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Abstract

We present a Higgs mass calculation at two-loop level based on the effective potential approach,
which has been made available in the public computer codes SARAH and SPheno. The approach is
based on generic formulae for the two-loop effective potential available from literature and can be
applied to a large number of renormalisable supersymmetric models in a highly automated way.
Three equivalent algorithms are presented, which are completely independent of one another.
The code enables the study of the neutral Higgs boson masses at two loops in models beyond
the MSSM with a similar precision as has been widely available in MSSM spectrum generators
before the Higgs discovery in 2012. Details about the implementation, validation and limitations
of the code are presented. This precision calculation is applied to four supersymmetric models,
including the MSSM with large flavour violation, the MSSM with R-parity violation and the
NMSSM, where we found throughout that the two-loop corrections give rise to significant
contributions. An additional model, namely the MSSM extended by vectorlike quarks, is also
studied. Here we do not focus only on the two-loop Higgs mass but also on the fine-tuning in
the context of gauge mediated supersymmetry breaking. Finally, we present a collider study
examining the production of exotic long-lived neutral particles at the LHC, assuming that these
particles escape the detector. By applying analyses from the ATLAS and CMS collaborations
that focus on a large missing transverse energy signature, we obtain upper cross section limits
for arbitrary lifetimes. We found this method to be a complementary approach compared to
traditional displaced vertex searches.
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CHAPTER ].

Introduction

Modern particle physics is the study of the smallest building blocks of the world and the laws
governing their interactions. The understanding of which particles are considered fundamental
underwent many changes up to the current viewpoint of point-like quarks and leptons with forces
transmitted between them by force carrier particles. From atomic distances of 1072 m down to
the size of a nucleus, 1071 m = 1 fm, observations in the particle world change drastically and
are enabled by powerful particle accelerators of increasing energy. The theoretical framework
of high-energy physics is quantum field theory (QFT), the extension of quantum mechanics
into relativistic space-time. An excitation of a field that propagates through space is called a
particle.

One important ingredient of such theories in order to make meaningful predictions is that
the force mediating particles obey an internal gauge symmetry. The field that describes the
electromagnetic force transforms under a U(1) gauge symmetry. The resulting field theory is
quantum electrodynamics (QED), which is highly successful in predicting the properties of the
electron (or u/7) and photon and their cross sections. The success of gauge theories motivated
the incorporation of the other fundamental forces into gauged interactions. A milestone was
the unification of the weak force and the electromagnetic force by Glashow, Weinberg and
Salam (1968) [IH3]. Afterwards it was found that the strong nuclear force is described by the
non-Abelian gauge group SU(3) in a theory which is now known as Quantum Chromodynamics
(QCD) @ F.

The electroweak theory replaced the Fermi model of weak interactions (4-fermion vertex)
and predicted two massive vector bosons as the force mediators. In 1983, the UA1 and UA2
collaborations at CERN discovered the new W* ﬂg], and Z bosons. Finally, the
combination of QCD and the Glashow-Weinberg-Salam electroweak theory became known as
the Standard Model of particle physics (SM). Its missing pieces were discovered over the years,
like the top quark in 1995 by the CDF and D@ collaborations at Fermilab [13] [14].

In a theory with local gauge symmetry the gauge bosons need to be massless. Including mass
terms explicitly breaks the symmetry, which results in unphysical divergent predictions for the
scattering of heavy gauge bosons (unitarity violation). This problem was solved prior to all the
mentioned particle discoveries by an ingenious trick based on spontaneous symmetry breaking
of the gauge symmetry. A new scalar field was hypothesised which “condensates” while the
universe cooled down. This means that it assumes a non-zero vacuum expectation value, similar
to a ferromagnet which spontaneously experiences magnetisation during cool-down. In the new
vacuum, fermions and gauge bosons obtain masses and the gauge symmetry is broken, but its
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virtues persist. This phenomenon is called electroweak symmetry breaking (EWSB) and is
incorporated into the SM as the famous Brout-Englert-Higgs mechanism , after its first
postulation by Robert Brout and Francois Englert in 1964 and shortly after by Peter Higgs
[17]. In EWSB the gauge group of the weak interaction, SU(2)z, x U(1)y, is spontaneously
broken to U(1)en with the side effect that three gauge bosons turn massive. The mechanism
predicts another fundamental particle, the Higgs boson. Since its creation the Standard Model
provided excellent predictions that agree with a large number of experimental measurements.
But the foundation of the model needed to be confirmed by the direct discovery of the Higgs
boson. Previous generations of colliders like the Tevatron at Fermilab and the LEP collider at
CERN set out to find it, but despite great scientific achievements they did not have the energetic
reach to give the proof. This was one of the main motivations to build the Large Hadron Collider
(LHC) at CERN. The LHC pioneered a new energy frontier with proton-proton collisions at
a centre-of-mass energy of /s = 7GeV since its start-up in 2009. After the first upgrade to
8 TeV and a longer maintenance pause starting 2013, the machine became operational again
in early 2015 at the maximum CM energy of 13 TeV (Run II). During the first run already,
the discovery of the elusive boson was announced on the 4th of July 2012 by the ATLAS and
CMS collaborations who reported a mass of 125 GeV . This marks another milestone in
particle physics and lead to the award of the Nobel Prize in Physics 2013 to Peter Higgs and
Francois Englert (Robert Brout, co-author of Ref. [19], deceased before the nomination).

It is not clear whether the new boson is really the one as predicted by the Standard Model.
Many extended theories predict a larger Higgs sector with several new bosons. After the discovery
and with the start of Run II of the LHC, particle physics entered the era of precision Higgs
physics. Signal and coupling strengths were scrutinised and the mass measurement precision
increased to below 0.3% . Any deviation from the SM properties can hint at new physics.
For example, in 2015 both ATLAS and CMS experiments reported a slight excess in the decay
h — ur . Such lepton flavour violation is highly suppressed in the SM. Excesses like this
can turn out to be statistical fluctuations, but cause excitement and speculation in the scientific
community.

Despite the success of the Standard Model, it cannot answer all experimental observations. It
does not include gravity, which is mostly irrelevant in high-energy physics due to its weakness
compared to the other three fundamental forces. The laws of gravity described by Einstein’s
theory of General Relativity (GR) accurately describe the large-scale structure of the universe,
including stars, galaxies and other celestial bodies. The combination of both theories into a
single theory of quantum gravity has been pursued by generations of physicists including Einstein
himself. Although the Standard Model is internally consistent, the absence of gravity states that
the model is incomplete. For processes at an energy scale of Mp = 10 GeV, the Planck mass,
quantum effects of gravity become relevant. This scale is related to the gravitational constant G,

Mp = ,/% ~ 1.22 x 10" GeV. (1.1)

Unfortunately, this scale is so high that it exceeds by far any beam energy that can be reached
by an accelerator based on earth. It is unlikely that the Standard Model is the ultimate theory
and valid for all energies. Then, it has to be an effective theory in the low energy limit of some
ultraviolet (UV) complete theory. At most at the Planck scale (preferably below) there must be
new physics, which will be accompanied by new massive states. The Higgs mass is the weak spot



in the sense that the existence of new massive states at a scale as high as Mp poses a theoretical
problem to the SM. Through quantum effects the Higgs mass is expected to be pushed to the
same order of magnitude. Having such a large hierarchy between the Higgs mass and the Planck
mass is considered unnatural and would imply a highly fine-tuned universe. This hierarchy
problem [28131] hints at the existence of some deeper mechanism which protects the Higgs mass
from large scales.

Besides gravity, there are many other observations which motivate physics beyond the Standard
Model. Important examples (which are briefly introduced in section are dark matter ,
neutrino masses and the baryon asymmetry of the universe [42146]. All attempts to
extend the theory of the Standard Model are referred to as Beyond the Standard Model physics
(BSM). A popular idea to solve the hierarchy problem is supersymmetry (SUSY), which relates
bosonic and fermionic particles. In the context of quantum field theory, the idea dates back to
Refs. El and was popularised in 1974 by Wess and Zumino . The first realistic SUSY
model was the Minimal Supersymmetric Standard Model (MSSM) [3]. Until today SUSY
has attracted significant attention and is subject of many works, including Refs. .

The MSSM predicts many yet undiscovered superpartner particles (“sparticles”) as well as
an extended Higgs sector. Supersymmetry does not only prevent the hierarchy problem, but
provides solutions to other problems like the aforementioned ones. By adding more particles
and interactions to the MSSM or SM, a large amount of extended models have been constructed.
To deal with this multitude of models in an efficient way, computer tools have been developed
that can perform analytic calculations. The key to this are generic expressions, that hold for a
model with arbitrary many particles and interactions.

Especially in supersymmetric models, the structure of a valid Lagrangian is much more
restricted than in non-supersymmetric models. The necessary steps to construct it can be
automatised by a computer. The software package SARAH [68H74], developed by Florian Staub,
automatises many otherwise time-consuming analytic tasks that come with model building.
In combination with other numerical tools, this software can be used to perform precision
calculations of observables for a wide range of models. By comparing these observables to
experimental measurements the validity of a model can be studied. In particular, the mass of the
Higgs boson is a new precision observable, measured by the ATLAS and CMS collaborations to a
high precision, which will possibly be improved by a future linear collider . Supersymmetric
models predict the Higgs mass by its internal parameters - it is not a free parameter itself, as it
is in the Standard Model. Therefore, a precise prediction in SUSY models is desirable.

This thesis is structured as follows. In section [2.I]a short introduction to the SM is given. We
also list the arguments for BSM physics and supersymmetry in section [2.2] and demonstrate the
hierarchy problem. The MSSM is introduced in section with emphasis on the Higgs potential.
The main contribution of this thesis is the implementation of a two-loop Higgs mass calculation
based on the effective potential approach in the model-independent framework of SARAH/SPheno.
Chapter 3] explains how the approach is built upon existing results from literature and shows the
necessary calculations. The practical details of the implementation are explained in chapter [4]
With the new routines, two-loop effects can be studied in different models at a level that was
not available before. We performed numerical studies of the two-loop Higgs mass effects in four
supersymmetric models, which are presented in chapter [f

Chapter [0 contains a collider study that is thematically set apart from the Higgs mass
calculations. The study considers large EXSS signatures from long-lived exotic particles at the

1 SUSY was considered even earlier in a different context as a relation between mesons and baryons .
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LHC as a complementary approach to traditional displaced vertex searches. We explore the
potential of this approach as a way to extend the existing cross section limits on the production
of long-lived particles.

The thesis concludes in chapter [7] and highlights future developments in this field. The
modular appendix contains additional information, definitions of the necessary loop functions
and detailed results. In addition, we present the first derivatives of the effective potential
contributions including massive gauge bosons in appendix which is a new result and will
be useful for future calculations.



CHAPTER 2

Theory

2.1 The Standard Model of particle physics

The Standard Model is a quantum field theory with local gauge invariance with respect to the
gauge group

GSM = SU(3)C X SU(?)L X U(l)y. (2.1)

This group describes the strong interaction by SU(3)¢c (“colour”) and the electroweak force by
SU(2)r x U(1)y (“left”, “hypercharge”). Table lists the field content of the SM and the
representations underneath which these fields transform. The electroweak interaction has the
peculiarity of treating left and right chiral fields on a different footing. In the SM, left handed
fields are doublets under SU(2) while right handed fields are singlets. Right-handed neutrino
fields are absent from the SM. The fact that we observe massive fermions and vector bosons has
to be represented by mass terms in the Lagrangian, i.e. terms quadratic in the fields. However,

name spin s symbol generations SU3)c SU(2)r, UQl)y
Ht
Higgs doublet 0 H = 70 1 1 2 =
Left-handed quark doublet 1/2 Q= <2L> 3 3 2 %
L
Right-handed up-quark 1/2 UR 3 3 1 %
Right-handed down-quark 1/2 dr 3 3 1 -1
Left-handed lepton doublet — 1/2 L= (ZL> 3 1 2 -1
L
Right-handed electron 1/2 eR 3 1 1 -1
B boson 1 B, - adjoint of U(1)y
W bosons 1 Wy - adjoint (3) of SU(2)L
gluons 1 Gy, - adjoint (8) of SU(3)¢

Table 2.1: This table lists the fundamental fields of the Standard Model and the representations of the
gauge group Ggy underneath which they transform.
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Dirac mass terms such as erer do not respect gauge invariance. The rescue comes with the
Higgs mechanism, which introduces a scalar H that is a doublet under SU(2)r. It provides
mass terms while preserving the advantages of gauge symmetry. This is achieved by Yukawa
couplings between H and fermions, contained in Lyykawa,

EYukawa = Yij@iﬁuRj + Y;j@inRj + Y;ijziHeRj + h.C., (2.2)

with L; = (Vp;,er;) and Q; = (ﬁLi,ELi) The SU(3)c-invariant contraction of §~>< 3 is implicitly
assumed, §*¢° dap. To form all necessary Yukawa couplings, a Higgs doublet H with opposite

hypercharge Y = —% is needed, which is constructed from a conjugated H,

~ +\* 0 *
H=io’H* = <_01 é) (%0))> = (-ﬁ[l)*) : (2.3)

To explain the Higgs mechanism and the generation of mass terms for vector bosons, consider
the Higgs Lagrangian

Liiges = (DH) (D, H) — V(H), (2.4a)
V = H H + \(HTH)?. (2.4b)

The minimum of the scalar potential V(H) defines the vacuum state of the theory. V only
depends on ¢ = |H|, so the minimum is defined by

oV
55 =20 (42 +20¢%) =0. (2.5)

The solutions are either ¢ = 0 or & +/—u2/(2)), which requires a negative u?. The case u? > 0
corresponds to an unbroken theory with a ground state (H) = 0. The quartic parameter A
needs to be positive for the potential to be bounded from below. Having p? negative is the
important condition for symmetry breaking to occur, and it fixes the VEV (|H|) up to a complex
phase. In the Mexican hat visualisation of V, all possible ground states are connected by a
circle. Using gauge invariance, we can apply a gauge transformation such that the minimum
is described by (H*) = 0 for the charged Higgs component and (H") = v/+/2 for the neutral
component with a real v. A non-zero VEV for a charged field would imply an electrically charged
vacuum state, which is unphysical. If a state |®) is invariant under a group transformation
S|®) = exp (1a*T*)|®) with generators 7%, then T%|®) = 0. The generators of SU(2) are
defined as T = %a“ with the Pauli matrices o®. For the Abelian symmetry group U(1)y the
generator is just a complex number, exp (iaY’), with a real number Y called hypercharge. The

VEV of the Higgs doublet
0
(H) = <v> (2.6)
V2

leads to o(H) # 0 and Y(H) # 0. The generators ¢° and Y are said to be broken. But there
exists a linear combination out of 73 and Y,

Q=T%+Y, (2.7)

! The bar operator on Dirac spinors is defined as ¥ = W40,
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which fulfils Q(H) = 0 and is thus unbroken. @ is the charge generator of the electromagnetic
group U(1)em- This demonstrates electroweak symmetry breaking (EWSB) through the VEV of
the Higgs boson with the breaking pattern

SUR2)L@U[1)y = U(1)em. (2.8)

For every broken generator, the Goldstone theorem predicts the emergence of massless
Nambu-Goldstone bosons. In the SM they can be identified with the three real degrees of
freedom in H* = G* and GP. These fields can be set to zero by a local gauge transformation
which we are free to apply. In this way, Goldstones bosons are completely decoupled and absent
from any further calculation (unitary gauge). Explicitly, if H(x) is expressed by real fields
a®(x), h(zx) as

H(z) = U(x) <(U + o)/ ﬁ> . U) = exp (w‘g))"> , (2.9)

then going to the unitary gauge transforms all doublets ®(z) of SU(2), as ®(x) — U~1(z)®(z).
Alternatively, we can parameterise the neutral Higgs component as

HO(z) = \}5 (v -+ h(a) +iC(x)). (2.10)

This allows to express eq. (2.4)) as a function of v, h(z), G°(x). The covariant derivative of a
field @ is defined as

a a

. A . o .
D,® = (0, — ’ngGZ? — zQQWE? +ig1Y B,)®, (2.11)
S——— N———
only for Q,ugr,dg  only for H,L,Q

with the Gell-Mann matrices A* as the generators of SU(3) and the Pauli matrices o as the
generators of SU(2). El The first term of eq. (2.4a) gives

L oo ori3r3u , L o 1 21173 Ly -
Ltiggs = -+ + g%2v WyWe=H + églszuB“ + 101920 W, B" + 192v WJW #
1 i _ { _
+ §v(8“G0)(ngu + W3 + 29V, OPHT — §ngj8“H : (2.12)

The terms in the first line are rotated to mass eigenstates A,, Z, and W/fc,

B,\ [ cos®Op sinOwy Ay Wi_w (2.13)
WS ~ \—sin®w cos Oy Zy)’ ro V2 '

where the Weinberg angle Oy is introduced,

cos Ow = cw = g2/ \/ 9% + 93, sin Ow = cw = g1/1\/ 9% + g3 (2.14)

2 In general, if ® is a non-trivial representation of a group G with generators 7% and gauge fields G}, then
D, ® = (0, —igG;,T*)®. If G is abelian, T* is just a c-number.
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This gives a vanishing mass term for the photon field A, and the following mass terms for W
and Z,

1 _ . _ _
Liliggs = ---+§M%ZMZ“—|—M%/WJW Hp My Z, 0" GO +iMy (W, O*GT —WFo*G™), (2.15)

1 1
My = 5 \/ 9% + g3v, My = 592v- (2.16)

The value of v is related to the Fermi constant G = 1/(v/2v?) and can thus be calculated as v =
246 GeV without knowledge of the Higgs mass. If unitary gauge is applied, the Goldstone fields
disappear completely, but their real degrees of freedom live on in the longitudinal components of
the now-massive vector bosons. This is sometimes described as the vectors “eating the Goldstone
bosons” to acquire mass. In a general R¢ gauge, explicit gauge fixing terms need to be added to
the Lagrangian:

with masses

1
= (OFG®*)? —
Lar 2&;(8 G%)

1 1 2 1 2
2% (0 Au) 2%, (8 Zy, EzMzG ) —5 ’8 Wu + i&w Mw G ‘ .
(2.17)

These terms are chosen to eliminate the terms of eq. that mix scalars and vectors. This
requires an integration by parts such as [diz(0*Z,)G° = — [ d*2Z,0*G° + [ d*20"(Z,GO).
The terms in eq. formally describe Goldstone masses, e.g. Méo =&M % They don’t
have a physical meaning and cannot be observed. Goldstone fields are more like book-keeping
devices that can simplify certain calculations. We now turn again to the potential V',

2
1
V(h,G® = H* =0) = %(v + 1)+ A+ W) (2.18)
The minimum requires
1%
%:th:/ﬂ(v+h)+)\(v+h)3:0. (2.19)

This condition is sometimes called a tadpole equation , because t, is related to a one-point
correlation function, which at one-loop looks like a tadpole, cf. fig.[2:1] Such tadpole diagrams are
needed to determine the minimum of the potential including quantum corrections. Evaluated at

Figure 2.1: Tadpole diagram

h =0, eq. (2.19)) gives the relation between the VEV and the Lagrangian parameters, u? = —\v?,
that can be used to eliminate one of these parameters. The remaining free field h(x) is a physical,
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massive field, called the Higgs boson. Its tree-level mass is equal to the second derivative of V,

o0*V

ozl = p2v + 3\? = 200% = m2, (2.20)

where the notation |min means evaluation at the minimum, in this case using u? = —\v?. The
existence of the Higgs boson is a well-established fact since its discovery in 2012 and its
mass has become a precision observable with an average of [2325]

mp, = (125.09 + 0.32) GeV. (2.21)

By the end of the LHC’s second run at 13 TeV the precision will have further improved. Even
more improvement can be expected from a future linear collider [78].
Through EWSB the Yukawa terms of eq. ([2.2]) split up into
Yy Yiy__ Yy

_u __

Lvukawa = 2 UL UR; + dT;dLide + %@63]‘ +h.c.+..., (2.22)
where the dots signify all non-mass terms. The masses of the fermions are determined by the
scale v, defined by the Higgs sector, and the free parameters Y, 4.. Fermion masses exhibit
a large hierarchy ranging from O (MeV) for u,d quarks up to m, = 173 GeV . The SM
offers no explanation to this peculiarity. Also, from the observation of flavour changing neutral
currents (FCNC) it is proven that the mass eigenstates of the down quarks (or up quarks, only
their combined effect is measureable) are not equal to the gauge eigenstates that take part in
weak interactions. Instead,

d d
s =Vokum | s (2.23)
v b

describe the weak eigenstates. The mixing is contained in the Cabibbo-Kobayahsi-Maskawa
matrix Voxum and is the only source of flavour violation within the SM. For completeness,
we give the remaining terms of the Lagrangian,

ESM = ['gauge + »CHiggs + *Cfermion + LYukawa + »CGF + Lghost’ (2243)
1 1 1
Longe = =5 GG — Wi, W — B B, (2.24b)
Efermion = Z ’L'E’YHD#T,ZJ, (224C)
fermions
Leghost = see appendix (2.24d)

More details about the SM are not to be discussed here, as excellent reviews can be found in

the literature [82H84].

2.2 Motivation for physics beyond the Standard Model

The Standard Model has been scrutinised by experiments and has produced astonishingly
accurate predictions. Although the neglect of gravity is the most obvious shortcoming to the
model, there are other shortcomings that are testable at present experiments. In this subsection
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we summarise reasons to extend the Standard Model and highlight how supersymmetry is
important in this context.

2.2.1 Neutrino masses

The three neutrinos vy; are massless Weyl fermions in the Standard Model and are the only
fermionic particles that do not have a right-handed partner to form a Dirac mass term. Neutrino
oscillations, first predicted in 1967 as the expected disappearance of solar v, neutrinos
and confirmed by several experiments [86-91], prove that they have masses. Oscillations of
atmospheric neutrinos v, v, were later confirmed by the Kamiokande experiment . Those
measurements fix the mass differences, but not their absolute values or their hierarchy. Recent
observations from PLANCK tightly constrain the sum of masses > m, < 0.23eV . The
known neutrino parameters make up the “standard neutrino model” . However, it is unclear
how the Standard Model must be extended to incorporate neutrinos. A way of achieving this is
to postulate heavy right-handed neutrino fields, which generate small neutrino masses through
the seesaw mechanism . The MSSM also does not explain neutrino masses. They can be
incorporated by similiar means as in the SM, e.g. a seesaw mechanism. In the context of R-parity
violation, neutrino masses might even be explained as the result of mixing with neutralinos via
radiative corrections without the need for additional right-handed neutrino fields.

2.2.2 Dark matter

Astronomical observations of the rotation speed of spiral galaxies, first discovered by Oort
and Zwicky [33] [34], are inconsistent with the effect of the gravitational force exerted by the
observed amount of luminous matter within these galaxies . There are different ways
of explaining this observation. A common idea is that there is simply more matter distributed
around galaxies than is visible by telescopes. The new, dark matter does not interact with light
or via the strong force. An introduction is found in Ref. [96]. According to measurements of
the cosmic microwave background by the WMAP and PLANCK experiments , dark
matter accounts for roughly 23 % of the entire universe’s energy density, while our observable
universe makes up only 4.3 %. The rest is ascribed to the little-known dark energy, which is the
driving force of the expansion of the universe. Neutrinos seem to fit the role of dark matter and
can possibly explain large structure formation in the universe [99]. However, neutrinos as the
dominant form of dark matter are ruled out, as they would produce too much large structure
. Dark matter thus demands new physics, in the form of one or more new neutral particles.
Many SM extensions offer good dark matter candidates like Higgs singlets or lightest
Kaluza-Klein states , while supersymmetric models have the lightest neutralino
, provided that R-parity is conserved to guarantee its stability. Other candidates are axions

[106 or gravitinos [108].

2.2.3 Baryon asymmetry

Particle interactions seem to produce matter and antimatter in equal amounts. Then it is an
open question why the observable universe apparently contains no larger amounts of antimatter.
Assuming a symmetric initial universe, the surplus of matter can be generated if the three
Sakharov conditions are fulfilled: C and CP must be violated, also baryon number B,
and interactions have to occur out of thermal equilibrium. The Standard Model fulfils these
conditions and could potentially explain the asymmetry via electroweak baryogenesis. At some

10
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point in time in the early universe, a transition from a state with unbroken electroweak symmetry
to the known state with massive gauge bosons occured. This electroweak phase transition could
be of first order and mark the departure from thermal equilibrium (electroweak baryogenesis)
[43]. However, the only source of CP violation in the SM lies in the CKM matrix and it is not
enough to generate the observed amount of baryons |[109H112]. BSM models like the MSSM
offer new sources of CP violation which could fix this problem. Reviews of baryon asymmetry
models can be found in Refs. 7).

2.2.4 Flavour and electroweak precision observables

Processes in which the flavour of one participant changes are called flavour observables. In the
SM, this mainly happens in the quark sector through the flavour mixing described by the CKM
matrix (quark flavour violation, QFV). Lepton flavour violation is loop-suppressed, but possible
e.g. through neutrino mixing. BSM effects can give sizeable contributions to these observables
and strong deviations from the SM prediction can indicate new physics. On the other hand,
flavour observables place strong constraints on new models . The quark transition b — s is
of high importance for constraining new physics. It occurs for example in the neutral mesons
system BY — 372] and the decays B — pu*u~, B — Xsv. The impact of new physics on these
observables is discussed in Refs. [114H117]. The properties of B mesons are investigated at
specialised B-factories like Belle, BaBar and the LHCb experiment.

Another testing ground are electroweak precision observables (EWPO), of which we name
two examples. The SM predicts a W boson mass that is slightly below the measured value .
The Myy prediction is sensitive to new physics contributions |[119H121] and is thus an important
indirect probe. A similar situation exists for the anomalous magnetic moment of the muon ,

—2
AP = gﬂT — 11659209.1(5.4)(3.3) x 1017, (2.25)

which is one of the most precisely measured and theoretically best studied quantities. The first
error is statistical, the second one systematic. The difference between theory and experiment

(123,

Aay = aS® — a;M = 288(63)(49) x 107", (2.26)

corresponds to an inconclusive 3.6 ¢ deviation, possibly a sign for new physics.

2.2.5 The hierarchy problem and fine-tuning

Probably the strongest feature of supersymmetry is that it provides a solution to the hierarchy
problem . In a renormalisable theory, finite results can be obtained even if the momenta
of virtual particles in quantum corrections are extended all the way up to infinity. This makes
the theory calculable for physical processes at infinitely high scales. However, the general belief
is that the SM is not the ultimate theory and that some new physics happens at higher scales.
Then, the SM should be considered as an effective theory valid up to some cut-off scale A. At
the very least, some new physics must happen at the Planck scale Mp, when quantum gravity
effects become relevant. But even if the scale of new physics is only a few orders of magnitude
above the electroweak scale v = 246 GeV, then there is a hierarchy problem in the SM. Since
all masses in the SM are generated through the Higgs mechanism which determines the size
of v, they should all be of the same order as v. This is true for the heaviest particles: the top
quark, the Higgs boson and the gauge bosons W, Z. We now demonstrate how the Higgs mass is

11
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Figure 2.2: One-loop diagrams for scalar mass corrections

affected by the presence of large scales. The irreducible two-point diagrams of a scalar field like
the Higgs boson h at one-loop level are shown in fig. (considering only scalars and fermions
in the loop). In the Standard Model, the diagram [2.2(a)| with the top quark taking the role of f
is the most important contributor. Let ilI(p?) be the sum of all 1P]E| scalar self-energy diagrams.
The resummation of 1PI diagrams to all orders gives the full scalar propagator

1
Cp?—md +1(p?) +ie

iG(p®) (2.27)
The physical mass m,, is defined as the pole of the propagator, mg =mi —T(p? = mg) All
the diagrams in fig. diverge for large loop momenta. These ultraviolet (UV) divergences are
symptoms of the assumption that the theory is valid up to infinitely high scales or equivalently,
small distances. They can be removed by the systematic procedure of renormalisation ,
resulting in a UV finite theory. For this, a UV regulator has to be employed. The simplest
possibility is a cut-off at A. Considering first only the diagram [2.2(b)| with a virtual scalar S
of mass mg, the corresponding expression for the self-energy (which is calculated later in this
section) is
As

1672
Because of momentum conservation this diagram is independent of the value of p?. The one-loop
corrected Higgs mass reads

I, (p*) =

A%+ O (In(A?/m3)). (2.28)

M=+ 35 A? O (in(A/ms) (2.29)
Assuming that the couplings A\, Ag are not much greater than 1 and in the perturbative regime,
the correction term is huge, O ((1019 GeV)z). Then the Lagrangian parameter u? needs to be
equally huge, and a remarkable cancellation between both terms has to take place to end up with
a squared mass of O ((100 GeV)?). This large fine-tuning is considered unnatural (an interesting
discussion of the naturalness criterion can be found in Ref. [125]). A natural behaviour would
be to have a Higgs mass of the order of A = Mp. Other particles, such as fermions and vector
bosons, do not have this illness: their mass corrections are protected by symmetries, ensuring
that corrections are of the order of their own masses only. The concept of fine-tuning may be
considered an aesthetic one and by itself it does not falsify a theory. It is rather an empirical

3 1PI=one-particle irreducible, meaning all diagrams that can not be cut into two separate diagrams by cutting
one internal line

12
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hint that the theory is incomplete, or that there is a hidden mechanism behind it. A quantitative
measure of fine tuning has been established in Refs. (126}, )

Oln M% i@M%

A=max(fal)s B =TFE0" = 32 50

(2.30)

Here, « is a set of independent parameters and A ! estimates the accuracy to which o must be
tuned to achieve the correct electroweak reference scale, M. This definition is useful in the
context of a model embedded in a high scale (e.g. GUT scale) model, at which the parameters o
are defined. Supersymmetry solves the technical part of the hierarchy problem by systematically
eliminating the dangerous A? corrections. In comparison, logarithmic contributions are very
tame, e.g. In(10'?/10%) ~ 39. We consider a toy model consisting of a complex scalar S, a Dirac
fermion f with a mass obtained through the Higgs mechanism with H = (v + h +ia)/ /2 (a
similar calculation was done in Ref. [67]),

LD -Xs|HP?|S? = \HFf (2.31a)
A Asv

N Ly TR (2.31b)

The masses are mg for S and my = Apv/ /2 for f with vertex factors C [h, S*, S] = —ilg and
C [h, 1, f} = —iAgv. The self-energies of fig. are given by

1
— —iAghQ 1S]2 = (A\sv)h |S]* —

(NN g dlq e il mp)iG et p et my))
ZHa(p ) _< 1 \/5) /(277)4 (q2—m?+ze)((q +p)2_m?c+7/€)
:_>\fc4/ d*q ¢ +qp+m3

2 ) (2m)* (¢ —m} +ie)((qg +p)* — m} +ie)

2 1 2
—2'1?;;‘22 <A2—/0 da <2A+3Aln (AZA ))) A=m?—a(l—a)p?

2o |Af? A?
P=0 _i’wJ;Q (—2A2 + 6m% In <m2> + 4m?c> (2.32a)
f
dq i As
'H2:—')\/ = —i——5Ag(m3
1 b(p) ( ? S) (271')4 q2—m%«+Z€ Z167T2 O(mS)
. As A?
ST <A2 —m%In <m§>> (2.32b)
dq i i K2

I 2 (s 2/ — B 2 2 2
? c(p) ( ZH) (27_‘_)4(]2_7,”%’_'_2.6 (q+p)2—m§+ie ZlGWQ 0(]7 7mSamS)

2 2
pi=0 . K" [ AT
= 216W2< In (m%> 1) (2.32¢)

The loop functions Ag, By are defined in appendix [BI} Both II, and II;, contain the dangerous
A? contributions, but with opposite signs (Ag has to be positive to ensure vacuum stability). To
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make them cancel each other, we demand
As = [M\f]?. (2.33)

By assuming another scalar particle with the same properties as S, the terms of II, I1, are
effectively multiplied by two. The coupling k = Agv can be re-expressed as k% = (Agv)? =
(\)\f\Q v)? = |)\f]2 : 2m?c. The mass correction then reads (in the approximation p? = 0)

A2 2
20 | A
_ (Ha + Q(Hb —+ Hc)) p = 1‘677‘2 [—2/\2 —+ 2A2 —+ Gm?c In (777‘}) + 4m3t‘
2 2
—2m%In <A2> - 4m3c In <A2> — 4mﬂ (2.34)
mg mg

Demanding A\g = |\ f\Q along with another copy of the S particle, the quadratic contributions
cancel. Imposing supersymmetry between the fermion f and two bosons S leads to exactly
these conditions. The particles f and S would be each others superpartners. More precisely,
the Dirac fermion f has four fermionic degrees of freedom, and they would be matched to four
bosonic degrees of freedom, contained in two scalar fields S1,S2. SUSY transforms bosonic
fields into fermionic ones and vice verse, so the equality of their degrees of freedom is necessary.
The cancellation is not a coincidence, but a feature of the symmetry and persists throughout
all orders of perturbation theory. Furthermore, in an unbroken SUSY model, the masses of
superpartners are equal. Assuming m% = m?, even the logarithmic terms in eq. (2.34]) would
cancel. An exact supersymmetry “shields” the scalar masses from any high scale. But, our
world is not supersymmetric, since there are no superpartners of the same mass as the SM
particles. The answer could be that we live in a spontaneously broken supersymmetry, just
like the broken electroweak symmetry, in which the condition mfe = m% does not hold. In that
case, logarithmic divergences appear, but quadratic divergences still cancel. The corrections
to the Higgs mass are then of the order m% — m?c This type of SUSY breaking is called soft
breaking , where eq. still holds. The softly broken SUSY protects the Higgs mass
from arbitrary high scales, but not from the mass scale of the superpartners (generalised as
Msgusy). If Mgysy is much larger then O (1TeV), the theory becomes less attractive. In that
case, a little hierarchy problem would be reintroduced.

