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Abstract

One of the most promising models for Beyond Standard Model physics is the Minimal Su-
persymmetric Standard Model (MSSM). It is a distinct feature of the MSSM that the mass of
the lightest Higgs boson is calculable in terms of the model parameters. Identifying this Higgs
boson with the recently discovered Higgs boson at the LHC, a precision calculation is neces-
sary to fully profit theoretically from the accurateness reached in the measurement of the Higgs
boson’s mass. Existing Feynman-diagrammatic calculations are already quite accurate for low
masses of supersymmetric particles. For heavy supersymmetric particles however, the result
contains large logarithms, which need to be resummed. This can be achieved in an effective
field theory approach using renormalization group equations. To profit also from the explicit
diagrammatic calculation, both methods have to be combined taking care of the different em-
ployed renormalization schemes and avoiding double-counting of one- and two-loop terms. This
thesis refines this approach by extending it to electroweak contributions and implementing a
chargino/neutralino as well as a gluino threshold. Corrections up to ~ 5 GeV are found for
heavy spectra. In addition, short overviews over supersymmetry, the MSSM and the calculation
of the lightest Higgs bosons mass in the different approaches are presented.
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Chapter 1

Introduction

The Standard Model (SM) of particle physics has been developed in the second half of the
last century. It is remarkably successful in describing the interactions of fundamental particles.
Precise calculations agree astonishingly well with experiments (e.g. the anomalous magnetic
moment of the electron, see [1] for an experimental value and [2] for a theoretical prediction)
confirming the underlying model. Nevertheless, until recently, one part of the model was missing.
The Higgs boson, respectively the Higgs field and therefore the Higgs mechanism developed in
the 60s [3-5], is needed to implement mass terms consistently into the SM. Its discovery 3
years ago by ATLAS [6] and CMS [7] was an important breakthrough in particle physics. In a
combined analysis [8], they determined the Higgs-boson mass M}, to be

My, =125.09 £0.21 £0.11 GeV. (1.1)

Despite of this success, the SM leaves some questions of both experimental and theoretical
nature open. Measurements of some observables show deviations of the predicted values (e.g. the
anomalous magnetic moment of the muon [9]) or are not explainable in the SM (e.g. observation
of neutrino mixing [10,/11]). On the other hand there are several theoretical shortcomings of
the SM. The main issues is maybe that it is not able to incorporate gravity in a meaningful
way. A more advanced theoretical framework is needed to derive a theory describing all four
fundamental forces. Another issues is the so-called hierarchy problem. Quantum effects raise
the mass of the Higgs boson to non-acceptable values. This can only be avoided by extremely
fine-tuning the SM, which is considered as unnatural.

Several theoretical frameworks have been developed to adress at least some of these prob-
lems. One promising candidate is the concept of Supersymmetry (SUSY) relating bosons to
fermions. The simplest phenomenologically viable model realising this concept is called Min-
imal Supersymmetric Standard Model (MSSM). It predicts a bunch of new particles, i.e. each
SM-particle gets a superpartner with the same couplings and quantum numbers but for the spin,
which is shifted by 1/2. Moreover, the Higgs sector of the MSSM is extended. It consists out of
two Higgs doublets. These correspond to 5 physical Higgs bosons, 2 CP-even neutral bosons h,
H (of which one plays the role of the already discovered SM-like Higgs boson), 1 neutral CP-odd
boson A, as well as two charged bosons H*.

So far none of these additional SUSY-particles has been discovered. This does not disprove
the MSSM, since due to SUSY-breaking the superpartners can get large masses in comparison
to their SM counterparts (albeit this certainly affects the naturalness of the MSSM) making
them undetectable with current collider experiments. A second way to constrain the MSSM



are indirect measurements. Through virtual effects the superpartners enter in the calculation of
precision observables. Thereby, a comparison between theoretical evaluations and experimental
results allows to restrict the parameter space of the model.

Typical precision observables are e.g. the mass of the W-boson My, the mass of the Z-boson
My, the electroweak mixing angle sin?#,, or the anomalous magnetic moment of the muon ay.
If examining the MSSM, the Higgs-boson mass can be added to this list. The reason is that
the mass of the lightest CP-even Higgs boson is calculable in the MSSM in dependence of the
model parameters. At tree-level it is given by M? = MZ cos? 283 (with tan 8 being the ratio of
the vacuum expectation values of the two Higgs doublets). So, the lightest Higgs-boson mass is
bounded by M at tree-level, which is clearly in contradiction to the results of the LHC. However,
the Higgs-boson mass is significantly raised by loop contributions with the dominant correction
being the one-loop top-superpartner contribution. To match the experimental accuracy also
other contributions have to be known. The current status is that the complete one-loop [12-14]
as well as the dominant two-loop contributions oc O(asa, asap, aF, arap, o) [15H29] are known.
They are implemented e.g. in the publicly available program FeynHiggs [30].

It has been recognized in the last years that for heavy SUSY-spectra even higher-order
contributions are relevant [31]. Since full direct Feynman-diagrammatic (FD) calculations are
quite hard already at the two-loop level, effective field theory (EFT) techniques become more
and more important to obtain the dominant higher-order contributions. One of them is the use
of renormalization group equations (RGEs). They allow to identify and resum logarithmically
enhanced terms.

The method has first been applied in [32] and was refined in [26,[33]. The authors of [34]
explained apparent mismatches with the result of explicit Feynman-diagrammatic calculations.
Further refinements including an all-order resummation have been worked out by [35-38]. In all
of the mentioned publications the calculation is performed using only effective field theories. To
benefit also from the result of explicit diagrammatic calculations, both approaches have to be
combined. This has been already been achieved by the authors of [39] for logarithms appearing
in the stop-sector. Their results have been implemented into the program FeynHiggs.

It is the subject of this thesis to extend the result of [39] to the electroweak sector, namely
to logarithms proportional to the weak gauge couplings. In addition two variable thresholds are
considered, above which neutralinos/charginos, respectively gluinos, contribute to the renormal-
ization group running. All results obtained using the RGE approach are consistently combined
with the Feynman-diagrammatic calculation.

The thesis is structured as follows. A short introduction to the SM is given in Chapter 2
and to Supersymmetry in Chapter 3. Chapter 4 outlines the MSSM and details on the various
particle sectors with a particular emphasis on the Higgs sector and its renormalization. In
Chapter 5 the necessary steps in the calculation of the lightest Higgs boson’s mass using a
FD approach and an EFT approach are explained and the question how both approaches can
be combined is discussed. The FD calculation and the corresponding extraction of logarithms
needed in this thesis is described in Chapter 6. Chapter 7 details on the resumming of logarithms
using RGEs in the EFT approach. The derivation of the scheme conversion formulas is described
in Chapter 8. Numerical results are presented in Chapter 9. A conclusion as well as an outlook
is given in Chapter 10. In the appendix lengthy equations are written down explicitly and some
technical details relevant for the calculations are explained more closely.



Chapter 2

The Standard Model

2.1 General structure and particle content

The Standard Model (SM) of particle physics is a gauge theory based on the gauge group
SU@3)c xSU(2)L xU(1)y. The SU(3) subgroup is the origin of the strong interaction, whereas
the SU(2)r, x U(1)y subgroup is responsible for the electroweak interactions. The corresponding
gauge bosons are

e gluons G, for SU(3)¢ (a € {1,...,8}) with the gauge coupling g3
e W-bosons W for SU(2), (a € {1,2,3}) with the gauge coupling g
e B-boson B, for U(1)y with the gauge coupling ¢'.

In this thesis, as = g3/47 is sometimes used instead of g3. The W- and B-Bosons correspond
to the physical mass eigenstates Wﬁt, Z,, and the photon A,, which can be obtained through
rotation of the original states.

The matter fields of the SM are grouped into three generations. In addition to this overlaying
structure, the fermion fields can be grouped according to their behaviour under the SM gauge-
group transformations:

left-handed quark doublets (3,2)
right-handed u-type quarks (3,1)
right-handed d-type quarks : (3,1)_y/3
left-handed lepton doublets (1,2)
right-handed lepton singlets (1,1)

The first number in the round brackets corresponds to SU(3)¢ (triplet or singlet), the second
one to SU(2), (doublet or singlet) and the subscript to the U(1)y quantum number (hyper-
charge).

In addition to the particles listed above, also so-called Faddeev-Popov ghosts exist in the
theory. They are unphysical and enter only as virtual particles into Feynman amplitudes. Their
introduction is necessary to cancel the effects of the unphysical timelike and longitudinal polar-
izations of the gauge bosons in a non-Abelian theory and thus to conserve unitarity [40].

Furthermore, a Higgs sector is needed for the generation of masses.



2.2 Higgs sector

Most of the SM particles are massive. This is an apparent problem for the theory, since a mass
term in the SM-Lagrangian violates the gauge symmetry. The Higgs mechanism solves this
problem by breaking the SU(2) x U(1) symmetry of the SM spontaneously down to the U(1)em
symmetry of quantum electodynamics (QED). Spontaneous symmetry breaking occurs, if the
vacuum state of the theory is less symmetric than the Lagrangian.

The Higgs mechanism is incorporated by introducing a scalar isospin-doublet ® with a hy-
percharge of 1. The Higgs field is coupled to the gauge bosons through the covariant derivative

1
Lhiggs kin. = 5(Du®) D", (2.1)
/

with Dy, =, — iglWe + i%BM (2.2)

with I, being the weak isospin of the field on which the covariant derivative acts. The Higgs
scalar potential can be parametrized as follows

A
LHiggs pot. = —p2®Td 4 Z(eI>T P)2. (2.3)

To ensure spontaneous symmetry breaking, both p and A, must be greater than zero. The
corresponding non-zero vacuum expectation value (vev) of ® can be written as follows

By — (S) (2.4)

2
with v = \C’” ~ 174 GeV [41]. (2.5)

The Higgs-field has to be expanded around the vev to examine the physics of the theory in the
phase of the spontaneously broken symmetry,

_ 5 (@)
o) = ( + H(H@) + ix(az))) ' 20

The newly introduced fields H, x and ¢ are defined to have a zero vev. By choosing a
specific gauge (namely the unitary gauge) the fields y and ¢+ can be eliminated signaling that
they are unphysical. The corresponding degrees of freedom are absorbed into the now massive
vector boson fields W and Z as longitudinal modes.

The W- and Z-masses are given by

2

v

mIQ/V = 592, (27)
2 v? 2 2

my = 3(9 +97). (2.8)

The corresponding on-shell masses are denoted by My, and M.

For renormalization it is, however, advantageous to work in general gauge. In this case the
additional degrees of freedom enter the calculation in the form of non-physical fields named
Goldstone bosons.

Also the Higgs field itself gets massive, mj = 2\v?.



2.3 Fermion masses

Fermion masses are obtained by introducing Yukawa terms to the Lagrangian coupling the
Higgs-field to the fermions, i.e.

EYuk,quarks = _thL ' @dR - hueabQLaq)ZuR + h.c.. (29)

where h,, hg are the Yukawa couplings for the u- and down-type quarks and @ is the corres-
ponding SU(2)r quark doublet. Plugging in the expansion of ® around its vev, the mass of a
fermion f is obtained as

my = hf’l). (2.10)

Instead of the top-Yukawa coupling h;, sometimes oy = h? /47 is used.

2.4 Problems of the Standard Model

The Standard Model is well tested in various different physical setups. In nearly all of them it
yields very precise predictions for physical observables. Despite this success, there are unsolved
problems of both theoretical and experimental nature which remain unsolved in the Standard

Model.
The most common ones are listed below.

e The SM fails to predict a suitable candidate for dark matter. Also the measured dark
energy density of the universe can not be obtained within the SM. Additionally, the neces-
sary amount of CP-violation to explain the observed baryon-antibaryon assymmetry of the
universe is not provided by the SM. Furthermore, neutrino oscillations are not explainable
within the SM.

e The fundament force of gravity is not invoked in the SM. General Relativity, the theory of
gravity, is not quantiziable in a straightforward manner. At very high energies above the
Planck scale Mp; ~ 10'? GeV however, quantum effects of gravity become important. A
theory of quantum gravity is needed. Therefore, the SM has to be regarded as incomplete.
It is seen as a low energy effective theory of a more fundamental underlying theory.

e The loop corrections to the Higgs-boson mass are quadratically divergent. In the simplest
case the cut-off scale of the SM is the Planck-scale Mp; leading to the expectation that
the Higgs-boson mass is of the same order. To retain it at the electroweak scale extreme
fine-tuning regarded as unnatural is necessary. This is called the hierarchy problem.

e The CP-violating O-term in the QCD-Lagrangian is measured to be unnaturally small
(strong CP-problem).

e In grand unified theories, it is expected that the running gauge couplings unify at one scale
called Mgyr. Using SM renormalization group equations this is not the case.






Chapter 3

Supersymmetry

3.1 Motivation

Supersymmetry (SUSY) is able to solve some of the issues of the SM.

e Supersymmetry relates fermions to bosons. In this way, the quadratic divergences in the
corrections of the Higgs boson mass through SM-particles are cancelled by the contri-
butions of their corresponding superpartners. In other words, the Higgs-boson mass is
protected by SUSY. In this way the hierarchy problem is solved (at least if the SUSY
breaking scale is not too high).

e Supersymmetric theories provide a candidate for dark matter in the form of the lightest
supersymmetric particle (LSP).

e The additional supersymmetric degrees of freedom alter the renormalization group equa-
tions such that a much better unification of the three fundamental gauge couplings is
obtained at the scale Q = Mqayr.

3.2 General structure

Supersymmetry is a symmetry relating bosons to fermions. Following the No-Go-theorem of
Mandula [42], the Poincaré-symmetry can only be extended truly, which means that the exten-
sion does not factorize out as a subgroup in form of a gauge group, by a fermionic symmetry
meaning that its generators obey anticommutation relations. The authors of [43] showed that
the maximal extension can be given by introducing fermionic operators Q?, (0 < i < N) with
the algebra (here for N = 1)

{Qa» Qd} = 2O-ZB'P}L7 (31&)
{Qa, Qp} = {Qa, Q) =0, (3.1b)
[Qa, P = Qs P, =0, (3.1c)

where o are the Pauli-matrices and P, is the Poincaré-generator of translations. a, 5 € {1,2},
the dotted components transform as right-handed Weyl-spinors, the undotted ones as left-handed
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Weyl-spinors. Eq. expresses that the application of SUSY-operators can lead to a trans-
lation in normal spacetime. This shows the interweavement of SUSY and normal spacetime-
symmetry.

The action of the supersymmetry generators () can be interpreted geometrically by introdu-
cing the so-called superspace parametrized by the normal spacetime coordinates x, as well as
the additional variables 6, and 4. The action of Qq, Q4 corresponds to a translation in the 6,
6 directions in superspace. It follows out of Eq. that 6, and A4 have to be anticommuting
Grassmann-numbers.

Correspondingly, superfields can be defined, which are an extension of the normal fields living
in Minkowski space to the superspace. They depend not only on the spacetime coordinates x,
but also on the supervariables 6., 04. The anticommuting character of the ,, 04 allows to
expand a general superfield S(z,, 0, 04) (sums over spinorindices are surpressed in the notation),
ie.

S(zy, O, 0s) =o(z) + 0¢(x) + 0x(z) + 00M () + 00N (z) + (90“5)\@(30)
+ (00)0X () + (00)0p(x) + (06)(00)D(x).
Using a gerneralized covariant derivative
Do = 0o —ia" 0%, (3.4)
D% = 9% — iz} 950" (3.5)
commuting with Qn, Q4, special types of superfields can be defined.
left chiral superfield — D%® =0

right chiral superfield — Do®' =0
vector superfield — Vi =V

Out of the vector superfields super-fieldstrengths

We = —%(DD)DQV“ (3.9)
can be built.

To build a general supersymmetric Lagrangian one observes that only the terms proportional
to a maximum number of Grassmann variables (e.g. D(z) in Eq. transform under a global
supersymmetric transformation such that the corresponding action remains unchanged (see [44],
Section 4.6). An integration over the superspace variables 6, can be used to project out these
components due to the integration rules for Grassmann-numbers (see [44], Section 4.1).

So the most general, supersymmetric and renormalizable Lagrangian containing chiral su-
perfields ®; and vector superfields V* with a gauge symmetry (generators 7%) is given by

]. a a
Lsusy = { / d6 (4Wavawg + W((I),-)) + h.c.] + / d*00! 297"V o, (3.10)
with the holomorphic superpotential W(®;) = ¢;®; + %mijfbicbj + %yijkq)i@jfbk.
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3.3 R-parity

In principle, SUSY-theories allow for baryon- and lepton-number violation. Experimental con-
straints, like for the lifetime of the proton, require the respective couplings to be very small.
Introducing a discrete Zs-symmetry called R-parity forbids the respective terms. It is defined
as

R = (—1)3B-0+2, (3.11)

where B is baryon number, L is lepton number and s is spin. For SM particles it is 41, for
sparticles —1. As an immediate consequence, a single sparticle can not decay only into SM
particles. In other words the lightest supersymmetric particle (LSP) is stable. For realistic
spectra the LSP is normally not charged under SU(3)¢ and U(1)ey, and thus provides a perfect
dark matter candidate.

3.4 Breaking of supersymmetry

If nature realized SUSY as an exact symmetry, the superpartners and their correspond SM
particle would have the same mass. Since no sparticle has been discovered so far, SUSY has
to be broken. The breaking mechanism is not known so far. Many models of spontaneous
symmetry breaking have been proposed, e.g. gravity-mediated breaking [45] or gauge-mediated
breaking [46].

For phenomenological studies it is convenient to simply parametrize our ignorance of SUSY
breaking by introducing terms into the Lagrangian which explicitly break SUSY. These terms
are required to have positive mass dimension in order to give not rise to quadratically divergent
corrections to the Higgs boson’s mass. Due to this property, they are called soft-breaking terms.
They are thought of to be generated by an unknown breaking mechanism.

The possible soft-breaking terms in the Lagrangian of a general supersymmetric theory
respecting gauge invariance as well as renormalizability are

1 1 1 .
Lsoft-breaking = — <2Ma/\a)\a + gaijk¢i¢j¢k + ibijcbi(l)j + cip; + h.c.) — m%(bi ¢;, (3.12)

with ¢ being a scalar and A\* being a left-chiral Weyl spinor (see for example [44]).
An immediate consequence of the soft-breaking terms is that the sparticles have a higher

mass than their SM-partners. To maintain naturalness the soft-breaking parameters should not
be heavier than a few TeV. Otherwise fine-tuning would be become necessary again.

13






Chapter 4

The Minimal Supersymmetric
Standard Model

Out of the ingredients described in the previous Section phenomenological supersymmetric mod-
els can be built. The simplest physically viable model is a N = 1 supersymmetric extension of
the SM called Minimal Supersymmetric Standard Model (MSSM), in which the SM fermions of
the SM are described by Weyl spinors contained in chiral superfields and SM gauge bosons by
vector fields contained in vector superfields. The additional components of the superfields are
called superpartners and ensure that the number of fermionic and bosonic degrees of freedom
are equal.

