rh part of a generic Dirac spinor ¥. The lh and rh part of ¥ are
defined as the eigenstate of the chirality operator v° with the correspondent eigenvalues +1
and (—1) respectively. Hence we define the projection as follows

1
U= 5 (157, (2:29)

where L/R denote the lh/rh part of an arbitrary Dirac spinor.

If the spinor of a SM fermion couples to a gauge boson, it transforms non-trivially under
gauge symimetries, as shown in (2.10), with the correspondent generator out of table 2.1.
The fermions with no color charge are called leptons and are therefore not participating the
strong interaction. Whereas quarks are strong interacting fermions.

As listed in table 2.3, all lh fermions can be assembled in SU(2); doublets LJL and Q%,
where j labels the generation. The lh fields within a SU(2)z, doublet are then characterized
by their eigenvalue I3 = :t% of the operator 03/2, a matrix representation of the weak

isospin. On the contrary rh fermions e%, ug% and dg% are not participating on the interactions
with SU(2) gauge bosons. This is characterized by a weak isospin I3 = 0. Especially rh
leptons transform therefore non-trivial only under the U(1)y gauge group, i.e. the gauge
transformation of a group element g € SU(3)c ® SU(2)r ® U(1)y on this fields is: g-er =
1e9v9@)Y ep  Due to empirical fact, that no rh neutrinos have been discovered so far,
they are not included in the SM. Moreover, all fermions have a weak hypercharge and are
considered as singlet representations of U(1)y .

Because strong interacting fields incorporate the so-called color charge r, b and g all

quarks occur as SU(3)¢ triplets

q;

Qi = ‘Z? : (2:30)
g
4q;

Where the index i in eq. (2.30) denotes handedness of the up- or down-type quark multiplet,

S Although this ghosts are scalar fields, they obey fermionic commutation relations and therefore violating
the Spin-Statistic theorem of QFT.
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. C I3 Y
gen. fermion
(lhyh) (th)  (rh) (Ih) (rh)

e~ electron 0 —% 0 -1 -2

Lst Ve electron neutrino 0 % none -1 none
s

u up quark (r,b,g) % 0 % %

d down quark (r,bg) -3 0 3 -2

w- muon 0 % 0 -1 -9

Uy muon neutrino 0 % none -1  none
2nd

c charm quark (r,bg) 3 0 3 %

S strange quark (r,bg) -3 0 1 -2

T tau 0 3 0 -1 -2

Vs tau neutrino 0 % none -1  none
3rd

t top quark (r,b,g) % 0 % %

b bottom quark (r,bg) -2 0 3 -2

Table 2.2: This table summarizes all particles in the SM with spin s = 1/2. The quan-
tum numbers C, I3 and Y denote the eigenvalue of the generator according to the SM
gauge group and are called color, the third component of the weak isospin and the weak
hypercharge, respectively. Except for the neutrinos, all fermions of the SM contain left-

and right-handed (lh,rh) fields.

generation j

symbol name
1 2 3
1 lh neutrino <y67L> <V’u7L) (VT’L>
L
lh charged lepton €L KL L
eg_z rh charged lepton eRr UR TR
Qj lh up-type quarks <UL> <CL> (tL)
L
lh down-type quarks dr SL br
u?% rh up-type quarks UR CR tr
diz rh down-type quarks dr SR br

Table 2.3: This table explains the notion behind the symbols used in eq. (2.40).
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q; € {QJL, ug% dz%}. In summary, the fermion Lagrange density then reads, with the notation
of table 2.3,

;T J i 5] J
LFermion —ZLL’)/NDMLL + zeR’y“DueR

S s @31
+1Q" DyuQp + iRy Dyuy, + idpy Dydp,.

2.4 Electroweak Symmetry Breaking

Until now, no mass terms have been considered, for matter fields and for gauge bosons.
Because of the doublet structure of the SU(2)r, it is not possible to introduce fermionic
mass terms as in the Dirac theory of quantum mechanics and maintain gauge invariance.”
Including mass terms for gauge bosons, the Lagrangian would violate the gauge invariance,
performed by the transformation in (2.10).% Nevertheless, there is a way for fermions and
gauge bosons to become massive provided by mechanism of spontaneous symmetry breaking
[8-11]. Therefore, one postulates a scalar SU(2);, doublet ® = (¢, ¢")T together with a
potential V(®). It is in general gauge invariant, whereas its ground state, the vacuum,
breaks the SU(2)r, ® U(1)y symmetry

»CHiggs = (D#(I))T(DHCI)) - VHiggs((I)), (2.32)

A
Vitiges(®) = —1%|®@|* + 5y<1>|4. (2.33)

If the mass parameter satisfy the condition px? > 0, a non-zero minimum of the potential

V(®) occur. Therefore the field ® receives a vacuum expectation value (VEV) v = % +
O(h). Without the loss of generality, the expansion of field around the minimum of the
potential reads

() ) e

Since the Goldstone modes 7* are gauge dependent and therefore unphysical, they can
be gauged to zero in the unitary gauge.” The Higgs boson h in eq. (2.34) is a massive
real scalar mode, which is the only physical remnant of the Higgs mechanism. Inserting
the expansion (2.34) in the Higgs Lagrangian, the covariant derivative in the kinetic part
induces a quadratic term in the gauge bosons

v2

(D o) (Do) = = [G2 (W) + (WD) + (¢ By — V)] (239)

The mass eigenstate of this mass matrix are three massive ones Z,,, Wj and a massless one
AH

A _ (cosbw  sindw [ By T L s Rt )

"Lpirac = Y48, ¥ — mUV where m is the mass parameter.
8This means a quadratic term in the gauge fields: W*W,,.
9Te. £ =
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where the Weinberg angle is given as Oy = arctanj—i. The existence of a massless gauge
boson is justified by the remaining of a gauge symmetry after SU(2); ® U(1)y symmetry
breaking, the gauge symmetry of Quantumelectrodynamics (QED). It can be obtained by
the invariance of the ground state ®¢ under the gauge transformation generated by Q

Q = %(03 + Y), (2.37)

iy i0(z)
By — 0@, — <6 . (1]> By = D (2.38)

Hence, the remaining U(1)g gauge symmetry of the broken theory, where the associated
charge is connected to the 3rd component of the weak isospin I3 and the weak hypercharge
Y by the Gell-Mann-Nishijima relation

Q=1I5+—. (2.39)

In the same manner, mass terms for fermions appear from an interaction between the
Higgs field and the fermion spinors. Therefore, it is indispensable to introduce, within the
SM, new kind of interaction in a gauge invariant way. The so-called Yukawa interaction
provides new dimensionless undetermined coupling constants y;]u P

Lyukawa = —y;' Ly ety =y QL0 — y] Q) ®dy + huc, (2:40)
where ®¢ = i02®* denotes the charge conjugated Higgs doublet. An expansion as in eq.
(2.34) leads to mass matrices

m, my = — V=

17 1] m J U‘
\@yl ) m ﬂyuv d \/ﬁyd

From (2.41), one can obtain that mass eigenstates and the interaction eigenstates of the EW
theory are different. This originates from the non-diagonal yl”u 4 matrices and for quarks it is
addressed by the Voxy mixing matrix [12]. Unless no right handed neutrinos were included,
it is viable to choose the y,” diagonal. All contributions considered, the full Lagrange density
of th SM is given by

(2.41)

Lsm = Laauge + LFermion + LHiggs + Lyukawa + Lahost + LFixing- (2.42)

10



3 Supersymmetry

Although some predictions of the SM are in a astonishing accurate agreement with ex-
perimental data, it contains some weaknesses. For example it is deficient in describing the
C P-violation that is required to give rise to the large imbalance between the amount of mat-
ter and antimatter within the observable universe. Moreover, it does not comprise gravity,
even though for higher energies e.g. Mp; = 1/1/87/G = 10'®GeV corrections from quantum
gravity become relevant for particle physics [5]. Associated with new states at that high
energies, the masses of scalar fields, e.g. the Higgs boson h, would acquire large quantum
corrections. This argument apparently contradicts the discovery of the Higgs boson 15 or-
ders of magnitude below the more natural scale Mp;. Supersymmetry provides a promising
solution for this puzzle and protects scalar fields against large quantum corrections. The
main idea behind SUSY is to extend the Poincaré symmetry by fermionic generators and
relate bosons and fermions with each other. The Haag-Loposzanski-Sohnius theorem states
the uniqueness of this non-trivial extension. This chapter outlines the basic structure of
SUSY and the language in which the MSSM is formulated.

3.1 General Concepts

For this purpose, this section starts off with an introduction in the general concepts of
SUSY.

3.1.1 Super-Poincaré Algebra

In order to extend the Poincaré algebra by fermionic generators, one introduces them as a
Majorana spinor Q = (Q%, Q4)” which is composed of the Weyl spinors (Q%) and (Qq),
with o € {1,2}. Similarly to (2.16) the bar notion on a generic Weyl spinor x means

(x*) = i0®(xa)- (3.1)

For more detailed explanations on this topic the reader is invited to look in the appendix A.
These operators satisfy certain anti-commuting relations and the algebra of (2.4) is extended
by

{Qar Qg} =200, P, (3.2)
Qur 7] = 5 (0™)a"Qs, (339
Q4 ) = (o) 5@ (3.4)
{Qu @5} = {0 @4} = [Qus P) = [Qa, P) = [P, P] = 0. (3.5)

The relations (3.2)-(3.4) express the key point of the non-trivial extension. Since the
Coleman-Mandula theorem shows that every extension of the Poincaré-group provided by

11



3 Supersymmetry

bosonic generators T, which obey [T%,T7] = f% kTk would result in a trivial Lie product
[T", PlLic = 0 (3.6)

for any Poincaré generator P € {P,, J,, }. The graded Lie product [, .] ;e denotes in general
{.,.}or[,.], but as P and T" are considered to be bosonic generators the Lie product reduces
to the usual commutator (3.6), see appendix B.2.

Furthermore, it is in general allowed to include more than one Majorana operator Q.
In 4-dimensional flat spacetime, for example, the maximum number of N = 4 fermionic
generators is determined by the argument of renormalizability of the theory. This is because
for N > 4 fields with spin > 3/2 are present and interactions among them would require
coupling constants with negative mass dimensions [13].} Henceforth, this thesis considers
only N =1 SUSY. Due to the fact that the operator @ is fermionic, it transforms bosons
into fermions and vice versa

|boson) PN |fermion) . (3.7)

If two or more fields are related by the transformation in (3.7), they are then assembled
in one supermultiplet. All fields within a supermultiplet share the same quantum numbers,
provided by gauge symmetries, and are therefore labeled as superpartners.

3.1.2 Superspace Formalism

A manifest supersymmetric way to formulate SUSY is achieved within the superspace for-
malism. The superspace in N = 1 SUSY is in general an extension of the Minkowski space
with four additional anticommuting spinorial coordinates 0, 0, a, & € {1,2}, see appendix
B.1. The additional coordinates of two spinorial spaces can be therefore regarded as Weyl
components. In this sense, 0, and 0% are interpreted as left-handed and right-handed, re-
spectively. This enlargement of the Minkowski space allows by design an equal treatment
of bosonic and fermionic degrees of freedom of the SUSY-transformation. A global SUSY
transformation within the superspace is characterized by translation u* and two spinorial
parameters &, and &%

zh z' oH 4 ut 4 it + iEaH0
0o | = [0, ] = O + o . (3.8)
9d 9/@ ed _|_£o'c

Furthermore, the aim of this formulation is to unify fields that are related by the trans-
formation in one irreducible supermultiplet provided by superfields F. For this reason,
superfields are considered as holomorphic functions [16] on the superspace which, at first,
are allowed to depend on all coordinates F(x*, 0y, 0%). In order to define a general SUSY-
transformation on the function space of superfields one finds representations of the genera-
tors of the Super-Poincaré-Algebra given by differential operators

PH = id", JW = i(zhd” — ¥ oM, (3.9)
Qo = i(0n +i0",070),), Qo = —i(0s +i0%0" ,0,,). (3.10)

«

'In supergravity are eight generators allowed. Although N = 8 Supergravity contains negative dimensional
couplings, until now all UV divergences for scattering processes canceled at all evaluated loop orders [14]
[15].
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3.1 General Concepts

The pure SUSY transformation is associated to the group element e*(*F +5Q+5_Q), where u*
parametrizes the translations generated by P#. A SUSY transformation then affects the
superfield F as follows

e WPHEQHEQ T (gt 0, 0%) = F(x — u — io"0 — i€, 0 — Ea, 0% — £3) (3.11)

with the differential operators from (3.9) and (3.10). Henceforth, this thesis addresses
superfields which transform as scalar, this means

UPHERIERQ F (gl ¢! 0'%) = F(2H,0,,0%). (3.12)

Due to the nilpotent spinorial coordinates 8%, 4, the expansion series of a general superfield
truncates early. Therefore all superfields can be expressed as

F(x,0,0) =A(x) + V20 (x) + 00F () + V20x(x) + 00E(x)

_ __ __ 1 (3.13)
+ 0" 0v, () + 66 OX(x) + 060 0¢(x) + 590 60,

with the complex scalar component fields A, F, E and D. There are also two left-handed
and two right-handed Weyl spinors v, A, ¥ and . Additionally, in (3.13) a vector field
v, is introduced by contracting it with the four vector fo#6. All this fields appearing in
(3.13) belong to one supermultiplet, and are therefore superpartners. Further restrictions
are necessary to reduce the number of component fields in F.

Chiral Superfields

The goal is now to construct a chiral field ® which does not depend on a right-handed
spinor x. For this purpose one introduces the covariant supersymmetric derivative

Dy i= 0y — ic” 040, (3.14)
Dy = —04 + 100", 04, (3.15)

A chiral superfield ® is introduced by satisfying the relation
Ds® = 0. (3.16)

One obtains that a chiral field is supersymmetric, since the derivative anticommutes with
the SUSY-generator {Qg, Do} = {Qg, Da}t = 0. If the spacetime coordinate z* is modified

zh — Yyt =zt — ifo"0, (3.17)
it is possible to decompose a chiral field as:

®(y,0) = A(y) + V20u(y) + 06F (y) (3.18)
D(y,0) = e 7" p (g, ) (3.19)

Comparing this result with (3.13), the components of chiral supermultiplet are two complex
scalar and one left-handed Weyl spinor. The F-field has auxiliary character, since it is zero

13



3 Supersymmetry

on the classical level. But on the quantum level® the F field ensures the equal treatment of
bosonic and fermionic degrees of freedom. In the same manner the antichiral field ®' can
be introduced by the restriction

Do®! = 0. (3.20)

A similar shift of the spacetime component z#* — §* := x* + i#c"0 leads to the following
decomposition of the anti chiral multiplet

o(y,0)" = A"+ V20x(y) + 00F (y)T, (3.21)
®(7,0)t = et 00z )T, (3.22)

with the components A(7), F()" and the right-handed y(y).

Vector Superfields

A vector superfield is defined to be real i.e. such a function depends on all superspace
coordinates which satisfy V' = V1. However, supergauge transformation can be introduced
by a chiral superfield A

V =V =V 4+i(A—AT). (3.23)

Because i(A — AT) is real and therefore a vector superfield, one obtains that the transformed
field V' is it too. The field components of A are independent and for practical reasons it
is useful to choose them in order to eliminate the first three terms in (3.13). The realness
condition for V implies that iA — iAT cancels the first line in (3.13). This special choice is
called Wess-Zumino gauge. After applying the gauge transformation v, — v, —9,(A — AY),
the remaining vector superfield has the simple form

_ _ __ __ 1 __
V(x,0,0) = 05"0v,(x) + 00 OX(x) + 06 O (x) + 509 00, (3.24)
with a real vector field V), its superpartner left-handed and a right-handed Weyl spinor A

X and an auxiliary scalar field D. The real D—field can be eliminated in the same way as
F for chiral fields.

3The fields do not have to satisfy the equation of motion.
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3.1 General Concepts

3.1.3 Superspace Lagrangian

In the SM, the principle of gauge invariance is a restrictive criteria for interactions with
matter fields. Hence, it is justified to demand this gauge invariance in the context of
SUSY, where the role of matter fields is now replaced by chiral fields.! The general gauge
transformation law for superfields can be defined as

® — pei9A (3.25)

o 5 pleio2AT (3.26)
20V _y omi2gM 29V 2igA (3.27)
e29V _y omi208 20V 2igAT (3.28)

where A = A%(z,0,0)T% and V = VT, T represents the generators of the gauge group, A%
denotes a complex chiral superfield, and V¢ vector superfield. A gauge invariant interaction
can be introduced as ®Te29V ® by replacing the partial derivative 0y with the familiar gauge
covariant derivative D,, defined in (2.13). The evaluation of the d¢ integral leads, i.a. to
the kinetic terms of the scalar A and fermionic field

/ A0 ®1e?V®d =FTF + (D,A)(D") A" + itpa" D 1
(3.29)
+iv2g (ATT%/))\“ - X%ET“A) + g(ATTaA) D,

As in the SM case, the covariant derivative leads to an interaction between the chiral com-
ponents 1, A and the gauge fields vj;. The kinetic terms for gauge bosons are included via
the chiral field strength tensor

1__
We = —-DD (e 29V Do) = 2gWaT?, (3.30)

Wy = ——DD ((Dae®") ") = 2gW5T". (3.31)

= e

A gauge invariant expression can be constructed in the following way

1 _ 1 1
d*0 ——W**We52(9) + h.c. = — —F® F%* 4 —DepD®
/ oW WIS 0) + he T

47 v

. . (3.32)
i < -
+ ikadu(DH)\yz + 5)\aau<Dﬂ)\>a.