2.2.6 Grand unification

The unification of forces has been a guiding principle in physics, as in the formulation of electric
and magnetic forces in Maxwell’s equations or in the electroweak theory by Weinberg, Glashow
and Salam . The SM gauge group is the direct product of three simple Lie groups and the
choice of representations in table 2.1] strongly hints at an embedding into a higher dimensional
group. The idea of a grand unified theory (GUT) , is to have a single group Ggaur,
such as SU(5) or O(10), which is associated with a single coupling constant g and spontaneously
broken down to Ggy. This predicts that the three forces of the SM appear as only one force at
the GUT scale. From a bottom-up perspective, the gauge couplings g1, g2, g3 can be evolved to a
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Figure 2.3: Evolution of gauge couplings (expressed through a;l = 4wg;2) in the SM (left) and MSSM
(right). The colour code is red for g3, blue for g and green for g;.

high scale. The evolution is described by the renormalisation group equations. El Physically, the
coupling g; of U(1)y increases with energy scale @, while g2, g3 decrease with higher energies.
In the Standard Model, the unification seems plausible, but is not very good (fig. left).
Including more particles into the model modifies the running of the couplings. In supersymmetry,
the additional particle content makes just the right change (fig. right, for the MSSM) and
predicts unification at a scale Mgyt ~ 109 GeV. The dependence of the gauge couplings g;(Q)
on the scale @) is described by the so-called beta functions, which are calculated perturbatively.
At one loop, their form is particularly simple,

o4 13
ﬁi = Qngz(Q) = 1672 blgi7 (2'358’)

d o, d (g 1,
Q—ani =030 <4W> = ——%bz, (2.35Db)

yielding a linear evolution of o Uin terms of log Q. The coefficients b; for the SM \| and
MSSM [142] are as follows,

41 19
(bh b27 b3)SM — <107 _E, _7) 5 (236&)
33
<b17 b27 b3)MSSM - g; 17 _3 . (236b)

2.2.7 Uniqueness of supersymmetry

A relativistic gauge theory is invariant under the Poincaré group which describes the external
symmetry of space-time. On the other hand there are the internal gauge symmetries, transforming
the fields among themselves. There can also be discrete symmetries such as charge conjugation

* The idea of the renormalisation group dates back to Kadanoff [134] and Wilson [135]. Important achievements
in its understanding were made in Refs. [136[{138]. The equation by Callan and Symanzik [139] [140] led to a
widespread application of the renormalisation group.
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C, spatial inversion (parity) P and time reversal T. The Coleman-Mandula theorem states
that space-time symmetries and internal symmetries cannot be combined in any but a trivial way.
The total local symmetry group of a consistent 4D quantum field theory can only be a direct
product of the Poincaré group and an internal symmetry group. However, the theorem applies
only to internal symmetries described by Lie algebras. A possible loophole to this no-go theorem
is supersymmetry, which introduces a graded Lie algebra (Lie superalgebra) with fermionic
generators Q, Q' and anticommutator relations . The generalisation to Coleman-Mandula is
the theorem by Haag, Lopuszanski and Sohnius , stating that supersymmetry is the only
loophole that allows the connection between the two groups. The operators Q, Q! transform
bosonic states into fermionic ones and vice versa,

Q@|Boson) = |Fermion), ()|Fermion) = |Boson), (2.37)

and must therefore be anticommuting two-component objects. The symmetry can be constructed
using N different generators, but the case N' = 1 is mostly considered. Together with the
Poincaré generators P, M, , they form the Lie superalgebra,

{Qa: QL) =204, P, (2.38)
{Qa.Qs} = {QL.Q}} =0, (2:39)
[P*, Qal = [P“,QL] =0, (2.40)

with {A, B} = AB + BA being the anticommutator and [A, B] = AB — BA the commutator.
For an introduction to the dotted and undotted spinor notation we refer to Ref. . Especially
eq. (2.38) is notable, as it relates the SUSY generators to the generator of space-time translations,
P,. Allowing local SUSY transformations leads directly to curved space-time and the
inclusion of gravity. In conclusion, supersymmetry is a unique extension to the total symmetry
group of a theory and points towards further unification via supergravity. Historically, searching
and formulating symmetries which could in principle be realised has been a promising concept.

2.3 Supersymmetry and the MSSM

This section introduces the MSSM with a focus on the Higgs sector and the scalar
potential. There exists a wealth of literature about the model and supersymmetry in general,
such as Refs. . A popular introduction to the MSSM and the superfield notation is the
supersymmetry primer by S. Martin . The complete Lagrangian is given in Ref. and a
list of Feynman rules is found in Ref. .

A convenient framework to construct manifestly supersymmetric models is the superfield
formalism . It extends the concept of space-time (in which a point is described by a four-
vector z) by introducing Grassmannian coordinates 6, 6. A superfield ®(z,6,0) contains both
bosonic and fermion degrees of freedom and allows to write down manifestly supersymmetric
expressions. The components are commonly labelled @, §>, where the field without a tilde is the
known SM-like particle (if this connection can be made at all). The gauge group G is the same
as in the SM. This fixes the necessary vector gauge fields and their fermionic superpartners, the
gauginos. The matter particle content is a set of chiral supermultiplets. Table 2.2] shows the
superfields and their components for the MSSM as well as the representations underneath which
they transform. The construction of the supersymmetric Lagrangian follows quite different rules
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superfield spin 0 spin 1/2 gen. SU@3)c SU2)r, UQ)y
HY\ = H* .
Ho  Ho=|po) Hi=|70) 1 1 2 L
HO _ lfIO .
Hq Hy = - Hg = - 1 1 2 -1
~_ fur ur, 1
_ — 2
U Uy u% 3 3 1 —1§
D dz, dl, 3 3 1 L
L L= <5L> L= (”L> 3 1 2 -1
€L er,
E & el 3 1 1 1
superfield spin 1 spin 1/2 gen. SU3)e SU(2)p, U(l)y
B, B, AB 1 adjoint of U(1)y
Wi Wy A 3 adjoint (3) of SU(2)L
G}, G, A& 8 adjoint (8) of SU(3)¢

Table 2.2: This table lists the left-chiral superfields of the MSSM and the representations of the gauge
group Ggy underneath which they transform. The fermionic parts are given in terms of 2-component
Weyl spinors.

than those of a non-supersymmetric one. It is derived from an auxiliary function W called
the superpotential, a holomorphic and gauge invariant function of left-chiral superfields. All
superfields in table are chosen left-chiral, hence the use of conjugate components of U, D, E.
If the theory is supposed to be 4D-renormalisable, only terms up to the power of three in the
superfields are allowed. This translates to Lagrangian terms up to mass dimension four.

The superpotential of the MSSM is given by
Waissum = YV QHLU; — Y/ QH4D; — YILHGE; + pH Hy. (2.41)

The minus signs are chosen by convention, such that eq. will have only plus signs. The
Higgs field Hq plays the same role as its SM counterpart H. However, the MSSM requires a
second Higgs doublet H,, with opposite quantum numbers for two reasons: First, the holomorphy
requirement of the superpotential forbids the use of conjugated fields. The second reason is
anomaly cancellation: In the SM, gauge anomalies of the type SU(2)2U(1)y and U(1)} vanish,
i.e. the conditions tr [T3Y] = tr [Y3] = 0 are fulfilled (the traces run over all left-handed Weyl
degrees of freedom). This cancellation would be spoiled by introducing the fermionic partners
of only one Higgs doublet. Adding a second Higgs doublet with opposite hypercharge makes the
MSSM free of gauge anomalies.

The term pH,Hy is unique to the MSSM with a parameter p of mass dimension one. Being
a free parameter, its scale is in principle undetermined. However, it must be not much higher
than the electroweak scale if we want to avoid another hierarchy problem. This means that
1 has to be tuned to a value close to vew before EWSB takes place, which is known as the p
problem [151].
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gauge eigenstates mass eigenstates name
[17, EﬂL,R u; 1=1...6 up-type squarks
[J, S, 5} LR [1; t1=1...6 down-type squarks
€, i, ?]L:R € i=1...6 (charged) sleptons
Ve, Uy, Uy v; 1i=1...3 sneutrinos
ﬁg, ﬁg, f/Tv/3, B X,? t=1...4 neutralinos
Hy, (HHL, W=, (W)t X; ¢=1,2  charginos
HY HY h,H,A°(,G°)  neutral Higgs, (Goldstone)
H;, (H})* H* (,G%) charged Higgs, (Goldstone)
g g gluino

Table 2.3: Gauge and mass eigenstates of the MSSM

In tab. 2:2] the fields are given in their gauge eigenstates. Fields with the same quantum
numbers usually mix to form new mass eigenstates, which are shown in tab. The total
particle count of mass eigenstates yields 28 sparticles (not counting colour states or antiparticles
as separate entities) plus three additional Higgs states, assuming that h is identified with the
discovered 125 GeV state. In the MSSM with CP conservation in the Higgs sector, there will
be two CP-even bosons h, H and one CP-odd A°. In the more general CP-violating case, the
states h, H, A° will mix.

In unbroken supersymmetry, particles and superpartners have the same mass. Since this is not
observed in nature, supersymmetry has to be broken. The main motivation of supersymmetry,
curing the hierarchy problem by cancelling quadratic divergences, should not get lost in the
breaking process. This can be achieved by adding terms with dimensionful couplings to the
Lagrangian, so-called soft SUSY breaking terms . While the correct mechanism of SUSY
breaking is unknown, its effect is parameterised by these soft breaking parameters. The
soft-breaking Lagrangian of the MSSM is (using D= élv*j%, U= uy and E= €5 alternatively)

_[fsoft = m%{d |Hd|2 + m%Iu ’Hu’2
+ @ngé + ETmIQI} + ﬁTmfiﬁ + ﬁTmiﬁ + ETsz

1
+ 5 (Ml)\B)\B + MQX‘I/V ?/V + Mg)\aG aG + h.C.)

+ (Tf}' QiH,U; + TV Q;HyD; + T L HyE; + bH, Hy + h.c.) : (2.42)

with mé a symmetric 3 x 3 matrix for ¢ = ¢, u, d, [, e. All soft breaking terms have a coupling with
mass dimension > 1 and include mass terms for all scalar particles (mi,ij’ quu, qud), gaugino
mass terms (My, My, Ms3), and other couplings between scalar components (T, Ty, T¢, b) that
are analogous to the superpotential terms. The large number of soft breaking parameters
complicates realistic predictions and thus requires some simplifying assumptions. Similar to the
SM, the Higgs mechanism is the necessary ingredient to provide masses for fermions and vectors.
Because of the extended scalar sector, the MSSM Higgs mechanism is more complicated. In a
general SUSY model with scalars ¢; and a gauge group made up of direct products of simple
Lie groups G4 with gauge couplings g4 and generators 7'}, a general formula for the scalar
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potential can be given :

1
Vie) =S Wi+ 5 A Y (olThei) (¢lThes) . W)
J A uj oa

o
1=

(2.43)

Q

©j

; assumes all non-singlet representations of the gauge subgroup G4. Evaluating the general
formula of eq. (2.43) for ¢; = H,,, Hy with respect to SU(2); and ¢; = H, H, H}, H; with
respect to U(1)y gives the Higgs potential

V(Hu, Hd) =Vr+Vp, (2.44&)
Vie(Hy, Hy) = (|,L|2 +my, ) Hul + (1 +miy, ) [Ha* + (0H,Hy + hec.), (2.44b)

+ 2
Vo (Ha Ha) = 592 (11,2 = |,2)’ +2

(2.44c¢)

In search for the minimum, H; = 0 and H;” = 0 can be assumed since nature does not exhibit
a charged ground state:

V(HY, HY) = (Iul +m, ) ‘HO + (lul® + m,) )H§’2+ (—bHOHG +h.c.)

L +92 (‘Hd‘ — |H 2>2. (2.45)

Without the SUSY-breaking parameters m%{u,m%{d,b the minimum would be at the origin,
V(0) = 0, and electroweak symmetry breaking would not take place. b can be assumed real and
positive, because any phase can be absorbed into the relative phases of H?, Hg. The condition
that the potential is bounded from below leads to eq. and demanding that the origin is
unstable leads to eq. ,

2 < 2| + mlzqd +mi, (2.46a)

0> (|uf +miy, ) (1 +mE,) - (2.46b)

Assuming a breaking pattern of Hio = (vi + ¢; +i0y) / V2 with i = u, d, the tadpole equations
are

_ oV 2 2 91 + 92 2
"= B i = (i + 1) va = b o+ S (v =0 v (2.47a)
ov @2 +g2
=gl = (i, + lul) v = bva = B (03 = 02 v (2.47b)

Similarly to the SM, the Higgs fields provide masses to the gauge bosons via the gauge covariant
derivatives,

(D, H,) (D'H,) + (D, Hy) (D" Hy), (2.48)

resulting in a tree-level mass
M2 — Lo 9, o9 9 2 9.49
z 4(91 + 92)(vy + v3) (2.49)

for the Z boson. From this, we can relate the VEVs of the MSSM with the SM one, i.e.
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v? =02+ fufl. Using tan 3 = v, /vg and eq. (2.49)), the tadpoles can be expressed as

t 1

U—Z = m%{d + |p|* = btan B + QM% cos28 =0, (2.50a)
t 1

U—u =m} + > = beot B — iM% cos2f = 0. (2.50Db)
u

Adding up eq. (2.50a]) and eq. (2.50b|) gives the relation

2b
sin2f3"

my, +miy, +2|p? = (2.51)

Considering the mass matrix of the imaginary Higgs components, we get

= [PV (mi, + ul* + 3 MZeap b _,(tns 1
A 00;00; b mi; + \u* - T MZeos 1 cotp)’

(2.52)

where the last equality exploits the tadpole equations. This matrix is diagonalised by

0 .
(1) -2 (G)  woza= (00, W) 25

with two eigenvalues, 0 and 2b/ sin23. In a general R¢ gauge, the same gauge fixing terms as in
the SM are added, eq. . , changing the zero eigenvalue to £z M2, which corresponds to the
neutral Goldstone boson G°. The other state is a heavy Higgs boson A with mass

2b
sin2f3"

(2.54)

m3 =

Moving on to the charged Higgs fields (H, , (H,5

)*), we consider the mass matrix M?,. with

1 1 ,

(M3)11 = m%{d + |+ §M%025 + Zg%’ui = btan 8 + M, sin S, (2.55a)
1 1

(M%{i)22 = m%{u + |,u|2 — §M%025 + 1931}5 = beot B+ M, cos 3, (2.55b)

1
(M3s)12 =b+ Zggvdvu = b+ My spes, (2.55¢)
2
2 a2 o [ sh spep

With a field rotation

H; \ G~ . [ cosfB sinf
<(Hg)*> =z* (H_> . with Z*F = (-mﬂ COSB) : (2.56)

the mass matrix becomes diagonal. Very similar to the previous case, we obtain a massless field
G* (whose unphysical mass becomes {WM‘%V when gauge fixing terms are added) and a new
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massive charged Higgs H* with a mass
M?. = M3, +m?. (2.57)

The mass matrix M% for the real Higgs components is given by

02V 2 Gi+93 2, 1
(M), = Gz = + il TG (308 =) = by 41l 4 M (s + 26),

1 0¢3
(2.58a)
0V g+ g3 1
(M), = gz = min, + |l + F 72 (30— vd) = miy, + |ul® = 50 (25 = 255),
u
(2.58D)
o*V g + 93
( %)12 T 9u0a : 4 *vqvy = —b = Mzsscp. (2.58¢)
Substituting the minimisation conditions 1} and ([2.50b)) into M?, we get
2 2 2 2 2 2
9 _ myss + Mzcs —(m% + M3)sgcp 5 50
M <—(m?4 + M%)SgCﬁ mic% + M%s% ’ (2.59)
Using the formula for the eigenvalues of a symmetric matrix (CCL Z),
1 2
)\172 = 5 a+b=x (a—b) +462 s (260)
we obtain the eigenvalues of M?%:
m2 _1 2—|—M2 \/( 2 M2)2—4 2M22 (261)
hH =5 (A 7T my + M7 maMzCas ) - :

The rotation to the eigenstates h, H is described by the angle «,

h\ ([—sina cosa) (hg
<H> o ( coS & sinoc) <hu> (2.62)

where « is determined by [152]

2 M2

sin2a = — AT 7 08 (2.63)
m3 —m3
m2 o M2

cos 20 = — —4 Z cos 23. (2.64)
m —m?

CP is conserved at tree level in the MSSM, but at higher orders, CP violation can be introduced.
In that case a mixing of all neutral components (¢q4, ¢y, 04, 0y) has to be considered. The light
state h is assumed to be the 125 GeV Higgs boson. An important limit for its mass is obtained

21



Chapter 2 Theory

by expanding mj for m% < M% and m% > M3,

mi =m? cos? 28 + O (;}’3) (2.65a)
M2 M2

mi = M2 | cos> 2 — Z2 sin?48 + O < ) . (2.65b)
Mg mh

In between those limits, m% has no stationary point. In the decoupling limit m,%l > M%, h has
SM-like couplings to gauge bosons and fermions. Also, the angle a can be approximated by

a~~f— g for m% > M%. (2.66)

The remarkable implication of eq. (2.65)) is that the MSSM predicts a bounded tree-level Higgs
mass
myp, < Mz |cos 20| . (2.67)

The masses of the other Higgses A, HO, H* are unrestricted because they depend on the free
parameter b. Fortunately, this does not rule out the MSSM because radiative corrections can be
large enough to push my towards the measured value of 125 GeV, which will be discussed in
Section After all, the MSSM Higgs sector is described by five parameters m%{d, m%lu, b, vy, Uy,
of which two can be eliminated by the tadpole equations. The remaining parameters are often
chosen to be tan 8, Mz, m 4. The mass M is measured very precisely, leaving only two unknown
parameters, m4 and tan 3.

We refer to Ref. [152] for the discussion of the mass matrices of the other sparticles, since
they are not explicitly relevant for this thesis (except for the up-squark matrix, which is given
in section [5.1]). The quark and lepton masses are given by (flavour indices suppressed)

Yuvui Yqvg—— Yevg__
Lvukawa 2 + ——drdr + —€rer, 2.68
Yukawa \/é ULUR \f LUR \/§ LER ( )

where the Yukawas are related to their SM counterparts via
YMSSM = M /sin g, Y M = YN/ cos B. (2.69)

Some general remarks can be made based on the theoretical analysis and non-observation of
sparticles in direct searches in the ATLAS and CMS experiments. The gluino g is unique in the
sense that it cannot mix with any other particle. Its mass is equal to M3 at tree level, and it
can be related to the other gaugino masses M7, Ms under simplified boundary conditions like
mSUGRA El or GMSB H [157H161]. This roughly implies Mg : My : My ~ 6 :2: 1
at the TeV scale , making the gluino much heavier than the neutralinos and charginos. In
a hadron collider it is most likely to detect coloured particles such as squarks and gluinos in
strong pair production. During the first run of the LHC, the lower limits of the gluino mass
have been driven far into the TeV range. For example, under the assumption mg = mj in the
CMSSM, the mass range mg < 1.85TeV is excluded .

5 minimal super-gravity
6 gauge mediated supersymmetry breaking
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2.4 Effective potential

2.4 Effective potential

So far in the introduction to the SM and MSSM, V' (¢) was treated like a function of semi-
classical fields, which can be understood as the expectation value of their corresponding operators,
¢i = (0¢]0). The Coleman-Weinberg effective potential is a tool to include radiative
corrections in the potential V(¢) and it is highly useful to the understanding of symmetry
breaking and vacuum stability .

We briefly discuss its definition following Ref. . Starting from the generating functional
Z[J] with an external source J(z) in the path integral formalism,

Z[J] = / Do exp (z / L{¢i} + J(x)qb(x)d‘*x) = W] (2.70)

the functional W[J] can be expanded in a Taylor series
W =3 % /d%1 G ()T (@) - T () (2.71)
with the coefficients G (z1,...,z,) being the n-point connected Green’s functions. Let a

classical field be defined by ¢.(z) = %. This field corresponds to the vacuum expectation

value (0|¢|0) = ¢.. Now, define the Legendre transform of W[.J] with respect to .J as the effective
action I'[¢],

Té] = W[J] - / d*2.J(2)be(x). (2.72)
We can relate the conjugate variables J(z) and ¢.(x) via

ow or

o(z) = ——, =— ) 2.
6l = S T = s (273)
Now consider an expansion of I'[¢.] with respect to ¢, similar to eq. ,
1
igd =3 /d4:c1 A T (@, ) bel(1) - del(n), (2.74)

where we can identify T as the lP Green’s functions, the sum of all 1PI Feynman diagrams
with n external lines. A proof of this statement can be found in Refs. [177 [178]. An alternative
expansion of I'[¢.] can be done with respect to external momenta about 9,¢. = 0,

F[¢c] = /d4l‘ <_V;eﬂ“(¢c) + %(a,ud)c)QA(d)c) + .. > . (2'75)

The leading order term, corresponding to zero external momenta, is the effective potential
—Vet(¢c). For the special case of J and ¢, independent of x, we have Vg(¢.) = J, or, if the
external source J is not there at all,

e,ff(¢0) =0. (2.76)

This means that in the vacuum, the value of ¢, is determined by the minimum of Vig. From

7 One-particle irreducible Feynman diagrams are connected diagrams that can not be disconnected by cutting a
single internal line. They are evaluated without propagators on the external lines by convention.
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comparing eq. 1} to eq. 1' it follows that T'™ is related to Vig in the case of vanishing

external momentum by

B 0" Vet
8pe(m1) ... 0e(y)’

The physical meaning of Veg is the minimum of the energy-density expectation value in the class
of all normalised states |1) that satisfy (|¢|v) = ¢. |178], i.e.

Verr(9e) = (Y[H|¢p)  for  d{y[H[¢) = 0. (2.78)

r = (2.77)

Vet is calculated from vacuum loop diagrams with explicit dependence on ¢, [163]. Therefore,
all masses and couplings have to be taken as functions of ¢.. The effective potential is expanded
in loop orders,
1 1 \?
Vg = VO 4 Ly () Ve 4 2.79

off e T\ 16 T (2:79)
where the tree-level part V(9 is found in the Lagrangian. The effective potential of the SM
has received increased interest recently, in the form of contributions at leading order in the top
Yukawa couplings at three loops [179] and leading QCD corrections even up to four loops [180].
The effective potential obeys an RGE [171],

B ) )
a7~ Yi®ig o T Pigy =0, 2.
i v¢8¢i+5mi Vet =0 (2.80)

with couplings \; and their 8 functions, and fields ¢; with their anomalous dimensions +;.

Two properties of the effective potential shall be further discussed, which are gauge dependence
and the problems that can be caused by massless scalars such as Goldstone bosons in the Landau
gauge (£ = 0). The effective potential Vog(¢;) truncated at a fixed loop order is gauge dependent,
but the physical properties derived from it are not. The evolution of Veg with respect to the
gauge parameter £ can be described by a formula proposed by Nielsen ,

0 0
( =+ Cai(¢,£)(%i> Via(,62) = 0, (2.81)

where £, is a general set of gauge parameters and ¢; a set of scalar field expectation values. If
Cli(®,€) can be calculated, the Nielsen identity eq. implies that, given a solution q@(qb, §)
of the differential equations
09
86(1
with the boundary condition qz@(gzﬁ, &) = ¢, the function Vog can be reparameterised by ¢ — <Z§,
resulting in

= Cai(a)’f) (282)

V(¢) = Vear(d($,£a), a). (2.83)
This new function V(cb, €) is now gauge independent,
V(6.6 _
o6, 0. (2.84)
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-400 -300 -200 -100 O 100 200 300 400
¢/ GeV

Figure 2.4: The effective potential of the SM at tree-level (blue) and one-loop (orange and red). The red
dashed line marks the area where an imaginary part arises. The vertical blue (orange) dashed lines mark
the minima at tree level (one-loop).

Also, it follows directly from eq. (2.81)) that at the minimum of Vg, i.e.
OVest

-0, 2.85
Opi lp=o (2.85)
eq. ([2.81]) reduces to
Vet
=0, 2.86
DE, oms (2.86)

which means that the minimum energy Vi, is gauge invariant. The function Cgy;(¢, &) can
in fact be infinite at the minimum, which is why alternative treatments have been studied in
Ref. , proving the same statement, eq. .

The preferred gauge for effective potential calculations is Landau gauge, £ = 0, in which
the Goldstones do not mix with the longitudinal vector modes and are massless. The masses
and couplings entering the effective potential are field-dependent tree-level quantities. The
squared Goldstone tree-level masses méo,méi are zero at the minimum of V() but not at
the minimum of the loop-corrected potential. For negative tree-level Goldstone masses, Vg
receives an imaginary part from the logarithms. A non-zero imaginary part of Vg usually
indicates instability , however this is not the case here. The field-dependent Goldstone
mass can be obtained from the Higgs potential as m2GO = 12 + M? = G. To make the field
dependence explicit, substitute v — ¢, where ¢ = R(H (z))/v/2. We illustrate the tree-level and
one-loop corrected potential of the SM in fig. El The red-dashed line describes the region
—0(® < ¢ < v where an imaginary part arises because of G(¢) < 0. In this picture we consider
the Lagrangian parameters as fixed while the VEVs change with loop corrections. Another way
of treating the parameters is to demand that the VEVs keep their values throughout all loop
orders, while the other Lagrangian parameters receive corrections. In practical calculations, the

8 The numerical parameters are taken from Ref. [182] A = 0.12710, y; = 0.93697, g3 = 1.1666, 1> = —(93.36 GeV)?,
g2 = 0.6483, g1 = 0.3587, all taken at the scale Q@ = m; = 173.35 GeV. Only the dominant top quark contribution
is taken into account.
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spurious imaginary part of Vg is often ignored and only the real part is minimised. By choosing
a different renormalisation scale @ (MS), the squared Goldstone mass can be tuned to a different
value. Tuning it very close to zero produces a more serious practical problem. The terms with
the lowest powers of G in the different loop orders of Vg are as follows (In (m?) = In(m?/Q?)),

Vi (6) = %G%z +. (2.87)
(1) 3 2 (1= 3 —r

Vari(9) = ;G (ln (G) - 2) +...,  (MS) (2.88)

Vin (¢) ~ G In (G) + ... (2.89)

The dots indicate all other terms, including higher powers of G™ In (G)™. In general the
dependence at higher orders is [179)

V() ~ G (@), 0=1,2,3, (2.90)
VO (p) ~ G, (> 4. (2.91)

For £ = 3, the potential diverges logarithmically for G — 0. For increasing powers £ > 4, the
divergence becomes even worse. The tadpole equations V'(¢) = 0 already diverge at £ = 2 for
G — 0. This is the so-called Goldstone boson catastrophe. However, this problem is rather
a practical inconvenience than a theoretical problem. It is possible to obtain sensible mass
corrections even from the IR-unsafe potential. The tree-level masses, such as G, depend on the
renormalisation scale Q). If @ is chosen such that all tree-level masses are away from zero, the
effect of the problem is minimal, as has been found in Ref. .

It is desirable to cure the problem by expressing Vog in a IR-finite form. Recent treatments
conclude that the divergence is an artefact of gauge dependence that arises because of
the truncation at a fixed loop order. The potential is simply written down in a way that is of
little use. The IR divergences can be rendered finite by resummation techniques involving higher
order dressed Goldstone loops (daisy diagrams). In principle, this causes a shift G — G + 11, in
the terms of V() (IT; is a well-defined contribution to the Goldstone mass that is calculated
perturbatively . Explicit expressions for the SM have been calculated in Ref. and for
the MSSM in Ref. [186]. In fact, if the loop corrections V(" = V() (G?, G*) are understood as
a function of the field-dependent Goldstone masses G°, G*, it was found in Ref. that the
resummed potential 1763 has the form

Ve =V +
Lo
(1672)2

o2 [V 0.0) + F(G°+ A% +2f(G* + A

[V@)(o, 0) + %QOGO +OFGE (2.92)

with the one-loop integral function

f(z) = f‘j (m () — 2) . (2.93)

The constants A%, AT, Q0 and QF are perturbatively calculated and depend on all masses
and couplings. This equation was resummed to the order in G such that the first derivative
can be taken safely. The result is that the tadpoles obtained from the resummed effective
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potential do not change at one-loop, but at two-loop they receive a correction of the order
00 OF. Numerically, it turns out that the difference between using the resummed potential and
using the IR-unsafe potential (or even just fixing G° = G* = 0 from the start, neglecting their
field dependence in the differentiation) is extremely small .

The field dependence of G, G* can be calculated from the mass matrices (tadpole equations
must be inserted after differentiation) with the formula

0 ,
Iz [M?hag] T [U 9 UT] _» o sum over 4, M?ﬁag = UM?UT. (2.94)

Explicitly for the MSSM, we obtain

0
%fj :i(g% + g%)vi cos(28), i=u,d, (2.95)
oG* 1 _
90, =7 {g%vd cos(2p) + g%(vd — Uy s1n(25))} , (2.96)
oG* 1 .
v :Z [_Q%Uu COS(Q,@) + g%(vu — vy s1n<25))} ) (2_97)

These equations make clear that if one restricts oneself to the gaugeless limit,
91 =92=0, (2.98)

the Goldstone masses G0, G* are constant in the surroundings of the minimum. This way, the
Goldstone problem is completely circumvented, but it works only for models in which the Higgs
quartic potential is entirely determined by electroweak gauge couplings. In the NMSSM, this is
already not the case and the Goldstone problem resurfaces. A more practical way of avoiding
the divergence is to have the tree-level masses all away from zero. As pointed out earlier,
this is usually the case if one works in the minimum of the full effective potential (including
higher orders). Also the choice of @ allows to avoid the divergences, as has been analysed in
Ref. . Alternatively, one can use the full tadpole equations in combination with tree-level
mass matrices without D-terms (i.e. gaugeless) to evaluate Vig. This is the approach chosen in
the implementation described in chapter [d] where also other arguments in favour of the gaugeless
limit are discussed.
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CHAPTER 3

Radiative Higgs mass corrections

This chapter sets up the definitions needed for the Feynman diagrammatic approach and effective
potential approach to obtain two-loop Higgs mass corrections in a model-independent way and
presents the necessary calculations. One of the main contributions of this thesis is the description
and implementation of these approaches into SARAH (previously published in Refs. )
The approach itself and the generic formulae from literature have existed for a long time, but
have never been utilised in an automated code in this way. An introduction to SARAH and
SPheno is given in chapter [4] along with details of the implementation. As a motivation, we first
explain the importance of radiative Higgs mass corrections and the achievements in this field.

3.1 Introduction

One of the features of the MSSM is that it predicts an upper bound for the tree-level Higgs
mass (eq. ), mp < Mz = 91.2GeV. If the MSSM is to predict the measured 125 GeV
mass, there have to be large radiative corrections. Considering that masses add in squares, the
corrections have to be about ~ 88% the size of the tree-level value.