4.1 Particle content

In the MSSM each particles of the SM gets a superpartner (a tilde is used to denote the super-
partner a of a SM particle a). Particle and superpartner are grouped in superfields.

The gauge fields of the SM (spin 1) get fermionic superpartners called gauginos (spin 1/2)
(see Table . The specific gauginos are named Bino, Wino and Gluino.

superfield particle superparticle gauge group

1%% BM ~B U(l)y
V W, V[{,u SU(2)L,
Ve G, G SU3)¢

Table 4.1: Gauge sector of the MSSM.

Similary, each SM fermion f (f = e, u,7,u,d,c,s,t,b) gets a scalar superpartner f (spin 0)
called like the SM-fermion with a ’s’ in front. E.g., the superpartner of a top-quark is a stop.
The Higgs sector of the MSSM differs from the SM Higgs sector. It consists out of two Higgs
doublets (H; with Y = —1 and Hy with Y = +1). Two doublets are needed to implement
Yukawa-couplings for up- (H2) and down-type quarks (#;) into the holomorpic superpoten-
tial (the holomorphicity of the superpotential ensure that the action is invariant under SUSY-
transformations). In addition, in the MSSM gauge anomalies o Tr{Y3} exists (see Figure .
Without the introduction of a second Higgs doublet with opposite hypercharge these anom-
alies would not cancel. The two Higgs doublets are accomodated by two fermionic SU(2)r
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doublets, namely the Higgsinos H1, Hs. Higgs and Higgsino doublets are grouped together into
the superfields H; and Hs. The matter content of the MSSM is summarized in Table

superfield

Qi
Ut
Df
L;
Bf
H,y
Hy

components

qi,L> 4L
c ~C

Ui Ry Wi R
c i

di g flz',R

L, Ui
¢ sC
€ R CiR

Hly,}:[l
Ha, Ho

quantum numbers

Table 4.2: Matter content of the MSSM.

The superfield content and the gauge group determine most of the structure of the MSSM.
Missing pieces like the Yukawa coupling are incorporated in the superpotential. Suppressing
generation indices, it is given by

Whissm = pHi - Hy — he(Hy - L)EY — hy(Hy - Q)DY — hy(Q; - Ho)UC, (4.1)

where h, 4, are Yukawa-coupling matrices and p is the Higgsino mass parameter (since the
corresponding term in the superpotential is necessary to give mass to the Higgsinos). The
product of two superfields doublets is defined by (e is the Levi-Civita-tensor with €!? = 1)

By - By = ;0% ). (4.2)

Specifying the gauge group, the superfield content as well as the superpotential, the Lagrangian
is fixed. Most of the mass matrices appearing in the non-SM part of the Lagrangian are not
diagonal. The corresponding mass eigenstates are listed in Table

name spin gauge eigenstate mass eigenstate
Higgs bosons 0 Hip h, H, A, H*
Goldstone bosons 0 Hio G, G*

squarks 0 4L.R q1,2

sleptons 0 €LR,ALRTLRVer pup poro.rn €125 H1,2, 71,25 Vey 5,112,712
neutralinos 1/2 B, 7:11,2, wo 92(1),2,3,4
charginos 1/2 ﬁfQ, W )ZfQ

gluino 1/2 g 7

Table 4.3: Mass eigenstates of the MSSM.
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Figure 4.1: Gauge anomaly in the MSSM oc Tr{Y3}.

4.2 Soft-breaking in the MISSM

As discussed in Section soft-breaking terms are used to parametrize the ignorance of the
SUSY breaking mechanism. Specifying Eq. for the MSSM yields (7, j are gneration indices)

1, o .
Lok breaking = ~ 75 (Mggg + MoWW + MyBB + h.c.)

—inHIH) — moHIHy — (b, My - Ha + hoc))
- [(huAu)z‘j((iL,i Ha)ifh,; + (haAa)is (M - Gr)dp

+(heAe)ij (7‘[1 . ZL,i)é*R,j + h.C.}

2 ~ 2\ ko~ 2N G 3
—(m§)ijqr dr,; — (m3)ijugUr; — (m3)idp dr,;
2
i

—(m2)ijl; g — (m2)ijéh e ;. (4.3)

In principle, some of these terms are flavor-violating. Throughout this thesis flavor violation is
neglected. Consequently, the Yukawa coupling matrices h, the trilinear coupling matrices A as
well as the mass-breaking matrices Mo dei are diagonal.

To extract dominant contributions certain assumptions are made in this thesis. First, all
sfermion mass-breaking parameters are assumed to be equal, i.e. (f = (e, u, T,u,d,c,s,t,b))

mva = mva = MSusy- (4.4)

Second, all lepton and quark mass with the exception of the top-quark mass are neglected
(mys ~ 0for f # t). This automatically implies that the off-diagonal entries of the squark/slepton
mass matrices are set to zero. Therefore, sfermion mixing is neglected (with exception of
stop mixing).

Third, the soft-breaking parameters appearing in the electroweak gaugino sector and the
Higgsino mass parameter p are set equal, i.e.

M1 = MQ = u= MX' (45)

Forth, all parameters are assumed to be real. Also all other parameters appearing in the MSSM
Lagrangian apart of soft-breaking parameters (e.g. the Higgsino mass parameter ) are assumed
to be real.

After specifying the soft-breaking terms in the MSSM, the particular sectors are examined
more closely following the notations of [47].
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4.3 Squark/slepton sector

For each quark g two squarks ¢r, ¢r exist. Their mass matrix is given by

M?j _ (m?h +mZ + M7 cos 2B(1§ — Qqs2,) meX, ) |

4.6
mqX, mZ_ +mg + M cos 28Qqsz, (4.6)

where I3 is the isospin, @, the electric charge and m, the mass of the corresponding quark.

The off-diagonal mixing parameter X, is given in terms of the soft-breaking trilinear coupling
parameter A,, the Higgsino mass parameter y and the ratio of the vacuum expectation values
of the two Higgs doublets tan 5 = va/v; (see Section by

X, = A, — p{cot B, tan 5}, (4.7)

where cot 8 applies for up-type quarks, respectively tan 8 for down-type quarks. For the stop
squarks this matrix reads

N2 (mtgL +m} + cos2B(3 — 2s2) M2 me X )

2 my Xy m%R +m3 + % cos 23s2 M2

(4.8)

with X; = Ay — pcot S.
These mass matrices are diagonalized by the unitary matrices Ug (UqUzj = 1). The masses
of the squark mass eigenstates ¢y, go are then given by

1
mgl,z - mg + B) [MtiQL + MdzR + I§M7 cos 28 (4.9)

$\/[M§L — M7+ M7 cos28(I3 — 2Qqs%))? + 4m2X§J : (4.10)

In this thesis, with the exception of stop mixing, squark mixing is neglected. In the case of stop
mixing, the masses and entries of the mixing matrix can be expanded in Mz/X; in the limit
O(Mz) < Mgysy = Mg, = Mg, ~ X;. The analytic results can be found in App.

4.4 Chargino sector

The charginos fo are the mass eigenstates of the charged gauginos. Their masses can be
obtained out of the mass matrix

X — M2 \/iSiIIBMW
~ \WV2cos My 1 '

The mass eigenstates are determined by diagonalizing the matrix X using two unitary 2x2

matrices U and V. The matrices U and V rotate the original wino and higgsino states to the
mass states

()-v(s) Go)-Ga) w12

The rotation is chosen in a way such that the resulting mass matrix

me. 0
( a ) =U*XV! (4.13)
0 mes

(4.11)
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Figure 4.2: Tree-level masses of charginos and neutralinos versus the common mass scale M,

is diagonal. Mathematically this corresponds to a singular value decomposition with the masses
being the singular values.

In principle analytic expressions for the masses and mixing matrices can be given. Since
these expressions are quite complicated and therefore difficult to handle, an approximation is
used. The common scale M; = My = p = M, is assumed to be much larger than Mz (for
a numeric result see Figure . Therefore the the derived complicated expressions can be
expanded in the variable z, = Mz/M,. The resulting expression are listed in App.|C.2

4.5 Neutralino sector

The neutralino sector is similar to the chargino sector. In the neutralino sector the matrix

My 0 —Mysy,cos B Mysysin 8
Y= —Mzs(zu cos 3 Mzcj\jiosﬂ MZCU())COSﬁ MZ—CZSIDB (4.14)
Mzsysin8  —Mgcey, sin 3 — i 0
has to be diagonalized to obtain the mass eigenstates. The abbreviations
sy = sin~, ¢y = €087, ty =tanf (4.15)

are introduced to keep the expressions short. The electroweak mixing angle 6,, is abbreviated
with the subscript w, i.e.

¢y = cosby, = My /M. (4.16)
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The diagonalization is done by using a Takagi transformation [48] such that the resulting mass
matrix of the rotated states

AR
alon| W 4.17
o o
Xi ;)
is diagonal, i.e.
mgo 0 0 0
0 mg O 0
X2 - N T
0 0 m;(g 0 deg N*YN'. (4.18)
0 0 0 mgo

The Takagi factorization can be simplified by first switching to the new basis (this discussion
follows [49])

v B Cw Sw O 0 BO

Z0 wo —Sw C 0 0 wo

2 Al '~ = wotw ~ . 4.19

o 0 0 0 ey —ss| |0 (4.19)

Hy HS 0 0 s5 ¢/ \HY

In this basis the (new) mass matrix Y, takes the form
1 0 0 0
Y,y = AYAT =27 [0 1 o 0 (4.20)

0 =, s23 —cop
0 0 —ng —825

with z, = Mz/M,,.

This matrix is diagonal in the first component. Therefore the original problem of diagonal-
izing a 4x4 matrix is reduced to the problem of diagonalizing a 3x3 matrix. The new mixing
matrix N4, which diagonalizes Y4, is now decomposed in a possibly complex Majorana part
M and a real part D (both are unitary matrices),

N,,; = MD, D'D =1, MM = 1, (4.21)
Muiag = Njoy YrotNJ (4.22)
with
e 00 0
M = 8 ezg : 633 8 (4.23)
0 0 0 elos

In the next step the squared mass matrix is considered,

MdiagMT

hiag = D" Y10 Y], D" (4.24)

rot
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The entries of the matrix My;,, can now be identified with the square roots of the eigenvalues
of MdmgMIM ag’ The square roots are required to be positive. This is ensured by the matrix M.
Its phases can be derived from the equation (following from Eqs. (4.21)), (4.22))

M*M_ioy = D*Y,oDT. (4.25)

In this way the problem of finding the Takagi factorization of the original mass matrix Y is
reduced to finding the eigenvalues and eigenvectors of Yth;[Ot. The original transformation
matrix N is connected to N,.,; via

N = N,,A. (4.26)

In principle, this procedure can be used to derive exact analytic expressions. But even
under the assumption M; = My = p = M, the resulting expressions (for a numeric result
see Figure are too complex to be used directly. Therefore an expansion in the variable
xy = Mz/M, is employed. The corresponding expressions can be found in App. |C.3

4.6 Higgs sector

This Section follows in large parts the discussion in [47].
Since the superpotential must be holomorphic, two Higgs-doublets are needed. Convention-
ally they are decomposed as follows,

(o1 + T5(¢1 —ixa) _ 2
e () ()

where ¢;, x; and ¢t are real scalar fields and vy, v, are the vacuum expectation values of the
doublets. The ratio vy/v; is called tan 8 (tan 8 = vy /v1).

In its general form the Higgs potential V is given as follows (including the soft breaking
terms m?, m3, m%, as well as the Higgsino mass parameter p, which are assumed to be real in

this thesis)

Vi =m3H My + m3HIHo + m3o(Hy - Ha + hc)+

1 1
+ 5 (67 + ) (MM — HIHa)® + S g3 H{Hal’, (4.28)

2 _ =9 2 2 _
where iy = mi, + |pl* amd mTy = by,

Plugging in the expressions for H; and Hs yields the Higgs potential in terms of ¢;, x; and

¢i

1

1 P2
VH =const. — T¢1 (bl - T¢2¢2 + 5 (¢17 ¢27 X1, XQ) Mcj)d)xx Y1 (429)

X2

e 2 -
+ (7, 03 ) Myt b + coupling terms. (4.30)
2
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The coefficients Ty, , Ty, , also called tadpoles, are

1

Ty, = V2 (m%ﬂ - m%ﬂ’? + Z(Q% + g%)(”% - U%)U1> ) (4.31)
1

Ty =~V (mia = ity = 167+ )0~ e (452

The mass matrices Mgy, and Myz+4+ are given by

M, 0
M¢¢XX - < 0 MXX) ) (433)
M. — (m?+i(g%+g§)(3v%v%) —miy — 5(g% + g3)viva ) (4.34)
¢ = 2 1.2 2 2, 1/.2 232_2)» .
miy — 5(91 + g3)vive  m3 + 5(97 + g3)(3vy — vy
2,102, 22 .2 2
mi + 5(91 + 93)(vi — v —m
Mx:< bhd 1_ 22 ! 2) 2, 1/,.2 1% 2 .2y > (4.35)
miy m3 + (97 + 93)(vy — v7)
My = (7 el ) o i)
pEpE = 2 1.2 2, 1.2/,2 2 1,2/,2 2
mig — 593V102 m3 + 497 (v3 — vi) + 795(vi + v3)
(4.36)

The mass eigenstates can be obtained by an unitary transformation of the ¢, x basis:

" b1 + +
H| P2 H=\ _ ¢
G X2

The unitary matrices U,, and U, can be parametrized using the angles «, 3, and S, i.e.

—sina  cosa 0 0
| cosa  sina 0 0 _ (—sinf. cosf.
Un = 0 0 —sinfB, cosfB, |’ Ue = < cosfB. sinf. )’ (4.38)
0 0 cos B, sinpf,
In this new basis the Higgs-potential reads
Vg =const. — T}, -h—Ty - H
17;% m%H 0 0 h
1 miy My 0 0 H
TR WHAG TG 2 ma, | a| T
0 0 mic mé G
2 2 +
+(H7,G7)- ( i mH5G+> : <H+> +
Mg-p+ Mg G
+ coupling terms. (4.39)

Using the modified mass formulas for the massive gauge bosons (v? — v? + v2 in the MSSM)
2 1

Mz = 5(9? + 93)(vF + v3), (4.40)
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L g

Mgy, = 592 (v} + v3), (4.41)

the masses m2 can be expressed in terms of sy, ¢y, M %, Mgv, tan 3, the tadpoles T,., the angles

a, B, By, and either my or mp+ (here my is chosen). The entries involving CP-even Higgs
bosons read

mi = M%sin*(a + )
+ m2A cos2(a - B)/ COSZ(B — Bn)

+ it ee T cos(a— B) sin®(a = B/ cos? (8 — )
+ QJWZeSwaTh; sin(a — f3,)(cos(2a — B — By) + 3cos(B — Bn))/ cos* (B — Bn),
(4.42a)
m2y = — MZsin(a + 8) cos(a + B)
+ m sin(a — ) cos(a — )/ cos*(8 — fn)
F iesas Tarsin(a = 8)sin®(0 — )/ cos*(5 — )
- mTh cos(a — f3) cos®(av — f3,)/ cos*(B — fBn), (4.42Db)

m3; = M cos*(a + B)
+ m124 sin2(a -B)/ 0082(5 — Bn)

1
+ mTH§ cos(ar — Bn)(cos(2a — B — B,) — 3cos(8 — Bn))/ cos?(8 — Bn)

+ mTh sin(a — ) cos?(a — )/ cos? (B — Bn). (4.42¢)

Out of requirement that v; and vy are indeed the vacuum expectation values of the Higgs
potential follows that the tadpoles vanish at lowest order. To obtain diagonal mass matrices (in
Eq. (4.39))), the corresponding off-diagonal elements have to vanish. It follows that (at tree-level)

Be = PBn = P. (4.43)

The mixing angle o can be calculated by demanding that m,zl g should be zero. Alternatively,
one can diagonalize the matrix My (4.34) directly. Both ways result in the tree-level prediction

1
m2 = 5 <m?4 + M2 — \/(m?4 + M2)? — 4m? M2 cos? 26) (4.44)
2 1 2 2 2 2 2 2
mHZQ mA+MZ+\/(mA+MZ) 4mAM cos? 203 (4.45)
m?{i _ m124 i MI%V (4.46)

for the masses of the Higgs bosons. The mixing angle « reads

(4.47)

(m?% + M2%)sin 3 cos 3 ]

a = arctan | — -
[ M2 cos? B+ m? sin? B — m?2
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Figure 4.3: Tree-level Higgs-boson masses in dependence of M4 for tan 5 = 10.

Conventionally, one choose —5 < a < 0. Alternatively one can write

tan 2« _ mi + M%

= ) 4.48
tan 25 m?4 — M% ( )

In contrast to the tree-level Higgs-boson masses, a Higgs-boson mass is denoted with a
capitalized M, if higher-order corrections are included. In this notation ma4 = My, since the
tree-level mass m 4 does not receive any higher-order corrections in the used on-shell scheme
(see Section [4.7)).

Figure shows the tree-level masses in dependence of the mass of the A-boson. For rising
M4 the masses of the H- and H*-bosons rise too. In particular the mass of the H-boson
converges to M. In contrast the mass of the lightest CP-even Higgs M} remains constant
(mp < Mz). In other words the lightest CP-even Higgs decouples from the other Higgs bosons
(the limit M4 > My is also called decoupling limit). This means that for energies ~ My the
Higgs sector of the MSSM is hardly distinguishable from the one of the SM, if M4 > M.

4.7 Renormalization of the MISSM Higgs sector

The tree-level prediction for Mj (Eq. ) receives large quantum corrections. Computing
them naively leads to divergent terms. To avoid these divergences, the MSSM and i.e. the Higgs
sector of the MSSM have to be renormalized. The notation in this Section follows closely the
conventions of [47].

4.7.1 Renormalization schemes

In principle, renormalization can be carried out in various ways. The most important require-
ment is that after renormalization all divergences appearing in Green’s functions are canceled.
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To reach this cancellation, counterterms have to be introduced into the Lagrangian by expressing
each unrenormalized, ’bare’ quantity ¢g through the sum of a renormalized finite quantity gren
and a counterterm dg, i.e.

g = Gren + 9. (4.49)

Also the fields have to be renormalized,

¢ =\ Zod = \/1+ 0Z40. (4.50)

In this way
['bare — »Cren + »Ccounterterms‘ (451)

The counterterms have to be chosen such that all appearing divergences cancel in the final result.
The first step in this procedure is to regularize the appearing divergent loop integrals. In this

thesis, dimensional regularization (DREG) is chosen as regularization scheme. In dimensional

regularization the dimension of the loop integrals is shifted from 4 to D =4 — 2¢ (e > 0),

d*k dPk

The at first hand arbitrary renormalization scale y (mass dimension 1) has to be introduced to
preserve the overall mass dimension of the integral. After shifting the integral to dimension D,
it can be calculated analytically. The result can be expanded in €. Terms proportional to an
inverse power of € reflect the original divergence. In this way, the divergences are parametrized
in an analytic form, which allows to choose the counterterms such that these divergences cancel
in the final result.