Comparing this result (3.32) with the SM Lagrangian, the kinetic term for gauge bosons is
recovered in the superspace language. Furthermore, its superpartners, A and A, also obtain
dynamics provided by the covariant derivative D, where the generators act in the adjoint
representation (779%)%¢ = —jfob¢ on .

Further supersymmetric and gauge invariant interactions arise from an polynomial in
chiral fields. & For reasons of renormalizability, the polynomial expansion truncates at
powers three in the chiral fields. Otherwise couplings with negative mass dimension would

'Because a SUSY extension of the SM has to contain it in the low energy regime.
9Supersymmetric denotes the property of the action and holds therefore in the Lagrangian up to total
derivatives.
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3 Supersymmetry

be required. In this sense, the expression
/ d*0 2 (O)W(®) (3.33)

fulfills the requirement of SUSY and gauge transformation invariance with the holomorphic
function, the so-called superpotential W(®)

Yijk

L 9
W((I)) = aiq)i + Emijq)iq)j +
The couplings a;, m?j, and y;jk, are new parameters, which give rise to new interactions
between the fields. As described in the appendix B.1, the functional fd49 52() projects
the #2-component of a function. The evaluation of both, the bilinear and trilinear part in
W, leads to the following decomposition

/d49 52(5)(1)1(1)2 = A1 F5 + F1 A1 — yYn11)a, (335)

/d49 52(0)D1Dy®3 = A1 FoAs + FiAgAz + Ay AgFy — 1ahg Ag — A1ihot)s — by Agt)s.
(3.36)

Similarly, the inclusion of a superpotential, which addresses right-handed fermions, can be
done by considering W(®). The general form of a supersymmetric action Ssysy, which
contain a gauge multiplet ®;, can be found by integrating superfields and their interaction
over the whole superspace

Ssusy = /d4$ Lsusy, (3.37)

1 _

ﬁw&*=/dw{¢kwwh+‘KNSJVWW@+VW@05%@+hC}}' (3.38)
g

As mentioned earlier, the introduced auxiliary fields can be eliminated by using the Euler-

Lagrange equation.® The so-called F- and D-terms originate from this replacement proce-

dure out of the quadratic expressions in eq. (3.29) and (3.32).

2
gt |OV(A)
Lpi=—FF = ‘ 5a | (3.39)
L 1 amna __ 92 trpa 2
Lp=—-3D"D" =L (A T A) . (3.40)

These two contributions build up the complete scalar potential of a supersymmetric theory.
A remarkable result, is that all four point functions are given by gauge couplings and three
point functions at tree level.

89L __ _
9% =0,¢=FD
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3.2 Minimal Supersymmetric Standard Model

Soft Supersymmetry Breaking

The super-Poincaré algebra contains a Casimir operator P#P,, i.e. this operator com-
mutes with all generators of this algebra and especially with @

[P Py, Qo] = [P* Py, Qa] = 0. (3.41)

By assuming exact SUSY this implies; a field and its superpartner share the same mass.
Until now, no supersymmetric partner have been found, consequently this infers SUSY has
to be broken in the low energy regime. In analogy to the SM, it is possible to include
dynamical breaking of SUSY to resolve this disagreement between theory and experiment.
This can be achieved by introducing further manifest supersymmetric interactions with a
new chiral field 7(y) = a(y) + v20¢(y) + 00F (y)

Lsof, = /d49 {UTU mz’j‘I’ZT(GQgV)ij‘I’j
(3.42)

M _
+ (W wE + W(@))s%(0) + he }

where M, m;; and the new parameters in ¥V denote the coupling to the spurion field n [17].
Assigning a VEV f, to the 62 component in 7

F(y) = fo+ f(y), (3.43)

the theory will break SUSY softly at the low energy scale, where the heavy component field
f is integrated out. For a detailed explanation for the origin of such a symmetry breaking
the reader is referred to [5]. This method gives rise to mass terms for the scalar fields
in a chiral multiplet ®; and for fermions within a vector multiplet. Due to new coupling
constants between the scalar F' field, it introduces contributions to couplings between scalar
fields within the superpotential WW. An advantageous feature of this method is that it avoids
new interactions which lead to quadratic divergences. Hence, “softly broken” denotes the
property of including couplings with non-negative mass power and therefore guarantees the
renormalizability of the broken theory.

3.2 Minimal Supersymmetric Standard Model

When imposing SUSY on the SM its particle content has to be enlarged not at least by the
set of superpartners. The MSSM introduces new fields in a minimal fashion. For motivating
this model, this section starts with some noteworthy results [18]

i  The mass spectrum of all experimentally observed particles is in agreement with the
prediction of the MSSM with superpartner masses at a few TeV. As explained later,
this is in particular the case for the SM Higgs boson , where, unlike in the SM, the
Higgs boson coupling A is in the MSSM no free parameter but a function of the gauge
couplings. Moreover, all quartic scalar couplings are fixed by Yukawa and gauge
couplings.

17



3 Supersymmetry

i The gauge couplings, introduced in 2.2, regarded as MS parameters obey a scale de-
pendent running o;(Q) = ¢?(Q) /4. Although all three couplings do not meet exactly,
they have the tendency to unite at Q ~ 10'® GeV. However, by including superpart-
ners with masses in the range of 100 GeV-10TeV the DR-gauge couplings will meet in
the MSSM. Thus in supersymmetry all gauge couplings may unify at a certain scale
Mgqut =~ 106 GeV, which is referred to as grand unification (GUT).

iii ~ The origin of electroweak symmetry breaking arises in a more natural way in this
model. Since mass parameters exhibit a scale dependency in the DR scheme, the
soft breaking term mlzqu increases at larger scales. Considering the framework of
minimal supergravity or gauge mediated symmetry breaking as the mechanism for
SUSY breaking, the soft breaking parameters m%{u and mlzqd are supposed to unify at
a certain large scale. Thus, the parameter m%{u is allowed to get small enough values
at the electroweak scale () =~ 100 GeV and can then trigger the electroweak symmetry
breaking. A complete derivation of this argument for radiative electroweak symmetry
breaking is given in ref. [18].

Besides these robust advantages, the minimal supersymmetric extension of the SM is capable
of explaining the anomalous magnetic dipole moment of the muon? and provides a suitable
candidate for an explanation of dark matter. Nevertheless most arguments hold only if some
superpartners do not exceed a mass range of a few TeV.

In the same manner as for the SM, the SU(3)c ® SU(2);, ® U(1)y gauge group assembles
chiral fields in an additional gauge multiplet structure. Tab. 3.1 provides a complete
overview of the chiral fields in the MSSM. The number of generations of quarks and leptons
stays the same in the MSSM. Whereas in contrast to the SM, the MSSM requires a second
Higgs SU(2)r, doublet. Otherwise, the weak hypercharge of a fermionic partner of a single
Higgs would yield a non-vanishing gauge anomaly [5]. Avoiding the destruction of anomaly
cancellation, a second fermionic Higgs is introduced with the opposite weak hypercharge
Y = +1 respectively. In the language of superspace, this is implemented in the MSSM by
the inclusion of two chiral superfields, as shown in tab. 3.1.

By convention, the scalar superpartners of a fermion (e.g. the left-handed top quark ur,)
are labeled by a prefixed letter s (e.g. stop quark @r,). The index L or R of an scalar
component denotes the handedness of the fermionic partner and has no further meaning.
The only exceptions of this rule are the two Higgs chiral fields, where the scalar component
is introduced as usual (e.g. charged Higgs) and the name of the fermionic superpartner ends
with ino (e.g. charged higgsino).

The number of gauge fields stays in the MSSM the same. Introduced through supervec-
tor fields, the gauge bosons of the SM posses fermionic superpartners, the gauginos. The
complete list of the MSSM vector superfields and their components is presented in tab. 3.2.

2The experimental result for the value of the magnetic dipole moment of the muon deviates from the
theoretic SM prediction.
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3.2 Minimal Supersymmetric Standard Model

&m| &mo

components
chiral superfield SUB)e SU2)L Y
spin 0 spin 1/2
HF h g
;o) () ()
~ u 0 u 0 u 0
5% 5 . & .
0 w
S

0 0
> hg = (Zﬂ) VY, = (Z?d> 1 2 ~1
d Hy

£ @ dy d
g g 7 ~J 1 J * 4
g < U Up up 3 1 -3
. — ) )
DJ %t %, 3* 1 2
- LJ - IJJ . Vj
w© W i _ v 7 L J L B
ou() ) ) o
25 ¢ L L
T D
w j 5 1 j
E €r €R 1 1 2

Table 3.1: This table lists all chiral superfields that occur in the MSSM, together with
their field decomposition. Since s = 0 and s = 1/2 components are assembled in a single
supermultiplet, they transform in the same representation of the gauge group. The SU(3)¢
column refers to the representation occurring in the covariant derivative (2.13). If the fields
within a supermultiplet do not participate in strong interactions, the symbol 1 labels that
they possess no color charge. The notation of 3* and 3 indicate the antifundamental
representation (7)1 = —# and fundamental representation 7% = )‘7& respectively.
Likewise, the SU(2)r, singlets 1 do not interact weakly and transform trivially under gauge

transformation. The notion 2 indicates the fact that the covariant derivative in (2.13)

contains the fundamental representations of the generators T = "71 The classification in
three generations is indicated by the label j € {1, 2, 3}.
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components chiral field
vector superfield SUB)e SU2)L Y

spin 1/2 spin 1 field strength

gaugino gauge boson

Ve A2 G W 8 1 0
Vil A, W, W 1 500
v, Ay B, W, 1 1 0

Table 3.2: This table summarizes all vector superfields of the MSSM, together with their
field decomposition. The gauge fields, with a € {1,..,8} and i € {1, 2,3}, transform under
the adjoint representation (2.11), whereas 1 refers to the trivial representation.

3.2.1 R-Parity

The minimal supersymmetric extension of the SM, given by the MSSM, is capable of re-
producing the phenomenology of all known particles and their interactions. However, the
restrictions of renormalizability, supersymmetry, gauge invariance under the SM symmetry
group and holomorphy of the superpotential allow further interactions. One infamous ex-
ample for such an interaction would imply a dramatically fast proton decay, if the coupling
constants of these lepton and baryon number (L and B respectively) violating interactions
were unsuppressed [5]. Obviously, this contradicts the experimental data, where the lifetime
of the proton is at least 7 =~ 1032 years [5]. The SM avoids these interactions rather by co-
incidence than by a fundamental symmetry. This justifies, the assumption of an additional
Z, symmetry, which forbids combined B and L violating interaction terms in the MSSM. In
particular a term is only allowed if the product of the quantum numbers Py, of the involved
superfields is +1, with matter parity defined as

Py = (—1)3B-0), (3.44)
It is of advantage to supersede this matter parity by R—parity, defined for each field as
Pg = (—1)3(B-D)+2s, (3.45)

Thus, R-parity distinguishes between particles and their superpartners and therefore does
not commute with SUSY. In contrast, matter parity commutes with SUSY, but for interac-
tions which preserve angular momentum both, Py, and Pg are equivalent [5].
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3.2 Minimal Supersymmetric Standard Model

3.2.2 MSSM Lagrangian

Like the SM, the supersymmetric extension of it is specified by a Lagrangian density which
can be split into two parts; in a supersymmetric one and in a softly broken part.

Lyvissm = Lsusy + Lsofs - (3.46)

This Lagrangian consists of superfields listed in tab. 3.1 and 3.2. The first part is invariant
under supersymmetry transformation and given as

Lsusy = / d*0 {Qje2ng+2gyV’+295V;Qj + Uje2ng+29yV’+2gsV;TUj
+ D29V 20V 20V Doy o290V 20V
+ BjetowV 20V . +ﬁde2ng+2gyv'Hd+Flue2ng+2gyv'Hu} (3.47)
+ / d*0 W WG + W W, + W W] + h.c.

+ /d29 Wwussm + h.c.

A further notion was introduced in (3.47) by V/ =V, L, V = Vi
MSSM superpotential is defined as

Wassm = YaHaQ;D;j + yu HuQ;Uj + ye Hy L Ejy — pHyH,, (3.48)

Indeed, this is the only gauge invariant possibility for the superpotential which respects R-
parity, renormalizability and gives rise to the discussed field content. The SU(2)-product
is carried out in the form

H,Q = H,Q* - H;Q", (3.49)

in order to respect gauge invariance. The superpotential introduces the Yukawa-couplings
Yu.de and a dimensional parameter p for the bilinear term in the Higgs superfields. In
summary, the Lagrangian density Lgugy describes the dynamics and interactions of a much
richer field content as the SM Lagrangian. In contrast to the SM, the Lgygy needs one
parameter less, namely the SM coupling A. Because of the arguments mentioned before, a
SUSY breaking part is introduced in eq. (3.47)

Loy = — ijj|§Lj|2 - Méj|@Rj|2 - 1\412§j|dz~2j|2 - M%j iz, |” — M§j|éRj|2

— M, |haf? — M, [

1 o (3.50)

+ §(M1)\y)\y + Mo Xl AL, + M3ASAS + h.e.)

— (Ad,;ya;hadr, CZEJ. + A, Yu; hudLjﬁE]. + Ae; Ye, hdZLj é}L:gj — Bphyhg + h.c.).

As discussed before, Lgop introduces mass terms for all scalar fields and gauginos that are
present in the MSSM. Consequently the so-called Bu- and A-terms occur which modify the
mass mixing and trilinear couplings between sfermions and Higgs scalars [5].
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3.2.3 Higgs Sector and Symmetry Breaking

In order to evaluate the Higgs-potential integrals it is sufficient to use the introduced rules
for the superspace formalism from this chapter. The Higgs potential gathers all scalar
contributions

VHiggs = _ﬁﬁ)ifgtgs - ﬁgiggs - Ell{)iggm (3.51)

Eﬁiggs = _|N|2(h;rlhd + thu>a (352)
2 /2

Chiges = = (BT ha + BT h)? = L (Vi Bl + Vi B, (3.53)

LR = —Mp hihg — M3 hihy + (Buhghy + h.c.). (3.54)

The F-terms can be computed according to (3.39). A second contribution to the Higgs
potential comes from D-terms (3.40). Furthermore, terms from the soft breaking part in
Lqory form the last part of the Higgs-potential.

In order to describe, massive vector bosons and fermions also the MSSM-potential must
feature spontaneous symmetry breaking SU(2); ® U(1)y — U(1)grp- In general scalar
fields like sfermions can give rise to a VEV and this can imply gauge boson masses. However,
this is phenomenologically excluded and only the scalar component h2 and h¢11 of the Higgs
superfield achieve a VEV. A possible parameterization of scalar component of the Higgs
SU(2) doublet reads

1 0 _ ;.0 +
ha = (f( e ZXd))» = <f< +¢$2+ixz>) B

Here <b07d, X& 4 denote real scalar fields and qﬁi 4 represent complex scalar fields. The two

u
real and positive values v, and vq are the two VEVs 2

o) = (4): =5 (1) (3.56)

It is convenient to introduce a further parameter for the ratio of the VEVs

tang = %, (3.57)
Ud
To be consistent with positive VEVs, the angle has to fulfill 0 < § < 7/2. Because the
gauge invariance of electromagnetism is not broken, the charged components vanish at
the minimum of the potential (¢p~) = (¢*) = 0. The two equations 9V/9¢2 = 0 and
OV /d¢Y = 0 are the conditions of the minimum and can be used to eliminate M12{u and M%Id
in the potential:

2 2
+
M, = I gz Bt (3.5%)
Vd
(924 g2) Vg
My, = ——"2(v; = v3) + Bu— — |uf>. (3.59)

Uy,

8

Next, one computes the eigenvalues of the bilinear part in the potential to find the associated

3The SM VEV is related to the MSSM VEVs by v? = v2 4 v3.
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3.2 Minimal Supersymmetric Standard Model

mass eigenstates

m} = S?f; 5 (3.60)
m%LH = %[m% +m} =+ \/(mQZ +m?)? — 4m?4m?% cos 224), (3.61)
m2e =m% +miy. (3.62)
where the masses of the vector bosons Wf and Z,, are given by
miy = gj”(vz + v3), (3.63)
m% = 93,4-1—92(7)3 + v3). (3.64)

The derived mass eigenstates in eq.(3.60) correspond to two C P-even neutral (h, H) fields,
two CP-even charged H¥ fields and one CP-odd neutral A field. Except for mio, all
masses in eq. (3.60) are in general allowed to be arbitrary large. Considering a large value
for m124 > M%, the tree level mass for h has an upper bound:

mi = m% cos 223 < m%. (3.65)

In this work the lightest Higgs boson out of both CP-even neutral mass eigenstates is
considered as the SM Higgs boson. Since the discovery in 2012, its known that the SM
Higgs-Boson possess a higher mass than the Z-Boson. Nevertheless, eq. (3.65) is not a
contradiction to the experiment, since quantum corrections were not taken into account.
Indeed, those correction are of order O(m?%) in the MSSM if SUSY-parameters are in a
certain range, which is so far in agreement with experimental data.