(125GeV)? ~ (91.2GeV)? + (85 GeV)?. (3.1)

In recent decades a lot of effort has been taken in the calculation of Higgs mass corrections in
the MSSM, which was initiated by the observation that corrections from the stop can lift the
Higgs mass above the LEP bound of 114 GeV [189H193]. In the decoupling limit M4 > My the
top and stop contribution at one-loop is [189) [190} [194]

4 M M 2 2

mi = mi’tree + 6m7 ~ M% cos® 2/ + %% [log ( 2@% t2> + ]\)2% (1 — 1;(]\2%)] , (3.2
with Xy = T3 — pcot 5. The geometric mean of the stop masses arises in the logarithm,
Mg = /mzmg,, which is identified as the SUSY scale. The shift dm3 is maximised for
X; = +v6Mg known as the maximal mixing case. It has been estimated before the Higgs
discovery that my < 140 GeV is possible with radiative corrections in the MSSM , assuming
that the sparticles do not exceed 2TeV. In realistic models, reaching 125 GeV is challenging
and usually requires very heavy and/or highly mixed stops. Explaining the large radiative
corrections at one-loop comes with a poor theoretical uncertainty. The dominant two- and

29



Chapter 3 Radiative Higgs mass corrections

three-loop corrections can change the predicted pole mass by several GeV. It is remarkable that
only the light Higgs mass is that sensitive to radiative corrections. In contrast, all other SM
particles enjoy additional symmetries which ensure the smallness of their mass corrections. At
tree-level and for m4 > 300 GeV, the heavy Higgs H° has a larger share of HJ (70%) than of
HY? in terms of superposition, and its coupling to the top quark is therefore suppressed, leading
to smaller corrections from the top Yukawa coupling.

The full diagrammatic calculation at one-loop was done over two decades ago in Refs.
. At two-loop, the leading corrections in the effective potential approach, or the equivalent
diagrammatic approach at zero momentum, have also been available for a long time [[183]
200H210]. Several calculations using renormalisation group equation (RGE) techniques have been
made in Refs. . The contributions are classified by coupling order in terms of the
strong coupling s = g3/(4), the top (bottom, tau) Yukawa coupling y:p.» (cpr = ygbﬁ/(élﬂ))
and the weak coupling, defined by the fine structure constant o = €2/(4x). The dominant orders
at two loops are O (asa) and O (aF). With these expressions known, it is straightforward to
extend them to all third-generation fermions:

Oaslar +op+ar),  O((ar+ay+ar)?). (3.3)

These contributions are widely used in different public codes such as SoftSUSY , SPheno
, SuSpect or FeynHiggs . In particular the results of Refs. are
the ones implemented in SPheno and serve as the benchmark for all extensions that we discuss
here. Even three-loop results of O (a2q;) for vanishing external momenta exist | | and
are part of the code H3m . The electroweak contributions of the MSSM have been estimated
to account for a shift of ~ 1 GeV [195].

With the improving mass precision in the LHC Runs I and II came a new wave of advances
in this field: diagrammatic two-loop orders O (asay) and O (of) including external momenta
exist [231H234]. Also, effective model calculations matched to the MSSM have been performed
. A good review about Higgs mass calculations in different tools and renormalisation
schemes is given in Ref. . An earlier numerical comparison between SPheno, SoftSUSY and
SuSpect was done in Ref. [236]. The focus of attention has been on the MSSM, followed by the
NMSSM.

One motivation for models beyond the MSSM is for example that they can lift the Higgs
mass already at tree-level beyond Mz by new F-term contributions (including the
NMSSM) or D-term contributions [247H253|. This makes these models more natural by reducing
the fine-tuning [240| 241 244], 254}256]. A brief overview of beyond-MSSM Higgs sectors is
found in Ref. . Also, non-minimal models can weaken direct SUSY constraints from collider
searches by either predicting compressed spectra or reducing the expected missing transverse
energy [258H261].

Despite the impressive advancement in this field the task of stating a reliable theoretical
uncertainty of my, still poses a challenge. The problem is that the size of the missing higher
order corrections is simply not known. One way of estimating them is to measure the variations
of the running mass my(Q) within the interval @)/2 and 2@, because the dependence on the
renormalisation scale () decreases with higher orders. Another way is to calculate the ratio of
a one-loop correction to its tree-level value and assume the same scaling behaviour for higher
orders. It is possible that certain (N + 1) loop diagrams can be more important than some
individual N loop contributions. For example, strong contributions at three loops can dominate
over electroweak two-loop contributions. Finally, the Higgs mass prediction depends on the
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Figure 3.1: Diagrams contributing to the full scalar propagator

uncertainties of the other input parameters, mainly the top mass. There can be a sizeable
discrepancy between calculations in different schemes, which are formally of higher order than
the level to which they are calculated. The upside is that this discrepancy serves as another
estimate of the theoretical uncertainty. In Ref. several sources of uncertainties have been
discussed, concluding that a total uncertainty of 3 GeV is a realistic estimate for the MSSM
(including the contributions of eq. ) This number is smaller than the sum of all individual
uncertainties because it is unlikely that they sum up coherently. Compared to the experimental
uncertainty of a combined ATLAS and CMS analysis ,

mp, = (125.09 + 0.32) GeV, (3.4)

which is below 0.3%, it is clear that theory has to catch up a lot. It has been estimated in
Ref. that the theoretical uncertainty in the MSSM could be reduced to 0.5 GeV given the
inclusion of all two-loop effects with momentum dependence. The anticipated International
Linear Collider (ILC) is expected to reduce the experimental uncertainty to 50 MeV [262].

In general, there are two main approaches to calculate radiative corrections: a fixed-order
approach, including the Feynman diagrammatic (FD) and effective potential (EP) approach,
and on the other hand the effective field theory (EFT) approach. The latter is used in the tool
SUSYHD . FeynHiggs uses a fixed order calculation in combination with large logarithm
resummation. EFT methods are better suited for calculations with very large SUSY masses up
to 100 TeV because they resum large logarithms. Currently the programs SARAH/SPheno use only
fixed order calculations in the DR renormalisation scheme. The standard approach to obtain a
loop-corrected mass spectrum is to calculate two-point Feynman diagrams (self-energies) of the
particles. A full propagator is the sum of the tree-level propagator and all higher-order two-point
functions, which are shown as a blob on the right hand side of fig. for a scalar particle. Any
two-point diagram can be repeated n times to form another two-point diagram. This infinite
sum can be performed by virtue of the geometric series. Therefore, it suffices to consider only
one-particle irreducible diagrams (1PI). Let illg(p?) be the sum of all 1PI two-point diagrams
up to a certain loop order, called the self-energy. After resummation the self-energy appears in
the denominator of the full propagator.

? " ?

p? —md + ie :pz—m%+ﬂg(p2)+ie

. 00
7

i 0) = L 3 [itl?)

T2 2
p® —mg+e ‘=)

(3.5)

The index 0 means that these are bare quantities which are formally divergent. In the renor-
malisation procedure they are exchanged for renormalised quantities m,II,G®). The rescaling
constants are free parameters and can be chosen to absorb the formal infinities into counterterms.
Calculating diagrams with counterterm contributions renders loop expressions like II(p?) finite.
This is called renormalised perturbation theory, in which the Green’s function takes the form

. (2 1

iG® (p) = om0 i (3.6)
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This has the same form as eq. with renormalised quantities instead of bare ones. So one
might as well talk only about renormalised quantities, which is what we do from now on. The
term m? is a running MS (or DR’) mass. A short summary of the differences between those
schemes is given in appendix The physical mass is defined by the pole of G in the complex
plane. For s = p? a complex number, let the pole be at s = m% —impl'. The real part of the
pole is identified with the squared physical mass and I' is identified with the total decay width.
This leads to the pole mass condition

m? — impl' — m® + I(m} — impI") = 0. (3.7)
In the case of a small width compared to the pole mass, I' < my, as is the case for the SM
Higgs boson, a Taylor expansion is justified.

H@n%—in@F)zvng(n@QHOn@——iI‘H%nﬁ)%—O(Fﬂnpf> (3.9)
mp

Inserting eq. (3.8]) into eq. (3.7]), both real and imaginary part have to vanish independently,
leading to

m2 —m® + R[I(m2)] + mpI'S[IT' (m?)] =0, (3.9a)
—mpl' + S[II(m2)] =0, (3.9b)

in first order of I'/m,.

In a general theory with n real scalar fields ¢; the tree level mass matrix for scalars follows
from the potential V(©)(¢;),

921 (0)
2 _
= 3.10
M 9610, (3.10a)
It has to be evaluated at the minimum, defined by the tadpole equations

0 oV (0)

= =0. 3.11
= (3.11)

The 1PI self-energies are then described by a matrix II;; (p?), which enters the inverse propagator
Tij(p%) = p*0ij — M3, + i (p?). (3.12)

The matrix 1I;; is expressed in the basis ¢;, but it can also be expressed using mass eigenstates
of the tree-level matrix M?. Either way, the complex poles p? = s;, are found from

det [p*0i; — M3 + T (p?)| = 0. (3.13)

Since 11;; (p?) is a highly non-trivial function of p?, the roots of eq. (3.13)) can only be determined
numerically. This can be done by using p? = m?,, as a starting value and computing the
eigenvalues of ng — I1;;(p* = mi..) as the next iteration. The simplest approximation to

eq. (3.13) is to consider vanishing external momenta, i.e. using only II;;(0) as was done in
section In that case, the values s; are the eigenvalues of the matrix ./\/lgj —1I1,;(0) and can
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Figure 3.2: General one-loop self-energy and tadpole diagrams. The fermion arrows correspond to
two-component spinor formalism. Dotted lines represent ghost fields.

be expressed in a closed form. The self-energy is calculated in loop orders,

1 1 \?
2 1 2 2)/ 2
(") = 15511, (%) + (m?) i (p?) + ... (3.14)
The one-loop case consists of only a few diagrams shown in fig. that are easily calculated
with Passarino-Veltman integrals [264]. The ghost loops need to be included in a general Ry
gauge and also the tadpole diagrams are needed. The effective potential provides a shortcut to
obtain II(0).

33



Chapter 3 Radiative Higgs mass corrections

3.2 Notation

In order to write down the effective potential and subsequent calculations, we need to establish
some notation. Since we rely heavily on the results of Ref. , we borrow his notation as well.
A general renormalised theory consists of real scalars R}, two-component Weyl fermions ¢} and
real vector fields A:f with ghost fields w®,w®. Any kind of symmetry breaking is assumed to have
already been performed and the fields R; describe fluctuations around the chosen minimum. In
case of the MSSM, the VEVs v,, v4 can be thought of as already included in the mass matrices
and couplings. The mass terms are

1 1 1
Ekin,mass = _§m7,23R£R; - 5 (mUWﬂﬁf] + hC) - 577121)14;“14;“). (315)

The gauge eigenstates, indicated by primes, are rotated to mass eigenstates via

R, =N\R; (3.16a)
W = NS, (3.16D)
A= NV g (3.16¢)

The orthogonal rotations N, N(V) and the unitary N¥) diagonalise the mass matrices as
follows:

Nz’(lf)mlej(lS) = m;3dij, (3.17a)
N mi NG =mion, (3.17b)
NYIm2 NG = m26,. (3.17¢)

2 2 : . . 2 — ok o KJ
Here, m;; and mg, are real symmetric, mrx is complex symmetric and m7; = mj,em™" is a

Hermitean matrix. N does not necessarily also diagonalise m!”. Instead, the mass insertion

F)x

M = NI(?*N(SJ, m!?" becomes block diagonal for Dirac masses, o

mp 0
for Majorana masses. The interaction terms of the Lagrangian are defined as

, and diagonal

1. .. 1 ..
Ls=— N RiR; Ry — 5 XM RiR; Ry Ry, (3.18a)
1
Lsp = —§yIJk¢I¢JRk +he, (3.18b)
1 abi fga 1 abij pa aij pa
Lsv =59 biAG AP R, — 9 "TAC AP R R; — g™ A% R 0" R, (3.18¢)
Lpy = gi’ ALploiap,, (3.18d)
1
Lgauge — gabCAzAga“AVC _ ZgabengeA“aA”bAfLAg + g“bCAZwba“wc. (3188)

The couplings A% and AJ* are real and completely symmetric in their indices, while the
Yukawa interactions y’’* are symmetric under I, J. Lowered fermionic indices indicate complex
conjugation (M?7  Mj;), in all other cases the index height does not matter. The covariant
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3.3 Effective potential approach

derivatives are given by

Dytpr =01 — igAs(T*) {17, (3.19a)
DuRi :8HRZ» + igAZ@ijj. (3.19b)

T are the usual Hermitean generators of the gauge group with [Ta, Tb} = ifecTc. Because
everything is expressed in terms of real bosons, the matrices §* are imaginary antisymmetric
matrices obeying the Lie algebra. In the case of complex fields, 8 has twice the dimension of
T®. The generators T and #* fulfil the conditions

(T°T*)] =C(R)3], (3.20a)
Tr (T°T") =C(R)d(R), (3.20b)
Tr [T°T°] =S(R)s"", (3.20¢)

where C(R) is the quadratic casimir of the representation R and d(R) is its dimension. S(R) is
the Dynkin index defined by convention in tab. It is instructive to work out the coefficients

| R of SU(N) | C(R) | d(R) | S(R) |
fundamental | (N? —1)/(2N) N %
adjoint N N?2 -1 N

Table 3.1: Definition of group invariants

g™ g g}l] from the covariant derivative for an unbroken gauge group, such as SU(3)¢.

1 1 ; a a 1 a a
LD —(Duhi)* = = S (0uRi)* — ig(0" Ri)0f; R AL + - 905505, R R AL A™

]‘ . a a 1 a a
S 5(8MRZ-)2 — igh}; AL R (0" R;) + 5920,61.9,‘%1%2-33»AMAW (3.21a)
L2 e Dyipy =ip 6" 0y + g(T)7 ALyt 67y, (3.21b)

g™ = 24%(0°6"); (3.22a)
g™ = —ighy; (3.22b)
g% =0 (3.22¢)
g1’ = g(T*)] (3.22d)
3.3 Effective potential approach
The effective potential, truncated at two loops,
1 2
N = O (g ) (b, @) (4, 9
V() = VO01) + 155V 060) + (153 ) VD@0 +-.. (3.23)

is calculated perturbatively through vacuum diagrams with no external lines. The topologies at
one and two loops (fig. are associated with the basic functions J(z), J(z,y) and I(z,y, 2).
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Chapter 3 Radiative Higgs mass corrections

O & ¥

Figure 3.3: The circle topology at one-loop and “sunset” and “snowman” topologies at two-loop.

We use the definitions given in Ref. which were also used in related works, Refs. 267].
Earlier work on the evaluation of these functions was done in Ref. H

The full definition of all necessary functions is given in appendix For now, the easiest
cases are presented,

J(@) =z (I () - 1), (3.24a)
J(z,y) =J(x)J(y). (3.24b)

We express all diagrams in terms of finite loop function, where the divergent epsilon terms are
subtracted by counterterms in the DR’ scheme. As a next step, the internal lines are populated
by scalars, fermions and vectors. Note that the fermion arrows correspond to the two-component
spinor formalism [150], where arrows signify chirality rather than quark/lepton number flow, and
dots between clashing arrows denote mass insertionsEl This gives the twelve diagrams shown
in fig. that completely describe V(2). All quantities such as masses and couplings must be
expressed field-dependently. The loop corrected mass matrix at zero external momentum can be
found from the second derivative,

0*Vog
2 2 e
2 1L (p* =0) = . 3.25
Mi i(p ) 0¢;i0¢; ( )
Comparing this in loop orders, we have the important relation
217 (0)
() 0
II7(0) = — 3.26
Y ( ) 6@8@ ( )

that allows to obtain mass corrections from Vig at a certain loop order. The minus sign depends
on the definition of II. This is the effective potential approach and equivalent to calculating
I1;;(0) with Feynman diagrams. Of course, p? = 0 is only an approximation and in the end has
to give way to a full diagrammatic approach with momentum dependence. Nevertheless, p? = 0
is a useful choice at this point. Recent studies of momentum effects in two-loop QCD corrections
have found that their impact on my is about a few hundred MeV, far below other
sources of uncertainty. It has been noted earlier in Ref. that neglecting momentum effects
in the case of electroweak contributions might not be a good approximation, as both effects
account for a shift of ~ 1 GeV. On the other hand, the contributions that become accessible

! The notation I (I) of Ref. \\ corresponds to our I (I) for the finite (divergent) expressions.
2 Fermion propagators with a mass insertion (im/(p? —m?)) contribute a power of —2 to the diagram’s superficial
degree of divergence, while normal fermion propagators (ipo/(p®> —m?)) contribute a power of —1.

36



3.3 Effective potential approach

SS FFEV FFS FFS
PR - -

,\ \' /// \‘\ / \‘\
So~c’ [

SV FFV SSS SSV
4% Vvvv VVvs GGV

Figure 3.4: All diagrams contributing to the two-loop effective potential [265], using two-component
notation for fermions.

with the effective potential approach can be much larger even in the gaugeless limit, and it is
therefore a useful step towards two-loop precision. The easiest way to calculate the derivative is
to use a numerical differentiation routine on the function V.

The full two-loop effective potential from Ref. [265] consists of one term for each of the 12
diagrams in fig. [3.4] where the pure gauge diagrams VV'V, VV and GGV are collectively written

as ‘/gauge’
V@ = Vpps + Vipg + Vsss + Vssy + Very + Vg, + Ves + Vsv + Virvs + Veauge:  (3.27)

We use a shorthand notation for mass arguments like f(i, j, k) = f(m?, m?, mi) If not stated
otherwise, repeated indices are summed over. The individual contributions of the diagrams are
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Chapter 3 Radiative Higgs mass corrections

given by
Vs = (V)2 fsss(i, ., b 3.28
555 = 12( ) fsss (i, g, k), (3.28a)
1 ... o
Vs = gA"”fSS(Z,j% (3.28b)
1 2
VFFS:§’yIJk‘ fFFS(IvJ)k)) (328C)
1 A A * *
VErs = Zyljky] TEMG My frpe (L, T k) + e (3.28d)
1
Vssv = (9 9" fssv (i, j,a), (3.28¢)
1 .
Ws = 79" fvs(a,9), (3.28f)
1 aJ 2
VFFV:f‘gI ‘ fFFV(17J7a)7 (328g)
1 a a ! !
Vipy = 591791 MMy frpy (1, 7, a), (3.28h)
1 e .
Vgauge = ﬁ(g b )2fgauge(aa b, C)- (3.281)

The loop functions fx are combinations of J(z,y), I(z,y, z) and polynomials in x, y, z. Diagrams
without vectors (5SS, SS, FFS, FFS) are equal in both MS and DR’ schemes,

fss(x,y) =J(z,y), (3.29)
fsss(@,y,2) == 1(z,y,2), (3.30)
frrs(@,y, 2) =J(2,y) = J(2,2) = J(y,2) + (v +y — 2)I(2,y, 2), (3.31)
frrs(@,y,2) =21(z,y, 2). (3.32)

Diagrams with vectors differ for MS and DR'. Since we restrict ourselves to the gaugeless limit
with massless vectors, the functions can be used in a simplified form with z = 0 (starting with
the DR parts),

fssv(x,y,0) =(x +y)* + 3(z + y)[(x,y,0) + 3J (z,y) — 22J (z) — 2y (), (3.33)
fvs(z,y) =3J(z,y), (3.34)
frrv(z,y,0) = — (x +y)* + 22J (z) + 2yJ (y), (3.35)
frry (2,9,0) =61(z,y,0). (3.36)

The same functions in MS have to be understood as f)@ = f@/ + AMS fx with
AMS fsov (2, y,0) =0, (3.37)
AMS £ (2, y) =22 (y), (3.38)
fFFV(xv Y, ) Oa (3 39)
Amfﬁv(x, y,2) =2(x +y+ z) —4J(x) — 4J (y). (3.40)

The function frpy(z,%,0) vanishes completely in the MS scheme. The full expressions for
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3.3 Effective potential approach

massive gauge bosons are given in appendix [B:3:2] In the gaugeless limit with Landau gauge
we can completely ignore the diagrams VVV, VV GGV, VVS and also V.S. The vector
contributions for unbroken gauge symmetry can be expressed through group invariants, using
eq. (3-22).

Vssv,g = i(gaij)zfssv(i,jv a) :392C(i)d(i)fssv(i,i, a), (3.41a)

Visy = iga‘m’ Ffrslari) :%gz(](z’)d(z’) Foslari), (3.41b)
Vv, = % 0¥ |° fom (I, 7. ) %920(1)6«1) frev(I,1,0), (3.41¢)
Vigy, = %g‘}‘] 9% MM fomy (1, Jya) = — %g2C(I)d(I)m% fepy (I 1,a),  (3.41d)
Vs = 156" Fyange(a,5, = S PO fygelasa,0). (341e)

One can combine the fermion-vector diagrams to give

2

g
Vity + Vi =5 dC(D Fpy (m), (3.42)
Fpy(z) = — 42® 4+ daJ (z) — 621 (z, 2,0) + Sygdad (), (3.43)

where dyg is zero for DR’ and one for MS. All of the above contributions to V have the form of
one coupling ¢; (or two couplings ¢; - ¢2) multiplied by a prefactor k£ and a loop function fx,

VP =k (cic) - fx(m?,m3,m3), for X = FFS, FFV,SSV,VVS, gauge,
(3.44a)

V)((Q) =k-(cica) - mpimps - fx (M3, miy,m3), for X = FFS,FFV, (3.44b)

V)(f) =k-(c1) fx(m?, m3), for X = S5S. (3.44c)

For the implementation into the computer code SARAH, it is more convenient to recast the general
expressions into a form that distinguishes Dirac and Majorana fermions as well as real and
complex scalars. This amounts to a prefactor k for each of these cases. The calculations are
found in appendix [B:2} A vertex between particles A, B, C' is understood as

cl A, B, C bosons,

c. ' +cpr'r A, B fermions. (3.45)

. 0L .
C[A,B,C] :ZW—Z{

The matrix I' is the kinematic part with spin structure. In case of fermionic couplings, 'y /r
indicate projection operators,

_ ) Puyr FFS coupling
= { Y*Prr FFV coupling - (3.46)

With the prefactors from appendix [B-2] all the pieces for an implementation are in place. SARAH
extracts the couplings ¢, ¢y, cr from the Lagrangian and populates the general diagrams of
fig. B4 with particles. Also, a numerical differentiation routine is needed along with the analytic
functions J(x), J(x,y), I(x,y, z). Details about the implementation are given in section
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Chapter 3 Radiative Higgs mass corrections

3.4 Analytic derivatives at two-loop

The diagrammatic approach requires many more diagrams and a system to reduce the two-loop
tensor integrals to a set of basic integrals. Such a scheme has been proposed by Tarasov . In
fact, the nearly complete calculation by S. Martin of all scalar two-loop self-energies for a general
renormalisable theory has been available for almost as long as the effective potential expressions
. The only parts that are missing are the remaining gauge contributions beyond
the leading order (~ ¢?), i.e. from diagrams with more than one internal vector. Also, the
two-loop self-energy of the Z boson is needed in order to fix the electroweak VEV, v. Even in the
effective potential approach, these v corrections are necessary for gauge invariance. Recent works
like Ref. (full (5(2)M% in the SM) indicate that this gap might be closed in the near future.
Implementing the nearly-complete results of Refs. would be a huge step. However,
there is a simpler way to improve the effective potential approach, which consists of taking only
analytic derivatives of the diagrams in fig. corresponding to the terms in eq. . This
has the clear advantage of being independent of numerical relics from a finite step size in the
differentiation routine. The resulting expressions are equivalent to the diagrammatic approach
in the limit p? = 0. In many cases, the expressions obtained by differentiating match those of
the diagrammatic calculation as in Refs. except for a non-zero p? in the loop
functions. In a few cases, the results obtained by differentiation are much simpler than by the
diagrammatic approach, but are fully equivalent.

Because of the equivalence to the diagrammatic approach, we refer to the method explained
here as such. It was presented in Ref. along with the calculations. Instead of reciting the
lengthy calculations here, we rather explain how it is in principle done and which diagrams
are included in the implementation. The purely scalar two-loop diagrams are shown in fig.
which are at the same time representatives for all possible two-point topologies. The naming
scheme in terms of M, S,T,U,V,W, X,Y, Z is borrowed from Refs. . A minimal
basis to express the loop diagrams is given by four functions S,T,U, M and the one-loop
functions A, B. All diagrams with fermions and vectors that do not vanish in the gaugeless
limit are shown in fig. 3.6l The tadpole diagrams in section [3.4] are needed for the minimisation
conditions at two loops. Recall that R] is a set of real scalar fields defined in eqs. (3.16|)
to and R; their mass eigenstates. The true minimum is at R = 0 and can have a broken
symmetry. Consider a field configuration R # 0, slightly outside the minimum. We evaluate the
field-dependent scalar masses and couplings at this point,

—0%L iy 1 .
2 — = m25. ijk LY
m;; (R) OR:OR, m; o + AN Ry, + 2)\ Ry Ry, (3.47a)
g m?2.(R . .
N (R) :;];k S (3.47D)
. ijk .
ATRL(R) :>\<9}(3R) = \UK, (3.47¢)
1
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Figure 3.5: Two-loop self-energy diagrams involving only scalars. They also represent the basic topologies
for any two-loop self-energy.
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Figure 3.6: Mixed two-loop self-energy diagrams that do not vanish in the gaugeless limit. For every
fermionic diagrams there exist variants with all combinations of chirality-flipping mass insertions.
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Figure 3.7: Tadpole diagrams at the two-loop level which do not vanish in the gaugeless limit.

This has to be done for the fermions and vector bosons, too:

O*L
MY(R)=—- —Z— = M7 +4FR 3.48
( ) 8w]an + y ks ( a’)
o)
Wl _ IJk 4
OR; (R) =y ", (3.48Db)
a * r * *
s | MY (RMi(R)] =y M (R) + M" (R)y3cr. (3.48¢)
m2 (R)g;u/ _ 82£ _ <m25ab + gabiR‘ + 1gabin,R,) g,uV (348(1)
“ DALOAY “ ' 2 )
9 . . y
o T(B) =g (R) = g + g™ Rj, (3.48¢)
O i bij
abi — i A8f
o’ (R) =g (3.48f)

For a given configuration of the fields R; # 0 the field-dependent mass matrix m?j(R) is again

diagonalised by a field-dependent rotation matrix N (R),
R; = Nij(R)R;. (3.49)

In the basis R;, the couplings and masses are labelled 7;(R), \¥*(R), X%, The field-dependent
propagator of R; — R; is the ij entry of the inverse of the matrix ¢> — m?(R). The derivative
of this propagator can be calculated with a mathematical identity for an invertible matrix A(z),

A
dp1 _pr 44

AL .
= X (3.50)
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This implies

327« L]2 - Ilnz(R)Lj - L]Q - r1n2(R)]zk _arg%;(R) {q2 _ I1n2(R)L'j : (3.51)

After differentiation the limit R — 0 is taken, which brings back the diagonal matrix, m?(R);;, — mfézk
The derivative of the mass matrix is A" following eq. (3.47a)). Then, eq. (3.51)) becomes

1 1 - 1 1 1 .
~ N = - T (3.52)
q2—m%q2—m? m?—mg <q2—m2 q2—m?>

i
We see the appearance of the difference quotient operation defined by

fz,2) = [y, 2)

PO e :2) = Doy ) = HEZ S0, (3.530)
FEON (@, w5y, 2) = Dy f(,y, 2) = Sy, Z; : i(u,y, Z)- (3.53b)
The operator D, obeys a product rule,
Dl )gla)] =TI = )
= [Douf ()] g(x) + f () [Doug(x)]
= [Douf ()] g(uw) + f(2) [Deug ()] (3.54)

We can now analytically differentiate the individual contributions to V(2. The propagators
of fields that are not mass eigenstates depend on all entries of the mass matrix m?. We will
however tolerate an abuse of notation of the following kind,

st ~ [ata | o] (3.55)

noting that f is not a function of just one real number but of all entries of m?. Self-energies can
be calculated in the gauge eigenstate basis or mass eigenstate basis, but it is more convenient to
take derivatives with respect to the mass eigenstates R;. The self-energies II;; and tadpoles §7},
obtained this way can be rotated to the other basis via

I, =N N T, (3.56a)
5T =NsT,. (3.56b)

We demonstrate the procedure on VS(?, expressed in terms of field-dependent quantities. The
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first derivative with respect to R, produces the tadpole expression Tsg,,

9 2 9 i, ~ 0 7 ~
Tss,rza—mvgs) 3T )\ 97 fgg(m (R),mg(R))} PR [ NEI 5851 fs5(mF (R), m3 (R))

a ]_ 10yl
8R 8)\Z K Nz 2Nk’kN] le’lfSS( (R)am?l(R))
01 \i
=5 g\ Fss (B (B). mA(R))
1 i 1,0 amgnn(R)
= NG i (R), i (R)s iy (R) = 4=
:i)\ikjj/\ikrfggo) (m2, m3; m?) (3.57)

The new function félslo) of three arguments needs to be examined. Recall that the finite part of
the one-loop integral is given by J(z) = J(x) + Z.

z

H @,:9) = Duy T (0,2) =Dy (3@) + 2) (362) + 2)

€

c o 1
= <_i/d qu,ym + 6) J(2)

1
:<f/ddq ! ! +E J(2)

¢ —rq>—y
—(~Bo(ey) + £) J(2)
— — By(w,9)J(2) (3.58)

The definition of By is given in appendix [B.1.1} It is preferred to express the difference quotients
in terms of basic loop functions, because the limit x — y is needed often. By repeated application
of the D, , operator one can obtain loop functions corresponding to diagrams with more legs.
The function Cj is the one-loop, three-point function at p? = 0,

Bo(x, z) — Bo(y, Z). (3.59)

Co($,y,2) =- B((]lyo)(x7y; Z) = - Tz —y

Differentiating Tsg a second time gives the self-energy contributions,

82
aR OR,
)\zk]] (Alk’r‘Sf (1,0) (Z k- j)+2AZkT)\” Sf(20 (Z 7, k j)+)\lkr)\1] sf(ll (7, k- ] ] ))

_O e

:Z)\Z’W (A””"SXSSS(Z', k. 5) + 20N Yggg5(i, 0 K, 5) + NN Zggs (i, k. 4, l)) ,  (3.60)
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where the new loop functions are given by

Xsss(@,y,2) =f1 (@, y; 2) = —Bo(x,y)J (2), (3.61a)
YSSSS($7Z/7'Z?“) :fé'?go (:E Y; =z, U) (.’L’,y,Z)J(U), (361b)
Zssss(r,y, 2, u) :féls (z,9;2,u) = Bo(z,y) Bo(2, u). (3.61c)

The labels of the functions match those of the three diagrams of fig. [3.5] that represent the
terms. Performing the differentiation on the sunrise diagram, we obtain the two-point topologies
S, M,U, W, V. The purely-scalar diagrams are of course the easiest — the loop functions of more
complicated diagrams with vectors contain also polynomials of the squared masses. For fermions,
all combinations of propagators with or without chirality-flipping mass insertions M!” have to
be distinguished. After this exercise in case of SS, we can formulate a rule how to quickly write
down the derivatives. The terms of the effective potential have the general form A% fx (z;,y;)
for snowman diagrams (fig. and (AYK)2 fx (2, y;, 2) for sunrise diagrams. The derivative
with respect to R, is

0 . Al Z 2
OR (@i, 95) =~ Pl y) + AJaR @i,z y)),
0 Y oAUk
TRT(A N2 fxe (i, 95, 21) =2Fx (x4, 95, 21) A ngRT
0
+ ATk A Jk:{ 87;; (1, 0,0)(£Cz‘>x¢/;yj,zk) +(xey) + (v Z)}

(3.62)

Often the fx are symmetric in two or more arguments and can be simplified. The total
contribution to Hg-) (0) in our gaugeless limit is given by

~12(0) = 1 4122 O SO0 S0 S () s i (3.63)

The notation in superscript means the number of scalar (fermion, vector) propagators and
the topology in parentheses. All of these contributions are listed in the appendix E| The
expressions are equivalent to those in Ref. if p> = 0 is assumed. Because of the various
relations between the loop functions, such results can be presented in many different ways. It
turned out that the expressions for HSIF4( ) HS’“V1 HF V1 found with this method have a much
simpler form than those in Ref. | - for the gaugeless hmlt It is in principle possible to extend
this calculation to the case of massive gauge bosons. One step in this direction has been done in

Ref. | -, consisting of the tadpole expressions for the neglected contributions. However, the

1,0,0) .
explicit expressions for the various derivatives such as f\(/v &/ (x,y,2) were not given. We close

this gap in this thesis and present the calculation of the missing functions in appendix [B:3.2] In
the likely case that the two-loop calculation of SARAH will be updated to massive gauge bosons
or even momentum dependence, these expressions will still be required.