In the simplest scheme, the minimal subtraction (MS) scheme, the counterterms are chosen
such that only the divergent terms are canceled. In the slightly modified MS-scheme, also the
additionally appearing terms o< ln4w — yg (yg = —I'(1)) are absorbed meaning that all terms
proportional to

1
A=-+4Indr — g (4.53)
€

are removed by choosing the counterterms accordingly. A list of one- and two-point one-loop
integrals calculated using DREG can be found in App.

In DREG all four dimensional objects are shifted to D dimensions. This implies that the
number of bosonic and fermionic degrees of freedom are changed asymmetrical. In other words,
DREG breaks supersymmetry. Therefore, in supersymmetric theories dimensional reduction
(DRED) is used for the regularization of loop integrals. DRED resembles DREG in the way that
it shifts the dimension of momenta and loop integral measures to D-dimensions. But, all other
four-dimensional objects are left untouched. Thus, supersymmetry is conserved. The DRED
renormalization-scheme corresponding to MS in DREG is called DR (for a detailed description
of DR, see [50]).

A particular scheme well-suited for calculating physical observables is the on-shell scheme.
Basically, it is defined such that the pole of a loop-corrected propagator corresponds to the phys-
ical mass of the propagating particle. This corresponds to the condition that the renormalized
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one-particle irreducible two-point function (the hat marks a renormalized and therefore finite
quantity)

L(p?) = i(p® — M?) +i2(p%), (4.54)
where M is the renormalized mass, is zero for p> = M?2. The quantity
»(p?) = L(p?) + counterterms (4.55)

is the sum of one-particle irreduciAble loop diagrams with two external legs. This sum is called
self-energy. Out of the condition I'(p? = M?) = 0 follows immediately that

Re 2(p? = M?) = 0. (4.56)

has to be fulfilled. This condition has only to be fulfilled for the real part, since strictly speaking
just the real part of the denominator of the propagator has to be zero for p?> = M?, whereas )y
can be complex in general (i.e. above particle thresholds). This is the on-shell renormalization
condition. It can be extended by demanding that the field renormalization constants should be
fixed such that the residues of all propagators are equal to 1.

4.7.2 Counterterms

Applying this procedure for the parameters in the Higgs potential of the the MSSM, counterterms
have to be introduced in the first step,

M2 — M2 +5M3, (4.57a)
M}, — M3, + M, (4.57b)
Ty, — Ty, + 0Ty, (4570)
Ty — Ty + 0Ty, (4.57(31)
Ta— Ty~ 6T4, (4.576)
tan 8 — tan 8 + d tan §. (4.57f)
This implies that the mass matrices get counterterm contributions,
572% 5me2H 0 0
| dmyy  omiy 0 0
Mymac = Mymgac + 0Mpgag = 0 0 sm2 Smi | (4.58)
0 0 5miG (5m20
Mpy+gs = Mpytgs + 0Mpysgs = Omips O g (4.59)
H=G H=G H=G 5mé‘*]—[+ 5m2G:t : :

Eqgs. (4.42a)-(4.42¢)) relate the counterterms to each other such that only the counterterms given
in Eq. (4.57a)-(4.57f) and ém? remain. E.g., the mass-counterterms of the CP-even entries of

the neutral Higgs-boson mass matrix defined in Eq. (4.58)) read
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dmj = dm? cos?(a — B) + Mz sin®(a + B)

L (6Tw cos(a — B) sin®(a — B) + 6T, sin(a — B)(1 + cos?(a — B)))
2M 7 s,C
+ §tan Bsin Bcos B (m% sin2(a — B) + Mz sin2(a + B)) , (4.60a)

1
omiy = 5 (5m124 sin2(av — B) — 6M2 sin 2(«ov + B))

+ m ((5TH Sin3(a — /8) — 6Ty, COSS(a . 5))
— §tan Bsin B cos B (m? cos 2(a — B) + My cos2(a + B)) (1600)

om?2 = dm? sin®(a — B) + 6M% cos®(a + B)

R (0T cos(e — B)(1 + sin®(av — B8)) + 6T, sin(ar — B8) cos*(a — )
2M 7 s,C
— §tan Bsin B cos B (m?% sin2(a — B) + Mz sin2(a + 3)) . (4.60c)

In addition to the mass renormalization, also the fields have to be renormalized to guarantee
the finiteness of all appearing Green’s functions,

1

Hi — <1 + 2(5ZH1> Hi, (4.61)
1

Ho — (1 + 2527.[2) Ho. (4.62)

Corresponding to Eq. field renormalization constants for the mass eigenstates are defined,
ie.

h 1+ %5Zhh %5ZhH 0 0 h
H L6Zwy 1+ 30Zpn 0 0 H
2 2 .
A7 "o 0 1+16Zus  LZac A (4.63)
G 0 0 30Zsc 1+ 16Zaa G

For the mass matrix of the charged Higgs this reads

H* 1+%5ZHiHi %6ZHigi H*
. . 4.64
(Gi> - < %5ZHiGi 1+ %5ZGiGi G* ( )
These counterterms are related to the field renormalization constants of the overall doublets

(Egs. (4.61) and (4.62))) by the rotation to the mass eigenstate basis (see Eq. (4.37))). It follows
e.g. for the CP-even entries that

VAT 33527-[1 + CiﬁZ’HQ, (4.65&)
0Znm = SaCa(Zyy — Zy, ), (4.65b)
62w = 262y, + 826 73, (4.65¢)

Corresponding formulas for the CP-odd entries can be found in [47].
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4.7.3 Renormalization conditions

To fix the counterterms, renormalization conditions have to be chosen. Here, the scheme of [47],
which is basically an OS-scheme apart of the DR-renormalization of the Higgs fields, is chosen
(this is also the scheme used for the corrections implemented into FeynHiggs).

For the massive gauge bosons Z and W, the on-shell condition reads (see [51])

Re ¥,7(M2%) =0, Re Syw(M2) =0, (4.66)

where 3 zz 1s the renormalized Z self-energy and f)WW is the renormalized W self-energy (see
Figure for Z self-energy diagrams). This implies for the corresponding counterterms that

M7 = Re £zz(M3),  6Mj, = Re Sww (M), (4.67)
Also the A-boson is renormalized on-shell,
Re Sa4(M3%) =0, (4.68)

with 244 being the renormalized A-boson self-energy (see Figure for A-boson self-energy
diagrams). This implies

M3 = Re S aa(M3). (4.69)

Furthermore, one demands that tadpole diagrams should vanish to ensure that vy 2 are still the
true vacua if considering higher-order corrections to the Higgs potential. To achieve this the
tadpole counterterms have to be chosen accordingly,

0Ty = =Ty, 0Tw = —Th(), (4.70)

where T},(1) and T (1) are the sum of one-loop h /H-boson tadpole diagrams depicted in Figure
(the same condition applies for higher-order tadpole corrections). In the on-shell scheme the
field renormalization constants are normally chosen such that the residua of the propagators are
equal zero. It is in principle possible to use this strategy here for the determination of the field
renormalization of the A-boson (see e.g. [13]). Nevertheless, it was shown that this procedure
yields numerical unstable results. A better working alternative is to renormalize the fields using
DR renormalization conditions (for a discussion of this issue, see [52]). The DR renormalization
conditions for the field renormalization constants read

02y, = 527? = — [Re E}{H(PQ)azo]diV, (4.71)

§Zu, = 6ZBF = — [Re £, (0)azo] (4.72)
1 _

Stan 8 = 5(527{1 — 0Zy,) = dtan PR, (4.73)

where ¥}, and X%, are the derivatives of the h- and H-boson self-energies with respect to P>

(see Figure for the respective diagrams). By this procedure a renormalization scale pPR is
introduced. In principle, it can be fixed freely. In this thesis, the default value of FeynHiggs is
adopted, which is PR = m;.
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4.7.4 Renormalized h, H self-energies

Using the counterterms derived above, the renormalized Higgs self-energies of the h- and H-bosons
can be written in terms of the unrenormalized self-energies. The field renormalization coun-
terterms are necessary to cancel momentum dependent divergences.

Using the terminology of Eq. , the renormalized self-energies for the CP-even part of
the Higgs-sector read as follows,

Sin(P?) = Sun(p?) + 6 Zun (p? — mi) — om3, (4.74a)
Spr(P?) = Zhu(p?) + 0 Znu (p° — (M3 +m3y)/2) — omiy, (4.74b)
S (p®) = Suu(p®) + 6 Zun(p® — myy) — omi;, (4.74c)

with the entries of Egs. and . Sy is the mixed h, H self-energy (one h-boson and
one H-boson as external legs) leading to coupled propagators. This means that the two-point
function I for the h, H bosons has matrix form (see Eq. ) These renormalized self-energies
can now be used to calculate corrections to the Higgs boson masses (see Section .
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Chapter 5

Calculation of M - methods

The most straightforward way to calculate loop corrections to the lightest Higgs-boson mass is
the Feynman-diagrammatic (FD) approach (see Section [5.1]). Basically, this means calculating
the Higgs self-energies by evaluating the corresponding Feynman diagrams. Nevertheless, this
method has some shortcomings. Il.e. for heavy sparticles higher-order contributions, which
are not feasible in the Feynman-diagrammatic approach, become important. This is explained
in Section The issue can be solved within an effective field theory (EFT) framework.
Renormalization group equations allow to resum the potentially large higher-order corrections
effectively (see Section . However, in this EFT framework certain aspects of the MSSM, like
the influence of complex parameters and non-degenerate mass spectra, are difficult to handle
especially for light SUSY spectra. So the best way seems to combine both approaches. The
method how to achieve this is described in Section (.41

5.1 Feynman-diagrammatic approach

To obtain the physical, loop-corrected mass of the lightest CP-even Higgs Mj,, the poles of the
inverse Higgs propagator matrix have to be found. This matrix is given by

2 2, < 2 : 2

A . —ms + X by

), ; (p 1, 2hh(p ) ) QhH(Ii ) ) ) (5.1)
Xhu(p?) p°—mi +Xupu(p”)

with the renormalized self-energies f]hh, f]hh and Sy given in Eq. 1) In the complex
MSSM, the matrix has to be enlarged to include A-boson contributions.
Finding the poles corresponds to solving the quadratic equation (for p?)

(77 = mi + 5 (9~ s + S (7)) — (Ban ) =0, (52)

Solving this equation analytically is challenging, since the dependence of the self-energies on p?
can be complex. In general, the loop-corrected lightest Higgs-boson mass can be expanded as

Mf% = m%z,tree + A]\45,1L + AM}%,QL +o (53)

The self-energies incorporate only loop terms. In consequence plugging in the 1-loop corrected
M}% into the 1-loop self energies leads to two-loop terms. Therefore, it is sufficient to use the
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(known) tree-level mass m,zl as input for the 1-loop self energies, if one is interested only in the

one-loop correction,
2 2 S 2 2 2 S 2 3 2 2 2
(v = m3 + Sn(md)) (07 = m + S (m)) = (Sau(md)) + O%?) =0, (5.4)

where k = 1/(1672) is used to keep track of the loop order. Using the approximation p? = 0 for
the self-energies leads to an incomplete result, since in this way terms proportional to the weak
gauge couplings (O(g?, ¢’%)) are missed already at the one-loop level.

The solution to Eq. is (the argument of the s is omitted),

2
+ O(k?). (5.5)

1 ~ N N 2 R ~ 2
My g == (m% +my — Spn — XHE F \/4 (EhH> + (m% —m2 — Sy + EHH) )

Considering that the self-energies 3 are formally at least of one-loop order, this result can be
expanded in X,

M2 =m32 — Spn(m2) + O(K?), (5.6)
M3 =m3 — Sya(m3y) + O(k?). (5.7)

The issue arising within this approach can already be spotted in the dominant one-loop correction
to the lightest Higgs-boson mass. At the one-loop level, contributions proportional to the strong
gauge coupling are absent, since the Higgs boson neither couples directly to the gluon nor the
gluino. In consequence the top-Yukawa coupling becomes dominant. A straightforward one-loop
diagrammatic calculation restricted to diagrams involving the top-Yukawa coupling yields the
following term (for vanishing stop-mixing)

2

3 M3
M? =mj + ;oatmf In <mf> , (5.8)

where Mg = | /mj m;, is the mass scale of the stops.

The problematic piece in this term is the logarithm. For high stop masses it gets large
potentially compensating the loop suppression. At higher-order similar logarithms are expected.
In consequence higher-order contributions can be large in comparison to the tree-level value
spoiling the convergence of the perturbative loop expansion.

5.2 Effective field theories

These issues arising due to largely separated scales can be addressed by the use of effective field
theories (EFTs). The main idea of EFTs is that the physics at low energies only weakly depends
on the physics at high energies. More formally, in an effective field theory the ’heavy’ degrees
of freedom are integrated out or decoupled leading to an effective Lagrangian containing only
"light’ fields suitable to describe the low energy physics.
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Consider e.g. the toy-model

ﬁtoy :%8u¢3“¢ + %m@a#q) - m2q52 - M2¢'2 - V(¢7 Q)), (5'9)
Mo A A
V(6,@) =S¢ + 2920 + 10! (5.10)

with m < M.
For energies p?> < M? the heavy field ® is decoupled and the effective Lagrangian can be
obtained by writing down all allowed terms involving ¢,

1 e e
Lot = 50,006 - m2¢? — 7 %3 %4. (5.11)

At this point, the question arises how it is ensured that the effective field theory gives the right
result meaning the same result as in the full theory. This is achieved by matching the effective
field theory to the full theory at the scale Q = M. Consider e.g. the four-point function of ¢.

S’ tree-level Ag
<

- (0)~ Pio VRS
. .
N A NN A
RN - (6) - AN //(O 1 NNt NP \\ - N
. % one-loop S % S %
E 3
- (1)\\ )\eff/) / g\eff <~ A%‘\ / 2\1 )\2//‘ /.\\)\
-7 S~ L7 ¢ AN e (b AN // @ AN

Figure 5.1: Matching the effective theory to the full theory at the tree-level and at the one-loop
level.

At tree-level, this process corresponds to the upper left diagram in Figure in the effective
field theory, in the full theory to the upper right one. If the calculation of the four-point
function in both, the effective and full field theory, are required to yield the same result, it
follows immediately that

AR (@ = M) = A (Q = M) = M (Q = M). (5.12)

If the result should be identical also at the one-loop level the results have to be matched
accordingly. This is depicted in the bottom row of Figure[5.1l The one-loop diagrams of the full
theory contain loops involving not only the light ¢ but also the heavy field ®. The diagrams
involving ® have to be compensated by adjusting A.g at the one-loop level,

eﬁ'(Q M) = /\1(Q M) + k/\ (Q M) (5.13)
This one-loop correction enters through the tree-level diagram (lower left diagram in Figure
and is normally called threshold correction. The procedure can easily be extended to higher

loop-orders. Applying it to the three-point function of ¢ shows that

goit = 0. (5.14)
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So far ® has only entered through loop corrections which are compensated by adjusting the
effective coupling. But ® can also be responsible that a certain process is allowed in the first
place. Consider the same toy-model as above (Eq. (5.9)) but with the changed potential

V(g,®) = g¢’®. (5.15)
Naively, one could think that the effective Lagrangian is again given by

Aeff

I¢4‘ (5.16)

1 Gefi
Lot = 50,009 — m?¢? — Ll
The decoupled field ® however can also mediate interactions of six ¢ fields (see left diagram in
Figure . To reproduce this effect in the EFT, higher-dimensional terms have to be included
into the effective Lagrangian, i.e.

Ke
Lof=..— 67;‘1”(;56. (5.17)

Clearly, keg must have mass dimension -2. Therefore, the coupling kg is not renormalizable.
This is however no issues, because the EFT is replaced by the full renormalizable theory at
@@ = M. The observation that the internal propagator involved in the ®-exchange diagram
behaves like

1 p2<<M2 1

in the limit p? < M? shows that
Keft < g2 /M. (5.19)

In other words, the effects of high-energy physics are suppressed by the scale of these high-
energy physics. In this thesis, all such suppressed operators are omitted. This is normally a
good approximation. One should nevertheless keep in mind that such terms are needed to fully
reproduce the results of a calculation using the underlying full theory.

e ———— o - p?<M2 . TN o __

Figure 5.2: Matching the effective theory to the full theory, higher dimensional terms.

5.3 Resummation of logarithmic contributions

So far, it was discussed how to match the EFT to the full theory at the decoupling scale Q = M
obtaining Aeg(Q = M). If using an EFT however, one normally wants to calculate a process at
an energy leow ~ m? < M?. The corresponding amplitude involves Aeg(Q =~ m). Aeg(m) and
Aeft(Q = M) are related by renormalization group equations (RGEs), which have the structure

d)\eff
dln Q?

= polynomial of couplings involved in the theory. (5.20)
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The right-hand side is called S-function of the coupling A.g. Exploiting the structure of the
B-function allows to resum potentially large logarithms In(M/m) involving both distinct scales.

This is exactly what is wanted in the case of the calculation of M}, in the MSSM, as discussed
below Eq. . Typically, the scale of the SUSY breaking parameters and thereby the scale
of the sparticles is chosen as decoupling scale. For this reason, supersymmetry is broken in
the EFT below the decoupling scale. In other words, all sparticles are decoupled such that the
remaining EFT is the SM.

The mass of the lightest Higgs boson (or correspondingly the Higgs self coupling parameter
A) is the only free parameter of the EFT/SM. The matching of the EFT to the full MSSM
however fixes A at the decoupling scale. Renormalization group equations can now be used to
run A down to the scale p at which the Higgs-boson mass

M} = 2\(p)v? (5.21)

should be evaluated. In this thesis, p = my is chosen as in [39]. As discussed above, the
running of A\ corresponds to logarithms entering the loop corrections to the Higgs-boson mass.
The logarithms involve the high decoupling scale and the low m; scale and can therefore be
identified as potentially large logarithms.

The question is now, if there are also other sources of such logarithms. Needless to say,
the formula M}% = 2X\(my)v? gets loop corrected too. The right-hand side is the MS Higgs-
boson mass, which has to be converted to the on-shell Higgs-boson mass if comparing it with
experimental results. Remarkably, this conversion now contains no potentially large logarithms,
since all heavy sparticles are decoupled in the low energy EFT and therefore their masses do
not appear in the calculation. The non-logarithmic terms due to this conversion are already
included in the FD result implemented into FeynHiggs. Consequently, the running of A from
the decoupling scale to my is the only source of such logarithms and therefore must reproduce
the logarithms found in the Feynman-diagrammatic calculation using the full theory.