Mass terms for fermions and sfermions

In analogy to the SM the MSSM mass terms for fermions origin from the interactions in
the MSSM superpotential. After EW symmetry breaking the Dirac fermions ¥, constructed
from the Weyl spinors ¥ occurring in the chiral fields ®, possess the following mass terms

3
»Cfmass = — Z [muj\ifuj \I/uj + m, \i’dj\ljd]- + mej\ijej \I/ej} , (366)
j=1

where the label u, d and e correspond to the up-type quark, down-type quark and charged
lepton respectively. The mass parameters depend on the Yukawa coupling and the VEV v,
Oor Vg 4

Uy Uq Uy,

j \/§ij7 mdj = ﬁydja mlj = ﬁyl]" (367)

My,

4 The MSSM can be extended in a straightforward way by the mixing of mass eigenstates provided by the
Vokm-matrix.
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For the MSSM sfermions mass terms the Lagrange density has the form

3 - ~
. — ~7 o 2 (UL, 7t 7t 9 (dr;
Ef,mass - Z [_ (uLj uRj) Mﬂj <ﬂRJ,> a (dLj de) M&J- <JRJ_>
j=1 ! ’ (3.68)
st st 2 (€L _ ot 2 ot
— (eLj eRj) Mz, (éR;> - ijijuRj],
where the mass matrices are
IV mij + M%j +m%cop (Tg — Qszw) My, (A, — 1ot B) (3.60)
a; My; (A, — p* cot 3) m%j + Méj + mZZcngSgW )
M m?lj + M%j +m%cap (Tg — ngw) mdj(Aflj — ptan ) (3.70)
d; md; (Adj — p*tan ) mzj + Ml%)j + m2Z625ngW )
V2 mgj + M%j + m%cag (T3 - Q33W> me; (A7, — ptan 3) (3.71)
€ Me, (Ae; — p* tan ) mgj + M%,j + mQZCQﬂQSgW ’
and the sneutrino mass obeys
2 _ a2 Ly
m,}j = i/j =+ imZCQ/g . (372)

Further, it is convenient to introduce an abbreviation for the off-diagonal matrix elements,
especially, for the parameterization for the up-type squarks

Xu; = Ay, — " cot . (3.73)

Unless stated otherwise, the important stop mixing parameter is written as X; = X,, or
X; = X;/ms, where my denotes the typical SUSY scale. This is often considered if the

massive soft breaking parameters are degenerated. These mixing angle 6 of the mass matrix
(Mg?))ij is defined as

(M3 )12

tan 20 := .
(M2 )11 — (MZ,)22

(3.74)

24



4 FlexibleSUSY

4.1 FlexibleSUSY the Spectrum Generator Generator

In order to determine the mass spectrum and additional observables in a wide range of
extension of the SM, FlexibleSUSY [19] provides a suitable framework to perform fast and
reliable calculations. Thus, FlexibleSUSY is regarded as a generator for spectrum genera-
tors, constructed for precise phenomenological studies. The implementation is achieved by
a C++ and Mathematica package, which is by design flexible and can therefore accommo-
date a variety of models beyond the SM. The model is specified in an external SARAH [20]
model file. Based on the properties of the model i.e. field content, gauge symmetries, super
potential! and mass mixings, SARAH creates expressions for vertices, tadpole diagrams, self
energies and renormalization group equations (RGE). These algebraic expressions are then
converted by the FlexibleSUSY meta code into C++ code. Simultaneously, FlexibleSUSY
incorporates model boundary conditions for all parameters. In general, these conditions can
be defined by the user for three different scales.

low scale: A suitable scale for these constraints is the pole mass of the Z-Boson My. At
this scale model parameters like gauge couplings and masses are calculated from SM
parameters like masses and couplings. This parameters can be fixed numerically in
order to meet the experimental values. In this work the pole masses of the Z-boson,
top-quark, tau-lepton are set to My = 91,1846 GeV, M; = 173,34 GeV and M, =

1,777 GeV. The value for the fine structure constant is set to ale\ﬁ(?)(MZ) = orom

and is introduced as the value in the five-flavor SM 2.

SUSY scale: For supersymmetric models the SUSY scale Mg provides the proper scale for
the mass spectrum of supersymmetric partners. After the model parameters have been
adjusted to the constraint values at this scale, FlexibleSUSY solves the electroweak
symmetry breaking (EWSB) equations. If not stated otherwise, in this work the
massive non-SM parameters are set to the SUSY scale.

high scale: Some models favor gauge-coupling unification at a high scale Mgyr, where
some other parameters are specified. Thus FlexibleSUSY provides the possibility to
impose boundary conditions for parameters at this scale Mgyr.

After the C+—+ code for the spectrum generator has been generated and compiled, the
input parameter values have to be fixed in a file of SLHA? format [21], [22]. All parameters
are defined in the MS or DR scheme. Thus the spectrum generator solves the RGEs in
order to evaluate the MS/DR parameter at a different scale, where the constraints are
imposed. After the parameters are determined at the scale, FlexibleSUSY respects the scale

!This is a necessary information about the fundamental interactions in supersymmetric theories as it is
shown in eq. (3.34).

2This model considers all SM fields with the exception of the top quark.
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4 FlexibleSUSY

constraints and finds a consistent set of values for the model parameters. With these values
for the model parameters the spectrum is calculated and is then written in a SLHA output
file.

4.2 Tower of Effective Theories and FlexibleEF THiggs

Due to the modular structure of the generated C++ code the user is enabled to stress one
or more scales and impose constraints on model parameters. This allows the user to define
matching conditions and combine different models. In particular, FlexibleSUSY provides
the framework to combine a model with a low energy effective theory. In the light of this
advantage, this work assumes that the SM is the valid low energy approximation of the
MSSM and FlexibleSUSY is extended for a more precise Higgs-mass calculation. Thus the
considered EFT Tower consists of two models, the MSSM above the SUSY scale Q > mg
and the SM below @ < mg.* This idea has become more manifest with the work of Tom
Steudtner et al. [23]|, where the so-called method FlexibleEFTHiggs has been elaborated. It
is now explained how the calculations are performed at highest precision. The code is based
on operations at four scales.

My scale: At the low scale (Mz = Z boson mass pole mass) the SM parameters are
obtained from numerical values of the input parameter by imposing the low scale
constraints described in low scale.

M scale: At the pole mass of the top quark M, the one loop EWSB conditions are imposed
and the mass spectrum of the SM particles is evaluated. After the one loop EWSB
conditions are applied the pole mass of the Higgs Boson is calculated at one loop
order. If convergence is achieved, the particle masses are written in the output SLHA
file after the final iteration at this scale.

SUSY-SM matching scale: After the running with three loop RGEs from the EW scale to
the SUSY-SM matching scale, the SM parameters are matched to the SUSY model
parameters. For this purpose also the SUSY model parameters run this scale by
solving two-loop RGEs. After invoking the EWSB conditions at one loop order the
spectrum is calculated in the SM and in the SUSY model. By imposing a pole mass
matching condition, the SUSY fermions tree level masses are computed

My mssm = My sn- (4.1)

In particular, in both models the pole mass is calculated by
Mf,model = T f model — Re 2A]f,modelv (4'2)

where a small letter m; denotes the tree level mass and by ¢ denotes the renormal-
ized correction beyond LO. This condition determines uniquely the value of the SUSY
model Yukawa couplings. Thus, it is straightforward to include more than one loop
order corrections and indeed, for top quark pole mass also two loop corrections from
scheme conversion are considered. Since the top Yukawa coupling is very important

* In FlexibleSUSY the SUSY scale ms is defined as [19] m, = /T[°_, mL(Z“)”‘zH(Z”)”’G‘Q, where the DR,

Usq

parameter mg, denotes the mass of the up-type quark ¢ and Z, is the up-type squark mixing matrix.

26



4.2 Tower of Effective Theories and FlexibleEFTHiggs

for the Higgs mass calculation the two-loop contributions are included if the Flexi-
bleEFTHiggs is set to high precision. Thus the matching condition is modified by
two-loop QCD contributions in the SM [24] and MSSM |25]

R 22L,ﬁ . (gs],)l\}/}SSM)4 m?l\}/{[SSM 296 1n2 (mEI\R/ISSM)Z 14761 (mEAI}ISSM)Q
t,MSSM — 460874 n QQ - n QQ
(4.3)
+ 2011 + 48¢(3) + 167%*(1 +1n 4)|,
Re 22L,W _ (gs],)l\}/}SSM)4 m?l\}/{[SSM 296 1n2 (mEI\R/ISSM)Q 145210 (m?,]\}/{[SSM)Q
t,SM 460871’4 Q2 QQ
(4.4)

+ 2053 — 48((3) + 167%(1 + In 4)

)

where ¢ denotes the zeta function. This expressions will be important for discussions
in chapter 5.

By including a renormalization scheme conversion and threshold corrections, the gauge
couplings {gs, guw, gy} of the SUSY model are obtained from the SM gauge couplings.

The two VEVs v, and vy are calculated from the SM VEV v and the input value tan 8

t
v, = —Ltenf vy (4.5)

V1 + tan? 3’ V/1+tan2 3
A more detailed description for the corrections which have been included can be found
in [23].
Furthermore, when RG running is performed in the SUSY model between the SUSY
scale and EW scale two-loop beta functions are used. Thereafter, the code of Flexi-
bleEFTHiggs solves the EWSB conditions and performs a pole mass matching of the

Higgs boson mass in order to fix the SM parameter A\. Both steps are done at one-loop
order precision.

SUSY scale: At this scale the SUSY scale constraints are applied as described earlier. If
not mentioned otherwise, the SUSY-SM matching scale is considered to be the SUSY
scale. However, beside the SUSY-SM matching scale it is useful to introduce this
scale. For the performed method of estimating the theoretical uncertainty these two
scales are considered to differ.
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4 FlexibleSUSY

This procedure is repeated until a set of fitting parameters is found and then the calculated
mass spectrum is written in the output file. This profound and efficient logic of pole mass
matching allows FlexibleEFTHiggs to be applicable for phenomenological studies of many
supersymmetric models. Thus, the new method FlexibleEFTHiggs has been validated for
different SUSY models in ref. [26] with a A\ matching at next to leading order (NLO).

This work is considered as an extension of FlexibleEFTHiggs in order to refine the Higgs
mass calculation in the MSSM. To achieve this, the FlexibleEFTHiggs Tower code has been
extended in this work by an NNLO matching for A and a consistent pole mass calculation.
This means that the algorithm has been generalized at the discussed point M; scale such
that the calculation of the Higgs boson mass is done at two-loop order in the SM. As it
is described in chapter 5, the SM self energy at O(asay) was in this work derived from
the SM effective potential and the MSSM self energy was adopted from the implemented
code in FlexibleSUSY. Furthermore the A\ matching, described in SUSY scale, has been
extended in this work to consider leading effects from two-loop order. In particular,the
consideration of two-loop EWSB equations is implemented and the pole mass matching is
performed at two loop. Henceforth, a new notation is used in this thesis. The method of
FlexibleEFTHiggs with NLO and NNLO A matching is denoted as FlexibleEF THiggsNLO
and FlexibleEFTHiggsNNLQ, respectively.
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5 Higgs Boson Mass Calculation

This chapter starts off with an introduction in the theoretical background of the method
FlexibleEFTHiggs and explains how the resummation of large logarithms is combined with
diagrammatic calculations.

5.1 Effective Field Theory Technique

If a fundamental QFT exhibits a large mass gap between two or more characteristic scales,
a low energy approximation can be found. In particular one can find a QFT which only
involves light particles, if the in- and outgoing momenta are considered to be much smaller
in comparison to the typical high mass scale of the theory. A heuristic explanation is given
in the case of two scalar fields ¢ (light) and ® (heavy) associated with two scales my and
My, respectively. If the heavy scale My is much higher compared to the momenta ) of
the scattering process ¢ + ¢ — ¢ + ¢, the propagator of heavy particles can be expanded as

)

. . . Q2 Q4
< g = wig [+ +© (i) ) )
Truncating the Taylor series at finite order yields a local interaction term for the effective
Lagrangian e.g. in the first order gives the term Lgprgs o M%qﬁ‘l. As shown above these
H

new interactions are suppressed by a high mass scale and, therefore, non-renormalizable if
the couplings posses negative mass dimension. In this work, the SM is regarded as the EF'T
of the MSSM without suppressed interaction terms.

Taking loop corrections into account, the theorem by Appelquist and Carazzone 27|
states that the contribution of heavy particles in loops is suppressed and thus the heavy
scale is decoupled. The existence of the EFT can be proven conveniently in the path integral
formalism, where Green functions are generated by functional derivatives of the partition
function Z(j;, Jy). Since only small momenta are considered, the current of heavy particles
is neglected, Jg = 0, leading to

Z(51,0) = / DGDP ¢!/ w62+ (5:2)

_ /D¢l ot [ d*eLerr () +idr (5.3)

The assumption was made that the light field, regarded as function of the momentum, can
be decomposed into fields with low and high momentum ¢ = ¢; + ¢,. After the integral
over the field configuration D¢, DP has been carried out, the partition function for the EFT
remains. Hence, the effective field theory has to exist. This is characterized by the derived
Lagrange density Lgpr(¢;), which describes light fields ¢; with small values of the in-and
outgoing momenta only.
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5 Higgs Boson Mass Calculation

5.2 Fixed order calculations in the MSSM

In the first approaches to study radiative corrections to the mass of the lightest C'P-even
Higgs Boson of the MSSM much effort has been invested in calculating the perturbative
expansion of the self energy in a fixed order. Hence, the Feynman diagrammatic compu-
tations are characterized by the power of the involved couplings. FlexibleSUSY is based
on SARAH, which calculates one loop self energies, and therefore provides a framework to
determine the pole mass with diagrammatic tools. Generated by FlexibleSUSY, some spec-
trum generators perform mass calculations at a fixed order. If not mentioned otherwise a
spectrum generator is denoted as FlexibleSUSY, it is assumed that the provided calculation
for the pole mass of the Higgs boson is done at fixed order ! in the MSSM. As mentioned
before, in the calculation of the Higgs boson pole mass FlexibleSUSY will impose conditions
to the model parameters at the SUSY scale. By using two-loop RGEs, the DR model pa-
rameters run to the low scale Q = myz. At the EW scale some parameters are fixed by the
EWSB relations. At tree level they are obtained by eq. (3.58). In this work the parameters
p and By are fixed by these equations including two loop corrections 2. Furthermore, the
gauge and Yukawa couplings can be obtained from the experimental data e.g. Weinberg
angle, pole masses, coupling constants. A very important quantity, especially for Higgs bo-
son mass calculations, is the top Yukawa coupling. This is determined by the pole mass M;
at NNLO. After finding the best fitting set of DR parameters for both high and low scale
constraints, FlexibleSUSY will determine the mass spectrum. Especially, for the uncharged
and C'P-even Higgs boson mass matrix the spectrum generator FlexibleSUSY will calculate
the eigenvalues of the loop corrected mass matrix

det[p*1 — Mgmd,tree —Re Héﬁ;ﬁd,MSSM(p) —Re Hiﬁgbd,MSSM(p =0)] =0, (5.4)

where M;u butree TePTEsents the tree level mass and II(p) the renormalized negative self
energy and tadpoles. The included radiative corrections are complete at one-loop order. At
two-loop order only leading momentum independent contributions are taken into account
in FlexibleSUSY O(as(ap + o) + (o + a4)? + o2) [28-31].

5.3 Resummation of Large Logarithms

In fixed order calculations, loop corrections from supersymmetric partners lead to logarithms
of the ratio of the typical SUSY scale ms and the renormalization scale Q: In‘(ms/Q).
Independently of the renormalization scale, logarithms of the form In(m,/v) will always
appear in the calculation of the Higgs boson pole mass. Since experimental evidence for
SUSY partners are missing so far, it is reasonable to assume that the SUSY scale lies far
above the electroweak scale Mgw. Thus, the expansion series will have high powers in the
large logarithms In (ms/@). Hence, very high orders in perturbation theory are necessary
to guarantee a reliable value for the Higgs boson pole mass. Because this method does not
yield a fast convergence, new ways must be found to take radiative corrections into account.
By utilizing EFT and RG techniques, large logarithms can be resummed to all orders in
perturbation theory, which requires all SM parameters to be defined in the MS scheme. This
method is based on three steps:

!To ensure a high precision, it will always be at two loop order.
2This is the case for a high precision calculation. For a lower precision the EWSB conditions can be applied
at one loop, but this is not considered in this thesis
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5.3 Resummation of Large Logarithms

1) Matching at high scale: The basic assumption is that all SUSY fields and extra Higgs
bosons have a common high scale m. ® For all SM parameters a matching condition
relates them to model parameters at the large scale ms. For example, in the MSSM
the pole mass matching condition together with eq. (3.65) for the coupling A\ out of
eq.(2.33) evaluated at the high scale and leading order reads

1

< (g5 + g;) cos* 2. (5.5)

A(ms) = 4

The gauge couplings of the SU(2)z, and U(1)y agree between the SM and MSSM at
LO. For the correct use of RG running the SM top Yukawa coupling has to be found.
Once more pole mass matching at LO provides the simple relation

(y+ =)yr,sm = ye,mssmsin B, (5.6)

where y; svm 1s the MS coupling in the SM and y; mssm represents the DR coupling in
the MSSM.