3 To avoid having a minus sign in front of every expression for the components Hfgy stemming from the definition

of eq. (3.26), we introduce instead a minus sign in eq. (3.63)).
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CHAPTER 4

Implementation details in SARAH/SPheno

4.1 The SARAH/SPheno framework

idea for a new model

' user
create SARAH input file

Figure 4.1: The workflow within the SARAH/SPheno framework.

4.1.1 Introduction

There exist several numerical spectrum generators that are able to solve renormalisation group
equations and to diagonalise the mass matrices of a quantum field theory. This number-crunching
job is best done in compiler languages like Fortran or C/C++. Depending on the tool, the
available output can consist of much more: branching ratios, production cross sections, low-
energy observables, etc. The interface between spectrum generators and other specialised tools
(e.g. event generators) is realised by the SUSY Les Houches accord (SLHA) [273]. Although
the SLHA file format is inspired by supersymmetric parameters, its structure is general enough
to be used for any model. A later extension was the Flavour Les Houches accord (FLHA) for
flavour observables .
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Chapter 4 Implementation details in SARAH/SPheno

The spectrum generator of our choice is SPheno EI, developed by W. Porod and
F. Staub. It features full one-loop corrected mass spectra, two-loop RGE running, branching
ratios and decay widths for all BSM particles and a set of low energy observables. The MSSM
is supported with several high-scale boundary conditions (CMSSM , GMSB ,
AMSB El ) and extensions like see-saw or CP violation.

Spectrum generators are written for specific models, mostly the MSSM and NMSSM, using
hard-coded expressions. The large amount of models requires more flexible ways of calculation
than a fixed spectrum generator can offer. This inspired the creation of a meta-tool such as
SARAH EI, written by F. Staub (2009). This tool uses the symbolic manipulation power of
the Mathematica language to derive analytic expressions for a user-defined model.

By itself, SARAH calculates a complete Lagrangian for a renormalisable QFT from a minimal
user input. Kinetic terms, gauge interactions and gauge fixing terms follow from fixed rules and
are automatically added. In supersymmetry there are even more restrictions on the possible
interactions because of holomorphy of the superpotential. At its heart a model is defined by:

o Local gauge group

o Global symmetries

e Particle content and representations

o Explicit non-gauge interaction terms / superpotential

If a model is embedded in a high scale theory, the boundary conditions at the GUT scale have
to be added to the list. The part of the Lagrangian that defines non-gauge interactions (in
SUSY theories, just the superpotential) has to be given explicitly by the user, so that individual
conventions can be used. SARAH can check if any other interaction terms that respect the global
and local symmetries are missing. Further, the mixing between particles with the same quantum
numbers has to be defined by the user, because of the conventional choices that can be made
for the ordering of the fields. Such a tool requires model-independent, generic expressions that
have to be populated with particles of concrete models. The generic two-loop RGEs for all
parameters of a softly broken SUSY model studied in Refs. [278+281] are one foundation of the
code.

While it is possible to obtain important results from the analytic level alone, SARAH can export
model files in the UFO format and in the file formats of FeynArts , CalcHep/CompHep
and WHIZARD . The event generator MadGraph can import UFO files. The most
important feature is the link to SPheno: Analytic expressions are cast into Fortran source code,
which can then be compiled as an add-on within the stock version of SPheno, resulting in a
customised spectrum generator. The automatised workflow is illustrated in fig. The tool
chain can be extended by passing the SLHA spectrum file produced by SPheno to other tools
like event generators. The consistency of the Higgs sector with experimental data is checked by
HiggsBounds/HiggsSignals [286/{288]. Vacuum stability can be tested with Vevacious [289].

In 2014 another meta-tool was born with FlexibleSUSY , which imports SARAH-
generated S-functions, mass matrices, self-energies, EWSB conditions and parameter boundary
conditions to generate a C++ spectrum generator related to SoftSUSY. Both SPheno/SARAH

! available at https://spheno.hepforge.org
2 anomaly mediated supersymmetry breaking
3 available at https://sarah.hepforge.org

48
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and FlexibleSUSY use the DR’ renormalisation scheme. This toolbox eliminates the tedious
task for model builders of deriving the expressions for RGEs, mass matrices, vertices etc. and
only requires the idea and physical intuition for a model.

4.1.2 Spectrum calculation

We will describe the procedure of spectrum calculation in SPheno in more detail.

1.

The initial guess for the pole masses is s

Start from a set of running parameters at the renormalisation scale (). This can be a
direct input from the user (low scale input) or the result of RGE running from a high
scale input. The established SM parameters are read in from the SMINPUTS block of the
SLHA file.

. Use the parameters to solve the n tree-level tadpole equations T; = 0. They allow to fix

n Lagrangian parameters. The easiest solutions are usually found for the soft-breaking
scalar masses, but other choices can be made by the user within the model file.

The parameters, now fixed to the minimum, are used to calculate the tree-level mass
spectrum.

The one-loop correction to the Z boson, M él), is calculated using the tree-level spectrum.

. The electroweak VEV v is obtained by the measured pole mass of the Z boson, Mgde, via

2,pole 2
2= M+ oMy (4.1)
f(gi)

with f(g;) = 1(g7 + ¢3) in the MSSM. This point is crucial for two-loop mass corrections
of any kind, because v depends on 5M%, which is currently only known at one-loop (for a
general model).

. The tree-level spectrum is recalculated with the new values for the VEVs.

The tadpole corrections at one- and two-loop, 6Ti(1), 5Ti(2), are calculated and used to
solve the minimisation conditions again.

Ty + 67 + 67 = 0 (4.2)

The one-loop self-energies for all particles are evaluated at a fixed value of p? (starting with

p? = m%étree). For the neutral Higgs, also the two-loop self-energies Hfzj

using one of the available methods.

(0) are evaluated

In an iterative procedure the poles of the propagator matrices in p? are determined,
satisfying
1 2
det [p%6;; — M2 + 11 (p?) + 11 (0)] = 0. (4.3)

The real parts of these poles are returned as the pole masses.

Z(.O) = m>". At the k-th order, the pole masses sl(»k)

are the eigenvalues of

M2 —TID (p? = sFD) — 1®@)(0). (4.4)

i
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The iteration continues until a relative precision of 1077 is reached.

4.2 Two-loop self-energy and tadpole calculation

4.2.1 Numerical approach
Calculation of effective potential

The problem amounts to a combinatorial exercise of populating the relevant diagrams and
generating an expression for each diagram from generic formulae. A topology in SARAH is defined
as a two element list {A, B} with A a list of vertices and B a list of replacement rules that
describe which particles are external and internal. The following example has no external lines
and describes the sunrise topology.

topology={ {C[FieldTolnsert[1],FieldTolnsert[2],FieldTolnsert [3]],
C[AntiField@FieldToInsert [1], AntiField@FieldTolInsert [2],
AntiField@FieldTolnsert [3]]},
{Internal[l]—>FieldTolInsert [1],
Internal[2]—>FieldTolnsert [2],
Internal[3]—>FieldTolnsert [3]} }

A call of the function InsFields[topology] returns a list of populated diagrams. The diagrams
are sorted into categories 5SS, 5SS, FFS, FFV, VS, VVV,VV . GGV. In the gaugeless limit the
last three types are not used, and from FFV, V.S the diagrams with massive gauge bosons are
discarded. At this step, particles are represented by placeholder expressions without explicit
generation indices. It must be determined whether bosons are real or complex and whether
fermions are Majorana or Dirac to choose the appropriate prefactor. Also it is necessary to
determine the colour factor for each contribution. With this information, a string of Fortran
code is cast for each diagram and written into a file EffectivePotential_MODEL.f90 as part
of the subroutine

CalculateEffPot2Loop(vd, vu, ...).

which returns the value of V(2 (the dots indicate additional VEVs and all other parameters).
As an example, we show the contribution of the §5S sunrise diagram with down-type squarks
(8d) and Higgs pseudoscalar (Ah) in the MSSM. The variables 41,2, i3 are used to sum over
generation indices and coupl is assigned the coupling of the three particles. The function name
Fep_SSS refers to fsss(m3, m3,m3) (eq. ), which also depends on the renormalisation
scale ). The contribution of the individual diagrams is saved in the array results1 for sunrise
topologies (snowman topology contributions in results2).

! diagrams of type SSS, 8
| —— Ah,Sd, conj[Sd] ——
temp=0._dp
Do i1=1,2
Do i2=1,6

Do i3=1,6
coupl = cplAhSdcSd (il ,i2,i3)
colorfactor=3
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4.2 Two-loop self-energy and tadpole calculation

temp=temp+colorfactor x0.5_dp*abs(coupl)**2xFep_SSS(MAh2(il), —
< MSd2(i2) ,MSd2(i3),Qscale)
if (.not.(temp.eq.temp)) write(*,%x) ’NaN at SSS C[Ah, Sd, —
< conj[s8d]l]l’
End Do
End Do
End Do
resultsl (1)=temp

In fig. we show a simplified workflow of the two-loop calculation in SPheno, to which we will
refer in the following explanations.

LoopMasses_MODEL . f90

Subroutine OnelLoopMasses

If (CalculateTwoLoopMasses) Then
(call method to get self-energy
and tadpoles)

End if
A K
! 2
2 i ! 5Ti( ) ti ep2L(n)
1 method { L VI (0) Pi2s_Effpot(n,n)
' 1
.
L EffectivePotential MODEL.f906 @ [~ """"1° "~~~ !
Subroutine CalculateCorrectionsEffPot 3 L
L> Subroutine CalculateEffPot2L 2LPole_MODEL.f96
Subroutine CalculatePi2S
Subroutine SecondDerivativeEffPot2Loop

2LPoleFunctions.f90

DerivativesEffPotFunctions.f90 EffPotFunctions.f90 -
(loop functions) fixed code

(auxiliary functions, Function dfridr
loop function derivatives) (loop functions)

Figure 4.2: Flowchart of SPheno subroutines for two-loop calculation. The modules ending in MODEL
are dynamically created by SARAH, while the other modules contain hard-coded functions. All methods
return two arrays describing the two-loop tadpoles and self-energies.

Numerical derivatives

Let ®@; be the scalar fields that receive a VEV,

1
S, = — (v, + @ +1i0y). 4.5
7 \/i( (2 ¢Z Z) ( )
If CP conservation is assumed, the real parts ¢; do not mix with the imaginary parts ¢;. The
first derivatives are the corrections to the tadpole equations,
@ oV 2

TV =
0 ' 81}1'

(4.6)
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The self-energies H(Q)(O) are obtained by numerically differentiating V(?) twice with respect to
the VEVs,

92V (@)
- 8112‘61]]'
evaluated at the minimum of the potential. The negative sign follows from the sign convention
of the self-energy fixed in eq. (3.5 and is consistent with

(4.7)

M?j = M%ree,ij - AMZQ] :M%ree,ij _ Hz(jl) (]32) N HE]Z) (O)
o 62‘/(;1“66 - H(l) (p2) n 62‘/(2)
06:i0¢; ¥ 06i0¢;

A straightforward way to calculate the derivative is using a finite step method on the full
V@ (vg, vy, ...) function (dots signify additional VEVs and all other parameters). This approach
was also chosen in Ref. . Our code uses Ridders’ method of polynomial extrapolation
with dynamical step size for the numerical derivation (function dfridr in fig. . It
requires an initial step size that covers a region where the function varies significantly. The
algorithm then decreases the step size dynamically to reach the desired precision. However, a
too small or too large initial step size can lead to unstable results as discussed below. Note that
changing the values of v,, vy also changes the masses and couplings, which is why they have
to be calculated anew with each call of EffPotFunction2Loop. An auxiliary function, named
CalculateCorrectionsEffPot (cf. fig. , calls the first derivative routine on the function
for V()| resulting in an array ti_ep2L of dimension n that stores the value of the two-loop
tadpoles (n is the number of VEVs). Similarly, the second derivatives are stored in an n x n array

(4.8)

Pi2S_Effpot, corresponding to the self-energy matrix Hg) (0). This is the purely-numerical
method (method 1).

Semi-analytical derivative

A complication lies in the fact that the absolute value of the loop functions is of the order
O (M§ygy) and might change only in the decimals under a small variation of the VEVs. This is
numerically unfavourable and prone to errors. A way to improve the numerical situation is to
split up the derivatives of the expressions in eq. using the product rule. For example, the

first derivative of eq. (3.44d)) is

vy [ 9e
81]1' N 8’1)Z'

2 2
fos(m3,m3) + (fgs<m%,m%>aa”“ n fgs<m%,m%>8m2)] SNCEY
V; 8’1)1'
where fgoq(z,y) = 0fss(z,y)/0x. The fact that fsg is symmetric in its arguments requires only
one first derivative fgq(x,y). For other loop functions, more derivatives are needed. The point
is that the derivatives of the loop functions can be calculated analytically. This is numerically
more stable in the presence of large hierarchies in the VEVs. The downside is that the first
and second derivatives of all the masses and couplings have to be calculated, which is again
done with the finite step method. This requires more differentiation, but hardly upscales
the computing time. In the subroutine SecondDerivativeEffPot2Loop the first and second
derivatives of the individual V(2 diagrams are calculated from the product rule, which requires
different rules for the diagram classes. The rules are written in auxiliary functions in the
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4.2 Two-loop self-energy and tadpole calculation

module DerivativesEffPotFunctions.f90 together with the analytical derivatives of the loop
functions (method 2 in fig. 4.2)).

Goldstone bosons

While the loop functions are all regular for real arguments, their derivatives diverge for zero
masses. This infrared (IR) divergence is the Goldstone problem mentioned in section The
terms that arise in the semi-analytical approach have the form

=1 (mé, y, 2)- (4.10)

If mQG does not depend on v; at all, the term is zero and the problem does not occur. This is the
case in the MSSM if one works in the gaugeless limit, as was shown in eq. . In models with
an extended Higgs sector this does not hold necessarily. The problem has to be circumvented by
ensuring that no tree-level mass of a scalar becomes very close to zero. This depends on the
renormalisation scale @ and has been analysed in Ref. in the MSSM, concluding that the
common choice Q = ,/mj My, is fine. Ref. || compared the case of the full EP approach
(including electroweak contributions) with the gaugeless limit. In the first case, IR divergences
are clearly visible for certain values of ) in the prediction for my;. On the other hand, the my,
prediction in the gaugeless limit has no divergences even at the problematic values of @), which
is a strong motivation of using this limit. We chose to work in the minimum of the full effective
potential (with g1, g2 # 0), but calculating tree-level masses in the gaugeless limit. This ensures
non-zero DR, Goldstone masses.

In the case presented in Ref. , the difference in my, for the gaugeless and full EP case is
about 1 GeV, showing that the electroweak corrections are clearly necessary to reach a theoretical
uncertainty that matches the experimental one. However, the missing () M% corrections (which
influence the value of v) have to be included as well, as their effects on my, are of the same order.
For a general model, this calculation was not available in literature at the time of writing.

4.2.2 Diagrammatic approach

A third analytical approach in the spirit of section [3.4] was supplemented to SARAH in version
4.5.0 . Similarly to the previous case, the set of all two-loop tadpole diagrams is populated
with particles and then classified according to the diagrams in section [3.4] The same procedure
is done for the self-energy topologies according to figs. and Expressions for the
individual tadpoles and self-energies are written into the subroutine CalculatePi2S of the
module Pole2L._MODEL.f90 (fig. method 3). They require the two-point loop functions
defined in 2LPoleFunctions.f90. In the SPhenoInput block of a Les Houches input file the
flag number 8 can be set to 3 to choose the diagrammatic method, which has become the default
setting. Because the most expensive operation is the evaluation of loop functions, unnecessary
calls should be avoided. Loop functions need to be evaluated for every combination of generation
indices on internal lines, but not for each external scalar index, as long as p?> dependence is
neglected. Therefore, the calculation must be performed in the order (1) sum over internal
indices, (2) loop function evaluation, (3) sum over external indices. There is also a check that the
coupling multiplying the loop function is non-zero to skip unnecessary calls of the loop routines.
It is possible to generalise the code to include momentum dependence. Instead of calling the
functions from 2LPoleFunctions.f90, one can link to the package TSIL to calculate loop
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functions for arbitrary p?. In an unofficial test version we found that this significantly increases
the computing time up to several minutes.

4.2.3 Validation

The following control flags were added to the Les Houches input file for SARAH/SPheno version
4.4.0.

Block SPhenolnput #

7 . # Skip two loop masses
8 . # Choose two-loop method
9 ... # Gaugeless limit
10 ... # Safe mode
#
400 ... # Step-size for purely-numerical method
401 ... # Step-size for semi-analytic method

The following values are possible:

SPhenoInput [7]:
— 0: Don’t skip two-loop masses

— 1: Skip two-loop masses

e SPhenoInput[8]:
— 1: Two-loop calculation with purely numerical derivation
— 2: Two-loop calculation with analytical derivation of loop functions

— 3: Two-loop diagrammatic calculation

— 9: Use routines based on Refs. [200]

e SPhenolnput[9]:
— 0: Turn off gauge-less limit

— 1: Use gauge-less limit (default)

o SPhenolnput[10]:
— 0: Turn off the safe-mode (default)

— 1: Use safe-mode
e SPhenoInput[400]: a real number (default: 0.5)
o SPhenoInput[401]: a real number (default: 0.001)
To use the two-loop routines of Refs. [200]

UseHiggs2LoopMSSM = True;
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Figure 4.3: Test of the numerical stability: on the left side the initial step-size h is varied. The blue line
corresponds to the semi-analytical approach and red for the purely numerical calculation. The right
figure shows my, for large mg (with M, /, = —Ag = mo and tan 3 = 10, 4 > 0). The solid line is based
on Refs. , the blue points are based on our semi-analytical method and the red ones on the purely
numerical one.

must be set in the SPheno.m file. The flags SPhenoInput[400] and SPhenoInput[401] set
the initial step size for differentiation. The algorithm reduces this quantity iteratively, but
the starting value must be large enough to cover an area with significant variations. For the
fully numerical method we found that the initial step size needs to be larger compared to the
semi-analytical method, especially for heavy SUSY spectra, because the potential is of the order
O (Mgygy) (cf. fig. . The second method usually operates acceptably with a smaller
initial step size because objects of at most order O(MSQUsy, M%) are derived numerically. Also,
we make the approximation of treating loop masses smaller than 10™° X Mpeaviest i the loop to
be zero for the purely numerical method (< 1078 X Mpeaviest for the semi-analytical method),
where Mmpeaviest is the heaviest mass in the loop. The flag SPhenoInput[9] (gaugeless limit)
switches off D-term contributions to mass matrices and couplings. This is enabled by default to
be consistent with the potential V(?) itself, which is gaugeless in any case.

The numerical routines were validated against the well-established routines of Refs. [200] for
a variation of mq, M 9, tan 3 and Ap in the context of the CMSSM (fig. ,

Mo = M, =1TeV, Ag=-2TeV, tanf =10, sgn(p)=1. (4.11)

For the comparison one has to make some modifications to ensure that the codes use equivalent
definitions of parameters. This requires to set all couplings of the first two generations to zero.
Further, the values of u and M4 are calculated in the minimum of the gaugeless potential. That
means, they solve the tadpole equations without D-terms (by default, the calculation based
on Refs. uses (1, My calculated in the minimum with D-terms). Table shows that the
methods agree very well. There are small numerical differences with no visible impact on the
Higgs mass, stemming from the numerical derivatives and the treatment of Goldstones. Also,
including D-terms in the tree-level mass matrices hardly makes a difference. The routines were
also validated for the NMSSM using existing Refs. for the as(ay + ap) corrections .
The differences between the two methods are compared in fig. showing an improved stability

for smaller initial step sizes h (fig. [4.3(a)]) and heavy spectra (fig. [4.3(b)). Note that both
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Figure 4.4: The Higgs mass at one-loop (black) and two-loop (blue, green) for variation of the CMSSM
parameters mg, My /o, tan 8, Ag. The unvaried parameters are fixed to mg = M; ;5 = 1 TeV, tan 3 = 10,
w>0, Ag = —2 TeV. Blue lines include a (a4 ) corrections while green includes all dominant two-loop
corrections. The full lines are the results from the routines of Refs. , while the dots were calculated
with the routines generated by SARAH presented here.

methods reveal instabilities and deviations from the solid line for scales above 15 TeV, where
even the top mass is treated as massless in the loops. In this regime our setup suffers from a
large uncertainty anyway. It should be considered in the context of an effective theory
with heavy particles decoupled. This statement applies for most SUSY spectrum generators
with fixed-order calculations.

The method based on the diagrammatic approach was validated in Ref. and is shown in
fig. comparing it to all other methods. We stress that the three methods are equivalent
and independent, so they can be used to cross-check each other. This is important for models
beyond the MSSM and NMSSM, because no other codes exist.
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Purely- | Semi- .
numerical Pure v analytical Sem.1—
method (with ~ nwmerical o (with  analytical  Reference
D-terms) method D-terms) method
12 [GeV?] 3475.21 3462.95 3475.18 3462.87 3460.45
1% [Gev?] -299.21 -297.92 -299.21 -297.92 -297.70
1) [Gev?] 1954.32 1954.06 1954.32 1954.06 1954.03
m, [GeV] 124.69 124.69 124.69 124.69 124.69
My [GeV] 1963.56 1963.55 1963.56 1963.56 1963.55

Table 4.1: Two-loop self energies and loop-corrected masses calculated with the two numerical methods
in the gaugeless limit. We used mg = My, = 1 TeV,u > 0, tan 3 = 10, Ag = —2 TeV. The reference
value is the one using the routines of Refs. [200]. This was presented in Ref. [187].
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Figure 4.5: Comparison between the diagrammatic calculation (“diag”) of the two-loop Higgs masses and
both EP calculations (“p-num”: purely numerical, “semi”: semi-analytical) and the routines based on

Refs. [200] (“ref”). The fixed parameters are as in eq. (4.11).
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CHAPTER 5

Application to SUSY models

Models beyond the MSSM introduce additional parameters and particles which can influence
the Higgs mass at two-loop level. These corrections could not be studied with numerical tools
prior to Ref. . We revisited several common SUSY models and studied the impact of the
new corrections in different regions of parameter space. The models under consideration are:

e Section MSSM with large flavour violation [296]
. Section NMSSM

. Section MSSM with RPV

e Section MSSM extended by vectorlike tops

The last model is also explored with respect to fine-tuning, embedded in minimal GMSB. The
results of the papers [296H299] are the content of this chapter.

59



Chapter 5 Application to SUSY models

5.1 MSSM with large flavour violation

5.1.1 Introduction

The MSSM is certainly the most studied extension of the Standard Model, with a theoretical
uncertainty of the Higgs mass of a few GeV including dominant two-loop corrections [120)
224] [300]. The established corrections prior to Ref. [187] are of the order

as(ar+ ap), (a4 ap+ar)?, (5.1)

which do not take into account a possible flavour mixing (or flavour violation, FLV) in the squark
sector between the third generation and the first and second generation. This assumption is safe
in the context of minimal flavour violation [301H303] where the only source of flavour violation
is the CKM matrix of the SM. The three generations of sfermions are then aligned with their
partner fermions and the soft-breaking terms do not introduce any additional flavour violation.

However, there is no real reason for this simplifying assumption and there are some well-
motivated non-minimal scenarios. For example, in models with gravity-mediated SUSY breaking
minimal FLV is hard to obtain . In recent years there has been an interest in non-
minimal gauge-mediating models [306/1311] with direct couplings between the messenger and
visible sectors, which can lead to large FLV. In the MSSM, non-minimal FLV was studied in
terms of collider phenomenology and flavour precision observables . Large FLV can
have a big effect on the Higgs mass already at one-loop [119] 120} 314H318|. For example, in
Refs. , corrections of O (10 GeV) were found due to large flavour mixing in the squark
sector. They can even be as high as 60 GeV if more mixing parameters are included. On the
other hand, large flavour violation is constrained by precision observables such as By — putu™,
B — X,y and AMp,, see e.g. Ref. [313]. It is known that flavour effects can be large already at
one loop, but it was not yet studied how significant they are at two loops. We close this gap
here by considering a sample of parameter points with explicit deviations from the minimal FLV
scenario, leading to a highly mixed up-squark sector. We identify the relevant parameters that
lead to a large shift in the Higgs mass from flavour effects and study the dependence on these
parameters.

5.1.2 The model
The superpotential of the MSSM was introduced in section [2.3]
Wussm = Y QHLU; — Y QHaD; — Y LH4E; + pH,Ha. (5.2)

In absence of lepton flavour violation, the matrix Y, = diag(ye,yu,y-) must be diagonal. In the
quark sector, the fields can be rotated into the super-CKM basis [319],

u; = (Up)ijury, dr; — (Uf)idr; (5.3)
where Yy, Y,, become diagonal as well,

Yy = diag(ya, vs, vp),  Yu = diag(yu, e, vt)- (5.4)
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5.1 MSSM with large flavour violation

The unitary Cabibbo-Kobayashi-Maskawa matrix
Vexu = (U)W (5.5)

contains all information about flavour violation. Adopting the soft-breaking terms from eq. ,
the case of minimal flavour violation is described by trilinear couplings proportional to the
corresponding Yukawas, T; = A;Y; for i = u,d,e and a constant A;. Here we study large
deviations from this limit. Consider the mass matrix of the up-type squarks M2 in the basis
(dr,cL,tL, UR,CR,tR),

1
M2 _ VCKMmgchKM + Q”UEYUQ + Dy, Xt 7 (5.6)
v X m2 + 302Y2 + Dgp

with a 3 x 3 matrix v v
d * u
X=——=uY, +—
V2T R
and Dpr, Drpr are diagonal matrices with D-term contributions. We focus only on mixing
between third and second generation in the up-quark sector. This is described by trilin-
ear couplings T, 23,7, 32 # 0 and all other off-diagonal T, ;; = 0 for simplicity. The up-
squark sector (of the 2nd and 3rd generation) is parameterised by four soft squark masses
m%733, m%m, m2733, m(im. We will write the square root of these parameters for notational
convenience in the following. The tree-level gluino mass M3 is a free parameter. All other soft

masses are set to a universal mass m. Hence the parameter space is spanned by

T, (5.7)

Ma,33, Mu22, Mq33, Mg 22, M1,
Tu33, Tus2, Tu23,
My, Ms, Ms,
M?%, tan .

5.1.3 Numerical results

The combination SARAH/SPheno is employed for spectrum generation using the dominant two-
loop calculation described in chapter [ taking into account all generation of sfermions. The
output for the Higgs mass will be referred to as mfluu, in contrast to the previous standard
calculation (mjP*") including the dominant contributions of eq. (5.1)) based on Refs. EI :
Note that we use the label “full” even though the mentioned limitations exists (in particular the
gaugeless limit). In the following we fix the parameters of lesser importance for the Higgs mass

corrections to be

M = 100 GeV, My = 200 GeV, m = 1500 GeV,
p =500 GeV, M3 = (1000 GeV)?, tan 3 = 10.

! The specific settings in SPheno used for the two values of the Higgs mass are in the Flag 8 of Block SPhenoInput:
the value is set to 3 for mi™! (diagrammatic calculation) and to 9 for m3P>*** (2-loop dominant, 3rd generation

contributions).
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Chapter 5 Application to SUSY models

Figure 5.1: Correlation between 5m21L) and 5m§12L) = dmy,. The blue points are all points which give
a tachyon-free spectrum without any further restrictions. The red points provide at two loops a Higgs
mass with my, > 120 GeV.

For the other parameters, we scan over the following ranges:

Ms € [1,3] TeV,
My /q.33 € [0.2,2] TeV, my,/q20 € [1.2,2.5] TeV,
Tuuj € [—4,4] TeV (i,j = 2,3).

To be consistent with LHC collider limits, the second generation mass parameters are chosen
larger than 1.2TeV. The choice of m,/, 33 leads to small stop masses which could also be
excluded by direct searches at the LHC. However, these bounds are highly dependent on the
mass of the LSP and its mass difference to the stop. In the case of a splitting below 85 GeV,
the bounds are not very severe, mj > 245 GeV . Therefore, the third generation can be
much lighter. It is always possible to choose M such that the LSP mass is close to the stop
mass, which has almost no impact on the Higgs mass. The quantity of interest is the difference
between the two calculations

5m§12L) = omy, = mi — my PP, (5.8)
If we impose no cut upon the Higgs mass (i.e. do not require it to have the observed value of 125
GeV) then we can have very large shifts in its value through flavour effects. To begin with, we
consider a rough scan over 250k points, where the only requirement is that the spectrum contains
no tachyons, leaving 95k points. If large differences are found at two-loop level, they might

ELIL) (the difference between a

full one-loop calculations and the one-loop calculation neglecting flavour effects) against 6m§L2L)
in fig. There is a weak correlation between the one- and two-loop effects. The more realistic
points are those with a Higgs mass of mj;, > 120 GeV (red points in fig. [5.1). With this cut we

obtain a set of points in which the differences at one- and two-loop level are of similar size.

already be present at one-loop level. To observe this we show dm

As a next step, a larger, finer scan for potentially relevant models was done within the
my, > 120 GeV bound. This scan included 5 million points using a flat prior. To avoid the issue
of undersampling in a scan with six free parameters, at least 10° points have to be sampled,
which is exceeded by this number. From the total number of points, a selection of about 50k
points have my, > 120 GeV and |dmy,| > 0.5 GeV, as well as fulfilling flavour constraints from
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5.1 MSSM with large flavour violation
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Figure 5.2: my, (in GeV) of the point with the maximal |dmy| per bin is shown, as function of different
ratios of important soft-breaking parameters.

important B observables, which were calculated with FlavorKit . The strongest constraint
comes from b — sv. This selection is used in the following plots. It is useful to define the
ratios 7, = My, 33/My 22 and Ty = mq,gg/mqgg of soft mass parameters. We show in fig.
the value of dmy, with the largest absolute value per bin. These plots indicate regions where
the largest corrections, positive as well as negative, can be obtained, possibly among other
points with smaller corrections residing in the same bin which are not shown. Therefore, each
plot in fig. projects out a certain amount of points and the remaining number equals the
number of bins. Complementary, fig. shows histograms of the number of points (normalised
to one) which survive the cut [0my| € [0.8,7]GeV. Figure [5.3(a)| (red hue) shows only points
with negative dmy, and the other plot, fig. [5.3(b)} (blue hue) shows only positive dmy,. These
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Figure 5.3: These plots show normalised histograms of points from the generated sample that fulfil
|0mp| € [0.8,7] GeV (color bars range from 0 to 1). The left plot shows points with negative dmy, (red
hue) and the right plot shows points of positive dm;, (blue hue).
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Figure 5.4: The plots show dmy, as function of min(mg 33/maz22) (z = g, u) in and as a function of
Toy.33/Max(Ty, 32, Ty, 23) in@ where max picks the entry whose absolute value is larger independent of
the sign.
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5.1 MSSM with large flavour violation

plots do not show the magnitude of the corrections, but rather the general location in parameter
space where positive and negative corrections can be found. We find the following behaviour:

1. From fig. it can be seen that a necessary condition for a large deficit of several GeV

in mpPP" (i.e. dmy, > 0) is a large hierarchy between the third and second generation
of the soft-masses m, or m,. In particular, many such points reside in a region around
(ru,7q) = (0.8,0.2) and (0.8,0.2) which is visible in fig. On the other hand, if r,
or 1, is > 0.4, one finds negative dmy. This can be seen in fig. [5.3(a), where the bulk of
points is within the area of r, > 0.4,7, > 0.4. It is also visible in fig. where dmy, is

displayed against min(r,,74): Large negative values of dm;, are found around 0.4.

2. In the case that the gluino is lighter than the second generation of soft masses (Ms/mg 22 <
1, x = q,u), dmy, is found positive (blue area within fig. , while for a heavier gluino
(M3z/mg 22 > 1, z = q,u) the additional corrections from flavour violation are negative
(red area within fig. [5.2(b))).

3. The sign of the additional corrections depends strongly on the ratio of T}, 33 and the two
off-diagonal couplings T, 32 and T}, 23. If |13, 32| or |17, 23] are much bigger than |T), 33/,
the flavoured two-loop corrections are usually large and positive, fig. Negative
corrections appear in particular for the case that max(|Ty 32|, |7y 23]) =~ |Tu,33]- This is

shown in fig. [5.4(b)] We checked that a similar pattern as in fig. [5.4(b)| also exists at one
loop: positive (negative) corrections can be found around Ty, 33/max (T, 32, Tu23) = 0 (at

+1, respectively), but the magnitude can be much larger.