In the simplest case all sparticles share a common mass scale, which is chosen to be Mg =
NUCALN Since all sparticles are heavy and get decoupled at Q = Mg, the EFT below Mg is the
SM. The one-loop SM-RGE for ) is given by (neglecting the weak gauge couplings, hy = my/ U)E|

% =6k (\* + Ahi — h}), (5.22)
where ¢t = InQ? and k = 1/(1672). k is used to keep track of the loop order. This equation can
be solved approximately by iteration (for details on the iteration procedure see App. ,

M g\
Aimy) ~ A(Ms) + /M P ~ (5.23)
M2
~ A(Mg) — 6k (N (M) + M M)hi (my) — hi(my)) In <m§) ~ (5.24)
t
M2
~ At7‘€e + 6kh?(mt) In <§> . (525)
my

A(Mg) is fixed by a matching condition as explained in Section[5.2] Here, A(Ms) = 0 is assumed
at the one-loop level in the third step, because A(Mg) is proportional to the weak gauge couplings

Note that t = In Q?, if it appears as a single character. In contrast, if ¢ appears as a subscript, it denotes the
quantity as top related (e.g. top mass, top-Yukawa coupling).
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(M Ms) = 1(¢* + 9'2)636 + O(k)) and therefore neglected in this approximation. Multiplying
the result with 2v? to get the Higgs-boson mass reproduces, as expected, the most dominant
correction term obtained in the Feynman-diagrammatic approach (see Eq. )

Generally, a system of RGEs for couplings g; is of the structure

dg;

The functions ﬁg(,f ) are the beta-functions of loop order j of the couplings g;. They are polynomial
in the couplings g;. Solving the system iteratively shows that the 1-loop part of the RGEs o k!
gives rise to k" L™ terms with L being a shorthand for In(M2/m?). These logarithms, whose loop
order is identical to the exponent of the logarithm, are called leading logarithms. The 2-loop
part of the RGEs oc k? gives rise to k" L"~! terms called subleading or next-to-leading (NLL)
logarithms. Generally speaking, the m-loop part of the RGEs yields sub™ 'leading logarithms
k,nLn—m—H (Nm_lLL).

Another aspect of the resummation is the influence of threshold corrections to the matching
conditions (in general A(Mg) # (g% + ¢’ 2)635), which originate from the non-logarithmic terms
in the FD calculation (see Section . Consider e.g. A\(Mg) as it appears in the example
given above (see Egs. —). The tree-level value is modified by threshold corrections
originating from the decoupling of heavy sparticles (see Section ,

A(Ms) = Atree + kA1 Ahreshotd + k* AoAinreshold + -+ - (5.27)
The effect of these corrections can be seen by looking e.g. at the third term in Eq. (5.24]),
—6EN(Mg)hZ(my) L = —6kNpech?(my) L — 6k*Aq Mipreshotahs (me) L + O(k3). (5.28)

The one-loop threshold correction produces a subleading logarithm. Generalizing the statement,
n-loop threshold corrections give rise to sub™leading logarithms. In other words, a complete
resummation of sub™leading logarithms presupposes n-loop threshold corrections to the matching
conditions involved.

In principle, using this iteration procedure logarithms of arbitrary loop order can be obtained.
As an alternative method the RGEs can also be solved numerically. Since a numerically solution
is ’exact’, it corresponds to a resummation of logarithms up to all orders. This method offers
some clear advantages over an iterative solution. It is easier to implement and yields more
accurate results. The possibility of obtaining analytic expressions is lost on the other hand.

5.4 Combining both methods

Despite of the non ignorable advantages of an EFT approach implementing the running from
Mg down to my, there are several shortcomings. First off all, there might be missing terms.
To exactly reproduce the results of an explicit diagrammatic calculation in the full theory,
higher dimensional operators (D > 4) have to be included into the EFT-Lagrangian. They
are suppressed by the decoupling scale. So, it should be a good approximation to neglect
them. Nevertheless, a precise result would require to include them, especially for light sparticles,
significantly complicating the calculation. Second, it is at first glance unclear, how to implement
the influence of complex phases into the resummation procedure. These issues can and have
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been addressed successfully in the Feynman-diagrammatic approach [47]. Third, highly non-
degenerate sparticle spectra are difficult to handle within the EFT approach. In principle, it
would become necessary to define a new EFT every time a sparticle gets decoupled. This quickly
becomes not feasible. In consequence, the best way seems to be to combine both approaches to
profit from the advantages of both sides.

In FeynHiggs the full diagrammatic one-loop result as well as the leading two-loop contri-
butions of order O(asay,a?) are already implemented. Needless to say, these results contain
potentially large logarithms. So a first point of consideration, if combining both approaches,
should be the avoidance of double-counting of large logarithms. This can be done in two ways.
Either the RGEs can be solved iteratively to obtain the corresponding one- and two-loop log-
arithms or the logarithms can be extracted out of the full Feynmann diagrammatic result. In
praxis, it is best to follow both paths, since a comparison between the logarithms obtained in
the two approaches serves as a helpful check of the whole calculation.

A second issue concerns the definition of the input parameters. The Feynman-diagrammatic
calculation is performed using an hybrid OS-DR scheme. In contrast, the RGEs are derived
in the MS-scheme. Consequently, the input parameters of the FD calculation are OS (or DR)
quantities, whereas the ones of the EFT calculation are MS-quantities. The conversion between
the two schemes can potentially involve logarithms, which would spoil the consistency of the
calculation if not taken into account properly. In general the relations between the schemes
involve also non-logarithmic terms. However, for a consistent combination of both approaches
they have to be omitted. This can be understood as follows.

Quantities which have to be converted can enter the calculation in two ways, either trough
threshold corrections or as arguments of the resummed logarithms (¢g is an exception discussed
in Chapter . If a quantity A enters through threshold corrections, it will appear only as a
prefactor of subleading logarithms in the final result (see Section , e.g. (other prefactors are
suppressed),

N M2
AM? o K2AMS In —5. (5.29)
my
Converting A from the MS-scheme to the OS-scheme using

AMS = 498(1 4 k6 In(M2/m2) + kbs), (5.30)

where 01, §o are numerical prefactors, yields

— M2 M2 M2 M2
AM} o KPAMSIn —5 = k2A% In —5 + k%6149 In? —5 + k35,4 In —5. (5.31)
my my my my

The logarithmic term in the conversion produces a 3-loop subleading logarithm. The non-
logarithmic term instead leads to a 3-loop sub-subleading logarithm which is beyond the order
of approximation employed in this thesis. Therefore the non-logarithmic terms in the conversion
do not contribute in this approximation.

In the other case, the quantity, which has to be converted, enters as an argument of a
resummed logarithm. Consider e.g. Mg entering in the form (prefactors are suppressed)

M2 S
AM? o kln (57)2 (5.32)
mi
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Converting Mg from the MS-scheme to the OS-scheme using

MYS = MOS(1 + kéy In((M2)°S /m?2) + kdy) (5.33)
yields

M2 OS 1 1 M2 2

AM ok In M) (L F RO n2( s/mi) + ko) _ (5.34)
my

M2 OS M2 (ON)

=kIn % + k*61In % + k*65 + O(K?). (5.35)
mt mt

Obviously, the logarithmic term in the conversion formula gives rise to a subleading logarithm. If
the conversion is employed for a subleading logarithm, it gives rise to a sub-subleading logarithm,
which neglected in the used approximation. The non-logarithmic in contrast leads to a non-
logarithmic term which is possibly already included in the FD result. This would spoil the
consistency of the combination of both approaches. Subtracting the non-logarithmic terms after
the conversion is also not an option, since it is not possible to gain a corresponding subtraction
expression in the case of numeric resummation. Therefore, the only option is to omit the
non-logarithmic terms in the conversion formulas. This ensures that no uncontrollable non-
logarithmic terms arise. The sub-subleading or even further suppressed logarithms, which are
missed, can be neglected. This argument can easily be extended to higher powers of logarithms.

At this point, it should be noted that a complete resummation of all subleading logarithms
would require that leading logarithms up to arbitrary order are included into the conversion
formula (at least if all input parameters should be renormalized in the OS-scheme). In this
thesis however, just the one-loop leading logarithms are considered.

The conversion of input parameters is not the only possible source of non-logarithmic terms
in the EFT approach. In fact, the RGE running produces also non-logarithmic terms via the
matching conditions. This can be seen explicitly in the simple example of Egs. -.
Atree 18 already included in the FD result. Thus Aee has to be subtracted of the EFT result.
The same consideration applies to threshold-corrections to the tree-level matching conditions.
Naively, it seems like MS-quantities should be used in this subtraction part, since it is part of the
EFT calculation. The conversion from MS to OS can however involve logarithms. In this way,
a non-logarithmic part involving MS-parameters develops a logarithmic part after converting
to the OS-scheme. Consequently, OS-quantities have to be used in the subtraction part. To
clarify this statement, the one-loop stop-threshold correction to A(Mg) (neglecting the weak
gauge couplings, see [53]) is taken as an example,

Ahreshold = 6kh§X§m (1 — 112Xt2MS> . (5.36)
In the EFT calculation this threshold correction leads to the non-logarithmic term
AMG, gpr =12kmihi X[y <1 - 112XEMS> = (5.37)
:12km?h?f(gos <1 — 112)2305) + logarithmic terms. (5.38)
In contrast, the corresponding appearing in the FD calculation reads
M} pp = 12kmihi X7 og (1 — 112)2208) : (5.39)
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Now it becomes clear that, if MS-quantities are used in the subtraction of non-logarithmic
terms, the logarithmic terms at the right-hand side of Eq. are subtracted as well. So
these logarithms would be missed in the resummation procedure. Using OS-quantities as input
for the subtraction of non-logarithmic terms cures this problem.

All these considerations can be cast into the equations

Mj; = (M?)™P + AM, (5.40)
AM = (AMR)REE(ANS) — (AM)ROE nomlos (405) — (AM)FPoss(A95), (5.41)

The Higgs-boson mass calculated in the FD approach gets corrected by AM,% containing the
resummed logarithms (AM }%)RGE. To avoid double-counting of logarithms already contained
in the FD result, (AM,%)F DJogs i5 subtracted. Respectively, to avoid double-counting of non-
logarithmic terms contained in the RGE result, (AM, ,%)RGE non-log g gubtracted. The input
parameters A; enter defined in the OS-scheme (AP®) for the FD calculation as well as for the

subtraction part of the RGE calculation and in the MS-scheme for the EFT calculation (A?TS)
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Chapter 6

Extraction of logarithms in the
Feynman-diagrammatic approach

As discussed in Section large logarithms, e.g. In(M32/m?) with Mg being the stop scale,
appear in the Feynman-diagrammatic (FD) calculation of M},. For the comparison and combin-
ation of the FD result with the RGE result, those logarithms have to be identified in the FD
result. This Chapter explains which methods are used to achieve this.

The two-loop logarithms contained in the FD calculation of M}, implemented into FeynHiggs
are in principle already known. Nevertheless, it is quite hard to isolate them in the general result
consisting out of complicated expressions. Therefore, the two-loop logarithms are identified using
the RGE approach (see Chapter [7).

The one-loop logarithms (except the ones proportional to aym?) are not known in general
so far. In [54] a result in the limit tan 8 — oo was presented. For arbitrary tan /8 a result for
M, = Mgysy can be found in [32]. The extraction of logarithms for general tan 3 and M, is
described below. Explicit analytic expressions are given.

For the one-loop correction to M it is sufficient to calculate ihh(m%), as was shown in
Section Looking at Egs. and the corresponding defintions of the counterterms in
Sections [4.7.2| and [4.7.3] it becomes clear that the self-energies of the h, H, A-scalars (see Fig-
ure , the Z-self energy (see Figure as well as the h, H-tadpole diagrams (see Figure
have to be evaluated to obtain the full diagrammatic result as a starting point of the calculation.

The amplitudes are generated using the Mathematica package FeynArts [53]. FormCalc [55]
is used to process them further. The appearing loop functions are reduced to the scalar integrals
Ay, By as described in App. [D] Finally, for Ayg and By the analytic expressions, also given in
App.|D} are plugged in. The renormalization scale PR entering through the DR-renormalization
of the Higgs fields is set to uP® = my, which is the default value of FeynHiggs.

6.1 Approximations

Throughout the thesis all Yukawa couplings (except of the top-Yukawa coupling h;) and therefore
the masses of all SM fermions (except of the top quark) are set to zero. In addition, the
simplifications discussed in Section [4.2] are employed. Conveniently, also X; = 0 can be assumed,
since logarithms proportional to X; do not enter at the one-loop level. This is due to the fact that
in the RGE approach X; enters the calculation only through the one-loop threshold correction
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Figure 6.1: Generic Feynman diagrams for the h, H, A, G self-energies (f = e, u, 7,u,d, ¢, s,t,b).
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Figure 6.2: Generic Feynman diagrams for the Z self-energy (f = e, u, 7,u,d, c, s,t,b).
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Figure 6.3: Generic Feynman diagrams for the h, H tadpoles (f = e, u, 7,u,d, ¢, s,t,b).
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to AM(Mg). This threshold correction gives rise to non-logarithmic terms at the one-loop level
but logarithmic terms due to this threshold correction appear only from the two-loop level on
(see Eq. (5.28)).

For the derivation of the needed self-energies the approximate expressions for masses and
mixing matrices of charginos and neutralinos given in App. [C] are used. These expressions
are power series in the variable z, = Mz/M, (remember that M; < M, is assumed). To
work consistently without mixing orders, the introduced expansion is employed to the whole
expression for the hh self-energy by replacing M, through Mz/x,. In this way, the hh self-
energy is consistently written as a power series in x,. An explicit calculation yields that all
terms proportional to a negative power of x, vanish in the final result. Terms of order (’)(xi)
or higher are suppressed and are therefore beyond the order of approximation considered here.
In consequence only terms of order O(:U())() contribute to the final result.

Below this procedure is illustrated for an example term, which might appear in the self-
energies,

1+, + xi + l'i) Aog(M,) = (6.1)
M2
= M (1+ 3y + 2} +23) (A—l—l—lnm%‘): (6.2)
:Mgi (1+a +x2+m3)<A+1—ln]W%—lnx2>: (6.3)
a2 X X X m2 X
M2
= M2 (x;2+x;1+1+(9(xx)) (A—l—l—lnmtg—lnx;2>. (6.4)

The logarithm containing My and m; can be seen as a fixed number, since it does not involve
a scale, which could get large. The second logarithms however does.

In a similar way, the tree level expression for the Higgs-boson masses as well as the relation
between o and [ are expanded in the variable x4 = Myz/M4 (under the assumption that
My > Myz). My is replaced by Mz /x4. All terms proportional to a negative power of x4
again cancel in the final result. Terms of order (9(1‘}4) or higher are omitted such that only
terms of order O(x%) contribute to the final expression. In this decoupling limit, the mixing
angle o — 8 — /2 (see Egs. and (4.48))). The relevant expansion formulas for quantities
dependent on M4 (like the tree-level Higgs-boson masses) are given in App.

In the obtained expression terms suppressed by Mg are omitted, because they can not be
reproduced in the EFT approach if no higher-dimensional operators are introduced.

6.2 Cancellation of divergences

Using the approximations described in Section the UV finiteness of the renormalized hh
self-energy is checked analytically. As expected, all divergences up to the order O(z%), O(z%)
and O((Mz/Ms)?) cancel. For terms proportional to higher powers of z,, x4 and Mz/Msg,
the cancellation is not checked, since therefore higher-order expressions for e.g. the neutralino
masses and mixing matrix would be needed.

It is interesting to note that

e all divergences (even  g,¢’') cancel within the each (s)quark-sector, e.g. the (s)top-sector.
Contributions from the related SU(2)-partner sector, here the (s)bottom-sector are not
necessary to get a finite expression.
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e for the finiteness of the hh self-energy in the electroweak sector, all contributions from
the neutralino, chargino, gauge, Higgs and ghost sector are necessary. This is due to the
underlying SU(2) x U(1) symmetry connecting these sectors.

e all logarithms proportional to one of the large scales Mg, M, , M4 vanish.

6.3 Extraction of logarithms

To extract the logarithmic contributions in the hh self-energy, analytic expressions for the occur-
ring loop functions (see App. @ have to be plugged in. In the next step, only logarithms with
arguments involving m; and one of the high scales, like Mi /m2, are kept (see Section . To
extract these logarithms out of all logarithmic contributions to the hh self-energy the arguments
of the logarithms are expanded for large scales (here for large M, ), e.g. (x,, = Mz /M)

M + M M ( M2 ) M?

=ln—2X+In{14+"LZ) ~In—X +0(22). 6.5
m? nm%—l-n +M>% nm?—i- (mx) (6.5)

In

Terms involving positive powers of z, are omitted (as long as they are not multiplied by an
inverse power of x, ), because they contain no logarithms and are suppressed for large M,,.

6.4 Analytic expressions

In the limit Mg, Mgysy, Ma, M, > Mz the one-loop leading logarithmic contributions of the hh
self energy in the Feynman-diagrammatic approach can be given in a relatively compact form
(using the abbreviations introduced in Eq. (4.15)),

&1L,LL
Ehh (p2 = m%,tree) =
. «
72 ME, 52,
3 M2
{8 (16§, MZ — 40Myy, — 29M 7 + 4 (2My, + 4Mj, M3 + M) csp + 9Mzesp) In m—?

Higgs-sector
M2
— (108my + 54miMZeop + (32Myy, — 40MG, M3 + 17M7) c35) In —5
my

(s)top-sector

M2
— (160M{Y, — 200M3, M3 + 103M3) 5 In —>4%
m

t

(s)lepton-, rest of (s)quark-sector

M2
+3 (44Myy, — 10Mj, MZ + 11M7 + (20Myy, — 10M§, M7 — My) cap) In g}
my

chargino-, neutralino-sector

(6.6)

where o = €2/4r is the fine-structure constant (e = gs, = ¢'cy is the elementary electric
charge). In the limit of tan 8 — oo, this agrees with the result of [54].
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This result can further be simplified. First, In(M g’usy /m?) can be replaced by In(M2/m?),
since

M?2 M2
In Sgsy =1In —*29 + terms suppressed by Mg. (6.7)
my my

Moreover, in the RGE approach it is assumed that the heavy Higgses and the stops have a
common mass scale, i.e. M4 = Mg. Applying both simplifications to Eq. yields

NILLLL, 2 0 2 _
Ehh (p - mh,tree) -
. «
T oo A2 2
727 My, s3,

3
{—8 (288 + 144mi MZcop + 296 M7, — 336Mj, M7 + 189 M+

M2
4(62Myy, — 84Mj, M7 + 39My)cag — IMzesg) In ﬁg
t

M2

+3 [44Myy — 10M, M7 + 1My + (20Myy, — 10Mi, M7 — My) cap] In g} :
my

(6.8)

Neglecting all terms o My, Mz, the most dominant correction term is again recovered (see
Eq. 5.8).
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Chapter 7

Resummation of logarithms in the
RGE approach

As outlined in Section RGEs can be used to resum the potentially large logarithms appear-
ing in a Feynman-diagrammatic calculation by solving the system of RGEs with corresponding
boundary conditions numerically. This method has already been applied to improve the pre-
diction for M), and implemented into FeynHiggs [39]. The electroweak gauge couplings were
neglected (g = ¢’ = 0), such that only logarithms o «y, a5 are resummed. In this Chapter three
refinements are proposed. In a first step, electroweak contributions are taken fully into account
(g9,¢' # 0), while assuming that all sparticles have a common mass scale (M, = Mz = Mg). In
a second step, the case of light charginos and neutralinos is considered (M, < Mg). Thirdly,
also the gluino is allowed to be light (Mz < Mg).