2) Running to the lower scale: As mentioned before, the SM parameters are determined in
the MS scheme. Thus, beta functions are used to run between the scales

d 1
im0~ ; (@) (57)
BY = 12007 + Mg} — wi). (5.8)

Because beta functions 5§\z) depend also on other couplings, which for themselves
obey renormalization group equations, eq. (5.7) cannot be solved analytically in gen-
eral. However, numerical algorithms are suitable for solving the set of highly coupled
differential equations and guarantee a high precision for the EFT approach [32]. For
the purpose of encountering the principles behind the resummation of logarithms, the
analytic approach is continued. This can be done by expanding the beta function in
powers of large logarithms

(9] (n,)
Bat) = (47:)% Z 5y ( )(t — ), (5.9)

where

Mgcale
Q )

By inserting the expansion (5.9) in eq. (5.7), the encountered differential equation can

be solved conveniently

t=1In f=1In"2 D (1) .=

dtlﬁ (1) (5.10)

00 00 (n,i—1)
Z Z )@“5 g ()(t—f)i. (5.11)

n:l =1

3Tt is not a conceptual difficult to work with a non-degenerated mass spectrum for the fields beyond the
SM, but without loss of generality this is not considered.
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5 Higgs Boson Mass Calculation

Thus, eq. (5.11) demonstrates the resummation of large logarithms explicitly if the
tree-level mass is calculated at the low scale my:

mp(my) = v?A(my), (5.12)

12 1 me
(4@2(2/? - “A) IS 4 (5.13)

1

A\t —
2™ Ty me
The resummed logarithms depend on the considered loop order n of the 8 functions
in eq. (5.11). Hence, for every loop order k one can obtain the resummed logarithms
of powers ranging from k —n + 1 to n.

3) Calculating the pole mass of the Higgs boson: In the last step the pole mass of the
lightest C'P-even Higgs boson is obtained by

ME = mi (M) — S5M(p? = M2, Q = M) +£,(Q = M), (5.14)

where the renormalized radiative correction 35, + f5, is calculated in the SM. At the
EW scale My, the values of SM parameters are extracted from experimental data
of pole masses and couplings, which fixes all parameters needed for the Higgs mass
calculation.

Thus, the pole mass contains implicitly all leading logarithms beyond any finite loop order
in perturbation theory. This method can be improved by considering higher orders in the
MSSM-SM matching of the parameters. This means in particular that the SM Higgs boson
coupling A becomes threshold corrections from higher orders

M) = 362+ g3) cos? 26 + AXD) + AN, (5.15)
By taking higher corrections AX™) into account, the occurring N leading logarithms
are resummed correctly, when the pole mass is calculated at the low scale Q = M; only
by the inclusion of renormalization group equations at m + 1 loop order. This approach
is implemented in FlexibleSUSYs HSSUSY and SUSYHD [33]. In particular HSSUSY is
regarded as the FlexibleSUSY version of SUSYHD, since both follow the same strategy and
use the same corrections for AN and AX®). These can be obtained from ref. [34] and [33],
respectively. As mentioned before the loop order of beta functions plays an important
role. Hence, HSSUSY and SUSYHD are using RG running for A at three-loop order [35,36].
FlexibleSUSYs HSSUSY calculates the gauge and Yukawa couplings at one-loop and leading
two-loop corrections. The Higgs boson pole mass is determined with one loop and leading
two-loop contributions at O(asay + o). In contrast SUSYHD uses a fit formula to include
all NNLO corrections at the low scale [33].
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5.4 Pole Mass Matching in A

5.4 Pole Mass Matching in A

In general, the matching of parameters ensures the equivalence of two theories. In the
low energy regime the heavy scale ought to decouple from the effective description of the
full theory. To fix the parameters in the effective theory a matching condition can be
defined by demanding the equality of Green functions in both theories at a given scale.
The matching corrections for the spectrum generator HSSUSY, and likewise SUSYHD, do
not include suppressed terms of order AX oc (m?/m?) in eq. (5.15). Since such terms
increase their influence with SUSY scale in the sub-TeV range, HSSUSY and SUSYHD
produce a large theoretical uncertainties in the low-Mgy gy regime. This can be avoided
by the inclusion of higher-order operators in the EFT below the SUSY scale. However, for
HSSUSY/SUSYHD this is not considered because the spectrum generator assumes the SM
without higher dimensional operators as the valid EFT. In order to include these terms in an
EFT-based approach, a new computation method has been developed and examined in ref.
[26]. By using a different matching procedure, FlexibleEFTHiggs combines diagrammatic
calculations with EFT-based resummation of logarithms in the computation of the lightest
Higgs boson mass.

For the SM coupling A one has the freedom to choose between different matching conditions
e.g. by comparing four point functions or two point functions. In an expansion series it is not
well defined, whether a matching condition has to be preferred. The equivalence matching
condition between equating pole masses and four point functions has been proven in ref. [26]
at one-loop order. The conceptual motivation why this also hold at two-loop order is: the
fixing of one parameter is done by using the same physical quantity in both models.

This chapter elaborates the matching of the SM coupling A by imposing the equality of
the lightest C' P-even Higgs boson pole mass in the MSSM and the Higgs boson mass in the
SM at the SUSY scale

Mi%,MSSM = Mlg,SMa Q = Msusy- (5.16)

In general, the pole mass at two-loop order can be written as
2 2 o - A .
Mh7p01e = mh,model - Eh71L,model + th,lL,model - Eh72L,model + th,2L7m0de1- (5-17)

In eq. (5.20) the $ and { denote the one- and two-loop renormalized self energy and tadpole,
respectively. In the MSSM, corrections to the mass of the lightest C' P-even Higgs boson are
obtained as the eigenvalues of the mass matrix with loop corrections. This differs from the
SM, hence one can define the quantities in eq. (5.17) as

2h,MSSM = Ciim%MSSM + 332¢d¢>d,MSSM + 2$3c§i¢u¢d,MSSM ; (5.18)

thMsSM = C,%’£¢d7MSSM + SéfqﬁmMSSM . (5.19)

It is convenient to consider the decoupling limit, where the mass of the CP-odd Higgs
boson is much larger than the EW scale, m% > MZ. In this practical limit the mixing angle
obeys a = 8 — /2, which infers cosa = sin 8. In general the mixing angle « at two loop
is different from the mixing angle at tree level. Since this difference in the mixing angle is
small for the examined contributions to the Higgs boson mass, one can approximate a by
the mixing angle at tree level [37]. Henceforth, this limit is considered in the entire chapter.
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5 Higgs Boson Mass Calculation

5.4.1 Momentum lteration

In this section, the implications of the momentum iteration of the self energy, which affect
the matching condition at two-loop order are studied. Determining the pole mas needs an
evaluation of the self energy at the pole momentum p,ge = Mj,. Since this work considers
only leading two loop effects, the expansion of the one loop self energy around the tree-level
mass p = my, is truncated after one iteration and therefore yields a two loop contribution.
This correction is elaborated in this work and an important point for the comparison with
other methods for pole mass matching. In general, one determines the MSSM pole mass

momentum pgole which satisfies the condition

p}%ole - miQL,MSSM + Eh,MSSM(p2 = pf)ole) - tA}LMSSM = 0. (5'20)

To ensure compact formulas the argument of the self energy is suppressed. Henceforth,
the notatlon without an argument 1mphes that the self energy S, or its derivative 3/ with
respect to p?, is evaluated at p? = mhyMSSM.

. d - )

Sh,model = mzh,model(p )\p2:mg/yMSSM. (5.21)
Moreover, a second abbreviation is introduced as

Ami,model = _ih,lL,model + gh,lL,model- (5.22)

An expansion of XAJ(p2 = pgole) around the tree-level mass m%?MSSM introduces a two loop
correction in eq. (5.20)

2 _ 2 2 N/ 2
Ppole = M, mssm T A, vssv — 2p mssmAM, vssu- (5.23)

For later calculations, the gaugeless limit is considered often, i.e. the gauge couplings obey
9y = Gw = 0. In this limit the MSSM tree level mass vanishes mj, vssm = 0.4 Subsequently,
the pole mass matching condition requires that the same momentum pfmle has to satisfy the
same condition (5.20) in the SM

0= p}%ole - m%L,SM + zA:SM(pz - p%ole) - £h,SM7 (5'24)
2 2 2 : 2
Ppole = Mpsm T Amh,SM - ZZ,SMAmh,MSSM' (5.25)

The eq. (5.24) contains mz’SM = \v? and can therefore be regarded as a condition for the
additional SM parameter A. Using (5.22) and (5.23), this equation can now be solved for A

1 R R
_ 2 2 2 / 2 / 2
A= o2 |Mhssm T+ Amj, vssv — Amp gv — Svssm A, mssv T ZsmAM, vssm

(5.26)

*In the gaugeless limit the matched tree-level Higgs boson mass is also vanishing in the SM at the high scale.
Through effects of RG running, the tree-level mass is shifted by beta functions yielding a non-vanishing
quantity at the EW scale.
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From eq. (5.26) one can identify the two-loop contribution coming from momentum iteration
easily

2 o 2 &\ %
Amh,p—iter = A77”%,1\/1851\4 [Zh,lL,SM - 2h,lL,MSSM ) (5.27)

where both self energies are evaluated at p? = MpMSSM X gf] +g2 =0.

5.4.2 Corrections to the Higgs Boson Pole Mass at O(«)

The leading contributions to the Higgs boson mass result from top Yukawa contributions
at one loop level. For practical reasons, only these corrections in the case of degenerated
soft breaking masses are taken into account, as described in eq. (5.28). It is convenient to
choose a common limit. To keep the analytical expression short one considers the following
form for the two eigenvalues of the stop mass matrix

1
sinf = cosf = — m

7

where 6 denotes the mixing angle of stop mass matrix. This is achieved in the gaugeless
limit for a degenerated soft mass spectrum 2

%1 = m? —my Xy, mtgg = m% +me Xy, (5.28)

m?=M3: = més = mg,, (5.29)

and the soft breaking term is the dominating part in the diagonal elements of the stop mass
matrix in eq. (3.69) parameterized by the mean value

m? = (Mé)n = (M )2o = m7 + mj . (5.30)

Thus, contributions from EW gauge couplings are consistently neglected. In this convenient
limit the stop mixing is still arbitrary and allows the conclusion that the obtained results
also hold for a more general case. If not stated otherwise, this notation is used in the
this chapter henceforth. Because of the decoupling limit ¢ — s% the one-loop top Yukawa
contribution Am%,MSSM possesses a convenient form at the SUSY scale, where mj, pssyv = 0

~ m)l‘\/[SSM ~ m)l‘\/ISSM

—3 mssm(P%) + Enssn ZS%{ ~ b (07 + iy

_ 3(3/EI\E/}SSM)2
2(4m)?
+ <2mgl\f/{[ss1\/[ - Xt)QBO <p27 m%ga m%’g)

- o) - ()]

)

(2my + X0 Bo (p? m2,,m?, )
{ N (5.31)

5The notation for Msusy, that was introduced in previous sections, reduces to ms in the considered case.
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A ppmod ~ mymod 6 d 2 4 m d 2 _ p2
—Shan (07) + sy = (?2?52) ( ( t’mOZ) Bo(p; mtmod; Mimod),  (5.32)
A 2 12(missm)* Wenissw) | m? X X
P MSSM 20 (4m)2 (mPE.. )2 m2  12m}
EMSSM

In the calculation of the Higgs boson self energy Passarino-Veltman integrals Bo(:v, y,z) and
Ag(z) occur through one-loop calculations. These integrals are carried out in D = 4 — 2e
dimensions. As a consequence of regularization 1/e-poles are obtained in the evaluation of
loop integrals. The divergent quantity A contains this pole. In the considered regularization
scheme, the poles are eliminated by counter terms, leaving a finite part as function of the
involved masses. The functions By(z,y,2) and Ag(z) represent this finite part of the one
loop integrals. It is sufficient for this work to consider the finite part in dependence of two
different masses M and m with M > m

_ 2

Ag(m) = m? [A —In % + 1} = Ag(m) + A, (5.34)
B M2 2 4 6
Bom, M, M) = A ~In ‘55 + % + & 4O (X}J) = Bo(m, M, M)+ A. (5.35)

Those relations are used to obtain eq. (5.33).

5.4.3 Two Loop Corrections from the Effective Potential

In this section, it is explained how the two-loop contributions to the two-loop self energy
and two-loop tadpoles are obtained for the leading orders O(asay + oF). The interesting
momentum independent part I12Z(0) is derived from the effective potential at the considered
loop order

H%L,Lmodel(Mh,pole) = _i:h,QL,model(p2 = Ml%,pole) + tAh,2L7mode17 (5~36)
H%,Lmodel(Mhmole) = HIZLL<O) + [H%L(Mh,polE) - H%L(O)] : (537)

The last bracket yields corrections proportional to A in the SM

03 () — TRH0) ~ mf T3 (5.39)

P p2=0
where my, denotes the tree-level mass in the MSSM and the SM. Without loss of generality
the practical gaugeless limit is considered. Hence, two-loop terms in combination with the
tree-level mass are neglected. Since the matching condition is only evaluated for the leading
two loop contributions, the momentum iteration would lead to higher order contributions.
Thus, it is reasonable to neglect these kinds of corrections. The momentum independent
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part in eq. (5.37) is determined by the effective potential at two-loop order

VEff = VHiggS + VI—%ings + Vgi%gy (539)
Lo P
¢; O 7 0¢i0¢;

oL oy |10 O
Hh,SM(O) - { gb@gb + (8¢)2

Vil s MSSM (5.40)

Pu=vu,$g=va

H?]%MSSM(O) = [

] | VEL o (5.41)
d=v

Under the considered assumptions one may identify the leading two loop contributions to
the self energy of the Higgs boson with HiL(O) in both models. The self energy correction
in the MSSM can be obtained in the considered decoupling limit as

4

m
H%L{:MSSM = C%H%%,MSSM(O) + S%H%,MSSM(O) + 255‘3/31_[%,1\/1851\4(0) +0 <mQZ> . (5.42)
A

5.5 Pole Mass Matching EFT-Tower at O(a;a;) in A

In order to compare the matching corrections from FlexibleEFTHiggsNNLO with the MSSM
threshold corrections derived from matching of the four point functions in ref. [34], this
section examines the O(asaq) contributions to the Higgs boson pole mass. The O(agoy)
contributions in the MSSM result from H%,LMSSM. Furthermore, the one loop correction to

the Higgs boson pole mass Am,QLMSSM is expressed in the MSSM by the SUSY parameter

mEﬁSSM and AmiSM by m}f\f[SSM. The difference of both one-loop contributions occurs in the
A matching and has to be calculated with quantities defined in the MS-scheme. The MSSM
top mass can be matched by considering scheme conversion and threshold effects to a SM
parameter in the MS scheme. The general case, including SU(2); ® U(1)y gauge coupling
contributions, is listed in ref. [34]. Since only ay contributions in the top mass matching
yield a O(asaq) contribution in Am3, o the eq. (22) in ref. [34] reduces to

— _ 492 m2 X

DR MS s s t
m =m 1-— 1+In ———||. 5.43

tssm (@) tsm(@) [ 3(4r)? ( + 0 m. (5.43)
It is emphasized that the top Yukawa coupling transforms with the same contributions as
the top mass at O(a,) . This equivalence for the m; and y; matching corrections is not mani-
fest at a every order, since the corrections form the matching of the VEV have to be included.

Correction in A at O(a:as)

Expressed in SM parameters in the MS scheme, the Higgs boson self energy in the order
O(asay) in the MSSM is obtained from ref. [37]

32y292m2 m2 m2
25 rsontlana, = — A2 031 =L 4 In —% — 1
’ o (4m)* m3 3

(5.44)

X 2 Xz x? X4
+t[—1+2lnmt}+t+t— t},

ms m?2 m2  3m2  12m?

where the renormalization scale is set to Q = ms. The NLO conversion at O(ay) of the
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MSSM parameters m; and g in Am%7MSSM yields contributions of O(a?)

9 32y2gim? X m? X, X Xt
Amh(f\(/)[rSlSM o :(4# 2 1_m78 In W+1—mis—27+674 5 (54:5)
where In(my/ms) = ln(mt 31/ms) and y2g>m (92{[?1\/[)2(?/%\,4?1\/[) (miVISSM) . For the full two

loop correction at (’)(asoct) it is not necessary to consider NLO my threshold corrections
in the self energy H%fSSM of the Higgs boson, because they would yield a contribution of
three loop O(a2ay). Furthermore, the renormalization scale was fixed to the SUSY scale
ms. The SM two loop correction to the Higgs boson pole mass has been calculated in this
work by the evaluation of eq. (5.41) with the effective potential in ref. [38]|. Setting the
renormalization scale () = mg one finds
2,2,2 m? 2
e, = 0 31 2 1 7.
(4m)* m3

S

(5.46)

At this order no contributions arise from momentum iteration. Using eq. (5.16), the two
loop O(asay) corrections reads

2
ANaga; = 2 l:Hh mssM T Amh:(f\?IISISM 1, SM:| (5.47)
e[ X XP P XE X))
3(4m)v? ms  m2 m2  2mt m3|’ '

Therefore, the same matching correction for A was recovered by pole mass matching as in
ref. [34].5 As one can obtain from eq. (5.48) easily, the O(asay) correction vanishes if the
mixing parameter satisfies X; = 0.