We investigate the dependence on the different parameters for two example points, one with
positive shift and one with negative shift to the Higgs mass. The first point with positive shift
is given by

my,33 = 300 GeV, Mg 33 = 2000 GeV,
My,22 = Mg,22 = 2300 GGV,
Tu733 = Tu,gg = —1800 GBV, Tu723 = O,
Ms = 1550 GeV. (5.9)
This is not a point that maximises the shift. Note that this choice of parameters respects direct

collider bounds by the same reasoning that was given earlier. Depending on the used two-loop
calculation, we find the following values for the SM-like Higgs mass:

mit = 123.1 GeV, (5.10)

mpPP* = 121.1 GeV. (5.11)

The third-generation-only approximation gives a result which is 2 GeV too small compared to
the full calculation. We checked the difference at one-loop and found m;uu’(lL) = 116.4 GeV,

mippmx’(lL) = 119.5 GeV. Thus, the effects are of similar size but with different sign. For
this benchmark point, the dependence on the individual parameters is displayed in fig.
The discrepancy émy, quickly increases for smaller values of m, 33 and M3 as well as for large
negative T}, 32. Going from smaller to larger negative values of T, 33, the sign change of dmy, is
visible at about T}, 33 = —1.2TeV. Points with large flavour violation and sizeable splitting in
the soft masses can trigger charge and colour breaking minima . Therefore we checked
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Figure 5.5: miuu

(solid blue) and mjPP**

(c)

(d)

(dashed red) as functions of T, 32, T\, 33, My, 33 and Msz. The

other parameters are fixed to the values in eq. (5.9).

the vacuum stability of all surviving points within the sample with Vevacious allowing
that the second and third generation of up-squarks can receive VEVs. Indeed, the benchmark
point at hand exhibits a colour breaking global minimum, but the lifetime calculated with
CosmoTransitions turns out to be many times the age of the universe.

We consider a second benchmark point with negative contributions from flavour effects:

My,33 = 720 GeV, my 33 = 875 GeV,
My,22 = Mg 22 = 2500 GeV,
Tu’33 = 1200 GeV, Tu732 = —1900 GGV, Tu723 = 0,

Ms = 2600 GeV. (5.12)

Here, the minimum of the scalar potential is stable. The discrepancy between the Higgs mass
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5.1 MSSM with large flavour violation

calculations turns out to be about 3 GeV,

mitl = 121.2 GeV, (5.13)
myPP* =124.0 GeV. (5.14)
Comparing this to the one-loop level, we find a difference of about 1 GeV: mfluu’(lL) =117.3 GeV,

mzppmx’(lL) = 118.3 GeV. For this point, the flavour violation effects at two-loop are even more

important than at one-loop. The dependence on Ty, 32 and T, 33 as well as on m,, 33 and M3 is
shown in fig. Note that in the region of large |Ty, 32| and dmy, in fig. the electroweak
potential becomes meta-stable and even short-lived. These constraints have to be taken into
account and they can be more restricting than flavour observables.
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Figure 5.6: dmy, in the (T3 32, Ty, 33) and (my, 33, M3) plane. The other parameters are fixed to the values

in eq. |57_1'2l

5.1.4 Discussion

We have analysed the effect of large flavour mixing on the two-loop Higgs mass calculation,
compared to the third-generation-only approximation. The difference can be several GeV for
parameter points that are consistent with bounds from flavour observables, direct collider
searches and vacuum stability. The size and the sign of the flavoured two-loop contributions
depends mainly on the hierarchy in the soft-breaking squark masses, the size of the flavour
violating trilinear soft-terms and the gluino mass. We address some further questions in the
following.

1. Do the shifts at two loops correlate with those at one loop? In fig. [5.1] we saw that there
is a relationship between the shifts at one and two-loops for the rough scan. For the
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Chapter 5 Application to SUSY models

points of the fine scan shown in fig. [5.7(b)[ we can identify roughly two branches of points:
the horizontal one exhibits small two-loop differences that seem uncorrelated to 6m21L).
The other branch shows a positive correlation between one- and two-loop shifts. Broadly
speaking, the points that show a large difference from flavour effects between approximate
and full calculation at two loops also show a discrepancy already at one loop. One could
naively assume that a large gluino mass suppresses the differences at two loops. However,
it turns out that the points of the correlated branch tend to have a gluino mass that is
much larger than the stop masses. Gluinos have the effect of enhancing the two-loop

corrections in general.

2. Are the corrections proportional to the full Yukawa (yy 4.5 #0) couplings? To investigate
this, we recalculated the corrections with only the top/bottom mass terms in the Yukawa
couplings non-zero, and found very little difference. In fact, only y; = Y33 is relevant. This
means that the only the off-diagonal trilinear couplings T, ;; are responsible for the shifts.

3. Are the differences mostly in a? or cuas corrections? Using modified versions of our code

we have compared the difference between “full” and third-generation-only results for these
two cases. The strong contribution exhibits the largest differences.

Another question is whether the found discrepancies are correlated to the one-loop shifts to the
stop masses caused by flavour violation. To look at this superficially, we consider the difference
between m%L and the same mass with flavour violating terms forced to zero,
1L _

om; = m;

1L
¢ mg |T23=T32=0' (5-15)

Figure shows a 2D histogram of points with respect to dm;/m; and dmy,. There is no clear
sign of a correlation between the two, but rather a spread of points. This is not a conclusive
result and the correlation might still be there for some of the points. To investigate this a bit
more, we use a refined measure. A guess for the order of magnitude of the two-loop shift in the
Higgs mass can be obtained by plugging the one-loop stop masses into the one-loop Higgs mass
expressions,

A% = §1m3 () — 6% m3 (mPR), (5.16)

with 51Lm,2L(M ) being the one-loop correction to the Higgs mass-squared computed using the
effective potential method found, for example, in . In the presence of large flavour mixing, a
stop isn’t well defined. We consider instead the two up-type squarks with the largest components
of t1,tr as stops. We stress that A% is not a true two-loop value, but merely an estimate of
the order of magnitude. However we can use it to see whether shifting both the stop masses
may correlate with the Higgs mass shift.

SUL 2 =A2Lyp2 ARl e (5.17)
(1L)2 2 1/2
= 6mh :<(mzpprox)2 + 5(1L) m%) - mzpprox’

2 2
where (5m§llL) is derived from (5(1L)2m% as a parameter of mass dimension 1. The size of (5m§LlL)

gives the would-be “two-loop” shift in the Higgs mass when the generation-mixing trilinear
couplings are turned on. It describes the same shift as the actual dmy, used before, but is roughly
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shown as white. [(b)} Correlation between the off-diagonal flavour induced shift in the Higgs mass at one
and two loops. 5mh (ordinate) against approximation for shift from inserting on-shell stop masses
into the one-loop Higgs mass expression (abscissa) as given in equation .
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estimated only from one-loop expressions. The plot shown in fig. is also not clearly
conclusive, but it does show a weak anti-correlation between 5m,(11L)2 and dmy,, which appears to
be the inverse of the relationship shown in fig. [5.7(b)l The fact that large two-loop discrepancies
dmy, can be related to a one-loop shift in the stop masses implies that the discrepancies have
an uncertainty stemming from the use of the DR’ scheme (which would be of higher order).
Passing to the on-shell scheme for at least the stop masses could reduce the observed differences,
where everything would be expressed in terms of stop pole masses. A full DR’ calculation is
much simpler and can be written down for generic models, but it can suffer from unphysical
large contributions if there are large hierarchies between the masses of particles in the loops
[200). The Higgs mass calculation in the on-shell scheme on the other hand can have a smaller
theoretical uncertainty, but requires the inclusion of new counterterms at two loops and is less
practical. This issue has recently been studied in the case of Dirac gaugino models .

From considering the above it can be concluded that a sizeable contribution to dmy, arises
from the new diagrams involving the trilinear couplings T3, T30 . These effects can only be
obtained if all generations of sfermions are taken into account. In the case of trilinear terms of a
magnitude comparable to the other soft terms, we can no longer trust the third-generation-only
approximation.
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5.2 NMSSM Higgs mass beyond O (a;(a: + o))

5.2.1 Introduction

In this section we consider the NMSSM and the impact of the two-loop corrections beyond
O (as(ap + o)) on the Higgs mass. The model involves one additional superfield S, which is a
singlet under all gauge groups. Its components, the scalar singlet S and the singlino S, extend
the Higgs sector and neutralino sector, respectively. One of the crucial restrictions of the MSSM
is the upper bound on the tree-level Higgs mass (eq. ) and the need for large quantum
corrections. The NMSSM enhances the Higgs mass already at tree level compared to
the MSSM, reducing the fine-tuning (240} 241} 244} 2541256]. Further, the p problem of the
MSSM is solved by the additional singlet, which generates an effective y term. The NMSSM
has a rich collider phenomenology and it has been shown recently that light singlinos
could explain why SUSY has remained hidden from the LHC . The Higgs mass precision
in the NMSSM has received a lot of attention, with full one-loop calculations available in the
DR’ scheme , and in different on-shell schemes ||331|, 332|. At the two-loop level the
dominant corrections a(ap, + o) have been calculated in Ref. [294]. The state-of-the art codes
written specifically for the NMSSM are NMSPEC and Next-to-Minimal SOFTSUSY ,
which use the known MSSM-like corrections (o + oy + 047)2. Advanced techniques are also
implemented in FeynHiggs [224H227] and NMSSMCALC [334]. There are two-loop contributions
that are exclusive to the NMSSM, which we could address here for the first time . After
introducing the model, we analyse the significance of the new corrections in a few scenarios with
heavy and light singlets.

5.2.2 The model

The NMSSM is constructed from the MSSM by adding a chiral superfield S with representations
(1,1,0). The superpotential reads (with flavour indices suppressed)

1
Wamssm = Y,QH, U — Y,QH,D — Y.LH,E + \H,H,S + g;‘;sf’a (5.18)

Without further restrictions, gauge invariance and renormalisability allow terms S* up to k = 3.
Only the cubic term is used here, because no other dimensionful parameters should be introduced.
If the singlet receives a VEV, (S) = vs/+/2, then the term AH,H,S generates an effective
p-term. In this setup, the superpotential satisfies a discrete Z3 symmetry acting on all chiral
superfields as ® — exp(i 27r/3)® [335]. This symmetry is spontaneously broken by the VEV
of S. As a consequence of this breaking, the universe would be allowed to form domain walls
during its evolution, where different patches of space-time occupy different vacua . The
existence and interactions of such domain walls can have interesting effects (e.g. in the context of
baryogenesis ), but in this case they would overdominate the energy density of the universe
and contradict our observations of cosmic microwave background. A possible solution to
the domain wall problem is an explicit breaking of the Zs symmetry (e.g. Ref. ) However,
our study concerns itself only with the minimal version of the NMSSM defined by eq. .
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The soft-breaking terms are given by

_Esoft,Z = m%—lu|Hu|2 + m%Id’Hd‘z + m%’S’Z
—i—@Tmé@ + ZTm%E + ﬁTsz[) + ﬁTsz(? + ETm%E,
1
+§ (MiABAB + Moy MYy + M3AGAG + hee.) (5.19)
1

~Leotrs = TIQHLU; +TYQ;HyDj + TP L;HyE; + T\H,HyS + ng53. (5.20)
After EWSB, the singlet and the Higgs fields split into CP-even and odd components and a
VEV,

S(z) = — (v + b(x) +i0s(x)), (5.21)

-5

HY(z) = %(vi—kgbi(x)—kiai(:c)), i=d,u. (5.22)

We choose a phase convention such that all VEVs are real. The VEV of the singlet triggers
effective p- and b-terms

1 1
/ﬁeff—% —%

e and A shall be treated as input parameters from which v = \/i,ueff/ A is calculated. The
tadpole equations at tree level are given by

1
Avg, beft Thvs + 5/1)\03. (5.23)

7O _ g;; =0, i=dus (5.24)
with

va e = M+ g (o8 +98) (v = vi) + 5 (03 + vR) AP = 503 tan BRIEA') — v tan BR{T))
(5.25a)

1 BV o 2 1 2 2 2 2 1 2 9 9 1 9 . 1

v Do my, + §(91 + 92) (vu - vd) + §(vd + vs)\)\] ~ 5V cot SR[KA*] — ﬁvs cot SR[TH],
(5.25b)

Lov. 5 % 2002, Loo a2 L vqvy 1

v 9g, =8 VU R[AR™] + v |K|* + 5w + )Nl WTS%[TA] + \/Evsi)%[T,i]. (5.25¢)

As usual all parameters are running parameters at the scale ). The tadpole equations receive
corrections at loop level ((5Ti(n)) and the corrected minimum is defined by the vanishing sum

Ti(o) + 5Ti(1) + 5Ti(2) =0 for i=d,u,s. (5.26)

Here we choose to solve for the squared soft masses, m%{d, m%{u,mg. This leaves the free input
parameters of the Higgs sector to be

Aa Ky Heff, T)\) TH7 tanﬂ.
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It is sometimes convenient to define

T\ = \A,, T. = kKA,.

The tree-level mass matrices of the CP-even Higgs bosons are calculated from the scalar potential

via 2
M ;= az@ g;] B (5.27)
with 4, j = u,d, s.
Miguss = %(’U +vp) AP + 8(91 +3) (303 — v2) +m3,
M pap = i( —2V2uR(Ty ) + (4vgvad — v2r) N = v2Ak") — %(gg + 63 ) v
M i = S (3402 N2 = (07 + a3) (3024 03) + iy,
M 00, = —\}Qvﬂ%(TA) +s( (- %vm + A ) A" = %Uu)\/{*)
M., %( —va( VER(T3) + v As") = vy = 20\ + var ) X7)
M0, = 2 (2VER(T) + (00 — o) + (13 + 02— vgnn)A7) 4 (529
This matrix is diagonalised by an orthogonal matrix Z,
Zy My (Zy)" = diag(mj,,mj,, m3,). (5.29)

The three eigenvalues of M}ZL correspond to the squares of the tree-level masses m}%l, m%u, m%3
which are ordered by their mass. The lightest Higgs mass my, is bounded from above at tree

level [23§],

1 2)?
mivtree < M3 cos® 283 + §>\2v2 sin® 2 = M% (cos2 28 + ol sin? 26) .
1792

(5.30)

The extra contribution to the tree-level Higgs mass ~ A\2v?sin? 23 is helpful in the sense that
radiative corrections can be smaller in order to reach 125 GeV. However, the extra term is only
relevant for small tan 5. The mass matrix of the CP-odd states reads

2V
M= : (5.31)
2 adiaO'j $=0,01=0
with

1
M guoy = 5(V3 + 02) AP + (91 +93) (= v2+03) +miy,, (5.32)

1
Mi},ouau = 5 (7)2 vs) ‘)"2 - g (g% + g%) ( - U?L + 2)3) + m%—lw (533)

1
A = 5 (00 +02) AP+ 02 I8+ vavaRART] +mE — VEORIT, (5.34)
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1
3R, (5.35)

1
Miad% = ivgﬂ?[)\/@*] +

1
M, o = —vso, R + 3R, (5.36)
My, = —00aRIM] + —= v RIT)). (5.37)

V2

The matrix M?A is diagonalised by Z4,
ZAMi(ZA)T = diag(mil,mi,mig). (5.38)

The spectrum contains a massless state, which we identify as the Goldstone boson G = A;.
Including the gauge-fixing term

Lor >~ (02, + €2 M5 C°)’ (5.39)
“ 287 a ’ '

the Goldstone boson mass becomes £z M%. Working in the gaugeless limit, we can isolate this
state by performing a preliminary rotation,

Oy =0yqcos B — GYsin j, 04 = ouqsin B + G cos 5. (5.40)

with tan 8 = v, /vy. Upon substituting the tadpoles, the mass matrix reads

EzM%2 0 0
0 * x| (5.41)
0 * %

Let us take the derivatives of the first eigenvalue (before applying the tadpoles) with respect to
the VEVs and with g1 = go = 0 (applying eq. (2.94))),

amQGO

o =\?sin? 8 vg,
2
% =X\2cos® B vy,
Ovy,
Om? T
gLTfO = (X = R\ sin(28)) v, %\[/g] sin(28). (5.42)

These clearly never all vanish, even in the gaugeless limit, unless A = 0. In our approach we
solve the full tadpole equations (including gauge contributions), but use the mass matrices
of scalars and pseudo-scalars in the gaugeless limit. This way, the Goldstone mass becomes
negative, because it is effectively evaluated outside the minimum.

82‘/(0) MQ
gaugeless _ A 2
e | — - cos 2. (5.43)

This avoids the problem of massless scalars in derivatives of the effective potential (Goldstone
problem) and is valid only in the gaugeless limit. With CP conservation, the Higgs sector of the
NMSSM exhibits three CP-even Higgses (h1, ha, h3), two CP-odd ones (Aj, A3) and a charged
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Figure 5.8: Feynman diagrams contributing to the effective potential at two-loop level. (a): Strong
corrections o (ot + ) involving coloured SM fermions (f;, f/ = d;, u;) and SUSY sfermions (fl, fz’ =
Ji,ﬂi). (b): Diagrams involving Yukawa couplings with SM fermions (f;, f/ = d;, u;,1l;,v;), SUSY
sfermions (f;, f! = d;, U, L;, 7;), neutralinos/charginos (y; = X2, Xi) and Higgs particles (¢; = hi, A, H").
(c): Diagrams contributing at the order (ay + a,)? to the effective potential. They involve the
neutralinos/charginos (i, X = X%, X; ) and Higgs particles (¢;, ¢, = h;, A?, H;"). A sum over all flavour
combinations is assumed, but all CP and charge violating diagrams are not considered.

one H*. Because the h; are linear combinations of Ou, Pd, Os, they can be called doublet-like or
singlet-like if the corresponding coefficient is much larger than the others. If the mixings are
not too large, one of states h; can be called a singlet, or more precisely a singlet-like state. In
the following, we will distinguish two regimes: A singlet that is much heavier than the SM-like
Higgs, and a singlet of comparable or smaller mass.

5.2.3 Numerical results

The dominant strong corrections O (as(a: + ap)) stemming from the diagrams in fig. [5.8(a)
had already been calculated for the NMSSM [294] and they were cross-checked against the
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corresponding contributions from our code (Ref. [187]). To do this, we applied a few changes to
the code to be able to switch off individual contributions. Let 5§2L)mh be the two-loop shift of

the Higgs mass described the diagrams in fig. In our calculation of Ve(f?) the diagrams of
figs. [5.8(b)|and [5.8(c)| are also included, but with g; = g2 = 0. The diagrams shown in fig.
have so far only been calculated in the MSSM , but not in the NMSSM, where the vertices
have extra terms with A, k. Furthermore, the contributions of fig. vanish in the MSSM
(in the gaugeless limit), but in the NMSSM they contribute at the order O ((ay + ay)?). All
of these corrections combined lead to a correction 5&% )mh. We are interested in the difference
between the two calculations,

Ans = S = 0@F my, (5.44)

as well as in the ratio Ap = Ayy/ 5£2L)mh, which gives an estimate of the importance of the
new corrections.

Heavy singlet with moderate A

We test the importance of the two-loop corrections beyond O (as(ay + o)) with a parameter
point in the constrained NMSSM. In this setup, universal boundary conditions at the GUT
scale are applied,

My = My = M3 = My,
2 2 2 2 2 — 2
mp = my = mg = my = my, = mg ls,

T, = AyY;,, i=u,d,e.

M /3, mo, Ao, Ax and A, are defined at the unification scale, while A, k, e and tan 8 = Z—Z
are defined at the SUSY scale. As an example we pick the parameter point fixed by

mo=14TeV, M;;p=14TeV, tanff=2.9, Ayp=-1.35TeV,
A=0.56, k=033 Ay=-390 GeV, A, =-280GeV, g =200 GeV.(5.45)

The results for the Higgs masses at different loop levels are summarised in table Here, ho is
the predominantly singlet scalar (about 96%) at two-loop,

¢s =0.09h; —0.98 hg + 0.17 hs.

The SM-like Higgs is h; and does not substantially mix with the singlet-like state. In table
it is shown that the strong two-loop corrections give a positive mass shift, but adding the
full corrections afterwards reduces the masses. We compare this to the CMSSM with the
same input parameters (mg = My = 1.4TeV, tan = 2.9, p > 0, Ag = —1.35 TeV): The
contributions involving the strong interaction cause a shift by 11.3 GeV, while the purely Yukawa
corrections reduce the mass by —1.4 GeV. This is almost the same as the numbers in table
therefore for this point the two-loop corrections are MSSM-dominated.
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5.2 NMSSM Higgs mass beyond O (as(az + ap))

two-loop full
Tree one-loop (as(ap + )  two-loop
p— 93.8 117.6 (+ 25.4%) 126.1 (+7.2%) 124.7 (-1.1%)
mh, 214.5 209.2 (-2.4%)  209.2 (£ 0%)  208.7 (-0.2%)
- 555.5 5419 (-2.4%)  542.3 (+0.1%)  541.4 (-0.2%)

Table 5.1: Higgs masses at tree-level, one-loop and two-loop for the parameter point of eq. (5.45) in GeV.
The state ho is singlet-like.

We now analyse the dependence of the shifts on A and x. The mass of h; at different loop
levels is shown in figs. [5.9(a)| and [5.9(b)l To compare the effect of the new contributions, we
show Ay in figs. [5.9(c)|and [5.9(d)[ and the relative shift, A, in figs. [5.9(e)|and [5.9(f)} The new
corrections are small compared to the strong ones in this scenario: For the above parameter
point they are about 10%-20% the size of the strong corrections. To give an impression of the
remaining uncertainty from higher order corrections we show the Higgs mass in fig. [5.10] as a
function of the renormalisation scale (). As expected, the scale dependence is reduced at the
two-loop level. For Mgysy = NUAU 2TeV we observe a variation in the range %MSUSY

t to
and 2Mgysy of 2.3 GeV, which can be taken as a rough estimate of the remaining uncertainty.

Heavy singlet with large A\

So far we concentrated on moderate values of A, which are consistent with gauge coupling
unification and do not exhibit a Landau pole below the GUT scale. However, if one surrenders this
condition then A can assume larger values. These so-called ASUSY scenarios are popular because
they predict very moderate values for the fine-tuning and have interesting phenomenological
consequences . Typically, ASUSY models are defined with more general soft-breaking
and superpotential terms, but we consider only the minimal version of the NMSSM here. We
choose the parameter point given by

A=16, k=16, tanf=3, T)=600GeV, T,=-2650GeV, peg=0614GeV.
(5.46)
All sfermion squared soft-masses are fixed to 2 - 10% GeV?, the gaugino masses are

M = 200 GeV, My = 400 GeV, Mz = 2000 GeV,

while the trilinear couplings T, Ty, T, are set to zero. The corresponding masses at different
loop levels are shown in table Again the state hsy is mostly singlet-like with a mass of about
700 GeV and h; is the SM-like Higgs boson. For this point all two-loop shifts to h; have the
same sign (positive), implying that the NMSSM-specific corrections become more important.

two-loop full
Tree one-loop (as(ap + a¢))  two-loop
p— 144.8 122.6 (-15.3%) 1265 (+3.2%) 128.0 (+1.2%)
M, 713.2 745.9 (+4.6%) 745.8 (+0.0%)  747.9 (+0.3%)
Mg 1454.5 1421.1 (-2.3%)  1420.1 (-0.1%)  1420.3 (+0.0%)

Table 5.2: Higgs masses at tree-level, one-loop and two-loop for the parameter point of eq. (5.46). The
state hy is mostly singlet-like and hg is the MSSM-like heavy Higgs.
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Figure 5.9: First row: Light Higgs mass based on the parameter point of eq. for a variation of A
and k. The Higgs mass is shown at tree-level (dotted line), one-loop (dashed line) and two-loops (full line).
At two-loop level we distinguish between the a(ap + o) corrections (blue) and the full calculation in the
NMSSM (green). Second row: The absolute size of the two-loop contributions beyond O (as(ap + @t)).
Third row: The relative size of these corrections normalised to the as(ayp + i) ones.
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Figure 5.10: The light Higgs mass my, based on the point ([5.45) is shown for a variation of the
renormalisation scale @ at one-loop (dashed line) and two-loop (full line).
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Figure 5.11: I@ The light Higgs mass based on the parameter point of eq. for a variation of A.
The colour and line coding is the same as in fig. (b)} Absolute size of the strong corrections (dashed)
and full ones (full line), i.e. Aps as defined in eq. (5.44)). Zoom into the interesting region of [(a)] The
red line corresponds to the approximation of MSSM-like Yukawa correction plus strong contributions.
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two-loop full
Tree one-loop (as(ap + )  two-loop
p— 19.4 678 (1249.5%) 745 (19.9%)  74.2 (-0.4%)
M, 122.7 1235 (+0.7%)  124.3 (+0.6%) 123.3 (-0.8%)
- 177.4 188.2 (+6.1%)  192.7 (+2.3%) 191.1 (-0.8%)

Table 5.3: Higgs masses at tree-level, one-loop and two-loop for the parameter point of eq. 1)

We show again the dependence of mj, on A in fig. . The shift Ap; changes its sign at
A ~ 1.5 from negative to positive in fig. We zoom into the interesting mass range in
fig. in which the additional red line shows an approximation where the strong corrections
are extended by the MSSM-like Yukawa contributions O ((a; + ap + a-)?), which modify only
the upper 2 x 2 block of the Higgs mass matrix. This approximation is not a good one for large
A, because the predicted shift is in the other direction. Leaving out the MSSM-like Yukawa
contributions would give a result closer to the full calculation. In conclusion, for large A the
difference between the full (blue) and the strong (green) calculation is notable (about 1GeV),
although the strong corrections themselves are much more important.

Light singlet case

Finally the effects in a light singlet scenario are discussed. The benchmark point BMP-A of
Ref. [341] has the interesting feature that all three scalars h; are lighter than 200 GeV,

A=0596, K=0596, T)=-27GeV, T,=-240GeV, peg= 130 GeV,
Ty = —-3050GeV, T, =T,=-1000GeV, tanp = 1.68,
m 55 = 9.0-10° GeV?,  mi 55 = 1.05 - 105 GeV?. (5.47)

The Higgs masses at different loop levels are summarised in table At tree-level, the SM-like

mp, is already quite close to 125 GeV and loop corrections play a minor role. The mixing with
the lighter singlet as well as the F-term contribution dmy, ~ A\?(v?/2) cos? 23 give it a sizeable
push. The remarkable feature is that one- and two-loop corrections are of comparable size. To
find a better understanding of the different two-loop effects, the masses of hq, ho are shown as
a function of A in fig. [5.12] There is a very strong dependence on A for both masses which is
mainly dictated by the tree-level (dotted line). For small A, there is a large mass gap between
h1 and hy and none of them is SM-like. With increasing A, hy becomes lighter and for A ~ 0.55
a level crossing takes place. We zoom into this region in fig.

The composition of hy and hsy in terms of ¢4 (blue), ¢, (green) and ¢, (red) components is
shown in fig. together with Ajs. There is a direct correlation between the singlet fraction
and Ajs: For a larger singlet admixture, |Aps| decreases. Thus, despite the sizeable value of
A, the main contribution to the two-loop masses is again dominated by the strong interaction.
Interestingly, for a light state below 80 GeV (i.e. A > 0.592) which is 60% singlet, the as(ap + o)
contributions still give a sizeable push to my, while Ajs nearly vanishes. But if we look beyond
A > 0.58 for the state hy the picture reverses (fig. : The new corrections shown here can
even compensate the strong corrections and produce an overall shift towards lower masses. Using
only the strong corrections one would obtain the wrong conclusion that the mass is increased at
two-loop.

Finally, we comment on the approximation of carrying over the known two-loop Yukawa
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Figure 5.12: The two lightest Higgs masses based on the point of eq. (5.47) for a variation of A\. The
colour code is the same as in fig. 5.9
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Figure 5.14: The left column is for hq, the right column for hy. First row: down- (blue), up- (green)
and singlet- (red) fraction (i.e. squared entry of mixing matrix Z1 and ZI, i = d,u, s) of the Higgs
particles hq, ho at tree-level (dotted), one-loop (dashed) and two-loop (full line). Second row: absolute
size of the two-loop corrections compared to only the strong interaction.
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Figure 5.15: Left: the lightest Higgs mass at two loops based on the parameter point of eq. (5.47) for a
variation of A. The blue line is the mass using only «4(a + ap) corrections, the green line corresponds
to our full calculation and the red line gives the result from the approximation of using the MSSM
expressions for the pure Yukawa contributions. On the right we show the ratio of the correction from the
MSSM approximation and the full correction.
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corrections of the MSSM to the upper 2 x 2 block of the Higgs mass matrix. Using the same
parameter point in the regime of large A\ > 0.55, we show the MSSM approximation plus the
strong contributions as the red line in fig. (left). We also compare the ratio of the shift
caused by these MSSM-like contributions to the shift by our full contribution in fig. (right).
It turns out that the approximation works for small A, but fails above A > 0.55 where it predicts
a Higgs mass with 2 GeV difference to the full calculation. This is mainly due to the missing
corrections to the (1,3) and (2,3) elements of the Higgs mass matrix. Since the corrections
are negative for these entries and therefore reduce the mixing between the doublets and the
singlet, the incomplete approximation predicts a mixing that is too large, which reduces the
lighter mass eigenstate.

5.2.4 Discussion

We have examined the impact of the previously unavailable contributions from the diagrams in
figs. .8(b)| and [5.8(c)[ with full dependence on the superpotential parameters in the NMSSM, in
comparison to the existing (and dominant) strong corrections O (as(a; + o)) [294]. As a step in
between we also considered the approximation of adding the pure MSSM Yukawa contributions
O ((ap + ap + aT)Q) to the strong corrections. This approximation works for small A, but in the
case of a significant mixing between singlet and doublet states and/or large A, the approximation
is poor and has an error of approximately 2 GeV. This is to be expected, because important
contributions to the entries (1,3) and (2, 3) of the Higgs mass matrix are missing. Further, we
observed that by including the MSSM Yukawa part, the prediction is generally shifted in the
other direction (towards lower masses) compared to the full case, as can be seen in fig.
and fig.

The new corrections, although limited to the gaugeless limit, are essential to obtain a more
accurate calculation of the Higgs mass in the NMSSM, in particular for large A and/or substantial
mixing between singlet and doublet Higgses. It is likely that the two-loop effects are even more
significant in other singlet extensions like the generalised NMSSM for large A, where a
large singlet scalar mass can be accommodated along with a splitting between the scalar and
higgsinos.
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5.3 Higgs mass at two-loop in the RPV-MSSM

5.3.1 The MSSM extended by R-parity violation

From the particle content of the MSSM, we can construct additional gauge invariant terms,

1 1
Wrpv = */\ijkLiLjEk + A;jkLinDk + 5)\glijZDJDk + r; L;Hy, (5.48)

2
which violate either baryon number (B) or lepton number (L). The simultaneous violation
of B and L can lead to rapid proton decay, which is not observed in nature. Therefore, the
potentially dangerous terms are forbidden in the usual MSSM by imposing a discrete symmetry,

called R-parity 344]
R, = (—1)3B-0+2s, (5.49)

where s is the spin of a component field. Under this symmetry, all SM fields and scalar Higgs
bosons are even, while the superpartners are odd. As a consequence, the decay products of one
sparticle must contain an odd number of sparticles. The lightest sparticle then must be stable
and provides a dark matter candidate. This is not the case in R-parity violation, but it is equally
well motivated as the R, conserving MSSM [344}351]. Equivalently, one can define matter parity
of a superfield as Py = (—1)3(B_L). This implies that the superfields L, E, Q, U, D are all odd
under Pys, while H,, H; are even, forbidding the terms of eq. . The MSSM extended by
RPV operators has a rich collider phenomenology and the existing mass bounds from
colliders can be significantly weakened in this setup . Concerning the Higgs mass, the
additional RPV couplings become relevant in two-loop self-energies and could possibly increase
the radiative corrections, thus improving the fine-tuning situation. The RPV couplings also
appear in the two-loop renormalisation group equations , meaning that they modify the
running of the parameters compared to the (R, conserving) MSSM. In this section we study the
impact of RPV couplings on the light Higgs mass at two-loop in the effective potential approach,
with the restriction that only RPV interactions involving coloured states are considered .