7.1 Electroweak contributions

In this first refinement, it is assumed that all sparticles have a common mass scale. Consequently,
the EFT below Mg is the SM. This scenario is shown in Figure

me Mg
L ] -
} } >

A(my) SM, Bsm A(Ms)
ht(mt),gg(mt),

MSSM

Figure 7.1: All sparticles have the common mass scale Mg. The EFT below Mg is the SM.
A(my) is obtained by running A(Mg) down using SM-RGEs and taking hi(my), g3(mz), ... as
input values.

To resum also electroweak contributions, the full SM RGEs including ¢ and ¢’ have to be
taken into account (see App. . Futhermore, the simple threshold correction used in [39)
(AM(Mg) = 6kh!X2(1 — 1/12X?)) is not sufficient anymore. There are additional threshold
contributions proportional to the weak gauge coupling from the stop sector as well as from other
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sectors. These can be found e.g. in [35L36],
AMMs) =

= i cos?(23) (92 + g/2)

tree level

3 12 4 12/2 1/4
k[<4 6%)9 +59°9°+ 19

tree-level term DR — MS

1 X7 1 X} 1 X7
2 2 2 2 t 2 t 2 (.2 2\ .2 t
ot {156 ) (i) ~ 1% (ig ) } = 340 7+ o) ()

stop-threshold corr.

3. .0, 222
—Tﬁk(g +9°)"sip

heavy Higgs threshold corr.

1
5 k(s +55)* { 519" — 249%9" — 139" + (39" + 9) [(9” + 9™)cas +2(9” — 9")s26] }

chargino/neutralino threshold corr.

(7.1)

All couplings at the right-hand side of Eq. have to be evaluated at () = Mg. This includes 3.
The input value of tan 8 is nevertheless given at () = m; making it necessary to run tan g up
to @ = Mg. The issues related to the running of tan 8 are discussed separately in Section
Below, it is taken as a convention that the right-hand side of an equation has to be evaluated
at the same scale as the left-hand side, if not explicitly noted otherwise.

At this point, it should be noted that the threshold corrections found in [35,36] contain
additional contributions, which are zero for the assumptions made in this thesis (see Section [4.2)).
Furthermore, they are derived for a different renormalization of tan 5 as the one employed here
(see Eq. . Therefore, most of the corrections have been recalculated using the method
described in Section (here, it is easier to match the results for M}, directly instead of matching
the quartic coupling ). The calculation confirms the results of [35,[36] in spite of the different
renormalization schemes.

The origin of the tree-level matching condition is the MSSM Higgs potential given in Eq. .
The term in the second line of Eq. is due to the fact that the tree-level term has to be
converted from the DR~ to the MS-scheme (a detailed explanation can be found in Chapter .
All other threshold correction originate from the decoupling of heavy sparticles. In the gaugeless
limit (¢ = ¢’ = 0) this expression reduces to the threshold correction of [39].

Note that in [34] a factor —cyg is missing in the threshold correction of the stop-sector. The
reason is that in the referenced articles [26,32] the threshold correction was obtained in the
limit tan 3 — oo, in which ¢y — —1. The last term in the stop-sector threshold correction
proportional to c% 5 was completely missed. This has been already noted by the authors of 36].

Using one-loop RGEs (see App. the leading one-loop logarithms can be calculated,
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1
(AMP)EL )2 {12111L +3h7(g* + ") cap — 5 18(c35 — 1)%g°¢"

M2
+ (9¢55 — 8¢5 + 27)g" + (9¢55 — 50c35 + 9)9’4] } In Fg (7.2)
t
All couplings have to be evaluated at Q = my;. This agrees with the result of [32] and also
reproduces the result of the FD calculation (see Eq. with M, = Mg).
Using 2-loop RGEs, the leading and subleading two-loop logarithms already contained in
theFD result implemented into FeynHiggs (o< asay, @?) can be derived,

Mg 1 ; .
(AMZ)PLLANLL g2, 24 { [oh? —48g3] In =5 + = 1663 (4 — 12X 05 + XTos)
t

X A M3
—3h7 (20 - 12X 05 + Xfos)] } =5 (7.3)
7 7 mt

Again, all couplings have to be evaluated at QQ = m;.
To resum the logarithms up to all order, the full SM RGEs including g and ¢’ (see App. [A.1))
have to be solved numerically with the boundary condition given in Eq. (7.1)). The boundary

conditions for g, ¢, g3 and hy are given in Egs. (9.7)-(9.10).

7.2 Chargino/neutralino threshold

The assumption of a common sparticle mass scale is quite limiting. A realistic spectrum probably
involves more than one mass scale. One possible extension is the introduction of a variable
chargino/neutralino-threshold M, (m; < M, = My = My = p < Mg). At this scale, the
charginos and neutralinos are decoupled. Therefore, they still contribute to the RGE running
between M, and Mg (see App. for the corresponding set of RGEs). The EFT in this interval
is called split-model and can be seen basically as the SM plus charginos and neutralinos (the
overall scenario is depicted in Figure . The Lagrangian is given by

1 = = 1 5 Y 7 1 ~ atire | 5 D
Lopic =+ =5 MWW = M BB — MHz - Ha - EHT (G200 W + 31 B) Ho
_1
V2

where H is the SM-like Higgs doublet remaining below Q = Mg and ¢® are the Pauli matrices.
Below = M, the SM is recovered. The notation of the Higgs-gaugino-gaugino couplings
J1us G2u, J1d, G2 1s adopted from [35,36]. In there, a different notation for the electroweak gauge
couplings and the Higgs doublets is used. ¢ and ¢’ correspond to go and g1, H1 and Hs to
Hq and H,,. In consequence, the number in subscripts of §1y, Gou, §14, Goq Specifies, which gauge
symmetry causes the coupling (U(1), if the number is 1, SU(2), if the number is 2). The small
letter expresses which Higgsino field is coupled to the SM like Higgs field H (H;, if the letter is
d, Hi, if the letter is u).

H- <—§2d0aWa + §1dl§> Hi + h.c., (7.4)
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mi Mx Mg

A(my) SM, Bsm A )\t/L:cs(A’j)() Split-model, 3, (chargino/neutralinos present) )\(IJWS)
hi(me), gs(me), ...

MSSM

Figure 7.2: All sparticles except of the charginos and neutralinos have the common mass
scale Mg. The charginos and neutralinos have the common mass scale M,. The EFT
below Mg is the SM plus charginos and neutralinos called split-model. Below M, the SM
is recovered. A(my) is obtained by running A(Mg) down using split-model RGEs from Mg
to M, and SM-RGEs from M, to m;. At QQ = M, the SM is matched to the split-model.
hi(my), g3s(my), ... are taken as input values.

Numerical values for the couplings g1, §ou, §14, Goq are obtained by matching the split-model
to the full MSSM at the scale @ = Mg [35,36],

9
—44 + 70%3)() + 432h?’X] } , (7.5a)

X

- 3
G1u(Ms) = gysp, {1 +k Egi (—2 + 7C%X

~ 3
g1a(Ms) = gycs, {1 +k {16932‘ (—2 + 78%}() +

2 2

(
93 (—44 + 7%{)} } , (7.5b)
(

G2u(Ms) = g5, {1 +k

9
-2+ 76%)() + ZI.S,%h?’X] } s (750)
X

~ 2 11 1
G2u(Ms) = g.cs, {1 +k [—gi <3 + 168%X> + ?ng <—2 + 73%}()] } . (7.5d)

Here all couplings have a subscript x (e.g. gy) to make clear that the couplings of the split-
model and not of the SM are meant. The RGEs for the couplings 14, §ou, §1d, §24 can be found
in App. [A2]

The chargino/neutralino contribution to the threshold condition for A(Mg) (see Eq. (7.1))
is now present at the scale () = M, in the form [35,36]

7 5 9 _ 5 3. 7
Asm(My) =My (My) + K {—u(gfd + gi‘d) - Z(géd + gilu) - 59%d9%u - §9§d9§u
8 T 9 0 | 2.9 Lo o 9 | 9 9
~3 1d91u92d92u — 6( 14924 T J1u024) — 6 (974924 + 91u924)
4, N _
*g(gldg%u + G1ud2a) (G1ad2d + G1udou)

2_ - - - . _ .
+§91d91u()\x — 2475 — 29%,) + 2024020 (N — 2054 — 235,
1 N N N -
NG AEONCR SIS (7.6

The subscript SM identifies a coupling of the SM valid below M,. For M, = Mg this expression
reduces to the one of Eq. ([7.1)) by plugging in the following tree-level relations [35}36]
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A (Ms) = (gSM + gSM)CQBSM’ (7.7a)
glu(MS) - gSMsﬁSMa (77b)
gld(MS) - gSMcﬁsNU (77(3)
G2u(Ms) = gsmsps (7.7d)
G2a(Ms) = gsmCpgy;- (7.7¢)

Not only A receives a threshold correction at ¢Q = M, but also the top-Yukawa coupling h;. Its
explicit form is given in [35}36],
Lo Lo | 9
hix (My) = hesm(My) 41—k gI1ugid + E(Qm + Gia)

1. 1, . N
+ 5 92u82d + Z(qu + g%d):| } . (7.8)

The gauge-couplings remain unaffected at the one-loop level [35,36],

gX(MX) = QSM(Mx)a (7.9a)
9y (M) = g5 (My), (7.9b)
93.x(My) = g3 sm(My). (7.9¢)

Their RGEs however are modified above Q) = M, (see App.|A.2)).

7.3 Gluino threshold

A further extension of this framework is the introduction of a variable Gluino threshold m; <
Mz < Mg. Above Q = Mj the gluino contributes to the RGE-running, below it gets decoupled.
This scenario is shown in Figure

my MX Mg

| | ] .
I I -

A(my) SM, Bsm Adpres(My) Split-model, 3, (chargino/neutralinos present) A(Ms)

he(my), gs(my), ... M MSSM

| - | > (N >
r >

' Gluino decoupled Gluino present

Figure 7.3: The additional gluino threshold Mj is allowed to vary between m; and Mg.
Below Mj the gluino gets decoupled.

Conveniently, no new threshold corrections appear. For the Higgs self-coupling A, this is
immediately clear, since the gluino contributes only from the two-loop level on. The same
argument applies for the threshold corrections for g, ¢’ and h; at the scale Q = Mj. In the
case of g3, however, this argument does not apply, since the gluon couples directly to gluinos.
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Nevertheless, an explicit calculation shows that also g3 does not receive a threshold correction at
the scale @ = Mj (see [35[36]). Despite the fact that none of the couplings receives a threshold
correction at the scale Q = Mj, the RGEs have to be modified above @ = Mj (see App.
and App. , since above this scale gluinos contribute to the running of the couplings.

Looking at Eq. it becomes clear that one should also take care of possible two-loop
logarithms of the form In(Mg/Mj) or In(Mjz/m;), which should be subtracted to avoid double-
counting. At the two-loop level, however, no such logarithms arise. This can be seen by studying
the RGEs given in App. and App.

Above the gluino threshold only three terms are modified, the one- and two-loop term in the
RGE of g3 and the two-loop term in the RGE of h;. The effects of this modification get apparent
by solving the RGEs iteratively (see App. . In the first iteration step, none of the modifications
enters the expression for A(m;), since the couplings evaluated at Q = m; are inserted into the
beta-function of A,

AD (my) = A(Ms) + /A:[mdanQ [kﬁg” (he(my), ...) + k2B (gg(mt),ht(mt),...)} . (7.10)

where 5;1) and BE\Q) are defined in Eq. |) Note that Bg\l) is independent of g3 (see App.
and App. |[A.2).

In the second iteration step, the expressions for hy, g3 after the first iteration are used as an
input for the beta-functions,

A2 (my) =A(Ms)
me o[, o) W, (@ 2.2, (@
+/ dnQ [k:BA (ht(mt)Jrkﬁht In <m?> + K82 n (m?) )

Mg

+ k2B (gs(me) + BB - .. + )] (7.11)

B}(j) entering in the argument of Bg\l) is multiplied by a factor of k2. BS) itself has per definition
a prefactor k. In consequence, B}(j) contributes to A(m;) from the three-loop level on (factor
k3). In other words, a modification of B}(j) leads to a modification of the final result for Mj at
the three-loop level. The same argumentation shows that ﬁg;) contributes to A(m;) not before
the three-loop level. Consequently, also the modification of Bg) is a three-loop effect. The

modification of Bg) implies an effect of even higher-order. In conclusion, no logarithms of the
form In(Mg/Mj) or In(Mz/my) are induced at the two-loop level. Therefore, no additional
logarithms have to be subtracted if introducing a gluino threshold.

One might argue against this statement by referring to the diagrammatic O(asay) results
derived in [16] which in fact contain logarithms involving Mj. In the limit Mz < Mg, which
is intrinsically assumed if introducing a gluino threshold below ) = Mg, these logarithms are
however suppressed by Mg.

7.4 Running of tan

In the FD calculation implemented into FeynHiggs, tan 3 is an input parameter renormalized
in the DR-scheme at the scale Q = m; (see Eq. (4.73))). In the EFT calculation tan 3 enters as a
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parameter defined in the MS-scheme at the scale Q = Mg. In consequence, tan 3 has clearly to
be seen as a running parameter (the conversion between DR and MS is discussed in Chapter .
The issue however is the question how tan 8 should be defined below Q = M4 ~ Mg. In the
MSSM tan § is defined as the ratio of the vacuum expectation values of the two Higgs doublets.
If following an EFT approach, one of the Higgs doublets is integrated out below Q = M4 such
that it is not clear anymore how to define tan 8 for Q < M4.

This problem has been already noted in [32]. There it was suggested to use alternative
definitions of tan 5 in terms of physical observables, which do not suffer from this problem, and
showed that their results (one-loop corrections to M},) are independent of the chosen definition.
Another point of view is to see tan 8 as a high-energy parameter whose value is studied at low
energies.

In this case, its running is governed by the anomalous dimensions of the two Higgs doublets.
At the one-loop level they read [32]

d k

m=—IZj == (99 +3¢"), (7.12)
dt 1
d k .

2=z, = (9g2 +3¢g7% - 12h§) , (7.13)

where Zy, and Zy, are the field renormalization constants of the two Higgs doublets Hy, Ha
(Zry, = 1+ 023, ,, see Egs. 1) and (4.62])). h; is the SUSY top-Yukawa coupling, related
to the SM top-Yukawa coupling h; at tree-level via

7 gmy -y N
t ﬁmwsﬁ t S% ( )
The resulting equation for the running of tan 8 reads
1 dtan® g
= —3kh. 7.15
1+tan23 dt t (7.15)

According to [32], all of the terms originate from SM fields. In consequence, the equation has
not to be modified for Q < Mg, even if passing a intermediary sparticle threshold.
In principle, for the resummation of the subleading logarithms the anomalous dimensions have
to be known at the two-loop level. For the MSSM they can be found in [56,57]. It is however
unknown which parts of the two-loop beta function are due to sparticles. It could well be
that below e.g. () = M, the beta function has to be modified to account for integrating out
the charginos and neutralinos. In addition, also potential one-loop threshold corrections are
unknown.

Consequently, four different options are basically available to proceed further,

1. ignore the running of tan 8 and identify tg(m;) with tg(Mg)

2. use a one-loop fixed-order expression to relate tg(m;) to tg(Msg) (derived using the one-loop

RGE given in Eq. (7.15))
3. use the one-loop RGE of tan 5 to relate tg(m) to tg(Mg)

4. use the two-loop RGE of tan 3 to relate tg(my) to tg(Mg) neglecting possible threshold
corrections
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The first option is not acceptable. The expression in Eq. is derived assuming that tan g
runs. The found correspondence to the Feynman-diagrammatic result is not reproduced
assuming that tan 8 does not run. Following the second option, the EFT calculation does
reproduce the one-loop logarithms given in Eq. . It is however not clear, why only a one-
loop fixed-order expression should be used for tan 3, if full all-order running is applied for all
other couplings. Therefore, option three seems to be favorable.

As mentioned before, for a consistent resummation of subleading logarithms it would be
necessary to employ a two-loop running for tan 3. Deriving the necessary one-loop threshold
corrections and checking the origin of the terms in the two-loop running is however beyond the
scope of this thesis. In consequence, option four can only be used to estimate the error induced
by additional subleading logarithms originating from the running of tan $ at the two-loop level
(two-loop RGE). Therefore, the third option seems to be the best choice and is used throughout
this thesis.

A further discussion including numerical comparisons can be found in App. [E]
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Chapter 8

Conversion of input parameters

In the renormalization group approach, all quantities are renormalized in the MS-scheme. In con-
trast in the Feynman-diagrammatic approach, all quantities (except of the field renormalization
constants, which are renormalized using the DR scheme) are renormalized in the OS-scheme.
Therefore, to properly combine the result obtained using the different approaches, relations
connecting the OS- and MS-values of appearing quantities have to be derived (as noted in
Section see [34] for an extensive discussion).

A bare parameter p appearing in a Lagrangian is related to its corresponding on-shell /MS-
definition via

p = pOS 4 6p05 = pMS | 5pMS, (8.1)

At tree level all definitions correspond to each other (p = p9S = pm). At higher-orders the
counterterms do not vanish. Therefore the relation between the OS- and the MS-definition of a
quantity is

pMS = pOS + 5pOS - 5PMS = pOS + 6POS’A subtr. - (82)

The MS-counterterm cancels the part of 6p®° proportional to A = 1/e—vg+log4m and therefore
renders the results UV-finite. As noted in Section for the present analysis only logarithmic
terms in the conversion between the schemes need to be known.

In addition to the conversion of the input parameters, the conversion of the tree-level match-
ing condition between the DR- and the MS-scheme is discussed in the last part of this Chapter.

Conversion of the stop-mixing parameter X,

The relation between XO8 and XMS has been already studied in e.g. [22,29.34,58] (in the limit
g = ¢’ = 0). This relation can be obtained by using the definition of the counterterm for §X;
given in [59],

1
0Xy = E [(57’1?1 - 5m§2)UE,11Ui,12 + 5m?152(U£,21U£,12 + U£,11U£,22) - Xt&m? ) (8.3)

where dm? is the top mass counterterm (see Figure for the corresponding diagrams) and U;
is the stop mixing matrix as defined in Section The appearing stop mass counterterms are
defined in the OS scheme as follows,
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1
om? ;= SRe {Zglzz (m2) + 2,7, (mi)} ; (8.6)

where Y7 7, X7 7 and Xj ; are stop self-energies (see Figure for corresponding diagrams).

In the MS-scheme, the counterterms are equal to the parts of the self-energies proportional
to A. The appearing renormalization scale has to be chosen to be Q = Mg, since at this
scale X; appears in the RGE-approach (see Eq. ) An explicit calculation in the limit
O(Mz) < Mgysy, My, My yields (see Figure 8.1l and 8.2 for the involved Feynman diagrams and
Chapter |§| for the used calculation techniques)

as CBou g gay @ e Mg
7r 167r(1 Xr) 967r(1 26¢,,) log m?