5.6 Pole Mass Matching EFT-Tower at O(a?) in A

For deriving the two loop O(a?) contributions to the A matching , SUSYHD imposes a
slightly different matching condition than FlexibleEFTHiggsNNLO. Although this match-
ing condition involves two point functions, both approaches differ by a subtlety. Neverthe-
less, the equivalence between both approaches is obtained and the difference in the chosen
matching condition is discussed in this section. For deriving the A-matching condition at
O(a?) one can follow the same logic as for the O(asay) contributions in eq. (5.47). The
limit, shown in the eq. (5.28), is considered throughout this section, since the two loop
contributions, derived in ref. [33|, are presented only in that case.” In the light of eq. (5.16),
the matching condition has a similar form as in eq. (5.47)

2con 2L 2
ANz = — Hh MSSM| 2 + Ampnissulaz — i gulaz + Ay irerla2 | (5.49)

where all two loop contributions are of O(a?). The additional contribution Am? peiter
comes from the momentum iteration as described earlier. As it is shown in eq. (5.31) the

bIn ref. [34] a different definition for the VEV v is used. But the matching correction A\|a,q, is independent
of v and therefore the same.
"The MSSM two loop corrections in FlexibleEFTHiggsNNLO are implemented in a more general case.
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5.6 Pole Mass Matching EFT-Tower at O(a?) in A

momentum dependence is contained only in the By expressions. The top Yukawa coupling is
matched at tree level, in the considered eq. (5.31). Otherwise three loop terms would occur.
Neglecting terms of O(m32/m?,v?/m?2) the two loop effect of O(asay) in the momentum
iteration reads

_ Gy/m X2 m? X 1 X}
Am}%,p—iter‘a? = (4t7r) In mi? + mitQ — 12 m4 . (550)
S

As before the parameters without a label are considered to be SM parameters renormalized
in the MS-scheme .

Corrections for the Higgs boson pole mass from the effective potential O(a?)

As in the case before, the considered self energy at two loop level is evaluated at zero
momentum. In this work the SM momentum independent self energy was derived at (o).
This is done by inserting the effective potential from ref. [38] in the eq. (5.41). Since the
matching condition is applied at the scale QQ = mg, the SM result reads

6yfm? 2 mi my m?

3

In ref. [39] the MSSM two loop self energy was derived by the effective potential at two
loop O(a?). The correction is expressed in terms of MSSM parameters in the DR scheme.
In ref. [33] these contributions are also presented in terms of SM parameters in the MS
scheme. Because A is expressed in terms of SM parameters , ¢y and m; are considered as
SM parameters in the MS scheme. Since the matching condition is applied at the high scale,
the correction is evaluated at Q = mg

1ol =t { 310 % 420372030 — 351(3) — 1 % + 647 — 404~ 20) ()
h,MSSM | a? —m H@ 2(f) 1 n—s; n)jilp
N i th A2 N A2 p
+4f3(p) — 5 T2 [—10 = 6% — 4 fa(t) + (4 — 64" f1(i2))]

S
Xy A g 1, X
o (284 4+ 2fa(i) = 201 = 20°) fu(i)] = 5556
myg 2 mg
2 2 4 2 X2
+c%[31n2m;—4lnmt2—3+60l(+7r+2;(12—24[()
m; ms 3 ms

4X,, Y? X} X3Y
—( ”+t2>(3+16K)—6 L 2L (44 16K)
m m

m2 S s S
X?Y? X4Y2 1
+ UK Lot ? + 8K
ml 3 m} T

where the new parameter Y; is given by the couplings Y; = A;+pcot 8 and K = —0.1953256.
The ratio of the SUSY scale and the mass parameter, obtained from the MSSM superpo-

(5.52)
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tential, is denoted by i = u/ms. The functions f; are defined as

fi(z) = ;5 ma, (5.53)
2 2

fa(z) = f = [1 +q f . lnxQ} : (5.54)

fa(x) = % {ln 2*In(1 — 2%) + Li(2*) — 7;2 —2z?Inz?|, (5.55)

where Li is the dilogarithm function.

Corrections for the Higgs boson pole mass from parameter conversion at O(a?)

In the same manner as for the O(asay) contributions, a MSSM/SM conversion in the
one loop correction Am% Mmssy Yields two loop contributions in the A matching. Unlike for
the a, correction, the conversion of the Yukawa coupling y; and m; differs at the NLO [40]

SR TS 1 3y2 /(1 .
Bssa(me) = miSatm) |14 a2 (S04 &) - 2| (5.56)

(47)2 452
(47)? 453
MS 9
DR Yi.sm 1 3y; (1 1 N
Yiniss (ms) = =75 (ms) 1+(4ﬂ)245%<2(1+C%)+3X38%—M2f2(u)>], (5.57)

where the parameters on the r.h.s are defined in the SM [34]. This difference is due to
the VEV matching between the SM and MSSM, which provides a O(ay) contribution at
NLO [40]. Inserting the equations (5.56) and (5.57) in (5.33) yields a two loop correction of
O(af)

6y4m2 m2 3 R R m?2
Am stz =— o { (3 In—% — =) (ck+1) — 60fa(p) In—3

(4%)45% m? 2 2
+3A2f(A)+X7f2 (1+c3)3+ 5241 mfg—es@f() (5.58)
B2 p m2 % 3B an w2 p :

S t
Xy o X7

+

3 5, 1.,,,.
m [4 FRCREC fQ(”)] Sﬂumg}'

Correction in \ at O(a?)

Comparing the A matching relations, the origin of all contributions in eq. (5.47) agrees
with the one in the matching condition chosen by the authors of SUSYHD |[33] with the
exception of Am%’piiter. SUSYHD performs a general matching of two point functions which
receives contributions from the difference between the renormalization of the Higgs boson
wave function in the MSSM and in the SM. In the pole mass matching, these contributions
are automatically included by the momentum iteration of the one loop self energy of the
Higgs boson. This work therefore provides a proof of equivalence between the momentum
iteration contributions and corrections from wave function renormalization. This is a non-
trivial statement and holds even beyond the considered matching order O(a?). The proof
shows that the strategy used in SUSYHD and pole mass matching are considering the same
contributions with different origins. Evaluating equation (5.49) in the limit tan § — oo, i =
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5.7 Corrections to A in FlexibleEFTHiggsNNLO at O(a2ay)

1 and X; = 0 leads to a rather compact analytical formula

AN,z = 3¢ [12 + 16K]. (5.59)

o (4m)t '
This formula agrees with the A\ correction in ref. [33] in the considered case. In summary,
this chapter is simulating a pole mass matching for A at O(asay + a?) in an equivalent
way to the FlexibleEFTHiggsNNLO code. The obtained analytical formulas agree with the
results derived by different strategies at the same order. Furthermore, the O(a?) correc-
tions in public codes are only implemented for degenerated masses of SUSY partners and
a special mixing angle as shown in eq.(5.28). Since the implemented two loop self energies
for the examined code include a non-degenerated mass spectrum at the order O(a?), Flexi-
bleEFTHiggsNNLO provides a generalized extension of the matching condition at two loop
order.

In addition, it is mentioned that FlexibleEFTHiggsNLO/NNLO generates some loga-
rithmic terms of three loop order in the matching condition for A. They originate from
the momentum iteration of the momentum dependent one loop self energy and from the
MSSM/SM conversion of the model parameters in the two loop self energy contribution.
Nevertheless, in perturbation theory they are assumed to have very small coefficients.

This issue also plays an important role for FlexibleEFTHiggsNLO, since the generated
two loop logarithms are not vanishing at the SUSY-scale. Hence, the need for a more
precise calculation infers inevitably the inclusion of a two loop matching with the consid-
eration of all contributions at a certain order. This has been achieved in this work for
FlexibleEFTHiggsNNLO at the order O(ayas + (ap + ap)? + a2). Although, the two loop
self energy contributions from bottom and tau Yukawa coupling are small in the SM and
therefore neglected, they contribute non-negligibly to the correction to the self energy for
large tan 8 in the MSSM |31, 41].

5.7 Corrections to )\ in FlexibleEFTHiggsNNLO at O(a2q)

As mentioned before, the pole mass matching procedure for A gives rise to higher order
contributions even if the considered self energy is included at one-loop order. For a correct
matching all contributions of the considered order have to be included. However, this is
not the general case in the extended FlexibleEFTHiggsNNLO spectrum generator, because
some contributions at the three loop order are missing e.g. the three loop self energies are
not included so far. The missing corrections yield inevitably large logarithms In(mg/m;).
This is obviously a deficiency and is examined in this section with analytical formulas.

For the purpose of compact formulas a convenient limit is considered as in (5.28) with
degenerated soft SUSY masses m2 = M3 = mtg = m2Q1 = m%L = m2D1 Similarly to the

calculation in 5.4, the A matching condition at three loop order with the contributions
implemented in FlexibleEFTHiggsNNLO is obtained by analytical pole mass iteration and
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conversion in SM parameters in the MS scheme

1 2,con 2L,con N/ SV
A)"azat,asa?,a? 02 Amh,MSSM + Hh,MSSM + [Eh,lL,SM - Eh,lL,MSSM} :

2,con 2L 2 Y
|:Amh,MSSM + I}, vssm — Amh,MSSMEh,lL,MSSM:|

~ N con
+ [EZ,M,SM - ZZ;L,MSSM} AmiMSSM
1[_& 3 2y _ ¥ 2 2 2
t3 T2E (Eh,lLSM(p ) — En1r,mssm(p )) p2=0| (Amj \sem)” ¢
(5.60)

where the superscript con denotes that the MSSM parameter have to be converted into
a SM parameter. However, the leading NNNLO contributions the eq. (5.60) is simplified,
since momentum iteration does not contribute at the order O(a2ay)

1 2,con 2L,con
AN a2a, =02 Amy yssatlazar + 11 Vissulazar | - (5.61)

In the following, the contributions in eq. (5.61) are discussed and only the logarithmic
structure is obtained. For the conversion of the DR parameters in the MSSM into MS pa-
rameters in the SM, FlexibleEF THiggsNLO/NNLO uses NLO corrections for g5 and NNLO
corrections in y; and m;. Considering () = mg, the evaluation of the matching conditions
at O(as + a?) with the contributions, which are implemented in FlexibleEFTHiggsNNLO,
leads to

N _ 492 R 5594

MEMSSM = M4 SM {1 - 3(47:>2(1 = Xt) = 53043 | (5.62)
__ _ 492

IoMSSM = Ts.5M {1 + 3(4;)2} ) (5.63)

where the parameters on the r.h.s. of eq. (5.62) and (5.63) are defined as SM quantities
in the MS scheme. Since the VEV conversion does not give rise to QCD contributions at
NLO, the Yukawa coupling transforms with the same contributions as m;

MS 2 4
PR Y 4 N 55
DR t,SM Js s
= — 1-X;)— .64
Y, Mssm 5% [ 3(4#)2( t) 23047T4:| (5.64)

By inserting the eq.s (5.62), (5.63) and (5.64) in (5.44) and (5.45) one finds expression for
Ain eq. (5.61)

1 dyfmigs

AN p20, = —5 b Lo
a2 = 32 3 )0

. 1 2 2 R R
[384 <Xt = ) In? 25 1 5 (%7160 — X576 + 324)
2/ mm (5.65)

This eq. (5.65) shows explicitly the logarithms which occur in the A matching in Flexi-
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bleEFTHiggsNNLO through parameter conversion in the self energy contributions. It is
presumed that the leading three-loop contributions in eq. (5.60) contain a similar structure
of logarithmic contributions. In order to avoid the incorrect inclusion of large logarithms
at NNNLQO it is possible to identify the contributions from eq. (5.60) and subtract them
explicitly in the matching condition for A. But this idea is limited to the considered case
of eq. (5.28). However, this procedure destroys the flexibility of FlexibleEFTHiggsNNLO
which can hold for a more general case of the soft mass spectrum. A more recommended
way is obtained by the inclusion of three-loop self energies, which by design will cancel the
logarithmic contributions.
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6 Comparison of Threshold Corrections to

A

As described before, the code of FlexibleEFTHiggsNLO has been extended in order to
include leading two loop corrections for the A matching. For Higgs boson mass calculations
this quantity is important, as explained in section 5.3, in order to include large logarithms
correctly. In this chapter, the numerical influence from these corrections is studied in more
detail and a comparison is given to HSSUSY.

In figure 6.1 the SM parameter A is shown for various SUSY scales, where the value of
the non-SM dimensional parameters are chosen to satisfy

n= Mgauginos = Mstermions = ma = ms = Mgusy (61)

at the SUSY scale. The low energy constraints are applied as it is described in 4.2. Com-
paring FlexibleEFTHiggsNLO (solid magenta line) with FlexibleEF THiggsNNLO (solid red
line), the largest influence comes from the inclusion of the two loop O(asay) corrections.
This observation, however, does not contradict the obtained formula (5.48), which predicts
a vanishing contribution to the A matching at the SUSY scale if only the O(asay) con-
tributions are used. This is because FlexibleEFTHiggsNLO also includes incomplete two
loop contributions of the considered order. Since this code performs a matching for SUSY
parameters my in an equivalent way to eq. (5.43), inevitably the one loop corrections for the
pole mass of the Higgs boson yields a two loop contribution of order O(asay). For vanishing
squark mixing X; the eq. (5.45) reduces to
92 02m2 2
(Am(}zz?l{l/[SSM)thas = W |:2 ln% + 1:| .

(6.2)

Because of the pole mass matching, this correction translates in a two loop correction for
A at the same order. This contribution is only treated correctly if the matching proce-
dure includes the two loop self energy corrections, as it is the case for FlexibleKFTHig-
gsNNLO. The green line in figure 6.1 represents this case. Thus, the difference between
FlexibleEF THiggsNLO and FlexibleEFTHiggsNNLO is not characterized by the considered
self energy contributions. Hence, corrections from matching other parameters can result in
two loop contributions for A in FlexibleEFTHiggsNLO with one loop A matching.

Furthermore, momentum iteration in the one loop self energy leads also to higher order
corrections in the pole mass of the Higgs boson. In the case of vanishing squark mixing, the
following logarithmic structure of order O(a?) is present in FlexibleEFTHiggsNLO unless
the two loop self energy is not included

6ytm? m2 3
(Am%(,)ll\l/[SSM)z‘af + Amz,pqter’af = (4;); 31n E% 3 cot? B. (6.3)

Therefore, it is reasonable to conclude that the inclusion of the SM and MSSM loop self
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6 Comparison of Threshold Corrections to A

energy at O(a?) ! leads to the difference between the magenta and cyan colored lines in
figure 6.1.

Additionally, one can obtain from figure 6.1 (the red solid line with blue marks), that
the two loop threshold corrections O(asar + (o + a3)?) are the dominant contribution
in FlexibleEFTHiggsNNLO. Only for large values in tan 3 the correction O(asap + a?)
become more influential. It is emphasized that the implemented SM self energy for the
Higgs boson in FlexibleEFTHiggsNNLO does not take contributions from tau and bottom
Yukawa couplings at two loop into account. Nevertheless, the inclusion of MSSM two loop
contributions (’)(oz% + apas + o + 043) does not lead to any inconsistencies, because of the
relative small value of the SM bottom and tau Yukawa coupling.

By comparing the numerical value for FlexibleEFTHiggsNNLO (red line) and HSSUSY
(black pluses) for low SUSY scales, one can see that the prediction of both matching pro-
cedures in A deviates. HSSUSY and SUSYHD perform the A matching according to eq.
(5.15) while neglecting terms suppressed by powers of v2 /Mgy sy. This difference originates
from these neglected terms of order v/Mg in HSSUSY, which are of O(1) if the SUSY scale
is considered to be low. FlexibleEFTHiggsNLO/NNLO includes them and hence does not
give rise to this so-called EFT uncertainty at the considered matching order.

For higher SUSY scales the predictions for the parameter A\(Mgysy ) of HSSUSY and Flex-
ibleEFTHiggsNNLO are more closely. Nevertheless, the pole mass matching for A results in
higher order corrections in FlexibleEF'THiggsNNLO. In analogy to FlexibleEFTHiggsNLQO,
the conversion of the SUSY parameters in the self energy lez,LMSSM and momentum iteration

in the one loop self energy 2h,model (p? = p?wl) yields three loop logarithms In(mg/m;) in the
matching condition for A. Assumedly, this can cause the deviation between HSSUSY and
FlexibleEF THiggsNLO /NNLO.

The figure 6.2 presents the predicted values for A for the discussed versions of Flexi-
bleEFTHiggsNNLO and HSSUSY. In comparison, the inclusion of the two loop self energy
of order O(asay) in FlexibleEFTHiggsNNLO influences A most of all. The effect of the
O((ap + ay)?) contributions is smaller than corrections of O(asay). Nonetheless, it is non-
negligible and has numerically a larger influence than the O(asap + o2) contributions. In
comparison, FlexibleEFTHiggsNNLO predicts for non-vanishing squark mixing X; a higher
value for A than HSSUSY. Although both models agree for a certain range | X;/Msysy| < 1
with each other. The consideration of the two loop self energy for the Higgs boson leads
to a noticeable numerical impact in the matching for A and improves the agreement of the
HSSUSY and FlexibleEFTHiggsNNLO in their prediction for A at the SUSY scale.