Since the top Yukawa coupling is the dominant source of higher order Higgs mass corrections,
it can be expected that the operators LQD and UDD will give the most relevant contributions.
We restrict ourselves to trilinear RPV terms with baryon number violation,

1

and more specifically to couplings to third generation particles. The X/ 1, tensor has no symmetries
and 27 independent components. )\;-ljk must be antisymmetric in j, k because the contraction
of colour indices (eaBWU?Df D}) is also antisymmetric in j, k. This leaves 9 independent

components for )\;/]k In the following we consider only one non-zero component at a time and
its antisymmetric component, if it exists. This avoids proton decay as well as constraints from
flavour changing neutral currents [346], (362} [363]. The additional soft-breaking terms in this
model read

- - 1 [
— £SB,RPV = T//\,ijk:LinDk + iT)/\,,ijk:UiDjDk + h.c., (5.51)

where the trilinear couplings 73,77 are 3 x 3 matrices of mass dimension one. As for the MSSM
trilinears Ty, 4., they can be assumed proportional to the corresponding superpotential terms,
Tx = AxYx for X =u,d,e and T§ = AN, T{ = A"\
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Figure 5.16: Two-loop corrections to the effective potential involving trilinear RPV couplings. f; are
SM fermions and f; are sfermions. The graph on the left involves superpotential couplings A, A, the
middle graph involves soft breaking terms T, 7Y, and the graph on the right X', \” from the F-term
scalar potential.

5.3.2 Numerical results

The new diagrams that enter the effective potential in the presence of RPV are shown in fig.
We neglect the possibility that sneutrinos develop a VEV through the LQD operator, because
the VEVs are restricted to be below ~ 10 MeV by the smallness of neutrino masses . But
the effective potential is not the only thing that is changed by the presence of RPV couplings.
They also enter the quark self-energies at one-loop, X, X%, X% with ¢ = u, d, which are related
to the Yukawa couplings as

Y
V2

where the dots represent two-loop corrections that are relevant only for the top quark. The
matrix mfl"’le is diagonal with the pole masses as entries. UJ,U} are unitary matrices that
diagonalise the Yukawa matrix Y,. The condition has to be solved iteratively for Y. The
change of Y, stemming from this matching condition can be considered a one-loop effect, which
(formally) has a two-loop effect on the Higgs mass. This is called a threshold correction which
will become more relevant in the context of vectorlike quark extensions of the MSSM (section
. Consider the parameter point given by

Yq_

Y, = UP'mpolud +x% + 587 ( ﬁYq) - (%YCI) X4+, (5.52)

1
tan 8 =10, My =My = §M3 =1TeV, p=0.5TeV,
My=1TeV, m=15TeV, T,33=—2.5TeV. (5.53)

All trilinear couplings T, 4. are zero except Ty, 33 which leads to a large stop mixing. All slepton
soft masses and the squark soft masses of the first two generations are set to m. For the third
generation, we distinguish two hierarchies,

(i) mga3 =1.5TeV,  myz3 =mg33 = 0.5TeV,
(ii) mg33 = My 33 = Ma33 = 2.5TeV .

In (i) the third generation is lighter than the other sfermions, in (ii) it is heavier. The presence
of large trilinear couplings (T}, 33) in combination with small soft masses can lead to an unstable
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Figure 5.17: Amy, is shown for the two mass hierarchies (i) [left], and (ii) [right]. The shift is shown as a
function of A = X, )\;/jk, with the colour code: Az (full red), Az, (full blue), Ay 5 (full green), Agzs

ijk?
(dashed red), As5; (dashed blue), Ag;5 (dashed green). The two green lines are degenerate in both plots.

vacuum [322; 364]. Using the public code Vevacious [289] we found that point (i) has a
meta-stable vacuum with a lifetime longer than the age of the universe, while point (ii) is stable.

For the RPV couplings we choose

T//\,ijk = AO/\gjkv T)/\/,ijk = AO/\;,ﬂw (5-54)

with Ag = —2.5TeV. The renormalisation scale is Q = | /m;,mz,. The SM parameters are

mgole =173.1GeV, m%TS(mb) = 4.18GeV, mFT’Ole = 1.777 GeV, alsvTS(Mz) =0.1184. (5.55)

We consider the difference between the two-loop Higgs mass my(A) in the presence of RPV
couplings and without,
Amp =mp(A) — mp(0), (5.56)

with A = X, ). The two benchmark points predict the masses
(i) mp(0) =110.0GeV,
(i) mp(0) = 124.3 GeV.

in the Rj-conserving case. The points were not tuned to reproduce the experimental mass well,
but serve to demonstrate the effect of RPV couplings. In the following we modify only the
couplings . , , / / /

A313: A3125 A213: A333, Az315 Az13; (5.57)

for which we use dashed lines in the following plots for A entries and full lines for \” entries.
In fig. we show dmy, for variations of these couplings. In case (i) we find large positive
corrections of several GeV to the Higgs mass, but only for )\glg, )\/2/13 where stops are involved.
The LQD operators only have a minor effect for large couplings A543, A54;, while the contribution
from M55, A5;3 (green lines) do not show any visible effect in this setup. For heavier stops in case
(ii) the effects are much smaller. Large corrections are only found for relatively large couplings,
above the perturbativity limit that we assume to be approximately 1 at the SUSY scale (see
Refs. ) In Ref. the authors require perturbativity up to the unification scale
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Figure 5.18: The change in the top Yukawa coupling, AY;(A), is shown for the mass hierarchy (i). The
colour code is the same as in fig. @

~ 106 GeV. If this condition is relaxed, one could also consider A < /4w &~ 3.54 as the upper
limit for perturbativity. The couplings involving stops are hardly constrained by flavour physics,
in particular for non-stop masses in the TeV range . We have also checked that for large
tan 8 = 25, the change in the Higgs mass shift in the 5,5 case does not change substantially
(less than 5%).
As pointed out earlier, the Yukawa couplings are subject to one-loop changes by the RPV
couplings. We define
AVi(A) = Yi(A) — Yi(0), (5.58)

with Y;(0) = 0.85 for tan 5 = 10. The effect is very small: We see from fig. that Y; changes
less than 1% even for large RPV couplings.

To analyse the dependence on the involved stop mass parameters, we consider the cases

515 = 1, T)/\:313 = —2.5TeV and M35 = 1, T;\7333 = —2.5TeV starting with fixed mg33 =

My,33 = Mq33 = 1.5 TeV and varying the individual soft masses in fig. For large UDD
coupling and small m,, we see the largest Higgs mass corrections. In the LQD case, there is a
similarly large dependence on m,. The value of mg plays a sub-dominant role in both cases.

Finally we consider the dependence of m;, on the strength of the trilinear couplings, determined
by Ap. With a light right-handed stop (my, 33 = 0.5 TeV) and with all other soft masses set to
m = 1.5 TeV, we show my, as a function of Ay for vanishing RPV couplings as well as A\§;53 = 1,
T:\:313 = Ap and Nsq5 = 1,T//\’333 = Ay in fig. Again, the RPV couplings of order 1 can easily
shift the Higgs mass prediction by several GeV. For A4, the difference myp,(A) — my(0) depends
strongly on Ay, while this is not the case for Aj35. This is consistent with the observation of
fig. p-19] and we would expect a stronger dependence on Ay in the second case if smaller values
of mg 33 were chosen.

5.3.3 Conclusion

We have discussed the impact of the trilinear RPV couplings A, \” on the light CP-even Higgs
mass at two-loop level. Their contribution is significant only if the new couplings allow loop
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Figure 5.19: The two-loop RPV contributions to the light Higgs mass as a function of the soft squark
masses (my) is shown. All soft masses are set to 1.5 TeV, while m,, (blue), m,, (red) and mgy (black) are

individually varied. Left: g5 =1, T} 55 = —2.5TeV. Right: i35 = 1 and T} 535 = —2.5 TeV..
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Figure 5.20: The CP-even Higgs mass my, as a function of Ay is shown for vanishing RPV couplings
(dashed), for Azg5 = 1, T} 333 = Ao (blue) and for Ag;3 = 1, T} 3,3 = Ag (green). my 33 = 0.5TeV and

all other soft masses are set to 1.5 TeV.

diagrams that involve the stops. In particular, we found that if \5;4, A5;4 are close to 1 and the
soft mass parameters of the third generation squarks are relatively light (500 GeV), the two-loop
correction to the Higgs mass can be several GeV. It is important to note that the Yukawa
couplings change in the presence of RPV couplings (compared to the R-parity conserving MSSM)
via one-loop quark self-energies, however these threshold corrections are numerically small here.
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5.4 Vectorlike tops and naturalness in minimal GMSB

5.4.1 Introduction

One way to accommodate the 125 GeV Higgs mass in the MSSM without excessive fine-tuning
is to enhance the tree-level mass by new F-term or D-term contributions. At the loop level
corrections involving the top Yukawa coupling are dominant due to the hierarchy amongst the
Yukawas. If there were another heavy quark like the top with a similarly large couplings, this
would clearly give a boost to the radiative corrections of the Higgs mass and lead to reduced
fine-tuning. Fourth generation quarks are a standard item in the exotic particle search agenda of
the LHC. Current lower mass limits are at 800 GeV [368]. A vectorlike quark (VLQ) is defined
as a left-handed and right-handed fermion pair with opposite gauge quantum numbers. In
contrast to a chiral quark, a vectorlike quark does not generate a chiral anomaly and does not
have a large effect on Higgs production and decay [369]. Apart from their effect on the Higgs
mass, VLQs have also indirect effects on electroweak precision observables and flavour physics
[370H373].

When dealing with models with a large number of parameters, such as SUSY with its soft-
breaking sector, one is forced to make simplifying assumptions to study the parameter space.
There are several ideas about how SUSY breaking could occur at a high scale, described by only
few parameters. From this minimal input, the values of the different soft-breaking parameters
can be obtained by solving the RG equations. SUSY breaking is said to occur in a hidden sector
and is transmitted to the visible sector via a specific mechanism. In gauge mediated SUSY
breaking (GMSB) [157H161], messenger fields that take part in the SM gauge interactions couple
to states from the hidden sector. The soft-breaking terms of the MSSM are then generated by
loop corrections to MSSM fields involving the messengers.

In a study presented in Ref. the maximum mass of the light Higgs boson was calculated
for several simplified versions of the MSSM assuming Msusy < 3 TeV. For GMSB, the maximum
mass was determined as mj'** = 121.5 GeV, which is too low. Obtaining a Higgs mass of 125 GeV
comes at the price of multi-TeV stop masses and an enormous fine-tuning . In this section
we analyse how much the fine-tuning can be reduced in the vectorlike quark setup.

Prior to Ref. [299], the effects of vectorlike tops had only been studied at one-loop without
momentum dependence . We consider the missing effects from one-loop momentum
dependence and dominant two-loop effective potential contributions. There is another relevant
effect, which stems from translating the Standard Model input parameters (i.e. fermion masses,
gauge couplings, Weinberg angle) at the Mz-threshold into running gauge and Yukawa couplings
in the DR’ scheme. Before any RGE running can take place, one needs the initial conditions in
the form of a complete set of Lagrangian parameters at a scale () in the same renormalisation
scheme. The procedure of preparing this set is quite complicated, however a good explanation
can be found in Ref. , as it involves multi-loop perturbative corrections depending on
the model. As a consequence, the initial parameters (e.g. the top Yukawa coupling Y;) will
be different in the MSSM than in the model at hand. It is well known that these threshold
corrections can alter my, by several GeV in the MSSM [199]. With the SARAH/SPheno framework
we can address both the two-loop and threshold corrections to the CP-even light Higgs mass in
an automated fashion with a precision comparable to the standard calculations of Refs.
usually employed for the MSSM.
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superfield spin 0 spin /2 gen. SU(3)c SU((2)r. U(l)y
T' t t 1 3 1 —~
3

7/ =

T t/ t/ 1

Table 5.4: The superfields in this table are added to the MSSM particle content of table

superfield spin 0 spin /2 gen. SU(3)c SU((2)r. U(l)y

Q Q Q 1 3 2 L
- ~/ _ _

Q Q Q' 1 3 2 -1
E/ E' E' 1 1 1 1
— ~/ _

E E E' 1 1 1 ~1

Table 5.5: These superfields can be added to restore gauge unification in the vectorlike-top MSSM.

Besides the effects on the Higgs mass, we also consider the fine-tuning in a UV complete
model with additional spectator superfields embedded in the 5 and 10 multiplets of SU(5). The
resulting model has been studied to some extent in . Here, we apply GMSB boundary
conditions and study the parameter space that predicts the right Higgs mass and at the same
time offers low fine-tuning.

5.4.2 The MSSM with vectorlike tops

The MSSM is extended by two chiral superfields T’, T’, where T’ has the same quantum numbers
as U of the MSSM. They can be combined to form new interaction terms in the superpotential,

W = Wussm + Vi QHLT + MpT'T +miU,T. (5.59)
The additional soft-breaking terms are given by
—Leott = — »Csoft,MSSM + (T?/QlHuP + BT;;/F + Bg,a}}f + h.C.) (5.60)

~12 ~2 ~
+mZ |t + th, '+ (mitﬂmt' + h-C.) . (5.61)

Here, we consider only couplings to the third generation: YZ = (0,0,Yy) and Tti, = (0,0,Ty).
Also, all parameters are taken to be real in the soft sector, neglecting CP violation. Adding
only the vectorlike tops spoils the prospect of gauge coupling unification. To reconcile this, one
can add more fields that complete the multiplets of a unified gauge group, e.g. SU(5). In the
MSSM, the fields Q, E, U fit into one 10-plet of SU(5). Assuming that T/, T are cach part of
such a T0-plet, we can complete the multiplets with superfields Q', Q,E/,E’ (table . The
resulting superpotential is extended only by the mass terms

AW =My Q'Q + MpE'E (5.62)

where we assume no other interactions of the new fields. This makes them spectator fields
that only influence the RGEs and threshold corrections, as will be explained shortly. The beta
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functions of the gauge couplings are expanded in loop orders,

_ 1 1 1 2
5o = To2 P+ (el +oo 63
where the one-loop contribution is
41 7
B = (5 te 5Uv) gt (5.64)
By = (1L +3 6uv) g3, (5.65)
B = (=242 duv) g3, (5.66)

with dyy = 1 for the UV complete model and 0 in the minimal case. All beta functions have
been calculated automatically by SARAH/SPheno using generalised formulas up to two loops.
Note that the strong coupling g3 has a vanishing one-loop beta function in the UV completion.
Figure [5.21] exemplifies the gauge coupling evolution in both model versions. The one-loop 3

60 =-.. 1
50 ]
~ 40 [ ,
S
£ 300 .
10 F L i
1000 106 10° 102 10" 10'®
Q (GeV)

Figure 5.21: The running of the gauge couplings a; '(Q) (with i = 1 (blue), 2 (orange), 3 (green)) at
one-loop is shown. The dashed lines represent the minimal vectorlike top model and the full lines the
UV-complete model. The dotted lines represent the SM-only running up to Mgysy = 1TeV.
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functions of the Yukawa couplings are the same in both model versions and read

By = [Yd (3¥JVa+ Vv + 3Tr(Yay]) - ?93 — 395 — 7759? + Tr (YeYJ))] }
+ Yo (Ya ;)i, (5.67)
B = 3Y. VIV, + Y, (3T (YaY,)) - 303 — gg% +Te(v.v[)), (5.68)
B0 = (3V¥z + 3T (3Y,Y3) + YTV 4 6(Ye¥E) - ogt — 36— S o)Ve,  (5:69)
Y, = [Yu (3v¥u + Vv + 3T (Vi) + 3(veyr) - %g% _3g3 - fgg)]ij
+ 3y (Yu}Qi‘)i. (5.70)

The new particle content in the UV-complete model allows additional soft-breaking terms
(flavour indices suppressed):
~ALoe =mip, |E'P +m? |E'? 4+ m QP + m? Q'
+ (sz,éRE' + m%Q/(Q)TQ/ + h.c.) . (5.71)
More terms are allowed by gauge invariance which mix the scalar components of E, E/, E’ and

Q,Q’, Q. They are left out here, because the GMSB boundary conditions will force them to be
ZEeTO.

5.4.3 Gauge mediated SUSY breaking and boundary conditions

In this subsection we briefly describe the idea of gauge mediated SUSY breaking and give
the resulting GMSB boundary conditions for the soft parameters. We assume two messenger
superfields @1, @,

O, = ¢; + V20; + 0°F;, (5.72)

that take part in SM gauge interactions and also couple to a singlet field S of the hidden sector,
W = AS®, P, (5.73)

where ®; and ®5 have opposite quantum numbers. The field S acquires a VEV along its scalar
and auxiliary component,

(S) = M’ + 6*F'. (5.74)

The hidden mechanism that generates this VEV is left unspecified. The scales M’ and v F’ can
vary from several tens of TeV to almost Mgyt [161]. The coupling X is absorbed into M = AM’
and F' = AF’. We can integrate out the auxiliary degrees of freedom F}, F) to obtain the mass
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terms of the messenger fields,
L= [qﬁq)l}D + (W]p +h.c)

> —M? (W’l’Q + ’(152\2) + (Fo1¢92 — Map1)pa + h.c.)
= — (M2 + F)|¢+|* = (M? = F)[¢-|* — (Myn¢p2 + h.c.). (5.75)

The scalar components can be diagonalised by defining

o1+ @5
7

The fermionic messengers have mass M, while the scalars ¢4 have masses my = VM2 & F.
This requires M? > F. The soft-breaking terms in the MSSM are generated by loop corrections
that involve the messenger particles, and are therefore fully determined by the scales M, F' and
the gauge structure. The gaugino masses are generated at one loop and while the scalar masses
m?; are generated at two loops. We use the leading approximations from literature for the

gaugino masses,

b+ =

(5.76)

ait)

M’L(t) = An G

(5.77)

and for the scalar soft masses,

B 3 ~ (a(t) 2
m%—Q;CQ(T,f) <47r) A%, (5.78)

with running couplings a;(t) = g;(t)?/(47) and a scale t = In(M?/Q?). C; is the quadratic
Casimir of the representation of f with respect to the gauge group r = 1, 2,3, meaning U(1)y,
SU(2)r and SU(3)¢. In the case of an Abelian group U(1)y, the quadratic Casimir is defined
as Oy = (3/5) Y2. For the fundamental representation of SU(N), we have Co = (N2 —1)/(2N),
ie. 4/3 for N =3 and 3/4 for N = 2. We define the scale

F

A= — .
" (5.79)
to which Ag, Ag are related by
with the functions calculated in Refs. [381] [382],
z? 2t 6 2 11z 6
g(x):1+E+E+(’)(x), f(:t):1+%—450+(’)(x). (5.81)
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For F < M? this implies A = Ag = A. Evaluating the general equation ([5.78)) gives

3 3
mig = My, =miy, =K’ <1091 += ) A%, (5.82a)
1 3 8 4
2 _ 2 2 2
Mg = M = M5, =K <30 g + 92 + 3 ) A (5.82b)
8 8
my i =mg = m =k (15 gl + 505 ) A%, (5.82c)
6
mg g = mp, =me, _,{z,g%/@’ (5.82d)
2 8 4,
mg i = <15 1+3 393 )AQ, (5.82¢)

with i = 1,2,3 and x = 1/(1672). The other soft-breaking parameters are zero up to two-loop
order:

T,=0 (x=d,u,et),
Bx=0 (X=t,T)

m2, =m2gy = mQQQ, = 0. (5.83a)

This constitutes the main problem of GMSB, because a large T} is needed to accommodate the
Higgs mass. We will furthermore assume unification of all mass bilinears of the vectorlike states
to a common mass My at the reference scale M,

My = Mg = Mg = My at Q = M. (5.84)
This leaves five free parameters for the GMSB model:
M, A, tanp, My, Y. (585)

In general GMSB predicts a gravitino LSP, which gives rise to the cosmological gravitino problem.
We assume that one of the proposed solutions from literature work [381] 388].

The fine-tuning (FT) measure A based on Refs. [126] [127] was defined earlier in eq. (2.30))
and is implemented in SPheno. The smaller the value of A, the more natural is the model under
consideration. First, A, is calculated individually with respect to

a = {A7 MV’? }/tly Y;fv g3, M, b} (586)

The overall fine-tuning is given as the largest absolute value of all A,.

5.4.4 Tree-level properties

The tadpole equations are identical to the MSSM, as well as all mass matrices except for
up-quarks and up-squarks. As a convention, the tadpoles are solved for u,b (cf. sec. in the
UV-completion of the model, and for the soft masses m%{u, m%[d for SUSY scale input in the
minimal version. The new squarks mix with the MSSM up-type squarks. Their mass matrix is
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given by

2
{mﬁLﬂi} ij

M2 — [% (U“Tu - UdYuM*):Lj [m%Rﬂ}}LJ’

! % (vuTt/ — vd,u*Y}/) %(2 (MT/m; + m?ﬁ,) + UZYu*Yt/) M o
Tsvu (M Yy + YImy) B; Bj  ms.;
with the diagonal entries 57
Magay = —i( — 33+ g1)1(— o2 +0d) + %(27712 + 02 (VY + YY), (5.88)
Magas, = %(2 (m;mt/ + mi) + UZYUYJ) + ég%l( —v2 4 02), (5.89)
mage = 5 (23 + M) + 21¥eP) + 22— o +B), (5.90)
Mmz.5 = (mtg, + | My |* + |mt/]2) + %g%( — v+ UZ) (5.91)
M2 contains eight mass eigenstates #;. The mass matrix of the up-type quarks reads
M, = < AU ) . (5.92)
my M
Here, we need two rotation matrices U} and Uy to diagonalise this matrix,
U MUt = Mmdiae, (5.93)

The four generations of mass eigenstates are called u;, where the first three generations correspond
to the up, charm and top quark. In this model, the CKM matrix is a 4 x 3 matrix with the
additional entries Vyp, Vyrg, Virg, which can lead to new flavour mixing effects. While a full study
of flavour physics is beyond the scope of the paper presented here, we checked that these matrix
entries are within the current bounds,

Vgl <0.01, |Vl <0.01,  [Viy| < 0.27, (5.94)

which are given in Ref. [389] at 3o0. In fig. we show that this condition is fulfilled.

5.4.5 Loop corrections

At one-loop, the Higgs mass receives corrections of the order O (ay). They have been discussed
widely in literature in the limit of vanishing momenta and are known to give a push of many GeV.
SARAH/SPheno uses a generalisation of the renormalisation procedure described in Ref. to
calculate the full momentum dependence at one loop.

At two loops the dominant corrections of the MSSM are O (asay). Similar contributions
from the new heavy top, O (asay) are expected to be equally important (ay = Y,?/(4r)). The
diagrams are shown in fig. and have to be understood as a sum over generation indices.
Also the Yukawa-like contributions O (o) of the MSSM are extended by more generations of
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Figure 5.22: Absolute size |Vy,| of the CKM entries (logarithm with basis 10 is shown) between the
vectorlike top states and the SM down quarks ¢ = d,s,b. The colour code is |Vy4| (full blue), |Vi/ ]
(dotted red), and |Vip| (dashed green). We fixed here My =1 TeV.
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Figure 5.23: Two-loop diagrams giving contributions to the effective potential O ((ay + o )as). Here, the
indices of up-quark generations (u;) run from 1 to 4, and those of up-squark generations (&;) from 1 to 8.

(s)quarks. They are described by the diagrams given in fig. and introduce new corrections
O (a?) and O (azay). All other sub-dominant combinations of Yukawa couplings are also
included in our calculation.

5.4.6 Threshold corrections

To perform any RGE-based study, one needs a full set of running parameters at a given scale.
However, these quantities are usually not directly measured in experiments. Instead, the
parameters that we know with a very high precision are the electromagnetic coupling cem(Mz),
the Fermi constant G, the Z pole mass Mz and the strong coupling ag(Myz). The pole masses
of the charged leptons are also well known. In the case of quarks, a pole mass is not well defined,
because a quark is always bound in a hadron and can never be directly observed. Only the top
pole mass can be directly measured, because its lifetime is shorter than the timescale at which
the non-perturbative hadronisation process takes place. The light quark masses mg, m,, ms are
only known as running masses at a certain scale [377]. The matching in SARAH/SPheno follows
the generalised procedure of Ref. , which we describe in more detail in appendix To

summarise the effect, it can be said that the parameters oPR (Mz), a?fP” (Mg), v, sin? @? and
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Figure 5.24: Two-loop diagrams giving contributions to the effective potential at O ((at + ozt/)z). Here,
®° = {h,H,G°, A%}, ®* = {H* G*}, & = {®°, &*}. The index ranges are: ®(1,2); xO(1 — 4); X~i(1,2);

u(l —4); d(1 - 3); a(1 — 8); d(1 — 6).

the Yukawas are all slightly different than they would be in the normal MSSM after matching.
In particular the change in Y; = Y;33 should be notable, since it is the dominant parameter in
the Higgs mass corrections. We show the effect of the threshold correction on Y; in fig. as a
function of Y. The effect makes a few percent difference in Y; and it is stronger for smaller M.
This already has a large effect on the MSSM-like corrections and results in a few GeV change
to the Higgs mass, as we will see in the following. At Yy = 0, the values of the two curves in
fig. do not agree. This is because g3 receives threshold corrections, which depends on My,
even if no other couplings are introduced. The change in g3 enters the RGE running as well as
one-loop self-energies of the fermions.
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Figure 5.25: The top Yukawa coupling (Y,2?) at the SUSY scale is shown as a function of Yy for two
different values of M7/: 1.0 TeV (blue) and 3.0 TeV (dotted red). All soft masses are set to 1.5 TeV and
tan g = 3.
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5.4.7 Numerical results
Comparing one-loop, two-loop and threshold effects

Before we consider the fine-tuning in the UV complete model, we discuss the importance of the
different Higgs mass corrections in the minimal vectorlike quark extension of the MSSM. The
following parameters are assumed,

m2 = mg =mi=m2=mf=1-(1.5TeV)?,
M, =05TV, My=1.0TeV, M;z=2.0TeV,
T,=Ty=T, =0,

p=10TeV, M?3=(1TeV)?
and for the new sector

Tt/ =My = m%t = Btl = 0, MT/ =1 TeV,

2 _ 2 _ 2
my =mz = (1.5 TeV)=,

unless stated otherwise. It was checked that all benchmark points satisfy the bounds from
flavour observables using FlavorKit [321]. The important SM input parameters are

aMS(My) = 01180, mMS(my) = 4.2 GeV, mP° = 173.2 GeV.

We choose My = 1TeV for the mass term to be consistent with limits from direct collider
searches, which rule out heavy quark masses below 800 GeV . It is expected that the
LHC Run IT will be sensitive to a mass range my < 1.5 TeV . In the numerical results we
distinguish the different effects on the Higgs mass:

o one-loop, vanishing momenta, with thresholds (red)

o one-loop, with momentum dependence, without thresholds (orange)
o one-loop, with momentum dependence and thresholds (blue)

« all the above effects and two-loop corrections (green)

In the following we show these effects for each of three benchmark points in four perspectives,
which require some explanation. An overview plot (top left) shows my, against Yy. To see
explicitly the effect stemming only from the vectorlike quarks, the difference in my between
including and neglecting vectorlike quark contributions is shown in the top right picture. The
bottom left plot shows the absolute shift in m;, from one- and two-loop corrections stemming only
from the vectorlike states, and the bottom right shows the relative size of this shift compared to
the purely MSSM-like corrections.
First, we consider variations of Yy using the benchmark point

tan3 =2 or 10, My =1TeV, Brp =0, (5.95)

for two values of tan 3, shown in fig. [5.26| The value mj; = 125 GeV is found for Yy = 0.9(0.6)
in these cases. The changes made by momentum dependence at one-loop can be up to 2 GeV
for large Yy and they are negative. In contrast, the two-loop corrections cause a positive shift
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Figure 5.26: The full lines are for tan8 = 10 and the dotted ones are for tan8 = 2, both with
Mp: = 1.0 TeV and By = 0. Top left: m; is shown as a function of Y;.. The red line corresponds to
one-loop with p? = 0 and thresholds, orange is one-loop with p? # 0 without thresholds, blue is full
one-loop with both p? and thresholds and green includes full one-loop with dominant two-loop corrections.
Top right: This plot shows the difference in mj, between including and neglecting vectorlike tops for the
same cases as before. Bottom left: This plot shows the absolute size of the one- (blue) and two-loop
(green, multiplied by 10) corrections stemming from the vectorlike states. Bottom right: This plot
shows the relative importance of the one- (blue) and two-loop (green) corrections normalised to the size
of the purely MSSM-like corrections.
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Figure 5.27: The plots show the same results as in fig. but for Ty = 2.0 TeV - Yy, tan § = 5 and
Tu33 = —2500 GeV. The full lines are for By = 0, while the dashed ones correspond to By = (1.5 TeV)2.

of similar size. The biggest contribution comes from threshold corrections (top right, red line
in fig. , which can change the mass by up to 5 GeV. The effect is stronger for small tan 5.
Even for Yy = 0 there is a shift because s (and Y;) is modified by the threshold corrections,
cf. eq. . The absolute shifts at one-loop can be as large as 30 GeV, while the two-loop
shifts are smaller by a factor of 10 (bottom left, fig. . In the bottom right of fig. we
observe that the one-loop vectorlike contributions are as important as the MSSM ones, while
the two-loop contributions can reach about half their size.
As the second benchmark point, we consider

Ty =2TeV Yy, Bp=0or (1.5TeV)?, (5.96)

for a variation of Yy in fig. In the case By = 0 there is no big difference to the previous
benchmark point. The largest changes are again due to the threshold corrections. For By # 0
however, the picture changes: Because of the induced mass splitting between the vectorlike
stops, the two-loop effects become large for Yy — 1 to the extent that they can even cancel out
the purely-MSSM two-loop contributions.

The third benchmark point has a rather small Mi,

M3 =10°GeV®, Br=0or (1.5TeV)?, Ty =T,=0, tanf =3, (5.97)

where we consider again the two values By = 0 and By = (1.5 TeV)2. The result is shown
in fig. [5.28 The green line, representing the two-loop corrections, clearly makes the largest
difference for Y — 1, especially for By = (1.5 TeV)? (solid line). They can cancel out the other
MSSM-like two-loop contributions such that it becomes impossible to reach the preferred mass
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Figure 5.28: The plots show the same results as in fig. for smaller M3 = 10° GeV? and Ty = T, = 0,

tan 3 = 3. The dashed lines are for By = 0, while the full ones correspond to Br = (1.5 TeV)2.
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Figure 5.29: Contour lines of constant my, at one- (left) and two-loop (middle) in the (M7, By) plane.
The plots in the right column show the size of the two-loop corrections stemming from vectorlike states.
The plots in the first row are for Y3 = 1.0 with T3 = 0 and in the second for Yy = 0.7 with Ty, = 1.4 TeV

of 125 GeV with this benchmark point. If By is taken to be zero, the effect is less severe and
the MSSM contributions at two-loop are only partially cancelled out, still giving a sizeable push
to the mass.

Dependence on the vectorlike masses, stop masses and the gaugino mass

As a next step we illustrate the dependence of the new loop corrections in the (Mp, By/) plane
(fig. . It shows that at both loop levels the Higgs mass decreases with larger My, while
the dependence on By is very mild. Of course, the two-loop values are higher, which is the
result of the dominating MSSM-like contributions. The right column of fig. [5.29 singles out
only the vectorlike two-loop contributions, which are negative, but slightly increase for higher
masses My > 1TeV or larger By/. Comparing the first row (Yy = 1.0, 7y = 0) and second row
(Yy = 0.7, Ty = 1.4TeV), we see a similar dependence, but the absolute values in the second
row are much smaller.

So far we have concentrated on the new parameters from the vectorlike sector. Since the
MSSM contributions are often dominant, we also consider the dependence on the gluino mass
parameter M3 and the soft squared mass of the left-handed stop, my33. Starting with the
gluino mass M3, we can see in fig. [5.30] that the two-loop corrections from vectorlike quarks
become more negative with increasing M3 and can reach up to 4 GeV. On the other hand, their
impact at one loop is tiny. However, the O (af/) corrections are dominant, so the Higgs mass is
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Figure 5.30: (a): The plot shows my, vs Yy for different Ms: 1 TeV (red), 2 TeV (blue), 3 TeV (green),
4 TeV (orange). The full lines are the two-loop results, the dotted ones the one-loop result.