Gluon/Gluino sector Higgs sector Massive vector boson sector

XM = xP8 |1+

(8.7)

with X; = X; /Mg and « being the fine-structure constant. In the one-loop part of the formula
above it is not specified if X; is OS- or MS-renormalized, since distinguishing between OS and
MS at the one-loop level is formally an effect of two-loop order. So at one-loop accuracy, one is
free to use either X5 or XMS,

The result agrees with the result of [29] if setting ¢ = ¢’ = 0. Note that the term proportional
to Xf is missing in [39]. It originates from the stop self-energy diagrams involving one virtual
stop/sbottom and a Goldstone boson (see Figure . Particle sectors not mentioned in Eq.
do not contribute logarithmically.

Conversion of the stop-mass scale M g

The stop mass scale Mg is defined by

MS = mflmt~2. (8.8)

Its counterterm can be derived by a counterterm expansion yielding

1 /m; m;
SM2 =~ <mt2 om? + m—'ilémg > : (8.9)

- to
2 t1 t2

Again the appearing scale has to be chosen to be (Q = Mg since at this scale also Mg appears in
the RGE approach (see Eq. (7.1)). An explicit calculation shows that in the limit O(Mz) < Mg
there are no logarithms present in the corresponding conversion relation (see Figure for the
involved Feynman diagrams).

Residual parameters

In addition to Mg and X, there are some other quantities appearing in the RGE approach,
which have to be converted, namely M,, Mg, m; and tg(m;). The chargino/neutralino mass
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Figure 8.1: Generic Feynman diagrams for the stop self-energies.
h,H,A G H* G* t~172 5172 t~172
//_\\ //<\\ //>\\ //>\\ //>\\
~0 - ~
t b X1,2,3,4 sz 9

g Y Z W=
t t t b
Figure 8.2: Generic Feynman diagrams for the top-quark self-energy.
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Figure 8.3: Generic Feynman diagrams for the Y3 self-energy (f = e, u, 7, u,d, c, s,t,b). Diagrams
painted in blue are not present for M, < Mg in the effective field theory approach.

fg L
g !

Figure 8.4: Generic Feynman diagrams for the gluino self-energy (f = e, u,7,u,d,c,s,t,b).
Diagrams painted in blue are not present for Mz < Mg in the effective field theory approach.

scale M, has to be converted at the scale Q = M,. Note that the mass of %) is exactly M,
at tree-level (see Eq. . By defining M, = M)zg the corresponding mass-counterterm can be
used to convert M, (see Figure for the corresponding Feynman diagrams). No logarithmic
terms are found.

The choice of the counterterm is a bit arbitrary. Nevertheless intuitively, the counterterm
of M, should be associated with one or a combination of the mass counterterms of the chargi-
nos/neutralinos. Since the couplings of the charginos/neutralinos are all similar, also a different
choice for the renormalization of M, should not induce any logarithm.

My is the mass of the gluino. Therefore, the mass counterterm of the gluino has to be used
(see Figure for the corresponding Feynman diagrams). Again no logarithmic terms are found.

Concerning my, no extra effort has to be made, since it is advantageous to use the MS-
running top mass m;(m;) as input for the FD calculation. Using m;(m;) absorbs higher-order
QCD effects. In consequence, the same scheme is used in both approaches making a conversion
unnecessary.

The ratio of the vacuum expectation values of the two Higgs doublets ¢g(m;) is renormalized
in the DR-scheme in the FD calculation. In the RGE approach, it enters renormalized in the
MS-scheme. The conversion between DR and MS yields no logarithmic terms, since at the scale
Q = my no heavy sparticles are present. In principle, also non-logarithmic terms should be
included, since tg(m;) enters in the prefactors of leading logarithms. These contributions are
however neglected in this thesis.
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Conversion of the tree-level matching condition of A
At tree-level A(Mg) is given by

MMs) = (6 +9”)chs. (8.10)
As discussed in Section [7.1] this relations originates from the MSSM Higgs potential given in
Eq. . The MSSM, as a supersymmetric theory, is renormalized using DRED as noted
in Section [4.7.1] Therefore, also the quantities appearing in tree-level matching condition for
A(Ms) (g, ¢’ and tg) are DR-renormalized. However, the EFT below @ = Mg is renormalized
in the MS-scheme, i.e. g, ¢ and t3. Consequently, the tree-level matching condition has to
be converted from the DR-scheme to the MS-scheme. This conversion results in an additional
one-loop threshold correction (see Eq. )
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Chapter 9

Numerical results

In this Chapter the numerical results of the FeynHiggs extensions described above are presented.
The logarithms are resummed by solving the system of RGEs with corresponding matching
conditions numerically. This numerical resummation is implemented into a separate Fortran
program (a Mathematica version is also available). The program calculates AM? as defined in
Eq. . Afterwards, the result is combined with the numeric result of FeynHiggs (M7?)FP

by simply adding both results (see Eq. (5.40))).
For the SM parameters appearing in the Feynman-diagrammatic calculation the FeynHiggs

default values are used,

My = 91.1876 GeV,
My, = 80.385 GeV,

meS = 4.2 GeV,
mPS =173.2 GeV,
Gr =1/(2v2v%) = 1.16639 - 107° GeV 2,
as(Mz) = 0.118.

© © © © © ©
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(
(
(
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(

The numerical values for the running MS gauge and Yukawa couplings evaluated at the scale
@ = my are adapted from [60], in which the measured SM parameters listed above are used to
derive these couplings,

gsy(my) = 0.3576, (9.7)
gsm(my) = 0.6482, (9.8)
g3,sMm(m¢) = 1.1666, (9.9)
he.sai(me) = 0.9356. (9.10)

These values found in [60] are of three-loop order (NNLO) or even four-loop QCD order (NNNLO)
in the case of hy. Formally it would also be correct to use the one-loop (NLO) values, because
only one-loop threshold corrections are needed. Using the NNNLO value for h; gives however
rise to large corrections as noted by [38,61]. Therefore, using the NNNLO value for h; and the
NNLO values for the other couplings seems to be favourable.

In this Chapter, XtOS is meant, if the stop-mixing parameter X; appears without a super-
script. Furthermore, the shorthand tg is used for ¢g(m¢). The often occurring statement that
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the electroweak gauge couplings are neglected (i.e. ¢ = ¢’ = 0) applies only to the resummation
of logarithms, i.e. g,¢’ # 0 in the Feynman-diagrammatic calculation.

9.1 Electroweak contributions

In this part of the analysis it is assumed that all sparticles share a common mass scale (see

Section , ie.
M, = Mz = Ms. (9.11)

First, the dependence of M}, on Mg is investigated. In a second step, the influence of X; is
scrutinized. The dependence on tan 3 is discussed in the third part. Last, the importance of
the resummation is studied using iteratively obtained fixed-order expression.

Dependence on stop mass scale Mg

The impact of resumming also electroweak contributions is depicted in Figure My, is shown
in dependence of Mg for vanishing stop-mixing. Mj, is calculated in different ways using the

e fixed-order FeynHiggs result.

fixed-order FeynHiggs result + resummation of LL logarithms o ay, a.

fixed-order FeynHiggs result 4+ resummation of LL+NLL o oy, as.

e fixed-order FeynHiggs result + resummation of LL logarithms o oy, as, g, ¢’

fixed-order FeynHiggs result + resummation of LL+NLL o oy, as, g, ¢’

Here LL is an abbreviation for leading logarithm, NLL for next-to-leading or subleading logar-
ithm.

Figure shows clearly the importance of resumming logarithmic contributions for Mg = 1
TeV. The fixed-order result is significantly below the results including resummation. For Mg 2
15 TeV the discrepancy can be higher than 20 GeV. It can also be observed that the greatest part
of this shift is due to logarithms o ag, ay. The electroweak contributions in the resummation
amount to only 2-3 GeV for Mg ~ 20 TeV showing the dominance of the logarithms oc ag, cy.
To gain a precise result, it is nevertheless mandatory to include them, since already for moderate
Mg (~ 2.5 TeV) they shift M, upwards by ~ 1 GeV. Figure also illustrates the impact of
subleading (NLL) logarithms. Resumming them decreases M}, in comparison with resumming
only leading logarithms by 2 — 2.5 GeV for Mg ~ 20 TeV showing their significance. Figure[9.2
shows that this shift is mainly due to subleading logarithms o a4, as. Subleading logarithms
proportional to the electroweak gauge couplings only have minor effects.
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Figure 9.1: M}, as a function of Mg for X;/Mg = 0. The fixed-order FeynHiggs result (FH,
orange) is compared with results containing the resummation of leading (red) and next-to-leading
(blue) logarithms neglecting the weak gauge couplings (dashed) and including the weak gauge
couplings (solid).
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Figure 9.2: M}, as a function of Mg for X;/Mg = 0. The results containing the resummation
of leading and next-to-leading logarithms neglecting the weak gauge couplings at the next-to-
leading logarithm level (blue) and including the weak gauge couplings at the next-to-leading
logarithm level (red) are compared.
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Figure 9.3: M), as a function of Mg for X;/Mg = 0 (solid) and X;/Mg = 2 (dashed). The
fixed-order FeynHiggs result (FH, orange) is compared with results containing the resummation
of leading and subleading logarithms neglecting the weak gauge couplings (red) and including
the weak gauge couplings (blue)

Dependence on stop-mixing parameter X;

The influence of stop-mixing is illustrated in Figure It again shows M), in dependence of
Mg for the three cases:

e fixed-order FeynHiggs result
o fixed-order FeynHiggs result + resummation of LL4+NLL o a4, as.
e fixed-order FeynHiggs result + resummation of LL+NLL o a4, as, 9,4’

But now, the results are not only shown for vanishing stop mixing but also for X;/Mg = 2
(nearly maximal stop mixing).

Choosing X;/Mg = 2 increases M}, significantly by ~ 10 GeV in comparison to the case of
Xi/Mg = 0 in all three cases. Interestingly, the curves including resummation are shallower in
the cases of X;/Mg such that the difference between vanishing and nearly maximal stop mixing
decreases with rising Mg.

As seen before in Figure including the weak gauge couplings into the resummation
procedure amounts to an upward shift of M for X;/Mg = 0. For nearly maximal mixing
Xi/Mg = 2, the Higgs-boson mass M}, is also shifted upwards. However, the shift is smaller
(~ 2 GeV for Mg =21 TeV).

Similar observation can be made in Figure It shows M}, in dependence of X;/Mg for
Mg = 10 TeV in the five cases

e fixed-order FeynHiggs result
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fixed-order FeynHiggs result 4+ resummation of LL o< oy, as.

fixed-order FeynHiggs result + resummation of LL+NLL x a4, .

fixed-order FeynHiggs result + resummation of LL & oy, as, 9,9
e fixed-order FeynHiggs result + resummation of LL+NLL o ay, as, g, 9’

The inclusion of the weak gauge couplings into the resummation procedure raises Mp. As
observed before, the shift gets smaller for rising |X;/Mg|. The sift induced by subleading
logarithms is bigger for higher | X;/Mg|. For |X;/Mg| = 0 this Higgs-boson mass is lowered by
~ 2 GeV, whereas the shift is > 10 GeV for |X;/Mg| 2 2.5. Figure [0.4]illustrates also another
noteworthy point. Resumming large logarithms does not necessarily amount to an upward shift
of My. In fact, M), is shifted even below the fixed-order result for |X;/Mg| 2 2.7 by the
subleading logarithms (note that X; does not appear as a prefactor of leading logarithms).

TT T T T T T TT l TT T T TTTTT l TT T T T T T TT l TT T T TTTTT l TT T T T T T 17T l TT T T T TTTT
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Figure 9.4: M), as a function of X;/Mg for Mg = 10 [TeV]. The fixed-order FeynHiggs result
(FH, green) is compared with results containing the resummation of logarithms o g, ay (red for
leading logarithms and blue for leading and subleading logartihms) and logarithms o as, oy, g, ¢
(orange for leading logartihms and purple for leading and subleading logarithms).
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Dependence on tan3

The impact of tan S on the Higgs-boson mass can be visualized by plotting M}, contours in
Mg-tan 8 planes (see Figure and . The solid contour line marks the values of Mg, tan g3
for which M}, = 125.09 GeV (see Eq. ) In addition, the experimental 20-values of M), are
shown. Note that the theoretical errors are far bigger . For vanishing stop mixing, the two
bands (for the two cases of neglecting and including weak contributions) do not overlap. This
clearly shows the importance of the weak contributions if constraining the parameter space. E.g.,
for high Mg (2 10 TeV) the measured Higgs-boson mass favors tan § ~ 5 — 6 if including the
weak gauge coupling. Neglecting them instead yields a prediction of tan 5 ~ 7 — 8. Generally,
including the weak gauge couplings in the resummation allows for smaller values of Mg and
tan 3.

20

tan 3

10+

[*2]

9,9 #0
9,9 =0

L 1 L L L 1 L L L 1 L L L 1 L L L L L
2000 4000 6000 8000 10000

12000

14000
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Figure 9.5: Plots of central (solid) and 20 (dashed) contour lines of M}, in the tan 3-Mg plane
for X;/Mg = 0. The contour lines if neglecting weak gauge couplings in the resummation (blue)
are compared with the full resummation including weak contributions (red).

In the case of nearly maximal stop mixing (X;/Mg = 2), the weak contributions are not so
important. Both bands overlap broadly showing that for maximal stop mixing neglecting the
weak gauge coupling in the resummation is a better approximation as in the case of vanishing
stop mixing (at least in the part of parameter space which allows for M, ~ 125 GeV). The
main reason is the fact that maximal stop mixing raises the Higgs-boson mass substantially
requiring Mg ~ 1 TeV to reach the measured value of Mj. In consequence, the potentially
large logarithms In(M2/m?), which are resummed, are in fact relativly small such that also the
numerical impact of the logarithms proportional to the electroweak gauge couplings is small.
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Figure 9.6: Plots of central (solid) and 20 (dashed) contour lines of M}, in the tan 5-Mg plane
for X;/Mg = 2. The contour lines if neglecting weak gauge couplings in the resummation (blue)
are compared with the full resummation including weak contributions (red).
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Iterative solution

The set of RGEs can not only be solved numerically corresponding to a resummation of logar-
tihms up to all orders, but also iteratively as shown in App. [B] It is interesting to investigate,
at which loop-level n a n-loop fixed-order result obtained by iteration is comparable to the nu-
merical result. If the discrepancies are small, the gained analytic expression of the respective
loop-level can be used as an approximate expression.

In Figure fixed-order results up to the 7-loop level (for 7-loop subleading logarithms
x g, ¢ the computation is too time consuming) are compared to the numerical resummation for
various cases,

e resumming LL.
e resumming LL+NLL.
e resumming only NLL.

All cases are considered for vanishing and non-vanishing weak gauge couplings in the resumma-
tion procedure, tg = 10 and vanishing stop mixing.

Consider first the case of resumming only leading logarithms (first row of Figure . Ob-
viously, also higher-order (> 3-loop) leading logarithms have huge effects on the Higgs-boson
mass for moderate to high Mg (2 few TeV) showing that even a fixed-order two-loop calculation
enhanced with leading three-loop logarithms is not a good approximation. For high Mg (2 20
TeV) even 7-loop leading logarithms correct the Higgs-boson mass by ~ 1 GeV.

Besides, it is noteworthy that the iterative results converge to the numerical results as ex-
pected. A alternating convergence behavior is visible meaning that if a n-loop results is above
(below) the numerical results, the n + 1-loop results will be below (above) the numerical result.
The convergence is slightly worse in the case of non-vanishing weak gauge couplings.

Consider next the case of resumming leading as well as subleading logarithms (second row of
Figure . Interestingly, the convergence against the numerical result is far better compared
to the resummation of only leading logarithms. For small Mg (< 10 TeV) already the 5-loop
fixed-order result is a quite good approximation of the full numerical result. In this case however,
the convergence is better in the case of non-vanishing weak gauge couplings.

A natural question is, why the convergence is better if leading and subleading logarithms
are resummed. The reason is illustrated in the third row of Figure [9.7] showing the resumma-
tion of only subleading logarithm (obtained by subtracting the LL result from the LL+NLL
results). The subleading logarithms feature the same alternating convergence behaviour as the
leading logarithms. In contrast to the leading logarithms however, the convergence behaviour
is reversed. Whereas the 3-loop fixed-order result is below the numerical result in the case of
resumming leading logarithms, it is above the numerical result in the case of resumming leading
and subleading logarithms. In other words, the deviation of the fixed-order NLL results has the
opposite sign of the fixed-order LL results effectively reducing the error of the combined result.

Remarkably, the errors of the LL. and NLL result are bigger in the case of non-vanishing
weak gauge couplings. However, they coincide better leading to a smaller error of the combined
LL+NLL result in comparison with the case of vanishing weak gauge couplings.
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Figure 9.7: M), as a function of Mg for X;/Mg = 0. The result of numeric resummation of
logarithms up to all orders (red) is compared to fixed-order iteratively derived n-loop expressions.
The weak gauge couplings are neglected in the resummation in the left column and included in
the right column. In the first row the resummation of leading logarithms (LL) is considered, in
the second row the resummation of leading and subleading logarithms (LL+NLL) and in the
third row the resummation of only subleading logarithms (NLL).

The question how non-vanishing stop mixing affects the convergence behavior of the fixed-
order results is addressed in Figure It shows M}, in dependence of Mg for X;/Mg = 0
and X;/Mg = 2 comparing the full numeric result to fixed-order expressions for vanishing and
non-vanishing weak gauge couplings. It is clearly visible that choosing X;/Mg = 2 improves the
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convergence behavior (especially in the case of non-vanishing weak gauge couplings).
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Figure 9.8: M} as a function of Mg for X;/Mg = 0 (solid) and X;/Mg = 2 (dashed). The
electroweak gauge couplings are neglected in the left plot and included in the right plot. The
numerical resummation up to all orders (red) is compared to iteratively obtained fixed-order
formulas up to the 7-loop level.

9.2 Neutralino/chargino threshold

Introducing a neutralino/chargino threshold allows to relax the assumption that all sparticles
share a common mass scale,

M, < Mg = M = Mj. (9.12)

The following part of this Subsection explores how Mj, is affected by choosing M, < Mg for
vanishing stop mixing and tan 8 = 10. The scenario of nearly maximal stop mixing is investig-
ated in the second part. The question how choosing M, < Mg affects the dependence of M}, on
tan 8 is examined in the last part.