For higher squark mixing |X;/Mgsysy| > 1 FlexibleEFTHiggsNNLO predicts a slightly
higher value for A than HSSUSY does. Since the blue pluses and the red solid line agree nu-
merically to very high precision, the additional two loop contributions in FlexibleEF THiggs
O(asap + a2) cannot be responsible for this effect. Although FlexibleEFTHiggsNNLO re-
produces the correct matching equation for A , which is implemented in HSSUSY, the pole
mass matching procedure gives rise to contributions at NNNLO e.g. O(a2a; + asa? + ay).
These corrections contain powers of large logarithms In Mgy sy /m; and are capable to shift
the prediction for A\. This effect can increase for |X;| > 1 since powers of X; are involved
as it can be obtained from eq. (5.65). This indicates that the momentum iteration or a
conversion of model parameters, as it is performed in FlexibleEFTHiggsNNLO, can effect

! Due to the implemented two loop self energy it is only possible to include (a4 ap)? corrections simulta-
neously. For small tan 8 the additional contributions from the bottom Yukawa coupling are sufficiently
small [31].
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Figure 6.1: In this figure, the SM parameter A is shown at different SUSY scales
for tan = b5 with absent sfermion mixing X;;, = 0. The solid lines represent
the FlexibleEFTHiggsNLO/NNLO with different threshold corrections for A. Consid-
ering the same order of threshold corrections O(asay + o?), HSSUSY and the corre-
spondent FlexibleEFTHiggsNNLO version are represented by the black and blue mark-
ers, respectively. The red solid line includes further corrections at two loop order
O(asay + asay + (ap + ap)? + a2).
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SM X\ at the matching scale Mgysy, tan3=5, Mgysy=2TeV
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Figure 6.2: Comparison of prediction for the SM parameter A\ at different values for X,
and tan 8 = 5. The solid lines represent the FlexibleEFTHiggsNLO/NNLO with different
threshold corrections for A. Considering the same threshold corrections O(asa; + o),
HSSUSY and the correspondent FlexibleEFTHiggsNNLO version are represented by the
black and blue markers, respectively. The red solid line includes further corrections at two
loop order O(asay + asap + (o + ap)? + a2).



the Higgs mass. But since this contribution originates from three loop order this correction
is agssumed to be numerically rather small. In summary one can obtain that the correct A
matching at NNLO is an improvement, which not at least provide a better agreement be-
tween the spectrum generator HSSUSY and FlexibleEFTHiggs for high SUSY scales. Thus,
the inclusion of two loop self energy contributions allows more reliable prediction for A at
low SUSY scales, where suppressed corrections become higher.
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7 Comparison of FlexibleEFTHiggs with
other Spectrum Generators

This chapter provides a detailed comparison of the Higgs boson pole mass prediction of var-
ious spectrum generator with FlexibleEFTHiggsNNLO. For this purpose this work focuses
on the models: FlexibleEFTHiggsNLO, HSSUSY, FeynHiggs 2.12.0 [42] and FlexibleSUSY
1.5.1. Hence, a brief documentation of all considered spectrum generators is given in the
following.

HSSUSY: As mentioned in section 5.3 before HSSUSY(HDSUSY) can be regarded as a
pure EFT approach for the Higgs boson mass calculation. In this chapter, a small
review is given. By considering threshold corrections for A at NNLO, this approach
will resum large logarithms Inmg/my if the MS parameters are evaluated at the EW
scale. However, for SUSY scales near the EW scale, this strategy exhibit a large EF'T
uncertainty, because the corrections in the A matching of O(v/mg) become important
and are strictly neglected in the pure EFT approach. The NNLO contributions for A
comprise the O(asay + a?).

FlexibleSUSY: As described in section 5.2, this approach is a fixed order calculation for the
lightest uncharged C'P-even Higgs boson mass in the SUSY model. By design, this
strategy includes power suppressed terms v/mg in the considered order of the pole mass
correction. However, for a large mass gap this approach will yield a rather large error
through truncating the perturbative expansion at a finite order. If not stated otherwise
the considered self energy contributions are of O(asas + asap + (ar + ap)? + a2).

FlexibleEF THiggs: For a SUSY scale in the ms; ~ 1TeV range, a combination of both
techniques; EFT based resummation of large logarithms and the inclusion of power
suppressed terms would yield a reliable prediction for the pole mass of the Higgs
boson in the MSSM. As mentioned in section 5.4, this symbiosis was achieved for the
spectrum generator FlexibleEFTHiggs. Before this work only NLO corrections in A
were included correctly. However, higher order contributions are involved incorrectly,
see eq. (6.2) and (6.3). FlexibleEFTHiggsNNLO is proved to include the correct NNLO
contributions at O(asa; + o?). Henceforth, FlexibleEFTHiggsNNLO is considered
with maximal precision i.e. NNLO corrections for A are included at O(asay + asap +
(ot + ap)? + aF).
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7 Comparison of FlexibleEFTHiggs with other Spectrum Generators

FeynHiggs 2.12.0: This approach results from a combination of a fixed order calculation and
an EFT based resummation of large logarithms. At the NNLO level in the determina-
tion of A FeynHiggs 2.12.0 includes two loop contributions of the order O(asay + a?).
Though, this calculation differs from the FlexibleEFTHiggsNNLO approach in some
aspects i.e. the matching condition for A is chosen differently [42]. In this thesis the
result for the A\ matching at the order O(asay) and O(a?) is proved to be equivalent
to the FlexibleEFTHiggsNNLO two loop corrections in the considered limit (5.28).
This is because FeynHiggs 2.12.0 uses corrections out of ref. [33,34,40], which are
equivalent to A corrections in SUSYHD/HSSUSY at NNLO. It is emphasized that
FeynHiggs 2.12.0 performs a fixed order calculation for the Higgs boson pole mass in
a mixed OS/DR-scheme after the RGE running to the low scale.

7.1 Comparison for X; =0

In figure 7.1 predictions of the pole mass of the lightest Higgs boson are shown for different
SUSY scales, where SUSY mass parameters are considered as in the case (6.1) with vanishing
sfermion mixing X;;» = 0. It can be obtained that for low SUSY scales the prediction of
the fixed order approach, represented by the blue solid line, is completely in agreement with
the one from FlexibleEFTHiggsNLO/NNLO and FeynHiggs. This behavior is expected,
because the latter are known to predict the right value for the Higgs boson mass also in the
sub TeV range.

Furthermore, it is noticed that the agreement between FlexibleEFTHiggsNNLO and the
fixed order generator FlexibleSUSY is remarkably well for SUSY scales next to the EW
scale. This indicates that the terms suppressed in powers of v/ms at two loop are included
correctly in FlexibleEFTHiggsNNLO at NNLO. On the contrary, HSSUSY gives rise to a
large EFT uncertainty in the low Mgygy region, hence it is not considered to give reliable
predictions below Mgysy = 500GeV. As discussed before, for higher SUSY scales the
fixed order approach neglects large logarithms beyond the fixed order calculation in the
Higgs boson pole mass. This can be obtained from figure 7.1, where the blue solid line
deviates from the prediction of the spectrum generators which include a resummation of
large logarithms. The inclusion of the two loop self energy contributions in the Higgs boson
pole mass improves the agreement between FlexibleEFTHiggs and the spectrum generators
HSSUSY and FeynHiggs 2.12.0 in the range 1TeV < Mgysy < 10TeV. For larger SUSY
scales FeynHiggs 2.12.0 exhibit numerical instabilities and its predictions become unreliable
for Mgygy =~ 100 TeV.

Comparing the red and magenta solid lines reveals that the inclusion of the two loop
thresholds in A has an effect on the pole mass of AM}ZOZ@ ~ 500 MeV. The correct A matching
at NNLO improves the agreement between HSSUSY and FlexibleEF THiggs up to 50 MeV —
200 MeV, which is an astonishingly precise result. For high SUSY scales, where power
suppressed terms do not contribute noticeably, a very small gap remains in figure 7.1.

The tendency for a lower value in FlexibleEFTHiggsNNLO than in HSSUSY can be also
obtained in figure 6.1, where the predicted value for A at the SUSY scale is lower than the
one from HSSUSY. Large logarithms In(mgs/m;) from higher order contributions can affect
the A matching at the high scale and, after the evaluation of RGEs, also have an influence
the Higgs boson pole mass in FlexibleEFTHiggsNNLO.
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Figure 7.1: Comparison of predictions for the pole mass of the lightest C' P-even uncharged
Higgs boson in the MSSM at different values for the SUSY scale Mgygy, tanfg = 5
and vanishing mixing for sfermions, where FlexibleSUSY is considered as the fixed order
generator, HSSUSY determines the Higgs boson mass by the pure EFT approach and
FlexibleEF THiggsNLO/NNLO uses a combined technique as well as FeynHiggs 2.12.0. The
brown band shows the uncertainty for the prediction of the spectrum generator FeynHiggs
2.12.0 (brown solid line). By the virtue of a higher resolution, the lower figure shows
the difference between the prediction of a considered spectrum generator and the value
obtained from FlexibleEFTHiggsNNLO.
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7 Comparison of FlexibleEFTHiggs with other Spectrum Generators

7.2 Comparison for X; £ 0

In this section, the effects of the non-vanishing stop mixing parameter X; are studied.
Figure 7.2 shows the Iiggs boson pole mass as it is predicted by the spectrum generators
discussed in the beginning of this chapter. For low squark mixing |X;| < 1 the inclusion of
two loop self energy contributions in FlexibleEF'THiggsNNLO improves the agreement with
HSSUSY and FeynHiggs. In the same X; range the fixed order generator FlexibleSUSY gives
the same numerically results as FlexibleEFTHiggsNNLO. However, for larger |X;| values
the prediction for the Higgs boson pole mass from HSSUSY and FlexibleEFTHiggsNNLO
deviates. A similar observation is made in figure 6.2, where the prediction for A\ from these
two spectrum generators differs slightly. Nevertheless, the inclusion of the two loop self
energy in the A matching condition improves the agreement between the pure EFT approach
HSSUSY and FlexibleEFTHiggsNNLO. For the range | X;| < 2 FlexibleEF THiggsNNLO and
FeynHiggs 2.12.0 excellently agree.

Higgs boson pole mass M/, tan3=>5, Mgy =2TeV

130
125¢
120+ PR
—_ X X
o N
O] N\
— 115 \\
3 )\
= O 7
E \*\\\7*—_4;/«7’/
110t
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105 — FlexibleEFTHiggsNLO
x x HSSUSY
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X/ Msysy

Figure 7.2: Comparison of prediction for the pole mass of the Higgs boson at different val-
ues for X;, Msysy = 2TeV and the tan § = 5. The brown band represents the uncertainty
estimated for FeynHiggs 2.12.0.

Figure 7.3 illustrates the pole mass as predicted by the discussed generators for a higher
value for the squark mixing X; = —2Mgysy and tan 8 = 5. Because of numerical insta-
bilities only the range 0.2 < Mgygy /TeV< 100 is examined. For low SUSY scales near to
the EW scale FlexibleEFTHiggsNNLO (red line) achieves better agreement with the fixed
order calculation provided by FlexibleSUSY (blue line). This verifies the spectrum gen-
erator FlexibleEFTHiggsNNLQO, since for SUSY scales Mgygsy lower than 500 GeV fixed
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Figure 7.3: Comparison of predictions for the pole mass of the lightest C' P-even uncharged
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7 Comparison of FlexibleEFTHiggs with other Spectrum Generators

order calculations give a more reliable value for Higgs boson mass calculations. It is empha-
sized that this agreement indicates that the discussed suppressed terms of two loop order
O((two loop)(v? /M2 ¢y)) are included correctly in the Higgs boson mass calculation of
FlexibleEF THiggsNNLO.

In the range 1 < Mgygsy/TeV< 10 the predictions for spectrum generators, which in-
corporate EFT based resummation of logarithms (red line, magenta line and brown line),
differs by a few GeV. The result for this parameter point
(X: = —2Mgysy, tan 8 =5, Mgysy = 2 TeV) is also obtained in figure 7.2.

As it is shown in relation (5.65), FlexibleEF THiggsNNLO does not include the leading
logarithms at three loop order correctly. These logarithms can give rise to a deviation be-
tween the prediction of HSSUSY and FlexibleEFTHiggsNNLQO, which increases for higher
SUSY scales. However, by design the suppressed logarithms of
O((two loop)v? /M2 ¢y In(M2;; 6y /v?)) are treated correctly in FlexibleEFTHiggsNNLO.
Indeed, this is a crucial point in the discussion, because in the pure EFT approach terms
x v? /M2, gy (M2 6y /v?) are missing. These contributions vanish for very low and
very high SUSY scales, but they can become noticeable effects in the SUSY scale range
1 < Mgysy/TeV < 10. Additionally, the spectrum generator FeynHiggs 2.12.0 is consid-
ered to contain these contributions too and its predictions for the pole mass of the Higgs
boson agree with FlexibleEFTHiggsNNLO very good in the lower SUSY-scale region. This
indicates that the observed gap between the between HSSUSY and FlexibleEFTHiggsNNLO
in the range 1 < Mgysy/TeV< 10 can also correspond to the correct treated contributions
of logarithms suppressed by the factor v? /Mgy sy instead of uncontrolled higher order con-
tributions.

Moreover, the inclusion of two loop self energy contributions in the A matching improves
the agreement between HSSUSY (black marks) and FlexibleEF THiggsNNLO for vanishing
squark mixing and non-vanishing mixing at large SUSY scales. At this high SUSY scales
the pure EFT approach is the more reliable strategy for Higgs boson mass calculations
than fixed order approaches. Therefore, FlexibleEFTHiggsNNLO is able to reproduce the
prediction of both calculations, fixed order and EFT approach, in the regimes where they
are considered as the more precise and hence favored method. The spectrum generator
FeynHiggs 2.12.0 is based on the same idea as FlexibleEFTHiggsNNLO. The predictions of
FlexibleEFTHiggsNNLO for the pole mass of the Higgs boson are contained in the error
band until the numerical instabilities become significant at Mgysy > 10TeV. This is an
achievement of FlexibleEFTHiggsNNLO, since both codes consider similar contributions
but work differently.
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8 Uncertainty Estimation in
FlexibleEFTHiggsNNLO

In this chapter, the theoretical uncertainties for the pole mass of the Higgs boson in Flex-
ibleEFTHiggsNNLO are estimated. These uncertainties originate from neglecting higher
order contributions in the calculation. Although FlexibleEFTHiggs provides a resumma-
tion of logarithms beyond any fixed order not all contributions in perturbation theory
are included neither in the matching of A nor in the pole mass calculation within the
EFT. As discussed in section 5.4, in the pure EFT approach suppressed contributions of
O(v/Msysy) are absent in A at all orders. However, for the method FlexibleEFTHiggs
it is shown in ref. [26] that at NLO the right power suppressed terms are recovered. By
construction Flexible EFTHiggsNNLO is considered to include all suppressed terms of order
O ((one loop)v? /M3, ¢y In(Msysy /v) + (two loop)v? /M3, ¢y ). Moreover, using RGEs of
a finite order also induces theoretical uncertainties, but they are assumed to be much smaller
than the higher order contributions in the A matching and in the Higgs boson pole mass.
Hence, in this section the focus is set on the truncation error of the latter calculations.

8.1 Estimation of the Low Scale Uncertainty

In this section, the uncertainty which occurs due to the finite order calculation of the Higgs
boson pole mass in the EFT at the low scale. A suitable way to simulate the effects of higher
logarithmic contributions has been introduced in ref. [26]. As presented in this reference
the low energy scale, where EWSB conditions are imposed and the Higgs boson mass is
calculated, is varied in a certain range. The default value for the renormalization scale is
the top quark pole mass Q9 = M; is estimated as discussed in chapter 4. The missing
three loop contributions contain corrections, which can be simulated by choosing a different
scale for the calculation of the Higgs boson pole mass. Varying the renormalization scale
in the range Q € [M;/2,2M;] yields a conservative estimation of the missing higher order
corrections. The uncertainty is then defined in the same way as in ref. [26]

AM}? - Qd&?ﬁMd’MsOl@(Mo - M}];Ole(Q)L (8:1)
In figure 8.1, the red line shows the prediction for the Higgs boson pole mass for a fixed
renormalization scale Qg = My and input parameters tan 3 =5, X; = 0, Mgysy = 2 TeV.
Furthermore, black line corresponds to the prediction by varying the scale, at which the
Higgs pole mass is determined. One obtains that, M ﬁoz behaves non-monotonous for different
scales. Thus, the estimation of the uncertainty is sensitive to the bounds @ = M;/2 and
Q =2M,.
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Higgs boson pole mass M (Q), Msysy=2TeV tan3=5, X, = 2Mgysy
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Figure 8.1: Visualization of the estimation of the low scale uncertainty AM}f2 for the
specified parameters tan 5 =5, X; =0, Mgysy = 2 TeV. The obtained uncertainty band
covers the range [M}foze(Mt)JrAM,?, MP' (M) fAMhQ] The red line is associated with the
prediction of the Higgs boson pole mass in FlexibleEFTHiggsNNLO at the scale Q = M;.
Whereas the black line is the prediction of the Higgs boson pole mass for different low
scales . The yellow band represents the obtained uncertainty for M. ;‘;OZC(Q = M,).

8.2 Estimation of the High Scale Uncertainty

In this section, the aim is now to estimate the uncertainty of the higher order contributions,
which are neglected in the matching condition for A in FlexibleEFTHiggsNNLO. For this
purpose one can apply two strategies which generate higher order terms as it is defined
in [26]. This section introduces both ways and discusses the strategies.