(b): The absolute shift from the one- (blue) and two-loop (green) corrections involving vectorlike states
is shown. The line coding is dashed, dotted, dot-dashed, full for increasing M3. My is set to 1.5 TeV.
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Figure 5.31: (a): The plot shows my, vs Yy for different values of mg 33: 1 TeV (red), 2 TeV (blue), 3 TeV
(green), 4 TeV (orange). The full lines are the two-loop results, the dotted ones the one-loop result.
(b): The absolute shift from the one- (blue) and two-loop (green) corrections involving only vectorlike
states is shown. The line coding is dashed, dotted, dot-dashed, full for increasing mg 33. My is set to
1.5TeV.
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still increased by the overall two-loop effect.

Concerning the soft stop masses, we show the same setup in fig. for increasing my 33.
Their impact is huge: the one-loop corrections increase by a factor of 1.5 when going from 1
to 4 TeV, and the two-loop corrections increase by a factor of nearly 3. Interestingly, the pure
vectorlike contributions show a different scaling behaviour: at one-loop they become larger for
increasing mg 33, while they decrease at two-loop. This concludes the analysis of the radiative
Higgs mass corrections in the minimal vectorlike quark MSSM.

Fine-tuning in GMSB

Minimal GMSB has the general problem that it predicts small trilinear couplings. As a result,
the Higgs mass is below 125 GeV for moderate stop masses in the TeV range. The only way to
enhance my, is to have very high stop masses, at the cost of a fine-tuning well above 1000. A
recent study (Ref. ) nicely shows that typical values in minimal GMSB are A ~ O (10°).
From a probabilistic point of view , one could consider a FT below 100 as acceptable.
However, this is not a strict limit. Typical values for the MSSM are about 800—1000 . With
additional large loop corrections from heavy vectorlike quarks, the stop masses are allowed to
be smaller and the fine-tuning is expected to improve. The full set of input parameters for this
high scale model is

]\47 A, tanﬂ, MV’; Y%/. (598)

We made a parameter scan for tan 3,Yy, A with a fixed M = 10" GeV and two values for
My = 0.5TeV and 1TeV. Of the total set of points we take slices with different Higgs masses of
122, 125 and 128 GeV and show their projections in the (tan 8, Yy ) plane in fig. The desired
Higgs mass can be achieved with a fine-tuning between 100 and 1000 in this part of parameter
space and it decreases quickly with increasing Y. Also, even for Yy = 0, the fine-tuning is
reduced compared to the MSSM alone. The reason is that due to the different running of the
couplings, gs at the messenger scale is larger than it would be in the MSSM. Therefore, the
squarks are heavier for the same value of A, leading to larger Higgs corrections. Comparing
the right column with My = 1TeV with the left column with M7 = 0.5 TeV, we find that the
fine-tuning increases with My. In fig. [5.32] we also overlay red contours that show the gluino
mass, which is directly related to Ag:

TRONAON

San = e b (5.99)

Since the LHC has set lower bounds on the gluino mass for several scenarios in the order of
~ 1.5 TeV, the majority of points shown here are excluded. The gluino mass can only be raised
by increasing A, which also increases the fine-tuning. Going to larger messenger masses M
does not help, since 51(\/112, vanishes in this model and the mass actually decreases slightly with
increasing M. We show in fig. the fine-tuning of a selection of points in the (mg, mp)
plane, where in each bin the point with the lowest fine-tuning is chosen. It is interesting to
see that there are points with my, = 128 GeV with a lower fine-tuning than other points with
my, = 125 GeV and large mg. Most importantly, the gluino mass is the bottleneck: Requiring a
heavier gluino directly leads to a larger fine-tuning.

A large Yy improves the FT, but the theory might not be perturbative up to the GUT
scale. However, if we drop this condition, we must not insist on gauge coupling unification and
additional spectator fields. This alters the running of the couplings such that gs becomes smaller
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Figure 5.32: Contours of overall fine-tuning A in the (tan 3, Yy )-plane demanding a Higgs mass m;, =
128 GeV (top), my, = 125 GeV (middle), and m), = 122 GeV (bottom) for the UV complete version of
the model. We fixed here M = 107 GeV and My = 0.5 TeV (left column), respectively, My = 1.0 TeV
(right column). The red dashed lines indicate the gluino mass in GeV.
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Figure 5.33: Minimal fine-tuning for a given Higgs mass m; and gluino mass mj;. We fixed here
M =107 GeV and M7 =1 TeV and scanned over tan 3, Yy and A.
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Figure 5.34: Contours of the overall fine-tuning A (left) and the mass of the lightest up-squark (right,
full blue lines) and gluino (right, dashed red lines) in the (tan 3, Yy )-plane demanding a Higgs mass
my, > 122 GeV for the version of the model without spectator fields. We fixed here M = 107 GeV.
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Figure 5.35: Contours of constant A (grey), the lightest top-squark mass (small-dashed blue lines) and
gluino mass (dashed red lines) in the (tan f,Y} )-plane demanding a Higgs mass m;, > 122 GeV. All
contours are given in units of TeV. On the left side the UV complete model is shown, on the right the
model with only vectorlike tops. We fixed M = 107 GeV.

at the messenger scale for the same values of M and A (cf. fig. . As a consequence the
squarks become lighter and the Higgs mass corrections are reduced. To reconcile this, a higher
A is necessary, which leads to larger gluino masses. We show in fig. contours of fine-tuning,
gluino mass and lightest up-squark mass in the (tan /3, Yy ) plane for the minimal model with
vectorlike quarks for points which satisfy my > 122 GeV. Compared to the UV complete model,
the fine-tuning does not change a lot, but the gluino masses are pushed to higher values because
of the higher A. We find the following fine-tuning for the minimal model,

A = (230,275,320,380) for mg = (1.0,1.2,1.4,1.6) TeV (5.100)

and my > 122 GeV. To make the change in A visible, we show in fig. both models, UV
complete and minimal, side by side with contour lines of A (meaning the minimal A to obtain
mp, > 122 GeV), mg and the lightest up-squark mass.

5.4.8 Conclusion

The main source of fine-tuning in this model is the gluino mass. While the inclusion of vectorlike
quarks helps to reach the desired Higgs mass with a lower fine-tuning than the MSSM provides,
the need for heavy gluinos in the > 1.5TeV range set by collider bounds excludes many low
fine-tuned points. In the minimal model, where grand unification is not enforced, one can
accommodate larger gluino masses (1.6 TeV) with a moderate fine-tuning (A = 380). It might
be interesting to combine vectorlike (s)quarks with a GMSB variant in a model which predicts
heavier gluinos without the cost of increasing A. An interesting feature is that for a given gluino
mass, the best fine-tuning is not necessarily found for the lowest Higgs mass. For example, for
mg = 1.8 TeV, the lowest fine-tuning is found for a 125 GeV Higgs mass.

Concerning the loop corrections to the light Higgs mass, we have improved the existing
calculations in three respects: (i) threshold corrections from vectorlike states to SM gauge and
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Yukawa couplings, (ii) one-loop corrections with full momentum dependence and (ii) dominant
two-loop corrections from the effective potential approach presented in Refs. . The
momentum effects can change the mass by several GeV, but often the threshold corrections are
even more important. At two-loop, the dominant corrections are often MSSM-like, but we have
identified certain parameter regions where the vectorlike contributions are comparable or larger.
In these regions the two-loop shift to the mass can be up to 10 GeV.
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CHAPTER 6

Long-lived particles at the LHC with a missing
transverse energy signature

The content of this chapter was published in Ref. [394].

6.1 Introduction

Various BSM models predict new long-lived particles (LL), such as neutralinos in SUSY with
weak R-parity violation , gluinos in split-SUSY , “hidden valley” models , and LL
heavy neutrinos in the minimal B — L extension of the SM [397]. Searches for neutral long-lived
particles at the LHC have been conducted using reconstructed displaced vertices produced by
particles that decay inside the detector volume. If the LL particle lifetime is of the order of
picoseconds to nanoseconds, then its decay can yield striking signatures of displaced leptons,
jets, photons or charged tracks. Based on these signatures, many searches have been performed
at the LHC by the ATLAS (e.g. [398400]) and CMS collaborations (e.g. [402]). However,
the efficiency of these searches is reduced if an increasing proportion of the LL particles decay
outside the detector due to longer lifetimes, leading to weaker cross section limits. If more
particles decay outside the detector, this will be visible as an increased missing transverse energy.
This collider study considers this complementary signature (large E}) to set cross section
limits for arbitrarily long lifetimes of LL particles. We concentrate on the results of two CMS
papers which searched for displaced vertices within the CMS tracker, produced either by two
leptons or a quark-antiquark pair . These papers set limits for a number of benchmark
points in two models: (i) a model with a heavy non-standard model Higgs boson decaying into
two LL scalar bosons X, which then decay either into pairs ete™, utu~ or qg, and (ii) an
R-parity violating SUSY model with an LL neutralino, decaying to either £7¢~v or ¢q)p. We
use measurements of the E¥ signature from CMS and ATLAS analyses at the 8 TeV LHC
to set upper limits at the 95% confidence level (CL) on the production cross sections for a
detector stable LL particle. Using the geometric properties of the detectors and the energy
and pseudorapidity distribution of the LL particle, we extrapolate the cross section limits to
finite lifetimes including when the mean decay distance is within the detector. This approach
extends the LHC coverage to arbitrary long lifetimes. The limits obtained from E}s* signals are
comparable to those from displaced vertex searches for decay distances above a few metres. In
addition they are more model independent in the sense that they do not depend on the specific
decay channel of the LL particle. We provide limits in a two-dimensional grid spanned by the
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mass of the LL particle and the mass of the mediating particle up to 2 TeV. The results are
made available in a data table which can be used for the interpretation of various other new
physics models.

6.2 Setup
6.2.1 Models

To be able to directly compare our limits to the ones from displaced vertex searches, we use the
same signal models that were studied by CMS in Refs. . It is important to stress that
in these papers the LL particles were allowed to decay, while in our study we simulate stable
particles. In doing this we conservatively assume that there is only a contribution to ERsS if
both LL particles leave the detector. Therefore we do not need to specify the decay channel of
the LL particles. We consider two signal models:

(1) A simplified model with a heavy, non-SM Higgs boson H" produced via gluon fusion
(via an effective vertex from Tr[G? H"), with G, the gluon field strength tensor) and
decaying to two long-lived, heavy, neutral, spinless bosons X. In the CMS analyses, the
X bosons are assumed to decay into either two leptons or a quark-antiquark pair
[400], while our simulation treats them as stable.

g9 — H* - XX (6.1)
X —ete ,uTu",qz (in the CMS analyses)

The production channels are shown in fig. [6.1} The decay width of the heavy Higgs is
assumed to be much smaller than its mass, 'y <« mpy. Thus we only consider processes
where the heavy Higgs is produced on-shell and the mass relation myx < %mH holds. We
will call this model HXX for short.

Figure 6.1: Production channels of H° in the HXX model, including up to 1 jet in the final state

(2) The MSSM with R-parity violating couplings and a long-lived lightest neutralino Y°.
The signal channel is the decay of a pair of squarks ¢ of arbitrary flavour (ar) (strongly
produced), where each squark decays into a quark ¢ and a neutralino YV,

pp— 4i*, G qx’. (6.3)

In the CMS analyses, the neutralino decays either to T/~ v || or to udp~ || via
NijkLiL;jEy or )\gjkLinDk violating terms, respectively || In the simulation the
neutralinos are treated as stable. The production diagrams for the squark pair are shown
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in fig. [6.2] There are three types of squark pairs G, G¢* or G*G*, which we collectively
denote as QQ with Q = G, G*. The branching ratio of ¢ — ¢x° is assumed to be 100% for

all events.
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Figure 6.2: Strong production of squark pairs in SUSY at tree level

6.2.2 Event generation

We look for signals where the neutral LL particle, either X or x°, leaves the detector before
decaying which should show a large EX'* signature. For the HXX model, this can only happen
if a high Pr jet is produced from initial state radiation (ISR) and recoils against the X X pair,
providing a mono-jet signature. For the simulation we used a model generated with the LanHEP
package [403H405], with an effective vertex between gluons and the heavy Higgs HY described
by a Lagrangian term %Tr[GQ]HO.

In the RPV scenario, if there is small mass gap between the squark and the neutralino, one
can again use a mono-jet signature because the quark produced by the squark decay is soft and
not reconstructed as a jet. If there is a large gap, the quark from the decay § — ¢x° can have
a high Pr and appear as an energetic jet. The resulting signature will be of the type ’E}Fiss
+ jets’ To simulate this scenario the standard MSSM can be used, because the decay of the
neutralino does not have to be modelled. All SUSY masses except mgo, mg are set to 5TeV to
match the model used by CMS.

In both cases we used MadGraphb v2.1.2 for the event generation with Pythia 6.4
for parton showering and hadronisation. To accurately simulate hard ISR jets, we
allow an additional matrix element jet which is matched using the k MLM scheme .

6.2.3 Used CMS and ATLAS EI* Analyses

Emiss signatures were frequently used in several dedicated studies by ATLAS and CMS in the
context of SUSY searches with decays into LSPs. To find out which search provides the strongest
cross section limits on the two models, we would have to implement the analyses of multiple
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such publications and compare the resulting bounds. Fortunately, this work is simplified by
CheckMATE [408+416], which has many results of such papers implemented and allows easy use of
the searches. The tool takes a sample of Monte Carlo events in the HEP or HEPMC format after
parton showering (PYTHIA/HERWIG) level of simulation and performs a detector simulation
for the sample using Delphes-3 [[409]. CheckMATE then applies each analysis as described in
the experimental papers on the generated signal events.

The resulting efficiencies are compared with the information about signal counts provided by
the publication to produce a statement on whether a point is excluded at 95% C.L. or not. As
this depends on the assumed cross section for the signal (which has to be given by the user), this
result can also be used to establish exclusion cross section limits. Here, we do not account for
systematic uncertainty on the signal selection efficiency, because this would be model dependent.
The analyses which we used have all been validated by using published results including available
cut-flows.

In each analysis paper, CMS and ATLAS typically divide the signal space (in terms of final
state observables) into smaller signal regions. For example, these can be defined by different
intervals of EI5. The signal region that gives the best exzpected limit is the one we use. Using
the expected instead of the observed limit avoids the ‘look elsewhere’ effect.

It turns out that from the long list of available analyses, three are particularly important,
giving the strongest limits (a fourth paper, a CMS monojet study , is potentially interesting,
but was not yet available in CheckMATE). Their selection cuts and signal regions are briefly
outlined below.

1. ATLAS E¥* 4+ multi-jet analysis .

This analysis uses 20.3 fb™! of /s = 8 TeV data. ER must be above 160 GeV, the
leading jet must have pp(j1) > 130 GeV and the second hardest jet pr(j2) > 60 GeV. The
signal regions are distinguished by jet multiplicity 2,3,4,5,6, corresponding to signal region
codes A,B,C,D,E, while only jets with pp > 60 GeV are valid in this count. Given one of
these five categories, signals are then subjected to loose (L), medium (M) or tight (T)
constraints. In our case, the signal regions AM, BM, BT, CM, CT are relevant. For full
details, cf. Page 3, Table 1 of [418].

2. ATLAS E}* + monojet analysis .
This analysis uses 20.3 fb=! of /s = 8 TeV data. Events must have at least one jet with
pr > 120 GeV and |n| < 2.0 and no charged leptons (of pr > 7GeV). For the leading jet,
pr/ERSS > 0.5 must hold (E¥s* > 150 GeV required). The number of jets is unrestricted,
but the leading jet is only considered (monojet-like selection). Nine signal regions are
defined between 150 GeV < ERs < 700 GeV, labelled SR1 through SRY. Complete
definitions, cf. Page 7, Table 2, of

3. CMS analysis using the ap variable [420].
This analysis uses 11.7 fb~! of /s = 8 TeV data. Instead of E{Fiss, this analysis uses the
related variable ar to suppress multijet background events. This variable is
used to be more independent of mismeasurements of EF"°. For two back-to-back jets
with EJT1 = E%?, ar is equal to 0.5. A value greater than 0.5 signifies that the jets are
recoiling against significant EX. For further details of the ar variable see .
Events with e or p with pp > 10 GeV are vetoed as well as those with an isolated photon
with pr < 25GeV. To cut out multijet background events, ar > 0.55 is required. Also,
the scalar sum of all transverse jet energies, Hp = Z?j{ EJt, must be larger than 275 GeV.
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The two leading jets must each have pr > 100 GeV and the leading jet satisfies |n| < 2.5,
but these conditions are also relaxed for some signal regions. The signal regions are named
after the number of jets (23j_ for 2-3 jets or 4j_ for > 4 jets) + number of b-jets (Ob_ or
1b_) + lower limit of Hp bin (275, 325, 375, 475 etc.). Example: 23j_0b_325.

6.2.4 Escape Probability

With the events and analyses described in section we obtain the 95% cross section limits
for stable LL particles that both leave the detector. In order to extrapolate these limits for a
given finite lifetime, we need the probability for an LL particle to decay outside the detector.
Apart from the lifetime, this also depends on the direction of emission of the particle and the
speed it is travelling with. To take into account this information, we edited the CheckMATE code
so that on an event by event basis for each simulated event which passed the selection cuts we
calculated the probability of each LL particle leaving the detector before decaying, taking into
account their energy E and pseudorapidity n. The probability to leave the detector is

-D
p(D) = e (). (64
where D is the distance from the interaction point to the periphery of the detector, which
depends on the size and shape of the detector and the pseudorapidity of the particle. Here,
B = v/c and v = E/m are the relativistic factors and 7 the lifetime of the particle. The
dependence of D on the pseudorapidity 7 is shown in fig. [6.3] For this calculation, the ATLAS
and CMS detectors are assumed to be cylindrical in shape, with ATLAS having a length of 46 m
and a diameter of 25 m, and CMS having a length of 21 m and a diameter of 15 m. Each event
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Figure 6.3: The dependence of the mean decay length D on 7 for ATLAS and CMS is shown.
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is weighted according to the probability that both LL particles leave the detector undecayed,

w = pl(Dl)pQ(DQ), (65)

with p1, ps denoting the probabilities for particle 1 and 2 respectively. Averaging the weights
for all events gives the proportion P of these events which would have given an EJsS signature.
From this we can calculate the 95% C.L. limit on the signal cross section for any lifetime,

1

95% 95%

Ocr °= Fo-stal())lw (66)
where agt‘r;%le is the cross section limits calculated using CheckMATE by assuming stable LL

particles. There is a simpler approximation to obtain the lifetime dependent limit agf%, which
can be used by other researchers to approximate similar limits as those shown in figs.
If one assumes isotropic production of the LL pair, it requires only an energy distribution of
the LL particles to approximate the limits. This is described in detail in the appendix We
found that this method gives a reasonable agreement with our more accurate results and it can
be applied to the limits in the result tables in [C.2]

Events in which only one LL particle escapes the detector could also yield a missing energy
signature and could therefore be used to improve the limits. This has not been done here, as it
requires an understanding of how the detectors would react to the decaying particle and its decay
products. Whether they contribute to the missing energy depends on the event reconstruction
algorithms and the selection requirements of the individual analyses.

6.3 Results

We have performed the event generation described in section and run the CMS and ATLAS
analyses using CheckMATE for the benchmark points (BPs) used in the studies [399] and [400].
The points are defined by the mass of the LL particle and of the mediating particle: (mx,mg)

in the first model and (mygo,mg) in the RPV-SUSY model. The results are the cross section

limits Jgf’a%e for the o(pp — HY — X X) in table and o (pp — QQ — X°X° + jets) processes
in table

For every BP in the HXX model, the ATLAS monojet + Ejnwliss paper provides the best
sensitivity, as expected. In the RPV model there are different analyses that give best results.
For mg = 120, 350, the CMS paper , which uses the ap variable, provides the best limit.
On the other hand, for mg = 1000, 1500 GeV, the best limit is provided by using the ATLAS
paper (large EMSS 4+ multi-jet signal). In this model, the E¥ does not depend on ISR
and there can be multiple hard jets in general. The limits for the HXX model are weaker than
those obtained for the RPV-SUSY model, because only a small fraction of events contain the
hard ISR on which the HXX limits rely.

From the limits cr?fi“le for each benchmark point we subsequently calculate the limits for
arbitrary lifetimes, 02;5% by the procedure described in section The results are shown in
figs. [6.4) and [6.5] Each colour corresponds to a different BP, with the thin solid curves denoting
the limits found using the CMS detector dimensions and CMS analyses, and the dashed thin
line corresponding to the ATLAS limit. For comparison, the published results from the CMS
displaced vertex analyses , are shown as the thick curves. These cross section limits

from displaced vertices increase in proportion to a power of the LL particle lifetime, so they
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Figure 6.4: 95% CL upper limits on cross sections for the heavy Higgs model (HXX) with my = 125
GeV (a), 200 GeV (b), 400 GeV (c¢,d) and 1000 GeV (e,f) are shown. The colour red (blue) indicates
mx = 20 GeV (50 GeV) for all curves. The thin curves in the upper-right corner of all figures show our
new EsS_derived limits on LL particle cross sections for each detector (solid: CMS, dashed: ATLAS).
For comparison, the cross section limits from the CMS displaced vertex searches, under the assumption
of 100% branching ratios, are shown by thick curves: displaced leptons searches (X — £T¢7) are
indicated by the solid curves for £ = e and by dashed curves for ¢ = u; whereas displaced jet searches
(X — qq) |[400] are indicated by dotted curves. Our new limits are identical in (c¢) and (d) as well as in

(e) and (f) and have been split for clarity.
115



Chapter 6 Long-lived particles at the LHC with a missing transverse energy signature

Benchmark Point | my (GeV) | mx (GeV) | %27, (pb) Analysis - SR
la 125 20 38.3 ATLAS monojet [[419] - SR4
1b 125 50 39.9 ATLAS monojet [419] - SR4
2a 200 20 17.1 ATLAS monojet [419] - SR4
2b 200 50 17.5 ATLAS monojet [419] - SR4
3a 400 20 3.29 ATLAS monojet [419] - SR6
3b 400 50 3.17 ATLAS monojet [[419] - SR6
3c 400 150 3.16 ATLAS monojet [419] - SR6
4a 1000 20 0.94 ATLAS monojet [[419] - SR7
4b 1000 50 0.96 ATLAS monojet [[419] - SR7
4c 1000 150 0.94 ATLAS monojet [[419] - SR7
4d 1000 350 0.97 ATLAS monojet [419] - SR7

Table 6.1: Benchmark points from Ref. [399] and Ref. [400] (Model 1, HXX) and their 95% CL upper
limit on cross section are shown, together with the CMS or ATLAS ERS analysis paper from which this
limit was derived.

Benchmark Point | mg (GeV) | mgo (GeV) a7 (pb) Analysis - SR
1 120 48 33.5 CMS ar [420] - 4j_0b_325
2 350 148 0.57 CMS ap [420] - 23j_0b_325
3 700 150 0.041 ATLAS multijet [418] - AM
4 700 500 0.24 CMS ap [420] - 23j_0b_375
5 1000 148 0.0086 ATLAS multijet [418] - AM
6 1000 500 0.025 ATLAS multijet [418] - AM
7 1500 150 0.0018 ATLAS multijet [418] - CT
8 1500 494 0.0024 ATLAS multijet [418] - CT

Table 6.2: Benchmark points from Ref. [399] and Ref. [400] (Model 2, RPV-SUSY model) and their 95%
CL upper limit on cross section are shown, together with the CMS or ATLAS EsS analysis paper from
which this limit was derived.

116



6.3 Results

RPV-SUSY limits

95% CL Upper Limit vs Lifetime
. . : : : an : :

Red  my;/m;=1500/494 GeV
Blue m;/m;=1000/148 GeV
Green mgy/m; =350/148 GeV
Purple m;/m; =120/48 GeV
CMS: MET + jets
ATLAS: MET + jets

1 —ete v (BR=100%)
" —ptp v (BR=100%)

RPV-SUSY limits

95% CL Upper Limit vs Lifetime
: : - hna :

10 - -
Red  m,/my,=1500/500 GeV
, [|Orange mg/m; =1500/150 GeV
10" HBrown m,/m; =1000/500 GeV
Blue  m,/m;=1000/150 GeV
10" Y m,/my =700/500 GeV
Grey  mg/m;=700/150 GeV
Green mg/m;=350/150 GeV
. X
100 __ CMS: MET + jets
- - -~ ATLAS: MET + jets
107 eeeeeee " —udp (BR=100%)
107}
ee® ’:
.3 opd
107} o |
10* - S = - ") T "] 3 " 5 5
10 10 10 10 10 10 10 10 10 10 10 10

cr (cm)

(b)

Figure 6.5: 95% CL upper limits on cross sections for the RPV-SUSY model with colours indicating
various mass points are shown. The thin curves in the upper-right corner of both (a) and (b) show our
new EsS_derived limits on LL particle cross sections for each detector (solid: CMS, dashed: ATLAS).
For comparison, the cross section limits from the CMS displaced vertex searches, under the assumption
of 100% branching ratios are shown by thick curves: (a) for displaced dilepton searches (Y° — ¢T¢~v)
, with the solid curves indicating ¢ = e and the dashed curves indicating ¢ = p; and (b) for displaced
dijet searches searches (Y° — udyu) shown by dotted curves.
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appear as a straight line in the double logarithmic plot. This can be understood from the
following consideration. Assuming that the detector is only sensitive to particles decaying within
a distance L from the centre, the probability that a particle decays within this volume is given
by 1 — exp(}Lch ), which tends to 7PLC¥ in the limit of long lifetimes. In an analysis such as
Ref. , where the displaced vertex is reconstructed for just one LL particle per event, the
resulting cross section limits will scale inversely to the acceptance. This scaling behaviour allows
to extrapolate the CMS limits beyond the lifetimes in their original publications, under the
condition that their results covered long enough lifetimes to to reach this asymptotic behaviour.
For the CMS displaced dijet vertex search this was not the case and no such extrapolation
was done.

The smallest cross section limits from displaced vertex searches are found at ¢ = O (1 cm)
and are of the order of fb, while the limits from E} searches are of the order of a pb or more.
In general, both become comparable for larger lifetimes ¢r = 103 — 10° cm, depending on the
benchmark point. Above the crossing point of two corresponding lines, the limits from E3iss
searches are better. When making such comparisons, it is important to note that the CMS
displaced vertex limits assume a branching ratio of 1 for the decays of the LL particles, which is
made explicit. In our approach, this decay is unspecified and the limits are independent of the
branching ratio. As an example, if in a realistic scenario the X particle would decay to eTe™
with a branching ratio of 0.01, the presented CMS displaced vertex limits would be weakened
by a factor 100. This would make our limits from E* signals comparable at smaller proper
decay lengths at about 1 metre or less for certain benchmark points.

What is also noteworthy is that although the ATLAS analyses give better results for crgt‘r;%le in
figs. and (dashed lines), in the extrapolation to smaller lifetimes the CMS results become
better (full lines). This is because the CMS detector is smaller and therefore a larger fraction of
the decays will occur outside the detector. This nicely demonstrates the complementarity of the
two machines.

Furthermore one can see in fig. e,f) a relativistic effect related to the LL particle mass.
The cross section limits for very large cr are of the same order of magnitude for all values of
mx, because in every case nearly all decays occur outside the detector. However, the curves for
smaller masses mx are shifted to the left towards smaller values of ¢ compared to larger masses
myx. Because of relativistic time-dilation, a lighter X is more likely to escape the detector than
a heavier X of equal energy.

To give a more complete result beyond the shown benchmark points, we repeated the procedure
of obtaining agts‘ao}/gle for many values of the LL mass and mediator mass, shown in a grid in
fig. for the HXX model and fig. for the RPV-SUSY model, where the asgfz‘)’le limits are
indicated by the colour chart. The figures show different patterns: In fig. [6.6] for the HXX model
the cross section limits depend only on the mass of the heavy Higgs H?, while in fig. they
depend largely on the mass gap Am = mg — m4o. This can be explained by the production
and decay channels of the two models. In the HXX model, the H" is produced on-shell before
decaying into two X bosons. The missing transverse energy is basically just pr of the HY. With
increasing my, also the average pp increases, leading to better cross section bounds for larger
values of my.

On the other hand, in the SUSY model each squark decays into a neutralino and a quark
(G — qx°), producing jets and EXss. For small mass gaps Am = mg — myo the decay products
are soft, giving a low EXS and a low signal efficiency. In these parameter regions, the monojet
searches give the best limits (or ar analyses with 2-jet signatures for low values of mg), which
are similar in size as for the HXX model. As Am increases, the E3 and jet pr increase as well,
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Figure 6.6: The figure shows the upper limit of the production cross section of X X +jets final states for
the HXX-model in units of pb in the (my,mx) plane.
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Figure 6.7: The figure shows the upper limit of the production cross section of ¥°"+jets final states for
the MSSM in units of pb in the (mg, mgo) plane. Black dots indicate sample points where the ATLAS
multijet paper performed best, grey stars indicate the ATLAS monojet paper , and pink squares
indicate best performance with the CMS a1 paper . A similar plot indicating the best signal regions

is shown in the fig.
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Figure 6.8: The figure shows the upper limit of the production cross section of Y’¥"+jets final states
for the MSSM. The dots have the same meaning as in fig. but in addition we show the best signal
regions for the ATLAS multijet analysis.

giving a larger signal cut efficiency and thus better cross section limits. Am appears to be the
most important parameter to describe the behaviour seen in fig. We present another plot of
the SUSY grid scan in fig. [6.8] which also indicates which signal region gives the best result for
each point. The data points of both grid scans have been published in Ref. , along with an
approximation for calculating the escape probabilities, which is explained in appendix [C-1}
Events in which one LL particle decays inside and the other one outside the detector were not
considered in this study. This gives more conservative bounds, as such events could potentially
give an additional EX¥S signature, in particular for the HXX model where the requirement of
recoiling against a high-pr jet would no longer be needed. This scenario has the potential to
produce stronger limits, but is more technically difficult to realise in detector simulations.

6.4 Conclusion

We have shown that the traditional searches for long-lived neutral particles using displaced
vertices can be complemented by using missing transverse energy analyses, which extend the cross
section limits to arbitrarily long lifetimes. For the two signal models considered in Refs. [399
, we obtained 95% cross section limits from a E¥S signature which are comparable to
those from displaced vertex searches for values of ¢ as short as a few metres (nanosecond
lifetimes), although for most of the benchmark points they are comparable at larger distances
from 10m — 100m. The approach shown here is more model independent because the cross
section limits found with this approach are independent of the specific decay channels of the
LL particles and their branching ratios. This is not the case for the displaced vertex searches
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of Refs. since for realistic cases with branching ratios of a few percent or less, the
CMS limits from displaced vertices are significantly weakened, making the limits from ERss
signatures much more competitive. In this case, our limits for stable particles can be better than
the minimum obtained from displaced vertex searches for any c¢7 and they can be comparable
for decay distances below 1 metre.

Also the spin of the LL particle does not affect the limits in the HXX model, because the
spinless H decays isotropically into X pairs in its own rest frame. In fact, the bounds found
for the HXX model are valid for any model in which a narrow width scalar H is produced via
an effective vertex %Tr[GQ]H and decays into a pair of LL particles. Also in the SUSY case
the results are independent of whether the neutralino decays via RPV operators or any other
interaction, as long as the model has the same production channel assuming negligible effect
from heavy intermediate gluino exchange.
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Summary and Conclusion

The MSSM predicts a light Higgs mass < 91.2 GeV at tree level and thus requires large radiative
corrections. As of July 2012, the bar has been set high with the discovery of the 125 GeV Higgs
boson at the LHC . Large quantum corrections require heavy sparticles above 1 TeV
and/or a large mixing between the stops. This raises the issue of naturalness and fine-tuning
that SUSY was expected to solve. As the Higgs mass my has become a precision observable
with a relative uncertainty below 0.3%, phenomenological tools struggle to provide comparably
accurate predictions. However there has been a lot of improvement in the field of precision
calculations lately. In particular the advanced tool FeynHiggs states an uncertainty
of 2GeV for its Higgs mass calculation in the MSSM , and also the NMSSM has
received a lot of attention (e.g. Ref. contains a detailed comparison of state-of-the-art
NMSSM spectrum calculators). The full one-loop corrections with momentum dependence
are well established [196H199] and implemented in many spectrum generators. The dominant
MSSM two-loop corrections, eq. , in the zero momentum limit have also been around for
several years . At three-loop level, corrections of the order O (azat) | | have been
incorporated into the code H3m . While SUSY phenomenologists have several choices of
tools when it comes to the MSSM and NMSSM, for models beyond that the only stop is SARAH
. It is a tool that creates the full Lagrangian of a user-defined model from minimal
input using Mathematica’s symbolic manipulation. From the Lagrangian, mass matrices and
couplings between the particles are extracted analytically. It also employs generic formulae
to calculate other key quantities such as two-loop RGEs and radiative corrections. While the
program can be used in a stand-alone way for analytic studies at tree level, the most powerful
feature is the ability to export Fortran source code to the program SPheno , , which
creates a tailor-made spectrum generator for numerical studies beyond tree-level. This makes it
a meta-tool that can also create model files for other tools. Since 2014, FlexibleSUSY
offers an alternative to SPheno by producing its own customised spectrum generator. However,
it is also linked to SARAH and requires some of its output.
The main contribution of this thesis is the following:

o We have implemented a model-independent, two-loop Higgs mass calculation into SARAH/SPheno,
which allows to study models beyond the MSSM with an increased Higgs mass precision.

o Using this calculation, we studied two-loop contributions to the Higgs mass in the case of
four supersymmetric models and identified parameter regions where the novel contributions
are significant. Some of them have been studied here for the first time because they were
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unavailable in other public tools.

o We obtained production cross section limits for long-lived particles at the LHC using
analyses written by ATLAS and CMS that focus on a large EX' signature. This establishes
a complementary approach to traditional searches for displaced vertices.