Dependence on chargino/neutralino mass scale M,

Figure shows M), in dependence of Mg for X;/Mg = 0 and t3 in the following cases:
e M, =1 TeV resumming LL+NLL
e M, = Mg resumming LL+NLL
e M, = Mg resumming LL+NLL (neglecting weak gauge couplings, i.e. g = ¢’ = 0)
e fixed-order FeynHiggs result without resummation for M, =1 TeV
e fixed-order FeynHiggs result without resummation for M, = Mg

Some of theses cases have been already discussed in Figure [9.1l There are shown here again
for comparison with the cases of M, = 1 TeV. As discussed before, including a resummation
of logarithms o< ag, ay shifts the Higgs-boson mass up by ~ 20 GeV for Mg ~ 20 TeV. Fur-
thermore including electroweak contribution into the resummation amounts to an additional
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upwards shift of ~ 2.5 GeV (keeping M, = Mg ~ 20 GeV). Lowering the mass scale of the char-
ginos/neutralinos M, to 1 TeV raises the Higgs-boson mass by further ~ 2 GeV for Mg ~ 20
TeV. Even for Mg ~ 4 TeV the shift is ~ 1 GeV. This shows the importance of introducing an
effective split model if M, < Mg to resum logarithms of the type In(MZ/M3?) and In(M7/m7)

properly.
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Figure 9.9: M), as a function of Mg for X;/Mg = 0. The case of M, =1 TeV (red) is compared
to the case of M, = Mg (blue). The results obtained neglecting weak gauge coupling in the
resummation (orange) and using 2-loop fixed-order formulas (purple) are also shown.

The impact of having light charginos/neutralinos is further investigated in Figure show-
ing contour lines for different values of M}, in the Mg-M,-plane for vanishing stop mixing (M,
and Mg are restricted to be > 1 TeV). The contour lines are only shown in the area for which
M, < Mg, since M, > Mg would correspond to an EFT of the MSSM without charginos and
neutralinos which is not considered here. The first thing notable in Figure [9.10|is the already
discussed feature that raising Mg increases Mj,. M), is also increased by lowering M, , as noted
before in the discussion of Figure The effect is stronger for higher Mg. This is expected
since choosing a higher Mg enhances the logarithms of the type In(Mg/M3).
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Figure 9.10: Contour plot of M}, in the M, -Mg plane for X;/Mg = 0. Contours for the measured
Higgs-boson mass central value (red, solid) and corresponding 20 values (red, dashed) are also
shown.

The red solid line shows the measured central value of M}, (see Eq. ) The dashed red
lines mark the corresponding 20 interval. If M, = Mg, Mg ~ 6.5 TeV has to be chosen to reach
the measured value of Mj,. If in contrast M, = 1 TeV is chosen, Mg has to be ~ 5.5 TeV. In
other words, having a light chargino/neutralino spectrum also lowers the mass of the stops, if M},
should be equal to its measured value. The 20 contour lines set limits on Mg to be in the range of
5.5—6.5 TeV for M, = Mg and 5—6 TeV for M, = 1 TeV. Including theoretical errors would of
course substantially change this picture. The 20 contour lines indicate however that the reached
experimental precision would be high enough to strongly constrain the Mg,M,-parameter space,
if the theoretical error was below the experimental one.

Dependence on stop-mixing parameter X

So far only the case of vanishing stop mixing was discussed for M, < Mg. Figure shows M,
in dependence of Mg for M, =1 TeV and M, = Mg comparing X;/Mg =0 and X;/Mg =2 .
It can be observed that Mj, is shifted upwards for X;/Mg = 0 and X;/Mg = 2 if lowering M,,.
In the case of X;/Mg = 2 however the shift is smaller. It amounts to ~ 1.5 GeV for Mg ~ 20
TeV, whereas My, is shifted upwards by ~ 2 GeV for vanishing stop-mixing.

Figure confirms this observation. It shows M} in dependence of X;/Mg for Mg = 10
TeV in the case of M, =1 TeV and M, = Mg. M)y, is shifted upwards over the whole considered
range of X;/Mg (—3 < Xi/Ms < 3). For low |X;/Mg| (S 1) the shift is bigger than for high
| X¢/Mg|.
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Figure 9.11: M}, as a function of Mg for X;/Mg = 0 (solid) and X;/Mg = 2 (dashed). The
result obtained for M, =1 TeV (red) is compared to the result obtained for M, = Mg (blue).
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Figure 9.12: M}, as a function of X;/Mg for Mg = 10 TeV. The result obtained for M, =1 TeV
(red) is compared to the result obtained for M, = Mg (blue).
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Dependence on tan3

Figure investigates the dependence of M}, on tan for M, = 1 TeV and M, = Mg. The
solid contour lines mark the measured central value of M) in a Mg-tan 8 plane. The dashed
lines indicate the experimental 2o-interval. Vanishing stop-mixing is assumed. As noted before,
having light charginos and neutralinos raises M. This allows to have lower Mg, respectively
lower tan 8. E.g. choosing tan 8 ~ 15 — 20 requires Mg ~ 6 TeV for M, = Mg, but only Mg ~ 5
TeV for M, = 1 TeV. Fixing instead Mg = 14 TeV requires tan3 ~ 5 for M, = Mg and
tan B ~ 4 for M, =1 TeV.

The error bands are mainly separated, even if the separation is small. For high tan 5 (= 15)
they overlap. This indicates that for an effective discrimination of the two scenarios a higher
experimental precision would be required, even if the theoretical errors were negligible.
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Figure 9.13: Plots of central (solid) and 20 (dashed) contour lines of M}, in the tan -Mg plane
for My =1 TeV (red) and M, = Mg (blue).
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9.3 Gluino threshold

Additionally introducing an independent gluino threshold allows to vary the gluino mass Mj as
a free parameter, as long as the hierarchy

My, Mz < Mg (9.13)

is respected. The impact of having Mz < Mg is investigated below.

Dependence on gluino mass M

Figure investigates the dependence of M}, on Mj. Mj, is plotted against Mg for M, = Mg
and X;/Mg = 0,2. The two cases of Mz =1 TeV and Mz = Mg are compared. For X;/Mg =0,
the numerical difference between both is only marginal (up to ~ 0.3 GeV) showing that the
dependence of M}, on Mj is small. For X;/Mg = 2 instead, M), is shifted downwards by up to
2 GeV for Mg ~ 20 TeV by choosing Mz = 1 TeV. A closer investigation reveals that this shift
is mainly due to the Feynman-diagrammatic part (M, ,%)F D (see Eq. (5.40)).
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Figure 9.14: M}, as a function of Mg for X;/Mg = 0 (solid) and X;/Mg = 2 (dashed). The case
of Mz =1 TeV (red) is compared to the case of Mz = Mg (blue).

The dependence on Mj is more closely depicted in Figure and showing a contour
plot of M}, in the Myz-Mg plane (with the restriction of Mz < Mg). The depicted area (1 TeV <
Mg, Mz < 10 TeV) is chosen to clearly illustrate the effect of changing Mj, even if this range
does not allow for M, ~ 125 GeV in the case X;/Mg = 2. For X;/Mg = 0, the contour lines
are nearly parallel to the Mjg-axis. So, M}, is indeed only marginally influenced by Mj over the
whole considered range 1 TeV < Mg < 10TeV. For X;/Mg = 2 in contrast, the lines are not
parallel to the Mg-axis. M), is maximal for My ~ 0.85Mg falling of by up to 2 GeV for smaller
M3z values and by up to 0.2 GeV for higher Mj values.
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Figure 9.15: Contour plot of M}, in the Mjz-Mg plane for X;/Mg = 0.

Mh [GeV]
10000 T T T T
ty =10, My = Mg, X,/Mg =2
136
8000
134
= 6000
o
Exu
4000 132
2000
130
2000 4000 6000 8000 10000
M, S [GeV]

Figure 9.16: Contour plot of M}, in the Mjyz-Mg plane for X;/Mg = 2.
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Dependence on stop-mixing parameter X

The dependence on X; is more closely examined in Figure depicting M}, as a function of
X /Mg for Mz =1 TeV and Mz = Mg for fixed Mg = 10 TeV. As noted before, for X; /Mg ~ 0,
no significant shift is observed. For X;/Mg = 2, M}, is decreased significantly. If X;/Mg is
increased further, M}, falls off faster for Mz = Mg compared to Mz = 1 TeV such that for
X;/Mg ~ 2.5 both curves cross. For negative X;/Mg instead, M}, is shifted upwards. The shift
is especially large (~ 2 GeV) for X;/Mg < —2. This observed asymmetry confirms that the
observed shifts are mainly due to the Feynman-diagrammatic part of the calculation (M. }%)FD,
since X; enters only quadratically in the EFT part AM} (see Eq. )

—M§:1TeV—M§=M5

t,@ = 10,Ms =10 TeV, MX = Ms

-3 -2 -1 0 1 2 3
X /Mg

Figure 9.17: M}, as a function of X;/Mg for Mg = 10 TeV. The result obtained for Mz =1 TeV
(red) is compared to the result obtained for Mz = Mg (blue).

Dependence on tan3

Figure shows the central value of the measured Higgs-boson mass and the corresponding
20-intervals in the Mg-tan 8 plane for Mz = 1 TeV and Mz = Mg in the case of Xy/Mg = 2
(for X;/Mg = 0, the numerical differences are too small). Both bands overlap in most of the
parameter space. In the region of Mg < 0.9 TeV and Mg > 1.5 TeV, choosing M; = Mg allows
for smaller Mg or tan 5. For 0.9 TeV < Mg < 1.5 TeV, a higher tan S or Mg has to be chosen
to reach the measured Mj,. The difference between Mz = 1 TeV and Mz = Mg is however quite
small such that it is hard to distinguish both cases within the errors.
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Figure 9.18: Plots of central (solid) and 20 (dashed) contour lines of M}, in the tan -Mg plane
for M, =1 TeV (red) and M, = Mg (blue).

Varying chargino/neutralino mass scale M, and gluino mass Mj

Figure and illustrates how Mj, is changed if My and M, are independently varied (from
1 TeV to 10 TeV). This parameter space not allowing for M, ~ 125 GeV is chosen, since in it
the numerical effects of varying M, and Mj independently are nicely visible. The two figures
show contour plots of M}, in the M,-Mj plane leaving Mg = 10 TeV fixed for X;/Mg = 0 and
Xi/Mg = 2.

For X /Mg the observed contours can be basically explained by the two previously mentioned
effects. Lowering M, increases Mj,. Varying Mj has no significant impact (lowering Mj slightly
raises Mp). The transition between Mz < M, to Mz < M, corresponding to a transition
between different EFTs, has no apparent impact on Mjp,.

For X;/Mg = 2 basically the same effects can be observed. The main difference is however
that the impact of varying Mj is far bigger (note the different scales for the left and right plot).
M, is maximized for Mgz ~ 9 TeV and M, = 1 TeV. Raising M, or lowering My decreases Mj.
Again, no transition effects are visible.
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Figure 9.19: Contour plot of M}, in the Mz-M,, plane for X;/Mg = 0 with fixed Mg = 10 TeV.
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Figure 9.20: Contour plot of M}, in the Mg-M, plane for X;/Mg = 2 with fixed Mg = 10 TeV.
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Chapter 10

Conclusion and outlook

The Minimal Supersymmetric Standard Model is one of the most promising candidates for phys-
ics beyond the Standard Model . It allows to calculate the mass of the lightest Higgs boson in
dependence of the model parameters. The calculation can be addressed straightforwardly using
explicit Feynman-diagrammatic calculations. For heavy super-particles, this approach suffers,
however, from large logarithms (e.g. In(M2/m?) with Mg being the stop mass scale and m; being
the top mass), which spoil the convergence of the perturbative expansion. This issue is addressed
in an effective field theory approach resumming logarithmic contributions using renormalization
group equations. To profit also from the advantages of a Feynman-diagrammatic calculation
both approaches have to be combined consistently taking care of the different employed renor-
malization schemes.

The work presented in this thesis builds up on this method to resum leading and subleading
logarithms extending the existing resummation of logarithms out of the (s)top sector implemen-
ted into FeynHiggs [39] in various ways,

e inclusion of electroweak contributions out of all MSSM sectors.
e introduction of a variable threshold for charginos and neutralinos.

e introduction of a variable threshold for the gluino.

For the consistent combination with the Feynman-diagrammatic result implemented in FeynHiggs,
the one-loop leading logarithms have been isolated and subtracted from the full diagrammatic
result and one-loop conversion formulas including electroweak contributions have been derived
for all relevant input parameters.

The numerical impact can be summarized as follows. The mass of the lightest Higgs boson
is shifted

e upwards by up to ~ 2.5 GeV for Mg ~ 20 TeV and ~ 1 GeV for Mg ~ few TeV if including
electroweak contributions.

e upwards by up to ~ 2.5 GeV for Mg ~ 20 TeV and ~ 1 GeV for Mg ~ few TeV if having
light charginos/neutralinos (M, ~ 1 TeV).

e only marginally if having a light gluino (Mj ~ 1 TeV) for vanishing stop mixing.
e downwards by up to ~ 2 GeV for Mg ~ 20 TeV and ~ 1 GeV for Mg ~ few TeV if having
a light gluino (Mj ~ 1 TeV) for nearly maximal stop mixing (X;/Mg = 2).
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In conclusion, resumming logarithmic contributions not only of the stop-sector is mandatory
to achieve a precise prediction for the mass of the lightest Higgs boson, especially for heavy stops
(Mg Z few TeV). Taking into account additional thresholds can also yield significant shifts in
the Higgs-boson mass.

Further refinements of the resummation of logarithmic contributions are of course possible.
First, sub-subleading logarithms, at least from the (s)top sector, could be resummed using three-
loop RGEs as well as two-loop threshold corrections. Furthermore, the resummation could be
extended to include (s)bottom contributions. Additional thresholds, especially a variable heavy
Higgs threshold at Q = M4, would also improve the calculation significantly. Certainly, it is
also interesting to apply the procedure to models beyond the MSSM, like the next-to-minimal
supersymmetric Standard Model.
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Appendix A

Renormalization group equations

A.1 Standard Model

The SM RGEs are taken from [60,(62], their modifications for @) > Mj from [35] (see explanation
in App.|A.2). The following notations are used,

t = In(Q?), (A.1)

1
= ——. A.
1672 (A-2)

k is used to keep track of the loop order. For the convention used for the normalization of A
and v, see Eq. (2.4)-(2.5). All RGEs are given at the two-loop order in the form

dgi 2 (2
= Bo =B + KB, (A-3)

with ¢; being a generic coupling (see also Eq. (5.26))). The modified two-loop order SM RGEs
are given by

Ciiqt/ =% [12 * %k (454 g + ?g 2+ %glg N %hfﬂ ’ (A.4a)
%: " {19+1k<129§+?§g2+29’2;hfﬂ, (A.4b)
% = [ (7;5) +k< —26; +22)g3 — 2hi + 2 2+ 1;9’2)} : (A.4c)
+k [h ( 12h? — 6) + 36932 + 21265 o+ % /2> LSt (108; 284) 9
%g“ 12118679’4 +9g39° + gg?,g’2 ngg’z] } (A.4d)
% —k {6 (A2 4+ AhZ — hE) — A <292 + ‘;g’?> + 294 + gg"‘ + 2929’2
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1 156 54,
+k? [2)\ < A 72h7 + 54¢° + 39 )
45 85 73 629 39
F B2 h2 4 /2 P S e S L )
t( +0g3+4g + 159 + A 69 T Y T g9
4 9 19 21
+2h} (15ht 1692 — 39/2) + 2h? (—894 2 —g"t+ 4929’2>

805 5 379 45289 4 559 5 /4]} (A.de)

167 T ag? T 99 T g9

The notation (a;b) indicates that a is used for Q < My and b for @ > Mj.

A.2 Split model

The S-functions for the split model are mainly taken from [35]. The model considered in there
(Split-SUSY) does not quite match the model considered in this thesis. It is more restricted in
the sense that the gluino mass Mj is set equal to M, and is therefore not allowed to be varied
freely as assumed in this thesis.

It is nevertheless possible to use the [-functions derived in [35] by considering that the
couplings of the gluino to other particles are proportional to gs. Therefore the Split-SUSY (-
functions can be used with the modification that for @ < Mj (the scale, at which the gluino is
integrated out) gs-dependent terms are replaced by their corresponding expression within the
SM S-functions.

In the case of terms proportional to one of the weak coupling g, ¢’ and g3 this procedure
seems not to be applicable since the Split-SUSY S-functions of g, ¢’ are different from the ones
of the SM. A second issue concerns the effective coupling §14,14,24,2¢ of the split model. The
B-functions of the Split-SUSY model considered in [35] contain terms proportional to gs at the
two-loop level. Since there are no SM [S-functions to compare these terms with, it is at first
glance not clear if their S-functions are altered when integrating out the gluino.

Both issues can be resolved by considering the possible couplings of the gluino. The gluino
can couple in two ways. Either it couples to a gluon and a second gluino or to a quark/squark
pair. Looking at the diagrams needed to derive the RGEs for g, ¢’ and J1u,1d,2u,2d, it becomes
clear that no gluino-gluon-gluon coupling is involved at the one- or two-loop level. This is due
to the fact that the gluon only couples directly to quark and squarks. The respective diagrams,
however, do not involve quarks or squarks as external legs. Consequently, quarks and squarks
first appear as internal lines at the one-loop level such that gluon contributions appear first at
the two-loop level. If gluons appear first at the two-loop level, the gluino-gluon-gluon coupling
can first contribute at the three-loop level. Two-loop diagrams involving an one-loop tadpole
subdiagram are an exception, since the tadpole subdiagram can involve the gluino-gluon-gluon
coupling. Nevertheless, these diagrams are removed by renormalization.

The gluino-quark-squark coupling in contrast can already appear at the two-loop level. Nev-
ertheless, none of the diagrams involving this coupling contribute, since in the effective field
theory below Mg the squarks and therefore the gluino-quark-squark coupling are integrated
out. In conclusion, the gluino enters the calculation of the split-RGEs for g, ¢’ and g1y, 14,2u,2d
first at the three-loop level. This shows that the corresponding RGEs given in [35] can also be
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applied for @ < Mj. Modifying the RGEs given in [35] as described above yields

dg' 3 i 18 9 i
= hﬁ1+ W’Skdowﬁ+gﬂ%+5gg—mﬁ£d+£w
4, 104 , 17,
+€93 T 159 Eht , (A.5a)
dg 7 1 1. 106 , 11 .,
a%=:—-12kg3-+-2k293[—-4(gfd+—gfu)-%:392—-‘4(9§d+-g§u)
3
+12g3 + 29 - th} : (A.5D)
493 _ _ k k 26; —22 2 _op A
dh 9 17 9. 1 .. i i
d;2km[—42 893 — 1597 + hi + 2@%+9i+3£d+3£0]
1 9 . 5. .. 9 17, 9., ., 45,
+ §k2ht {—12h§ 16912 4g%dgfu — 16912 Zg“ -~ ggfdggd 1692d
9., ., 3., 45, 9284
_391dglu92d92u - gg%uggu - 4g§dg§u - 1692u <108 3 > g3
5., 15, 165., 165_
+92(169ﬂ 169iL+ 169i1+ 169ip+993>
5 0(3 .5 3, 9, 9 9 19 ,\ 1303 , 3.,
2 s s BN
39 <16 Giat 1590~ 559" + 1% T 169+ 59 ) T 569" 15
9 ., 25 ., 27 131
+hi (== (050 + G10) + 9> — = (G5q + §3.) + 3695 + ——g7 —6X) ¢, (A.5d)
8 16 8 16
ax 1 .9 . o i e
&= kr[ 14— g?u-+‘ig4 — 5354 — 4G1a91uG24F2u — 5Ty — 2(3T0 + G50)(F14 + T3)
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+59%9" + 70" = 12y + 2(5 + 5. + 3634 + 3552
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The issue concerning the RGE and the running of tan 8 is discussed in Section [7.4]
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Appendix B

Iteration procedure

Consider a first-order differential equation of the form

L) (B.1)

with f(a) given. Under certain conditions (Lipschitz condition for F') an unique solution exists
and can be obtained in an iterative way. The first step in the iteration procedure is to guess
a solution called £ (z). Usually, a single valued function is chosen. Typically, (O (z) = f(a)
is chosen, since this choice automatically fulfills the boundary condition. Then the differential
equation is used to gain a better solution f()(z). This is done by integrating the equation using
O (z) on the right-hand side,

T (1) x
/ af e~ / F(', fO))da'. (B.2)
a d:[: a

Demanding that f(1) (x) again fulfills the boundary condition, the left-hand side can be rewritten,

@)~ f@) = [P O (B.3)

These steps can be repeated, yielding

@) = f@) + [ Pl ) (B.4)
The gained function series f(™) will converge to the solution f(z) of Eq. 1’ with the boundary
condition f(a).