1 Variation of the matching scale

In analogy to section 8.1 a possible way is to evaluate the pole mass matching condition
at different scales than the SUSY scale Mgysy. As described in section 4.2, by default the
matching scale and the SUSY scale are considered to be equal for the Higgs boson mass
calculation in FlexibleEFTHiggsNNLO. Varying the two scales will provide RG running of
the model parameters between the Mgy gy and the matching scale Quatch- By construction
the matching condition for A obtained in this way contains the logarithms of the ratio
Qmatch/Msusy. Therefore, higher order contributions can be estimated conservatively if the
variation of the matching scale is performed at scales Q € [Msysy /2,2Msysy]. Similarly,
the obtained value for the uncertainty can be introduced as in eq. (8.1)

AMQmatch = max Mpole M _MPOle . 82
" QE[MSUsy/2,2MSUSY]’ ho (M) ho (@) (8.2)

Thus, the estimated uncertainty can be obtained from figure 8.2 for the predicted value
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8.2 Estimation of the High Scale Uncertainty

of the Higgs boson pole mass for the parameters tanf = 5, X; = 0, Mgygy = 2 TeV.
Furthermore, the value for the uncertainty is obtained to be very sensitive for the bounds
Q@ = Msysy /2 and Q = 2Msysy -

Higgs boson pole mass M,’[‘71’5(Q,,,,,,,,{.,,,), Mgygy=2TeV, tanf=5, X, =2Mgysy
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Figure 8.2: Illustration of the estimation of the high scale uncertainty AZW,?"““““ for
the parameters tang = 5, X; = 0, Msysy = 2 TeV. The red line represents the
Higgs boson pole mass as predicted by FlexibleEFTHiggsNNLO for the A matching scale
Qmatch = Msysy. The black line is the prediction of the Higgs boson pole mass for dif-
ferent renormalization scales. The purple band shows the estimated uncertainty for M ,Z;OIe

for Qmatch = MSUSY-

2 Variation of the matching of the top Yukawa coupling

The one loop Higgs boson mass is affected by the leading Yukawa coupling contributions,
as presented in eq. (5.33). Because of the large coupling and the color factor, this contribu-
tion alone is capable of shifting the pole mass of the Higgs boson significantly. The variation
of the top Yukawa coupling by few percent leads simultaneously to changes in the Higgs
boson pole mass in the 1 GeV range. Inevitably, this behavior causes a noticeable change
in A through the pole mass matching condition. In FlexibleEFTHiggsNNLO the maximal
precision is used by default e.g. the top Yukawa coupling is matched at two loop order, see
section 4.2. As discussed in section 5.7 this introduces three loop terms in the matching
condition, which contain logarithmic as well as non-logarithmic terms. Hence, changing the
order of the matching of the top Yukawa coupling estimates the magnitude of higher order
contributions. The uncertainty for the pole mass of the Higgs boson, introduced in ref. [26],
was motivated by the missing two loop contributions in FlexibleEF'THiggsNLO. Since they
are included in FlexibleEFTHiggsNNLO the corresponding uncertainty is defined by

vS. ole ; MISSM,(2 ole ; MSSM,(1
AN 2 pgpete (ISR ppote gy SSMLLY | (8.3)

For FlexibleEFTHiggsNLO a slightly different estimation has been used in ref. [26]. This is
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8 Uncertainty Estimation in FlexibleEFTHiggsNNLO

because for an NLO A matching the missing NNLO contributions are estimated by varying
the top Yukawa coupling matching between LO and NLO.

8.3 NLO-NNLO Uncertainty Comparison within
FlexibleEFTHiggs

The different sources of uncertainties for FlexibleEFTHiggsNLO and FlexibleEF THiggsNNLO
are presented in figure 8.3. From this figure it is obtained that the uncertainty AM }? (yel-
low), which results from varying the low scale, decreases if the A matching is performed
at NNLO. Thus the estimation of this uncertainty is reduced to AM}(Z2 ~ 200MeV. Fur-

thermore, the uncertainty AM}* (turquoise) is reduced to even lower values than A]\Ji2
in FlexibleEFTHiggsNNLO. The purple band shows the uncertainty for the high scale in
AM ,?m‘*“h, which originates from varying the matching scale as described in 8.2. This source
causes a uncertainty up to 2 GeV in FlexibleEFTHiggsNNLQO. This is obtained for different
squark mixing with a SUSY scale of 2 TeV and for different SUSY scales with a stop quark
mixing X7 = 2Mgygy. Comparing the figures (c) and (d) one observes that the magnitude
of the induced error increases substantially for the NNLO calculation. A similar behavior is
also obtained in the figures (a) and (b) , where the uncertainty due to varying the matching
scale rises for |X;| < 1. This behavior of FlexibleEFTHiggsNNLO is not expected, since
it possesses higher order contributions which are missing in FlexibleEFTHiggsNLO at the
matching scale. However, the uncertainties in FlexibleEFTHiggsNLO are in general un-
derestimated if only the discussed contributions are considered. A relevant uncertainty, as
presented in ref. [26], is the estimation of two loop contributions to the coupling A. Since
these contributions are correctly reproduced by the pole mass matching in FlexibleEFTHig-
gsNNLOQO, they have not been included in the discussion.

8.4 Combined Uncertainty in FlexibleEFTHiggsNNLO

The two contributions to the uncertainty in FlexibleEFTHiggsNNLO are now combined
in order to provide a reliable estimation for the theoretical uncertainty. The low scale
uncertainties discussed in 8.1 are partially induced by the same higher order contributions in
the MSSM. A possible way to combine these two uncertainties has been presented in ref. [26].
By taking the maximum of both low scale uncertainties for every examined parameter point
the procedure ensures that no underestimation occurs. Furthermore, the contributions from
varying the scale contain logarithms, thus the correct treatment is done by taking the
uncertainty to the second power [26]

Ay = [ (802)" + (smax {2z o2 an0)) 5.0

This treatment is consistent with th usual formula for the propagation of uncertainties for
uncorrelated errors.

The combined uncertainty for different SUSY scales is shown in figure 8.4. It is obtained
that this value for the uncertainty is of order 2 — 3 GeV for high SUSY scales. Due to
correct treatment of the power suppressed contributions at the considered order, the “EFT“
uncertainty does not need to be included. The missing suppressed terms are of three-loop
order in FlexibleEFTHiggsNNLO and their influence to the Higgs boson mass is much
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Figure 8.3: Comparison of different sources of uncertainties for FlexibleEFTHig-
gsNLO and FlexibleEFTHiggsNNLO. The right panels visualize the uncertainties in Fle-
xibleEFTHiggsNNLO of the low scale: AM,‘;2 in yellow and AM}* 1ws-2L 41 furquoise and

the high scale: AM}?“““““ in purple. Figures (a) and (c) illustrate the same uncertainties

with the low scale estimation A

Myt OLwvs. 1L
h

in turquoise. In all presented plots the value

is generated for tan 8 = 5. For the top row the SUSY scale is set to Mgysy = 2TeV and
in the bottom row considered stop mixing is set to X; = —2Mgpsy -
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Figure 8.4: Prediction for the pole mass of the Higgs boson and for theory uncertainty in
FlexibleEF THiggsNNLO for different SUSY scales. The stop mixing is vanishing X; = 0
and tan f§ = 5.

smaller than higher unsuppressed contributions. Thus, at low SUSY scales the uncertainty
is in general smaller in FlexibleEFTHiggs than in pure-EFT calculations. The uncertainty
for different values in X; and Mgygy = 2TeV is visualized in figure 8.5. One obtains that
for a small stop mixing range X; < 1 the uncertainty is about AM} ~ 2 GeV. However for
larger stop mixing e.g. X; = 2.5Mgygy the uncertainty increases to AMj =~ 5 GeV, which
is mainly caused by the estimation of the high scale uncertainty AM ,?ma“h as it is shown in
figure 8.3b.

The obtained theoretical uncertainty for the Higgs boson pole mass is still much higher
in FlexibleEFTHiggsNNLO than the experimental uncertainty. This is mainly caused by
the high scale uncertainty AM,?maWh. There is no reason to believe, that the NNLO A
matching produces a higher uncertainty than the NLO matching at the high scale. Hence,
it is presumed that this is a too conservative approach for the uncertainty at the high scale.
This motivates to search for other strategies which estimate a lower uncertainty in the A
matching at NNLO than at NLO.
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is set to Msysy = 2TeV and tan 8 = 5.
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9 Summary

The purpose of this thesis was the improvement of precise calculations of the Higgs boson
pole mass in the MSSM within the framework of FlexibleSUSY. In particular, the already ex-
isting method FlexibleEFTHiggsNLO has been extended in order to include leading NNLO
corrections at O(as(ay + ap) + (ay + ap)? + a2) in the matching condition in A and, thus,
allowing the correct resummation of further large logarithms while ensuring that the pole
mass of the Higgs boson is correct at two loop. This was achieved and the procedure was
examined by using analytical calculations and numerical studies.

The equivalence of the matching condition between FlexibleEF THiggsNNLO and other
public codes has been proven at O(asay + o?). This is a non-trivial statement since the
choice of the matching condition is ambiguous if contributions from finite order are con-
sidered. Furthermore, it has been shown that the matching procedure performed by Flexi-
bleEFTHiggsNNLO gives rise to three loop logarithms in the matching condition for A. In
particular, the logarithmic contributions to A at O(a2ay) have been determined. Never-
theless the pole mass matching condition for A , applied in FlexibleEFTHiggsNNLQO, is an
elegant method which reproduces by construction the correct matching procedure at NNLO
for a nearly arbitrary choice of a soft mass spectrum. This fact emphasizes the advan-
tage of FlexibleEFTHiggsNNLO with regard to the discussed spectrum generators, since at
present the public codes are not capable of handling the resummation of large logarithms
with an O(a?) matching condition in A for two different stop masses mz # mz,. Thus,
FlexibleEF THiggsNNLO generalizes the matching in an elegant way. The effects of the
enlarged matching condition in A\ were tested numerically and it has been observed that
the inclusion of self energies at O(asay + «F) is important for the agreement with other
spectrum generators.

In this thesis, the prediction for the pole mass was compared to a fixed order calculation
and EFT based calculations. The central result of this thesis is that FlexibleEFTHig-
gsNNLO is capable of reproducing the numerical results of both methods, which are con-
sidered to give reliable predictions in their respective SUSY scales. This agreement is very
good for arbitrary stop mixing and excellent for vanishing X;. It is emphasized that also
FlexibleEF THiggsNLO agrees with the extended version and HSSUSY for vanishing squark
mixing, where the two loop contributions in the A matching are rather small. However, for a
larger amount of squark mixing, where FlexibleEFTHiggsNNLO agrees with HSSUSY, Flex-
ibleEFTHiggsNLO results deviate from both predictions by 1-2 GeV at high SUSY scales.
Nevertheless, all results from HSSUSY and FlexibleEFTHiggsNLO/NNLO lie in the esti-
mated uncertainty at these SUSY scales. For a large magnitude of stop mixing and SUSY
scales in the 1 < Mgpygy /TeV < 10 range FlexibleEFTHiggsNNLO predicts a higher value
for the pole mass of the Higgs boson than HSSUSY. It has been discussed that this effect
does not seem to be convincingly caused by incorrect logarithmic contributions at NNNLO
in the A matching procedure. Based on the same method as FlexibleEFTHiggsNNLO,
the spectrum generator FeynHiggs 2.12 produces the same effect in this parameter region.
Hence, it is presumed that this gap of 1GeV may also correspond to correctly included
suppressed logarithms, which are missing in HSSUSY. This is an issue of high interest and
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has to be investigated further because a large magnitude of stop mixing and SUSY scales at
few TeV are consistent with a Higgs boson mass of 125 GeV in the MSSM. This interesting
scenario is in accessible range for current experiments at the LHC.

Finally, an elaborated method for the estimation of the uncertainty was applied to Flex-
ibleEFTHiggsNNLO. The uncertainty is mainly dominated by the SUSY scale uncertainty,
which is sensitive to higher order contributions in the pole mass matching condition. This
effect causes the uncertainty to take value of 1-5 GeV. From the comparison of Flexi-
bleEFTHiggsNLO/NNLO it has been obtained, that the low scale uncertainty reduces sub-
stantially if two loop contributions are consistently included. In contrast, the high scale
uncertainty remains very large if the two loop contributions are treated correctly. This has
been not expected to happen and therefore there is a reason to believe that the applied
approach for estimating the high scale uncertainty is too conservative for FlexibleEF THig-
gsNNLO.

Conclusively, the combined methods of a fixed order calculation and EFT based resum-
mation of large logarithms was successfully embedded in FlexibleEF THiggs framework with
A matching at NNLO. This calculation makes reliable predictions for low and high scales of
soft mass spectra in the MSSM. All spectrum generators, which are considered to reproduce
reliable predictions, are consistent with the results obtained from FlexibleEFTHiggsNNLO.
Due to its judicious matching procedure it is possible to extend this method on non-minimal
extensions of the SM in the near future.
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A Weyl Spinors

Dirac Spinors

The Dirac spinor ¥ = (11,2, 1%3,14) is an element in a four dimensional complex vector
space, the spinor space on whom a certain Lorentz transformation (LT) S(A) can be defined.
Furthermore, the gamma matrices v* are defined on this so-called spinor space and are
restricted by the Clifford algebra

{v" 7"} = 29" Laxa. (A1)

In the Weyl representation they have the concrete form

=3 = (%7): (A2)

Note that the Weyl representation is used throughout all of the following section. The
chirality operator v° completes together with v* the Clifford algebra and is defined as

-1 0

5._ . 0.1.2.3 _

7-—@7777—(0 1>‘ (A.3)
This means also that the anticommutation relation (A.1) can be extended for v°: {75, y#} =
0 for u € {0,1,2,3} together with the condition {7°,7°} = 214.4. However, both the left-
handed and right-handed part of an arbitrary Dirac spinor, are eigenvectors of the chirality

operator with eigenvalue +1 and —1 respectively. With the aim of defining Weyl spinors,
we introduce the projection operators

Pi=3=2= (5 o). (4.4)
P = %(1 +P) = (8 2) . (A5)

Hence, we can decompose one Dirac spinor W into left- and right-handed part, which corre-
spond to the so-called Weyl spinors ¥ and y

P1 0
o 0
PLU = , PRU — , A6
L 0 R U3 (A.6)
0 Py

vim (1) = o) o= (1) =0 (A7)

As mentioned above, a unitary representation of the Lorentz group on the spinor space is
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A Weyl Spinors

defined such that the spacetime LT A affects the spinor as
U — S(A)U. (A.8)

An infinitesimal transformation A*, = 6", +w*, leads to an expansion in the representation

S(A=0+w) =Ly — %wmspg, with (A.9)
. 3 ~_(5ps O
Spo = 4[7,),%] = < 0 5pg> ) (A.10)

Since the Matrix S, in (A.10) has a block form, the transformation is reducible. This means
that the four dimensional complex spinor space decompose into two invariant subspaces,
where the Lorentz group is acting on. Indeed, a Weyl spinor can therefore be regarded as a
element of a two dimensional complex vector space on whom the simplest, non-trivial and
irreducible representations of the Lorentz algebra is defined on.
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B Grassmann Numbers and Graded Lie
Algebras

B.1 Grassmann Numbers

Grassmann numbers G are defined by satisfying a fermionic relation
{6;,0;} =0, 0,67 € G. (B.1)

In the case i,7 € {1,2} they are therefore characterized as components of Weyl spinors.
This additional structure implies an mathematically interesting point. Since (6;)? = 0,
Grassmann numbers are non-zero square-roots of zero. As one would expect from the
vector space structure of Weyl spinors, Grassmann numbers incorporate complex numbers
z € C in this way

z-6; € G, [2;6;] = 0. (B.2)

Henceforth, the case 7,5 € {1,2} is considered. One can go one step further and define a
function on this numbers. The fact that such a function is holomorphic makes it easy to
express f(6) in general. The Taylor series of f(6) truncates early and the function has the
general form

F(6) = a+ 10, + dbo. (B.3)

Derivatives w.r.t. Grassmann numbers can be defined as

0 0
g8 . 5P 2, =S
89010 . 504’ agaeﬁ . (55, (B4)
o s . o )
— 9P =P —0, :=5%. B.5
004 o’ 04 8 B (B-5)
This derivatives are fermionic and obey
0 0 0 vz O
= _P = B.
90, © 8P 00, ogb (B.6)

By using the principles of translation invariance and linearity, integrals over 6 can be
defined as functionals:

/ d%0(a + 0, + dbh) = d, (B.7)

/d29(a + 150 4 dAf) = d, (B.8)

/ do = / d%6d20. (B.9)
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B.2 Graded Lie Algebras

The concept of Lie algebra can be extended with the idea of including fermionic generators,
i.e. operators which satisfy anticommuting relations. The structure of a graded algebra
captures this feature by introducing the Lie product in a generalized way. Let O;, O; be
operators of a graded Lie algebra, then

[Oi, Oj]Lie = Oin — (—1)77””0]'01' = hijk:Oka (B.lO)

introduces new structure constants h;;; that no longer have to be totally antisymmetric.
The graded Lie product is defined by the use of the so-called gradings ;.

—_— { 0 : O, bosonic generator (B.11)

1 : O; fermionic generator

Since 7; can only take two values i € {0,1}, this algebra is called Zs-graded. If O;, O;
are both fermionic the graded Lie bracket [.,.]r;e become, as required, the anticommuting
brackets. Otherwise the graded Lie bracket is still the commutator with total antisymmetric
structure constants.

70



Bibliography

[1] CMS Collaboration, S. Chatrchyan et al., Observation of a new boson at a mass of
125 GeV with the CMS experiment at the LHC, Phys. Lett. B716 (2012) 3061,
arXiv:1207.7235 [hep-ex].

[2] ATLAS, CMS Collaboration, G. Aad et al., Combined Measurement of the Higgs
Boson Mass in pp Collisions at \/s =7 and 8 TeV with the ATLAS and CMS
Ezperiments, Phys. Rev. Lett. 114 (2015) 191803, arXiv:1503.07589 [hep-ex].