This procedure can easily generalized to a system of coupled first-order differential equations,
e.g. for a system of two coupled differential equations

FOD (@) = fla) + / TR (), 6 @) (B-5)
g(nJrl)(w) _ g(b) + /bw G(x’,f(")(x’),g(")(x’))dm’. (B6)

The method will fail to produce exact solutions, if the initial conditions are coupled too as
in the considered system of renormalization group equations, i.e. the boundary condition of
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A(Mg) depends on hy(Mg) which again depends on A\(Mg). One method to come around this
is using a symbolic boundary condition during the iteration procedure. Precisely, e.g. A(Mg) is
regarded as a symbol and left unevaluated during the iteration procedure. In the end, the actual
boundary condition for A\(Mg) is applied. The resulting equation is then solved for A(Mg). The
obtained expression for A\(Mg), which does not involve A(Mg) any more, is then plugged into
the functions solving the differential equation system.
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Appendix C

Expansions of masses and mixing
matrices

The explicit expressions for masses and mixing matrices appearing in the MSSM are often quite
complicated. Therefore, it is convenient to expand these expressions for large SUSY mass scales.
The derived expressions are used in calculations described in Chapter [6] and Chapter

All of the expressions presented below have been checked numerically using the Mathematica
package Diag [63] as well as the program FeynHiggs |30] (FeynHiggs implements the routines
of Diag).

C.1 Stop sector

Expanding the masses and mixing-matrices of the stop sector (see Section in the limit
Mz < X; yields (defining that mz < mg,)

=M3 2 2 Z Y Z
=M, F X+ ess M3 53— 80 ><Xt>+o<<xt> )

myg

1 1 M} (M My \?3
2 _as2 2 2 2\2 7 Z 4
T S L G O R ((X) ) |

where the upper signs apply for X; > 0, the lower signs for X; < 0.
For the stop mixing matrix one obtains
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If X; =0, then U; = 1.

C.2 Chargino sector

Expanding in the variable x,, = Mz /M, yields the following expressions for the masses
(mﬁ: < m@t),

1 1
mex = My (1 - ﬁcw(% + )Ty + ZC?U(% — 5p)°ay + 0(9632)) ,

X1
1 L, 2.2 4
Myt = M, (1+ ﬁcw(cfg + 53)Ty + ch(% —sp)°xy, +O(x)) ), (C.3)
and mixing matrices,
1 1 I o 2.2, 3 3 3,3 4
Uy = _\ﬁ + ZCW(Sﬁ - Cﬁ)xx + mcw(cﬁ - S/B) Ly + acw(cﬁ - 85) Ly + O(:EX)7
1 1 1 3
Uy = ﬁ — ch(% — 58)Ty — 16\/5612“(% - 55)2xi + 6262,(05 - 35)3x§’< + O(xi),
1 1 1 3
Uy = —=+ ~culcs — sp)ay — —=co(cs — s5p)°x} — —cl (cs — s5p)°x3 + O(a}),
V2 4 16v/2 64
Uz = Uy, (C.4)
Vi = _ L + 1c (cg — sg)xy + L02 (cg — s5)%x2 — 303 (cg — 85)323 + O(a)
vz Tl Tt gg s T o) = culen —anl i Ol
1 1 1 3
Vi = ﬁ + ch(% — S8)Ty — 16\/5612”(05 — 33)21:?( — @cfu(% - 85)33:?( + O(mi),
1 1 1 3
Voo = Vol ch(CB — S8)Ty — 16\/56120(65 — 35)2963( + @cfu(% — 35)331:?( + (’)(:ci),
V21 = Vlg (05)

of the charginos (see Section [4.4]).
Logarithmic contributions in Higgs self-energies proportional to M, cancel in the final ex-
pression. Therefore, to get all terms of the order (’)(x?() in a consistent way, terms up to the

order (’)(aci) have to be kept, because e.g. in tadpole diagrams terms containing factors like

m;i x mgg arise.
1
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C.3 Neutralino sector

The masses and mixing matrix of the neutralino sector (see Section [4.5)) expanded in the variable
Ty = Mz /M, are given by (mgo < myy < mgy < mg)

1 1 1 14 4s93 + 5eyp
o=M,1—-— Z _ 2.2 3 1 024
myo \ < ﬂ(cﬂ + 58)Ty + 8(05 sp)°xy + 2873 o5 + 5 zy +O0(x)) |,
m>~<(2) - MX’
1
mig—M <1+4(65—85) + O( ))
1 1 1 1+ 482/5 + 5045
mxi = MX <1 + 72(65 + 55)xx + §(Cﬂ — SB)21U3( — 128\/5 55+ s Ii + O(x;l() ,
(C.6)
11 (cg—sp) 1 (cg—55)*(2+15(cs + 55)*) »
N1 =sp | — Ty — Ty
V2 16 cs+ss 256+/2 (cs +5p)
1 (e 33)2(396s95 — 125¢45 + 247) )+ 0@,
8192 (cg + sp)3 X X
1 1 — 53)? 1 —55)%(2+15 2
Npy — e <_ 1 (g —sp) o+ (cs —s8)°(2+ 15(cs + sp) )xi
V2 16 cg+ sg 2561/2 (cs +55)
1 (cg —55)%(396s25 — 125c45 + 247) A
(@)
8102 (cp+ 5p)° oy ) + Oy,
1 1 —1+4cop + s2p 1 =3 —48cos + cap + 4525 — 40s4p 22
Niz=+ Ty Ty
2 16v2 cg+ 8p 1024 (cg+sp)?
B 1 —29825 + 528845 + 19865 + 140025 + 78045 — 284665 + 126 3
16384+/2 (sg +cp)? o
+ O(xi),
1 1 —1—4cog + 528 1 —3+48cop + cyp + 4525 + 40845 22
Ny=--+ Ty —
2 16v2 cg + sg 1024 (cg + s8)* x
n 1 —29595 + 528545 + 19563 — 140c25 + 78cypg + 284cep + 126 3
163841/2 (sp+cp)® X
+ (’)(wi),
No1 = cy,
Noo = sy,
N23 = 07
Ny =0,

Nat = s (5175 6 = 55)o = sl = 55)(1 = S ) + O,

. 1 1
N3z = —icy (m(%—%)fc 32f< cg — sp)(1 — Bsag)w )+(9( )

N33:i<\;§+161&(05—55)( 1—}—2625-1-825) >+0( )
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(1 1
N3y =i < (cg —s8)(1+ 2¢cop — szg)xi) + (’)(xi),

V2 16v2
1 1 (cs— s3)? 1 —55)%(2+15 2
Ny = s, <_ 1 (cg—sp) 5+ (cg —58)*(2+ 15(cp + sp) )xi
V2 16 cg+sp 2561/2 (cg +sp)
1 (e —58)°(396525 — 125¢45 + 247) A
8192 (Cﬁ + 85)3 X X
1 1 —55)2 1 —55)%(2+15 2
N = co < _ Ll (cs — 58)*(2 + 15(cs + sp) )xi
V2 16 cg+sg 256+/2 (cg + sp)
1 (cg — $5)%(396s25 — 125c45 + 247) 4 A
O(x)),
T 3102 (cs+ 59)3 Ty ) T O
1 1 -1+ 4625 + S28 1 -3-— 48626 + cqp + 482@ — 40545 2
Ny = — Zx 2 Ty
2 16\/5 cg + Sg 1024 (6,3 + 85)
L1 —29555 + 528545 + 19565 + 140¢55 + T8cas — 284065 + 126 3
16384+/2 (sp +cp)’ X
+ (9(:13;1(),
1 1 —1—4cop + 523 1 —3+48cog + cap + 4525 + 40845 o
Ny=—-- Ty — x
2 16v2 cg + 8p 1024 (cg+ sp)? X
B 1 —29825 + 528345 + 19865 — 140025 + 78645 + 284665 + 126x3
163841/2 (sg+cp)? X
+ (’)(mi). (C.7)

Again, terms up to O(xi) are kept because of diagrams involving factor like mf’zo.

C.4 Higgs sector

If the mass of the A-boson My is assumed to be much higher than the electroweak scale O(My),
the tree-level expressions for the Higgs-boson masses (see Section can be expanded in the
variable x4 = My /My,
mj, = M3 (37 + O(a3))
m%[ = Mf‘ (1 + sgﬂﬂvi + O(wi)) ,
mie = M3 (1+ ciah). (C.8)
Also the relation between a and 3 (see (4.47)), (4.48])) can be expanded in the limit M4 > My,

resulting in the expressions

1
Sq = —C3 + 555545m?4 + O(z%),
Ca = S5+ 2850256?31’124 +O(23).

All other possible trigonometric functions involving « are expanded similarly.
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Appendix D

One-loop functions

O Oy

AO AO BO

Figure D.1: Feynman diagrams of generic one-loop integrals (up to two-point function).

The loop functions used in this thesis (one-loop one- and two-point functions) are listed below

(the corresponding generic topologies are displayed in Figure ,

1672 dPk 1
2\ _ . 4—D _
Ao(m”) = p i / 2m)P k2 —m2

2
m
:m2(A+1—lnF),

1672 [ dPk 1
Bo(¢?, mi,m3) = p*~ P — / =
! i) eOP (R —md)((k+ 2 —m))
A+ wlnﬁj+ wlnﬁ;+
2p p 2p p

1
2 0

R (lnm%+m§—p2+R_

m3+m3—p*—R
+27p2 n )

2

1672 [ dPk k
B (0. m2. m2) =ui-D / Iz _
(a7 i, m3) i) EOP )kt a)? — m))

=4 B1(p?, mi, m3),

4—D ].671'2 / de kukV .
i) 0Pk = mi)((k+q)?—md)

=g, Boo (p*, m3,m3) + q.quB11(p*, m3, m3)

B,ul/<q27 m%? mg) =H

with R = /(m? — m3)2 + p2(p? — 2m? — 2m3). Note that m? has to be understood as m? — ie
(with e > 0 being infinitesimally small) to regulate singularities of the integrand. The functions
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B; and By are given by (Bj; does not appear in this thesis)

1
Bl(qza m%? m%) - @ [AO(m%) - Ao(m%) - (p2 - m% + m%)B()(pQ,m%,m%)] ) (D'Qa)
2 2 2 1
Boo(q”,my,m3) = 2320
[Ao(m3) + 2miBo(p?, m7,m3) + (p* — mj + m3) By(p*, m¥, m3)] .

(D.2b)

In this way, all one-loop (one- and two-point) integrals can be expressed in terms of the scalar
functions Ay and By. This procedure is called Passarino-Veltman reduction [64].
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Appendix E

Running of tan3 - numerical analysis

In Section the issues concerning the running of tan 8 are discussed. The following strategies
are proposed,

1. ignoring the running of tan 4 and identifying ¢g(m:) with tg(Mg).

2. using an one-loop fixed-order expression to relate tg(m;) to tg(Mg) (derived using the

one-loop RGE in Eq. (7.15)).
3. using the one-loop RGE of tan 8 to relate tg(m¢) to tg(Ms).

4. using the two-loop RGE of tan j to relate tg(m;) to t3(Mg) neglecting possible threshold
corrections.

In this appendix, the different approaches are compared numerically.
In Figure AMj, is plotted against Mg for tan 5 = 10 and X;/Mg = 10. Here, AMj, is
defined by

AMj, = Mp(using method 1) — Mj,(using method 2-4). (E.1)

As noted in Section ignoring the running of ¢5 introduces an error already at the one-loop
level. Using the one-loop fixed-order formula

L+ t5(me) M2

2

tg(me) my (E2)

3
tp(Ms) = tg(my) — §kh?(mt)
the error is corrected at the one-loop level shifting My up by ~ 0.1 — 0.2 GeV. Running tan g3
between Q = m; and @) = Mg using the one-loop RGE given in Eq. (7.15)) increases M}, again
by up to ~ 0.04 GeV for Mg ~ 20 TeV. Using the two-loop RGE [56,/57]

1 dtan?p ~ ~ 4 ~
i d —3kh? + k? [9hj} - <3g’2 + 16g§> hf} , (E.3)

M, is only marginally shifted downwards (< 0.01 GeV). Of course possible threshold corrections
as well as modifications of the RGE if passing below thresholds are ignored. Nevertheless,
even this incomplete two-loop running should give a reliable estimate of the size of these NLL
corrections. The minor impact shows that the two-loop running is most probably negligible.
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In conclusion, all corrections found due to the running of tan 5 are smaller than 0.2 GeV and
therefore within the theoretical errors of the whole calculation negligible.

0.20

0.16

AMh [GGV]

0.12}
0.10}

0.08.

0.14}

. —— 1L fixed order

0.18 L — 1L running

2L running

5000

10000 15000 20000
MS [GGV]

Figure E.1: Corrections of M} over Mg for different ways to run tan 8 between () = m; and

Q= Mg (tg = 10).

Choosing a smaller value for tg(m;) changes the situation (see Figure showing basically
the same as in Figure but for t3(m;) = 3). Using method 2 decreases M} by up to ~ 1.5
GeV in comparison with method 1. This is a quite significant shift showing that the running
of tan 8 is not negligible for small ¢g(m;). If one-loop running is taken into account, M, is
increased in comparison to method 2 by up to ~ 0.3 GeV. Two-loop running is again negligible.

The fact that the shift induced by one-loop running is of order @(100) MeV further justifies
the approach chosen. The one-loop iterative solution shows that tan 8 has to be seen as a running
quantity, because otherwise the one-loop Feynman-diagrammatic result is not reproduced. So,
at least method 2 has to be used. Even if we assume that method 3, which is in some sense an
extension of method 2, is used, is completely wrong, the induced error should still be well below

the overall theoretical uncertainty [31].
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| —— 1L fixed order
[ = 1L runnin
14+ .g
| —— 2L running
= 12
3 i
<
i 1.0
0.8
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0.6 S —
5000 10000 15000 20000
Ms[GeV]

Figure E.2: Corrections of M} over Mg for different ways to run tan 8 between (Q = m; and
Q= Ms (tg =3).
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Appendix F

Explicit 2- and 3-loop expressions

In this part of the appendix, analytic expressions obtained by solving the RGEs iteratively are
given. They are derived in the special case that all sparticles share the common mass scale Mg
(i.e. My = Mz = Mg). The following abbreviations are used:

M?
L=In—% (F.1)

2

mt

o XS
X, =1t F.2
P Mg (F.2)

The 2-loop leading logarithms contributing to the mass of the lightest Higgs-boson (including
weak gauge couplings) are given by
(AM}%)ZL,LL —
L2
92
Y 73728
4o

4 -4
SwCw

{ — 552960 (160rs — 3av)

_|_

[24( — 2(7450% + 5daay + 54a}) cap — 15440

+ 3aycop (1160 — 48ais + 9oy ) — 216accvcep + 3a (2200 — 9oy ) csp + 297 cvoyy — 102a§)
+ 96¢2y, (77a2045 +470% — 267aacop + Hdaoy + 6at2)

202 20/
+ 8—2(9% +20) (4eqp + 9egp +211) + - (9csp — 82) ( — 164cq5 + 9cgp — 101)

w w

+ T20ca0 (025 (440 + 480, — 90v) + 18a + 36c,c45 + 34at) ~ 576a§c6w] } (F.3)

The corresponding 2-loop subleading logarithms (including weak gauge couplings) are given by

(AM}%)ZL’NLL —
737287 skt

3
{32(9139232ﬁ + 22944565 — 8645105 + 83569¢45 — 8694cgs — 945¢195 — 167114)
w
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3
+ %( — 171904525 + 14176865 — 2885105 + 40689645 + 23274085 — 9456125 - 94250)
Cuw

+ dacoy [3 (16(716@2 — 16ars + 391acy, — 8a7)

+ 19204(19(0475 — a)sag + 3ausas + 14y /tﬁ) + 7oy X2 (7390 + 660;) — 4504?Xt4>

— g (64(11a — 9c;) 895 + 704 + T68ar, — 22170, X7 + 816%)}

+ 484 [m? <80as + (671~ 56)2,?)) +a (645 (20(800, — 80, X7 — 13a1)

+ 3y (8OozS — 3o (35(;1 — SOXf + 1))) + 24aycap (SatXf — 2a) + 192acvt (Sgg + ;))
+ aay (2400, + 0y (23X + 462X7 ~ 73))

+ 602 (32% (3X7 —2) + 3as (X7 +2) (X! — 8X7 + 10))]

+38 [48608a3 + 20 (3%( — 212807 + (4800 + 4480, X7 + 778 )

+ 30y (304 (3K — 50XF + 1) - 800, )

— 216009 (0 X7 — 18a) + 4 (a1 (3(X7 + 9)ess + 72065

+ 4(33825 + 6548 + s65 + 24/t5))

— 821595 + 29565 + 27c8ﬁ))> + 1202 (240% + oy (2327 — 178)23))

~ 6aay <240a8 +a(20X7 (X7 +24) - 73)) — 2707 (320, (3%7 - 2)

+ 30y (X7 +2) (X} — 8X7 + 10))]

— T20%csy | 20( X} — 6) X7 + 320, (3X7 — 2) + 3oy (X7 +2) (X} — 8X7 + 10)]

— 780[0[? AE(XE — 6)Clgw

+ 6aaicew | 2X7 (91a — 501y ) + 260X Pesp + 1030, X} + 256%] } (F.4)

Neglecting the weak gauge couplings, a compact expressions for the leading and subleading
logarithms up to the 3-loop level can be given,

2\1L-3L,LL+NLL __
(AM,) =

3o
a2 2 t
_Mh,tree + my { T

3o
+87‘2 By — 160r,] L
+% [ (64— 96X7) — 3aq (20 - 6X7 — 6% + XP)| L+
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n 62’;3 [73602 — 24000, — 9902] L3+
~ a0 (0402 (254 36XF + X{) + 960y (~84+ 1857 + 18X + X7)
Y

+907 (320 + 306X7 — 63X — 4X7 + 3%F)| 12} 5

All couplings appearing in the presented expressions have to be evaluated at QQ = my.
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