[3] S. Weinberg, The Making of the standard model, Eur. Phys. J. C34 (2004) 5-13,
arXiv:hep-ph/0401010 [hep-ph]. [,99(2005)].

[4] SLD Electroweak Group, SLD Heavy Flavor Group, DELPHI, LEP, ALEPH, OPAL,
LEP Electroweak Working Group, L3 Collaboration, t. S. Electroweak, A
Combination of preliminary electroweak measurements and constraints on the
standard model, arXiv:hep-ex/0312023 [hep-ex].

[5] S. P. Martin, A Supersymmetry primer, arXiv:hep-ph/9709356 [hep-ph]. [Adv. Ser.
Direct. High Energy Phys.18,1(1998)].

[6] M. Schwartz, Quantum Field Theory and the Standard Model. Quantum Field Theory
and the Standard Model. Cambridge University Press, 2014.

[7] K.-i. Shizuya, Quantization of the Massive Yang-Mills Field in Arbitrary Gauges,
Nucl. Phys. B94 (1975) 260-268.

[8] F. Englert and R. Brout, Broken Symmetry and the Mass of Gauge Vector Mesons,
Phys. Rev. Lett. 13 (1964) 321-323.

[9] P. W. Higgs, Broken Symmetries and the Masses of Gauge Bosons, Phys. Rev. Lett.
13 (1964) 508-509.

[10] P. W. Higgs, Broken symmetries, massless particles and gauge fields, Phys. Lett. 12
(1964) 132-133.

[11] G. S. Guralnik, C. R. Hagen, and T. W. B. Kibble, Global Conservation Laws and
Massless Particles, Phys. Rev. Lett. 13 (1964) 585-587.

[12] M. Kobayashi and T. Maskawa, CP Violation in the Renormalizable Theory of Weak
Interaction, Prog. Theor. Phys. 49 (1973) 652-657.

[13] M. F. Sohnius, Introducing Supersymmetry, Phys. Rept. 128 (1985) 39-204.

[14] R. Kallosh, An Update on Perturbative N=8 Supergravity, arXiv:1412.7117
[hep-th].

71


http://dx.doi.org/10.1016/j.physletb.2012.08.021
http://arxiv.org/abs/1207.7235
http://dx.doi.org/10.1103/PhysRevLett.114.191803
http://arxiv.org/abs/1503.07589
http://dx.doi.org/10.1142/9789812567147_0005, 10.1140/epjc/s2004-01761-1
http://arxiv.org/abs/hep-ph/0401010
http://arxiv.org/abs/hep-ex/0312023
http://arxiv.org/abs/hep-ph/9709356
http://dx.doi.org/10.1016/0550-3213(75)90492-7
http://dx.doi.org/10.1103/PhysRevLett.13.321
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1103/PhysRevLett.13.508
http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1016/0031-9163(64)91136-9
http://dx.doi.org/10.1103/PhysRevLett.13.585
http://dx.doi.org/10.1143/PTP.49.652
http://dx.doi.org/10.1016/0370-1573(85)90023-7
http://arxiv.org/abs/1412.7117
http://arxiv.org/abs/1412.7117

Bibliography

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

72

7. Bern, S. Davies, and T. Dennen, The Ultraviolet Critical Dimension of
Half-Mazimal Supergravity at Three Loops, arXiv:1412.2441 [hep-th].

S. Ferrara, J. Wess, and B. Zumino, Supergauge Multiplets and Superfields, Phys.
Lett. B51 (1974) 239.

L. Girardello and M. T. Grisaru, Soft Breaking of Supersymmetry, Nucl. Phys. B194
(1982) 65.

I. Aitchison, Supersymmetry in Particle Physics: An Elementary Introduction.
Cambridge University Press, 2007.

P. Athron, J.-h. Park, D. Stéckinger, and A. Voigt, FlexibleSUSY—A spectrum
generator generator for supersymmetric models, Comput. Phys. Commun. 190 (2015)
139-172, arXiv:1406.2319 [hep-ph].

F. Staub, SARAH 4 : A tool for (not only SUSY) model builders, Comput. Phys.
Commun. 185 (2014) 1773-1790, arXiv:1309.7223 [hep-phl].

B. C. Allanach et al., SUSY Les Houches Accord 2, Comput. Phys. Commun. 180
(2009) 825, arXiv:0801.0045 [hep-ph].

P. Z. Skands et al., SUSY Les Houches accord: Interfacing SUSY spectrum
calculators, decay packages, and event generators, JHEP 07 (2004) 036,
arXiv:hep-ph/0311123 [hep-ph].

T. Steudtner, Automatic Resummation of Logarithmic Enhanced Multiloop
Contributions to the lightest CP-even Higgs Boson Mass in FlexibleSUSY, master
thesis, Technische Universitét Dresden, 2015.

J. Fleischer, F. Jegerlehner, O. V. Tarasov, and O. L. Veretin, Two loop QCD
corrections of the massive fermion propagator, Nucl. Phys. B539 (1999) 671-690,
arXiv:hep-ph/9803493 [hep-ph]. [Erratum: Nucl. Phys.B571,511(2000)].

A. Bednyakov, A. Onishchenko, V. Velizhanin, and O. Veretin, Two loop
O(alpha-s**2) MSSM corrections to the pole masses of heavy quarks, Eur. Phys. J.
C29 (2003) 87-101, arXiv:hep-ph/0210258 [hep-phl].

P. Athron, J.-h. Park, T. Steudtner, D. Stockinger, and A. Voigt, Precise Higgs mass
calculations in (non-)minimal supersymmetry at both high and low scales,
arXiv:1609.00371 [hep-phl].

T. Appelquist and J. Carazzone, Infrared singularities and massive fields, Phys. Rev.
D 11 (1975) 2856-2861.

G. Degrassi, P. Slavich, and F. Zwirner, On the neutral Higgs boson masses in the
MSSM for arbitrary stop mizing, Nucl. Phys. B611 (2001) 403-422,
arXiv:hep-ph/0105096 [hep-ph].

A. Brignole, G. Degrassi, P. Slavich, and F. Zwirner, On the O(alpha(t)**2) two loop
corrections to the neutral Higgs boson masses in the MSSM, Nucl. Phys. B631 (2002)
195-218, arXiv:hep-ph/0112177 [hep-ph].


http://arxiv.org/abs/1412.2441
http://dx.doi.org/10.1016/0370-2693(74)90283-4
http://dx.doi.org/10.1016/0370-2693(74)90283-4
http://dx.doi.org/10.1016/0550-3213(82)90512-0
http://dx.doi.org/10.1016/0550-3213(82)90512-0
http://dx.doi.org/10.1016/j.cpc.2014.12.020
http://dx.doi.org/10.1016/j.cpc.2014.12.020
http://arxiv.org/abs/1406.2319
http://dx.doi.org/10.1016/j.cpc.2014.02.018
http://dx.doi.org/10.1016/j.cpc.2014.02.018
http://arxiv.org/abs/1309.7223
http://dx.doi.org/10.1016/j.cpc.2008.08.004
http://dx.doi.org/10.1016/j.cpc.2008.08.004
http://arxiv.org/abs/0801.0045
http://dx.doi.org/10.1088/1126-6708/2004/07/036
http://arxiv.org/abs/hep-ph/0311123
http://dx.doi.org/10.1016/S0550-3213(99)00794-4, 10.1016/S0550-3213(98)00705-6
http://arxiv.org/abs/hep-ph/9803493
http://dx.doi.org/10.1140/epjc/s2003-01178-4
http://dx.doi.org/10.1140/epjc/s2003-01178-4
http://arxiv.org/abs/hep-ph/0210258
http://arxiv.org/abs/1609.00371
http://dx.doi.org/10.1016/S0550-3213(01)00343-1
http://arxiv.org/abs/hep-ph/0105096
http://dx.doi.org/10.1016/S0550-3213(02)00184-0
http://dx.doi.org/10.1016/S0550-3213(02)00184-0
http://arxiv.org/abs/hep-ph/0112177

Bibliography

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

A. Dedes and P. Slavich, Two loop corrections to radiative electroweak symmetry
breaking in the MSSM, Nucl. Phys. B657 (2003) 333-354, arXiv:hep-ph/0212132
[hep-phl.

A. Dedes, G. Degrassi, and P. Slavich, On the two loop Yukawa corrections to the
MSSM Higgs boson masses at large tan beta, Nucl. Phys. B672 (2003) 144-162,
arXiv:hep-ph/0305127 [hep-ph].

P. Draper and H. Rzehak, A Review of Higgs Mass Calculations in Supersymmetric
Models, Phys. Rept. 619 (2016) 1-24, arXiv:1601.01890 [hep-ph].

J. Pardo Vega and G. Villadoro, SusyHD: Higgs mass Determination in
Supersymmetry, JHEP 07 (2015) 159, arXiv:1504.05200 [hep-ph].

E. Bagnaschi, G. F. Giudice, P. Slavich, and A. Strumia, Higgs Mass and Unnatural
Supersymmetry, JHEP 09 (2014) 092, arXiv:1407.4081 [hep-ph].

D. Buttazzo, G. Degrassi, P. P. Giardino, G. F. Giudice, F. Sala, A. Salvio, and
A. Strumia, Investigating the near-criticality of the Higgs boson, JHEP 12 (2013) 089,
arXiv:1307.3536 [hep-phl].

A. V. Bednyakov, A. F. Pikelner, and V. N. Velizhanin, Higgs self-coupling
beta-function in the Standard Model at three loops, Nucl. Phys. B875 (2013) 552-565,
arXiv:1303.4364 [hep-ph].

J. R. Espinosa and R.-J. Zhang, MSSM lightest CP even Higgs boson mass to
O(alpha(s) alpha(t)): The Effective potential approach, JHEP 03 (2000) 026,
arXiv:hep-ph/9912236 [hep-ph].

C. Ford, I. Jack, and D. R. T. Jones, The Standard model effective potential at two
loops, Nucl. Phys. B387 (1992) 373-390, arXiv:hep-ph/0111190 [hep-phl].
[Erratum: Nucl. Phys.B504,551(1997)].

J. R. Espinosa and R.-J. Zhang, Complete two loop dominant corrections to the mass
of the lightest CP even Higgs boson in the minimal supersymmetric standard model,
Nucl. Phys. B586 (2000) 3-38, arXiv:hep-ph/0003246 [hep-ph].

P. Draper, G. Lee, and C. E. M. Wagner, Precise estimates of the Higgs mass in heavy
supersymmetry, Phys. Rev. D89 no. 5, (2014) 055023, arXiv:1312.5743 [hep-ph].

B. C. Allanach, A. Djouadi, J. L. Kneur, W. Porod, and P. Slavich, Precise
determination of the neutral Higgs boson masses in the MSSM, JHEP 09 (2004) 044,
arXiv:hep-ph/0406166 [hep-ph].

H. Bahl and W. Hollik, Precise prediction for the light MSSM Higgs boson mass
combining effective field theory and fized-order calculations, Fur. Phys. J. C76 no. 9,
(2016) 499, arXiv:1608.01880 [hep-ph].

S. Dimopoulos and H. Georgi, Softly Broken Supersymmetry and SU(5), Nucl. Phys.
B193 (1981) 150-162.

S. Heinemeyer, W. Hollik, and G. Weiglein, The Mass of the lightest MSSM Higgs
boson: A Compact analytical expression at the two loop level, Phys. Lett. B455 (1999)
179-191, arXiv:hep-ph/9903404 [hep-ph].

73


http://dx.doi.org/10.1016/S0550-3213(03)00173-1
http://arxiv.org/abs/hep-ph/0212132
http://arxiv.org/abs/hep-ph/0212132
http://dx.doi.org/10.1016/j.nuclphysb.2003.08.033
http://arxiv.org/abs/hep-ph/0305127
http://dx.doi.org/10.1016/j.physrep.2016.01.001
http://arxiv.org/abs/1601.01890
http://dx.doi.org/10.1007/JHEP07(2015)159
http://arxiv.org/abs/1504.05200
http://dx.doi.org/10.1007/JHEP09(2014)092
http://arxiv.org/abs/1407.4081
http://dx.doi.org/10.1007/JHEP12(2013)089
http://arxiv.org/abs/1307.3536
http://dx.doi.org/10.1016/j.nuclphysb.2013.07.015
http://arxiv.org/abs/1303.4364
http://dx.doi.org/10.1088/1126-6708/2000/03/026
http://arxiv.org/abs/hep-ph/9912236
http://dx.doi.org/10.1016/0550-3213(92)90165-8, 10.1016/S0550-3213(97)00532-4
http://arxiv.org/abs/hep-ph/0111190
http://dx.doi.org/10.1016/S0550-3213(00)00421-1
http://arxiv.org/abs/hep-ph/0003246
http://dx.doi.org/10.1103/PhysRevD.89.055023
http://arxiv.org/abs/1312.5743
http://dx.doi.org/10.1088/1126-6708/2004/09/044
http://arxiv.org/abs/hep-ph/0406166
http://dx.doi.org/10.1140/epjc/s10052-016-4354-8
http://dx.doi.org/10.1140/epjc/s10052-016-4354-8
http://arxiv.org/abs/1608.01880
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/0550-3213(81)90522-8
http://dx.doi.org/10.1016/S0370-2693(99)00417-7
http://dx.doi.org/10.1016/S0370-2693(99)00417-7
http://arxiv.org/abs/hep-ph/9903404

Bibliography

[45] G. Degrassi, S. Di Vita, J. Elias-Miro, J. R. Espinosa, G. F. Giudice, G. Isidori, and
A. Strumia, Higgs mass and vacuum stability in the Standard Model at NNLO, JHEP
08 (2012) 098, arXiv:1205.6497 [hep-ph].

[46] J. Unger, Supersymmetry Invariance of Dimensional Reduction Applied to Higgs
Boson Mass Calculations, master thesis, Technische Universitdt Dresden, 2016.

74


http://dx.doi.org/10.1007/JHEP08(2012)098
http://dx.doi.org/10.1007/JHEP08(2012)098
http://arxiv.org/abs/1205.6497

Bibliography

Danksagung

Hiermit mochte ich Dominik Stockinger fiir seine ausgezeichnete Betreuung danken. Er
schlug das Thema der Arbeit vor und unterstiitzte mich in zahlreichen Diskussionen wann
immer ich Hilfe benotigte. Ein besonderer Dank gilt Alexander Voigt und Tom Steudtner
fiir ihre auferordentlich umfangreiche Hilfe, die sie mir zukommen lassen haben. Des Weit-
eren danke ich der gesamten Arbeitsgruppe fiir die angenehme Arbeitsatmosphére und die
grofziigige Hilfsbereitschaft mit der sie mir immer zur Seite standen. Insbesondere méchte
ich Markus Bach, Phillip Diefiner, Sebastian Liebschner, Josua Unger und Jan Wichmann
danken fiir die vielen wertvollen Diskussionen und das gewissenhafte Korrigieren meiner
Arbeit.

Es sei an dieser Stelle auf die Anmerkung von Josua in Referenz [46] zur naheliegenden Na-
mensgebung des geladenen Fermions im Toymodell verwiesen. Sollte der beschriebene An-
griff des Higgstrons eintreten, so bin ich zuversichtlich, dass sich alle entstehenden Gefahren
durch eine angemessene Eichung wegheben lassen.

Abschliefsend bedanke ich mich bei meiner Familie, die mich jederzeit unterstiitzt hat.

75






Erklarung

Hiermit erklére ich, dass ich diese Arbeit im Rahmen der Betreuung am Institut fiir
Kern- und Teilchenphysik ohne unzulissige Hilfe Dritter verfasst und alle Quellen als

solche gekennzeichnet habe.

Name
Ort, Datum

77



	Introduction
	Standard Model of Particle Physics
	Symmetries
	Poincaré Symmetry
	Gauge Symmetry

	Gauge Bosons
	Fermions
	Electroweak Symmetry Breaking

	Supersymmetry
	General Concepts
	Super-Poincaré Algebra
	Superspace Formalism
	Superspace Lagrangian

	Minimal Supersymmetric Standard Model
	R-Parity
	MSSM Lagrangian
	Higgs Sector and Symmetry Breaking


	FlexibleSUSY
	FlexibleSUSY the Spectrum Generator Generator
	Tower of Effective Theories and FlexibleEFTHiggs

	Higgs Boson Mass Calculation
	Effective Field Theory Technique
	Fixed order calculations in the MSSM
	Resummation of Large Logarithms
	Pole Mass Matching in 
	Momentum Iteration
	Corrections to the Higgs Boson Pole Mass at O(t)
	Two Loop Corrections from the Effective Potential

	Pole Mass Matching EFT-Tower at O(st) in 
	Pole Mass Matching EFT-Tower at O(t2) in 
	Corrections to  in FlexibleEFTHiggsNNLO at O(s2t)

	Comparison of Threshold Corrections to 
	Comparison of FlexibleEFTHiggs with other Spectrum Generators
	Comparison for Xt=0
	Comparison for Xt=0

	Uncertainty Estimation in FlexibleEFTHiggsNNLO
	Estimation of the Low Scale Uncertainty
	Estimation of the High Scale Uncertainty
	NLO-NNLO Uncertainty Comparison within FlexibleEFTHiggs
	Combined Uncertainty in FlexibleEFTHiggsNNLO

	Summary
	Weyl Spinors
	Grassmann Numbers and Graded Lie Algebras
	Grassmann Numbers
	Graded Lie Algebras

	Bibliography