The extension to SARAH includes two-loop corrections to neutral Higgs bosons in the effective
potential approach, where contributions from broken gauge groups are neglected (gaugeless limit).
The idea of a numerical differentiation of the effective potential was used earlier (Ref. [183])
and the generic expressions for the full two-loop effective potential have been available for a
long time . However, they were not utilised in a computer code before. There are three
independent methods implemented into SARAH/SPheno to calculate the entries of the two-loop
self-energy matrix of the neutral Higgs components. In the simplest, purely-numerical approach,
the effective potential function is numerically differentiated as a whole with respect to the VEVs.
The semi-analytical approach uses a mixture of analytical derivatives of the loop functions
and numerical derivatives of masses and couplings. In the third, diagrammatic approach we
obtained self-energies (and tadpoles) by analytically differentiating the effective potential, which
is equivalent to calculating the two-point (and one-point), two-loop Feynman diagrams with
vanishing external momentum. This leads in some cases to simpler (but equivalent) expressions
than the corresponding results from literature with p? = 0. The effective potential and
its derivatives can suffer from divergences in the case of massless scalars, which are present in
the Landau gauge (Goldstone problem). We circumvented this by working in the minimum
of the full effective potential along with tree-level scalar mass matrices in the gaugeless limit,
which results in non-zero tree-level Goldstone masses. All approaches are independent and
calculate the same quantity but differences arise because of the involved numerics. The methods
have been presented and validated in Refs. . A next possible step towards further
improvement could be the inclusion of contributions from massive vector bosons to the effective
potential. The tadpoles of these contributions were partially published in Ref. , however the
derivatives of the loop functions have not been calculated explicitly. This is done in this thesis
and constitutes a previously unpublished result. At some point, one might want to exchange
the effective potential approximation for a full momentum dependent calculation. We stress
that even in this case, the tadpole expressions obtained from the effective potential will still be
required.

For many years the established precision of the Higgs mass in the MSSM was determined by
the full one-loop corrections plus the dominant two-loop corrections stemming from the strong
interaction and pure Yukawa interactions:

O (as(ar + ), O ((at +ozb+oz7-)2>. (7.1)

They were calculated in Ref. in the limit of zero external momentum and are used in many
public codes. To be more precise, O (asa;) and O (af) are really dominant, while the other
corrections in eq. are much smaller, because y: > yp, yr. With our code it is possible to
study many models beyond the MSSM with a similar precision.

Using only the contributions of eq. means neglecting the first two generations of sfermions.
This is reasonable unless there is a large mixing in the squark sector between generations. The
third-generation-only approximation can lead to a Higgs mass prediction that deviates by
2 GeV or more from the full contribution. This happens for large trilinear couplings and large
hierarchies between the soft masses. Points in this part of parameter space can suffer from
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vacuum instability and flavour violating decay ratios that are outside of their experimental
bounds. These conditions have to be checked in any realistic study.

We have explored the effects of the new corrections to the Higgs mass in various models beyond
the MSSM and found throughout that they can change the mass prediction by several GeV under
certain circumstances. In the NMSSM, the strong contributions O (as(ow + ap)) and top Yukawa
contributions O (a?) are dominant, similar to the MSSM. The newly accessible corrections are
the Yukawa-like corrections with full dependence on the superpotential parameters A, k as well
the NMSSM-specific orders O ((ay + a,)?). We found a difference of 1-2 GeV between the
new and old calculation in the case of large A and a significant mixing between the singlet and
doublet scalar states of the Higgs sector. The remaining theoretical uncertainty of mj was
estimated by variation of the renormalisation scale as 2.3 GeV, which is almost certainly an
underestimation. For example, the experimental uncertainty of the top mass has to be taken
into account as the main source of uncertainty. Also, there could be higher order corrections
that are scale-independent, and these would not show up in the estimate.

In the MSSM with R-parity violating operators NLQD and \’UDD, the new couplings
N, N enter explicitly the Higgs self-energies at two-loop, but not at one-loop. As expected,
large RPV couplings can change the Higgs mass prediction by several GeV. There is another
(formally two-loop) effect due to the fact that RPV couplings (represented by A) enter the
fermion one-loop self-energies. The matching conditions between the measured fermion pole
masses and the Yukawa couplings depends on A and thus the top Yukawa coupling Y; becomes
a function of A, however this effect is very small in the NMSSM.

The MSSM can be extended by a pair of superfields with the same quantum numbers as the
up-type superfield U. This adds a fourth generation heavy top quark to the model along with
two more up-type squarks. Because the impact of the top Yukawa coupling on the Higgs mass
is already huge, adding another quark with similar coupling strength is an effective way to raise
the Higgs mass. Previous calculations for this model included only the one-loop corrections with
vanishing external momentum. We extended this calculation in three respects: (i) Full one-loop
momentum dependence, (ii) threshold corrections and (iii) dominant two-loop corrections. As
expected, all of these effects have a profound impact on the mass. In some regions, the two-loop
shift alone accounts for a 10 GeV change. While in many cases the dominant two-loop corrections
are purely MSSM-like (cf. eq. ), we identified regions where the contributions from the
vectorlike quarks alone are comparable or larger. In addition vectorlike quarks reduce the
fine-tuning (defined by eq. ) compared to the MSSM. For an embedding of the model in
GMSB boundary conditions, we find a fine-tuning of ~ 600 for gluino masses around 1.5 TeV
and a Higgs mass of 125 GeV. A higher gluino mass is accompanied by a higher fine-tuning:
Requiring a 2TeV gluino leads to a fine-tuning above 1000 and makes the model unfavourable.
For comparison, realistic benchmark points in the MSSM typically have a FT of 800 — 1000
, while in the context of minimal GMSB it can easily be of the order 10° . A model
with a fine-tuning below 100 could be called natural [392], however this number is somewhat
arbitrary. Of course, fine-tuning can not be used to falsify a model, but it is rather an indication
that a there is a hidden mechanism that is poorly described by the model.

In conclusion, the two-loop corrections that became available with the update to SARAH in
Refs. are a step towards a precision calculation of the neutral Higgs mass. They contain
all two-loop contributions except those that involve couplings of broken gauge groups, such as the
electroweak couplings, and they are calculated for vanishing external momentum. The accuracy

that could be reached with the corrections of eq. (7.1)) for the MSSM ( Amih ~ 3 GeV [195)) is
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now extended to all models that can be handled by SARAH. Since the estimates that have been
made for the MSSM do not necessarily carry over to other models, the real theoretical uncertainty
is probably larger. Obviously, the gap between the experimental uncertainty A*Pmy, = 320 MeV
and a few GeV is still large. To close it, future work should be directed towards full electroweak
corrections and more efficient ways to evaluate momentum dependence, because this is very
time consuming. It can be expected that the theoretical uncertainty of my in the MSSM can
drop to 0.5 GeV, if all the mentioned two-loop effects are taken into account [120]. Several steps
in this direction have been taken for MSSM codes. Also, SARAH can be extended to momentum
dependent loop functions with an external library like TSIL . However this approach is
not yet well suited for useful applications because of computing time but it is likely that more
efficient ways of evaluating momentum dependent loop functions will be developed. On the
theoretical side, one must escape the gaugeless limit: Generic formulae for two-loop scalar
self-energies and tadpoles are needed with full gauge coupling dependence. Additionally, the
complete two-loop self-energy of the Z-boson is required, because it influences the electroweak
VEV and these contributions are needed to ensure gauge invariance. With regard to precision,
it is possible that dominant three-loop corrections are as important as the missing electroweak
ones at two loop. However one must always remember that a limiting factor to the theoretical
uncertainty of my, is the error of the top quark mass m;, which enters Higgs mass calculations
via Y;.

In chapter [6] of this thesis we have presented an approach to obtain upper production cross
section limits on long-lived particles in the ATLAS and CMS detectors at the LHC. The idea
is to simulate pairs of stable particles that escape undetected, leading to large quantities of
missing transverse energy in the events. The production mechanism is model dependent and
we considered two quite general scenarios: (i) strong production of a heavy scalar HY from
effective vertices with subsequent decay H 0 XX with X being the LL particle, and (11)
strong production of squark pairs QQ with subsequent decay into neutralinos and jets, Q— axy.
Applying several analyses from ATLAS and CMS on the generated signal events, we obtain
95% CL upper cross section limits by comparing the resulting efficiencies with the information
provided in the corresponding publications of the analyses. This process is greatly simplified and
automatised by the software CheckMATE . The limits are valid for stable particles, but they
can be extrapolated to smaller finite lifetimes by calculating the probability of both unstable
particles escaping the detector. This requires the energy and rapidity distribution of the LL
particles, which we extract from the Monte Carlo events, along with the dimensions of the
detectors. Going to smaller lifetimes, the limits become weaker (larger), which is complementary
to traditional long-lived particle searches focusing on displaced vertices. Combining both
methods, the coverage of the LHC in terms of cross section limits can be extended to arbitrary
lifetimes. In addition in displaced vertex searches assumptions about the decays of the LL
particles must be made and for smaller assumed branching ratios the limits become weaker. This
is not the case in our simple approach, because the decay of the LL particle happens outside
the detector and has no influence on the missing transverse energy. Therefore, our limits are
independent of the decay process and its branching ratio.

At the end of 2015, the ATLAS and CMS collaborations reported an excess at 750 GeV in the
spectrum of diphoton final states , which caused a tremendous amount of excitement
in the scientific community. If this excess turns into a true discovery, this would be the first
sign of physics beyond the Standard Model. In the aftermath of this announcement there was a
tsunami of papers proposing extensions to the SM and MSSM to accommodate the diphoton
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excess . Dealing with a variety of different models is exactly the strength of the generic
expressions implemented into SARAH, and the two-loop Higgs corrections might prove valuable
to future studies in that field. For example, vectorlike quarks in combination with large Yukawa
couplings are frequently used in attempts to describe the diphoton excess, from which we have
learned that they have a large two-loop impact on the Higgs mass.

We hope that the 13 TeV era of the LHC holds even more surprises and the first proof of new
physics.

127






APPENDIX A

Additional information

A.1 Renormalisation schemes

In the Standard Model and other non-supersymmetric models the modified minimal subtraction
scheme MS is the standard choice, using dimensional regularisation (DREG) in d =4 — 2¢
dimensions. Vector fields also have 4 — 2¢ degrees of freedom in this scheme. In a supersymmetric
model, the use of DREG leads to a mismatch in the degrees of freedom between the vector
fields and gaugino fields and thus to a violation of supersymmetry. The problem is solved by
giving the vector fields the full four degrees of freedom, but still integrating over d = 4 — 2¢
spacetime dimensions. This is known as dimensional reduction (DREG) [430]. The extra 2e
components of the vector fields transform like scalars (known as epsilon scalars) in the adjoint
representation of the gauge group. This scheme is called DR and used for models
with unbroken supersymmetry.

However, every realistic model has to involve SUSY breaking, usually by explicit soft-breaking
terms. In these models, the epsilon scalars do not have the same masses and dimensionful
couplings as the corresponding vector fields. The unphysical scalars have to be carried around
as independent particles, making this scheme inconvenient for broken SUSY. With a slight
modification of the parameters, the masses of the epsilon scalars can be completely decoupled
from all RG equations and the expressions for physical observables. This scheme known as DR’
[431] is the best choice for all realistic SUSY models. Sometimes in literature this distinction is
not made clear and authors stating to use DR in fact use the modified DR

A.2 Ghost Lagrangian of the Standard Model

For completeness, we quote the definition of the ghost Lagrangian of Ref. [432] following the
Fadeev-Popov description. Recalling the gauge fixing Lagrangian,

1, 1 ., 1 , 1

Logp=——F4— —F3- —_F2-> F_F,, Al
GF 2§G G 2§A A 2§Z Z gW + ( )
F& =0"GS, Fa=0"A,, (A.2)
Fy =07, — £2MzG°, (A.3)
Fy =0"WE Fi&w MwG™, (A.4)
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the ghost Lagrangian is given as

4
LT O0F) | O06F) | O0F,) | O0F]
ﬁghost —Z:ZI |:C+ Dot +c- oo +cz Do +ca ot &
8
—aa((Sng) b
+ Z w a5 w”. (A.5)

The w® are the ghosts associated with SU(3)¢ transformations
U=e T (a=1,...,8) (A.6)
and c4,ca,cy are the electroweak ghosts associated with the transformations
U=e T (g=1,23), U=etoYe (A.7)

The notation 6 F denotes an infinitesimal gauge transformation.

A.3 Threshold corrections in the MSSM with vectorlike quarks

We discussed the importance of threshold corrections in the context of the MSSM extended by
vectorlike quarks in section [5.4 They are the result of the matching between the measured
quantities (aem(Mz), Gr, Mz, as(Mz), fermion masses) and the running parameters in the
DR’ scheme. We describe how the matching is done in SARAH/SPheno, following the generalised
procedure of Ref. [199 m

First, the o and Qs given in the MS scheme in the five flavour approximation need to be
matched to their DR counterparts,

., (5),MS
DR @ (Mz)
My)= ————~ A.
o™ Mz2) = T Ra00y) (A-8a)
(5),MS
DR’ Qs (Mz)
Mz)= ——F—7-—"+—. A.8b
o (M2) = TR0 (i) (A.8b)
The quantities Aa(p) and Aag(p) for the minimal vectorlike quark model read
o [1_ 16 & g M 4 3 ma, MSSM
Aa(p) = £ 3_32 ul—ggl -+t Aa (w)|, (A.9)
8 _
Aas(p) = 52 [ =g ) log T+ AOCISWSSM(M)} : (A.10)
=3 1=1

Here, Aa™M3M (1), AaMSSM (1) contain all corrections that appear in the MSSM (Ref. [199)]),
except for the up-quark and up-squark terms, which are explicitly Written out. The vectorlike

quarks enter these expressions in the extended sum ranges. To relate o (M 7) to the running

couplings ¢1, g2, the running Weinberg angle sin @IV)VR is needed along with the electroweak VEV
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A.3 Threshold corrections in the MSSM with vectorlike quarks

v. The latter depends on the loop corrections d M % of the Z boson.

—— ——
(1 — sin? ©RR ) sin? ORF

2 (2 2
v =(Mz + M%) — oW (A.11)
5= 1 1 DR
2 DR
[a) - _ |z _ A.12
S Ew =y J 4 VaM2Gr(1— A (A.12)

Details about the one-loop corrections d M % are shown in Ref. || and the expression for A is
found in Ref. || The running fermion masses in DR’ (¢ = d,u,s,c,b) are calculated from

_ PR ]
mqDR SM — mg [1 - L?‘;r + AméQ)’QCD + Am((f)’EW 5 (A.13a)
., DR’ M2 ]
mPRSM [1 - agw <5 + 3log mg) + AP AP L Ay BDEW (A.13b)
t

The QCD and EW two-loop parts are not shown here for brevity and can be found in Ref. [299],
or Refs. [434] |435]. As a next step, the one-loop corrected fermion mass matrix is calculated,

M) = MP — S50%) = SrHIMP = MSLGP), (A-14)

using only reduced self-energies 25(p2), ) .r(p?), without pure QCD and EW contributions (they

are already considered in the matching conditions, eq. (|A.13))). The eigenvalues of ME}L) (p?)

are matched to the previously calculated DR’ SM fermion masses,

. 1L DR,SM DR DR ,SM

Eig [M((i )(p2 = m?li)} =(my ,mSDR ’SM, my ), (A.15a)
. DR’ DR’ DR'SM DR’

Big [MOP) (57 = m2,)] =(mDF S DF S DTSN B (5

The tree-level mass matrices are given by the Yukawas, ./\/lgco) = vsYy/ V2 for f = d,u and

MO = vgYe/ V2. The equations l) can be solved for the Yukawa matrices, where the
CKM matrix can be used to constrain the rotation matrices UZ, UI%. Because the tree-level

mass matrix and the self-energies both depend on the Yukawa matrices YdDR/, YuDR,, the solving
procedure has to be done iteratively.

Once the running gauge and Yukawa couplings are determined at Mz in m’, they are run
up to Mgysy, because some input parameters are defined only at Mgysy. Then, the complete
set of parameters is again run down to Mz with two-loop RGEs, where the calculation of all
other observables takes place.
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APPENDIX B

Loop calculations

This chapter gives the definitions of the relevant loop functions. The second part shows
the calculation of the prefactors that are needed to express the effective potential in the spinor
convention used by SARAH. In the third part the collection of tadpoles and self-energies
for the diagrammatic approach is presented, as it was published in Ref. . In addition, we
give the complete expressions for the tadpoles including massive vector bosons.

B.1 Basic loop functions

The loop function defined by Passarino and Veltman (264}, 436] use the (—,+,+,+) metric
signature with s = —p?. This is also preferred by Martin !‘27@ whose calculations and definitions
we use. In the main body of this thesis, the Bjorken-Drell metric (+,—, —, —) is used instead
(s = p?). However, this does not pose a problem because the loop functions are defined in
Euclidean space (after Wick rotation) and the results do not depend on the metric. One can use
the Mandelstam variable s instead of 4p? in final results for a metric independent expression.

Dimensional regularisation in d = 4 — 2¢ dimensions is performed by the substitution

/ dig = (2mp)% / d’g. (B.1)

It is useful to introduce the constant factor

2¢ ) 1
o) = (27p) Eﬁ. (B.2)

C =16m

The scale p is the regularisation scale, related to the renormalisation scale used in the MS, DR
and DR’ schemes by

log Q* = log pi* + log(4m) — 7, (B.3)

with 4 the Euler-Mascheroni constant (I'(1) = —v). The definition of eq. (B.3]) is equivalent to
encapsulating the two constants into the divergence using A = 1/e¢ —~+log4m. For convenience,
logarithms of dimensionful quantities are given in terms of

In (mz) =In (gi) : (B.4)
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Integrals with an explicit regulator are written in bold face, while finite integrals are written in
normal typeface.

B.1.1 One-loop functions

The basic function for vacuum diagrams and tadpoles is Ag(m?). The factor of i from Wick
rotation is usually factored out to obtain a real function.

_ _”f +m? (I (m?) - 1) (B.5a)
Ag(m?) = Ag(m?) + ”ZQ = m? (I (m)” — 1) (B.5b)
J(x) = Ap(z) =2 (E (x) — 1) (B.5¢)

Alternatively, Ay can be regularised with a cut-off A and d = 4,
1 1 1
2y d _ 4
Ao(m)—C'/d r?“2—|—m2 _ﬁ/d r?“2—|—m2

A TS ,,,.2 m2 9 5

AZ
= A2 —m2ln <m2> +0 (A—2) . (B.6)
1 1 1
Bo(s, z, :f,C/ddq
ofe,,9) P —z(g—pP-y

(QWM) d# =l-aort+ay—all —a)s
/ /d TR A=(1-a)z+ay—oa(l—aq)

[l <““> <1—w>

== —/ daIn(A) = - +Bo(8 z,Y) (B.7)
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B.1 Basic loop functions

Depending on the roots «a; of the quadratic function A(«), it can be factorised and integrated

[£64), giving
1

Bo(s,z,y) = Bo(s,z,y) — o= ~In(—s—ie) — Y _(In(1— ;) + fow)),

i

with

f(x)=F(1l,z) = —xln

r—1

F(n,z) = —2"In —x — T3
2 3

/lenln(x—xl):n_li_l(ln(l—xl)—i—F(n—i—l,xl)).

Using cut-off regularisation, the result is

Bo(s,z,y) = /da/d4 —2/ da/ 7"2+A
A+A2
=1 1
—i—/o dan( A >

A2 2
Bo(0,m* m?) =In # +1
m

For p? = 0 we have

By(z,y) = Bo(0,z,y) = /daln (1—a)z+ay) =

=1- (acln (z) — yln (y)) /(x—y),
Bo(x, x) =—In (x) .

r—y

From this we can define
BO(‘T’ y) - BO(xv Z)

C(l’y,):— y—z

_J@) = J(y)

(B.8a)

(B.9a)

(B.9b)

(B.9¢c)

(B.10a)

(B.10b)

(B.13)

which is symmetric in all arguments. Cjy corresponds to a loop with three external lines and

vanishing external momenta.
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B.1.2 Two-loop functions

We now define the two-loop functions, using the definition of Refs. [265| 266]. The index 0
means that the external momentum is set to zero, which is all that is needed for our purposes.

1
80(337:% Z) 202 /ddk/ddq (k;Q n x)(qQ n y)((k T q)2 T Z)’ (B14)
T0($,y,2) = - (%SO(%% Z)a (B15)
1
Uola,y,2,u) =C7 /ddk/ddq(lﬁz2 +2) (k2 4+ y) (2 + 2)((k + )% + u)’ (B.16)

1

Mo(ez00) =C* [ [ttty B0

The master integral is finite, My = My, even for non-vanishing p?. All integrals have various
symimetries,

e So(z,y, z) is completely symmetric,

o To(z,y,2) is symmetric under y < z,

o Uy(z,y,2,u) is symmetric under z <> u and x <> vy,

o My(x,y,z,u,v) is symmetric under (z,x) <> (y,u), (z,y) <> (z,u) and (z,u) < (y, 2).

The snowman vacuum diagram (fig. is simply the product of two J functions and a coupling,

J@,y) =2y (W (2) — 1) (W(y) - 1) = J(@)T(v). (B.18)
The sunrise diagram represents the function

I(Jj‘,y, Z) ESO(:Uayv Z)

=5y = W) B ) + 5 (g~ ) ()W () + 5 (=~ o~ )i () T ()
200 (2) + 2900 (4) + 220 (2) — 2 (2 +y + 2) — 5E(2,3,2), (B.199)
r+z—y—R z+y—x—R T Y
elery.2) = R (2 (T ) (PRI g (D) (2)
. (x+z—y—R . (z+y—zxz—R 2
Az, y,2) = 2? + > + 22 = 2(xy + x2 + y2), (B.19c¢)

R(z,y,z) = \JA(z,y,2). (B.19d)

The dilogarithm is defined as

ZIn(l —t
Lis(2) = — /0 n(t)dt. (B.20)
and complex logarithms are defined by

-1 <SS (In(z)) <m, z e C. (B.21)
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B.2 The two-loop effective potential in the SARAH convention

The functions are continuous for any real argument, but for negative arguments there will be an
imaginary part. Also the limits for vanishing masses are often needed.

100,z,y) = (z —y) (Lig (‘Z) —In (;)m(l’—y)—i-;(ln(x))?_i)

— g(l‘ +y) + 2zIn (z) + 2yIn (y) — zln (z) In (y), (B.22a)

100, 2, 2) = 2J(z) — 20 — J(“”';‘””) = o ((2)) + 4afn (2) - 5, (B.22b)
772

100,0,2) = —% (I (@) + 208 («) - g:c -, (B.22¢)

Bo(z,z) = —In (x) . (B.22d)

Furthermore, some functions are related to each other by the difference quotient operation.

To(z,y,2) = — if(g;, v, 2) (B.23)
Un(a, s 2,0) = = Doy I (@ 20) = = ! (1,2, w) ~ Iy, 2 u) (B.24)
Vo, y, 2, u) = — aayUo(x,y,z,u) (B.25)

Moy, 2,u,0) = = Dyullo(e. 2.9.0) = - L (U z0) - V(e zwe)  (B26)
To(x,y) :(%1_1}(1)[%((5,3:,3;) + Bo(x, y)Ind] (B.27)

These functions suffice as a basis for the various loop diagrams.

B.2 The two-loop effective potential in the SARAH convention

The two-loop effective potential for a general renormalisable theory calculated by Martin [265]
uses a convention with real bosons and two-component fermions only. This convention, which
we call the R-convention, is the most economic when dealing with a general theory. However,
in a specific model it is more useful to organise particles into groups, including both real and
complex scalars and vectors, as well as Majorana and Dirac fermions. We will call this the
C-convention (C for complex). This section shows the calculation of prefactors that are required
to translate the effective potential from the R-convention into the C-convention.

Note, the calculations shown here are lengthy and repetitive (presented in Ref. ) The
interesting result is found in the summary tables of each subsection.

Within SARAH, the model description is done in the superfield formalism which uses two-
component spinors. In the end, all fermions are expressed as four-component spinors which
is better suited to describe the SM fermions. The vertex factor for three fields ¢1, g2, ¢3 is
understood as

; oL
01002003

The vertex factor is decomposed into a kinematic part I' and a coefficient. For example, two

Clé1, b2, d3] = =ilc. (B.28)
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Dirac fermions and a vector boson have a vertex factor
C [@, v, AM} =i(cpPr, + crPr)V". (B.29)

Pr, and Pg are the polarisation operators P, p = % (1 F 75). The vertex factors of eq. l} for
particles p1,p2,p3, (p4) can be obtained in SARAH by the command

Vertex [{pl,p2,p3}]
Vertex [{pl,p2,p3,pd}].

This returns a list

{ {p1[{it}], p2[{i2}], p3[{i3}]},
{ {cL, Gammal},
{cR, GammaR} }}

where the 11,i2,i3 are tuples of internal indices. The Vertex function works for Dirac spinors
as well as for two-component spinors because both definitions coexist internally. If £ and x are
2-component spinors with the same quantum numbers, a Dirac spinor can be constructed using
the chiral representation

V= (fT) ;o U= = (N (B.30)
with the translation table
Uiy PLW; = Elate;, (B.31a)
Uyl PRl = XiO'MX}’ (B.31Db)
@iPL‘llj = Xigju (BBlC)
;PR = iy (B.31d)

with o = (1,0%) and 6* = (1, —o') and the Pauli matrices o’. A complex scalar can be split
up like ®(z) = (R(z) + il (x))/ /2 such that ®, R, I all have the same mass.

In the following we will set up a Lagrangian term JL for each interaction term in eq.
such that the output of a SARAH Vertex command (eq. ) would give ic or icp g in the
C-convention. The value of ¢ or ¢f g will later be stored in a Fortran variable in SPheno.
The Lagrangian term §L is then re-expressed in terms of real bosons and two-component
fermions, such that the couplings can be matched to the R-convention. For the latter we will use
capital indices I, J, K to label Weyl spinors (¢ = (&1, x1,&2, X2, - - - ) and real degrees of freedom
(Ri = (¢1,01, 92,09, ...)). Lowercase indices i, j, k are used to denote generation/flavour/colour.
For Majorana fermions and real scalars, this differentiation is not needed and the indices can be
used interchangeably.
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B.2 The two-loop effective potential in the SARAH convention

B.2.1 FFV and FFV

Given a set of Dirac fermions ¥; and a complex vector W, the Lagrangian term is

Lrry = UAy*(crPp+ crPr)V;W, +h.c.
= Cnga'ngWﬁ + CRXiO'“X;Wﬁ + h.c.
= crglat We — cpxlot Wi + hec. (B.32)
There is no implicit sum over 4, j,a here. The coefficients are ¢ /g = cr,/r(4,j,a). The Minus
sign comes from the rearrangement yo"¢t = —¢15#x (in signatures with mostly plus as well

as mostly minus). We can arrange all 2-component spinors in a list: (¢¥7) = (&1, x1,82, X2, - - )-
The interaction in the R-convention is given by

Lrpy = Y gp'pToryp, AL (B.33)
IJa

Since this term has to be real, g‘}J = (gf}l )* holds. Vectors only couple left to left and right to
right, so a rewriting of appendix is useful:

L = ghgTore W+ giix' ot Wy + hee.. (B.34)

We can match the coefficients using W = (A% +iB%)/ v/2 and writing (Af}) = (A}, B}, A2,...)

gff=(f f}) A=1,2 (B.35a)
B ZCR> A=1,2 B.35b
ng ( \/Qa \/é ’ ) “e ( . )

The original expression for FFV is given by

2 ’
745 Z g gt ek Mgy Py, (1, J, A). (B.36)
H’JJ’A

M7 denotes a mass insertion, which in case of a single Dirac fermion is assumed to have the

form - T%D ) in the basis of the mass eigenstates. The whole expression becomes
D
(2) J a3 Il
VFFVz;t] Z 91" 91" M= My Fppy (1, J, A)
I LI J!
j 2 2 2
= Z gLi gRi +C'C')mDiijFﬁv(sz‘vajvmA)
A

*
= <—CL2CR -2 4 c.c.> mpimp;jFepy (4,4, a)

= _2%[CLCE]mDiijFﬁV <Z7 j7 CL) (B37)
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If we fix the same particle ¢ = j, the factor 2 disappears.

2 k& I
V%V,i:j - _gR[CLCR]WQDiFﬁV(Za i,a) (B.38)
Starting with a real vector instead of a complex Wy, we have ng = ¢, and gy, = —Cp, leading

to a missing factor of 1/2, but on the other hand there is also a missing factor of 2 from the
sum over I, J, I’ J'. Hence, the result is equal to (B.41)) for ¢ # j. If one of the fermions is a

Majorana fermion, e.g. Wy = <§>, then x; = & has to be replaced, but nothing else changes

7
compared to (B.41]) except that mp; — mps; becomes a Majorana mass. If both fermions are
Majorana, the interaction terms are

Lrpv =Wiy"(c P + crPr)¥; Wi + h.c.
=cL€]a1E Wy — cr€la&E WS + hic.

L —CR i ‘ icp +icRh 4 ‘
_760—#5]142 + sz UuéjBZ + h.c.. (B39)
This gives the relation
A cL, —Cp .cL+ cE)
= .1 ,A=1,2 B.40
ot = (5 (B40)

and leads to

Z g gt MM P (1, T, A)
IJI’J’A
1 . ..
=5 Z((gj J)Q + (gfl)z)mMimMjFﬁv(laJa A)
A

= —2R[ercglmmim Fgpy (i, a). (B.41)

FFVzij

If i = j, the line eq. (B.39) becomes

Lizy = (cL — cr) 525“&”/5 +h.c.

=C

_ (2®ler — Rl 4o, =23ler — cRr] pa ctpng,
= (T s
= V2 (R Ay - S[dB;) el ot (B.42)

The number ¢ = c¢f, — cp is the observable coupling, giving

2
Vipy = B ;(9}“)2 \My1|* Frpy (1,1, A)
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In we consider only a real vector Az and i # j from the start, the +h.c. can be dropped, and

cr = —cj, must hold for a real Lagrangian, giving
2 1 .
V%v = 5(0% + c%)mMimMjFﬁV(z,j, a)
= R[ci Jmarmar Pz (i, 5, a). (B.44)

In the case ¢ = j we have £ = (¢, — cR)éjﬁufiA requiring to redefine ¢ = ¢y, — cg as the

a
#7
observable coupling where c is a real number. Then, the coupling term is %(CL —cp)? = %02. Once
the couplings of the different cases have been matched for the F'F'V case, it is straightforward

to evaluate FFFV:

1 2 .
Vi = 3 > ’9?‘]‘ Frpv(I,J,A) = K - Fpry (i, j,a) (B.45)
1.7A

1 12 12
K=5-2) (gff + |z > = (lew +1erl?)  (DiDje. DiD;r) (B.46a)
A
_1 Aj|? AN 2 2
K=3 > ‘gu + ‘gRi =5 (|CL\ + |cr] ) (D;Djc, D; Dyr) (B.46b)
A
1 4512 cL—c}‘%2 cL—i-c}2 B 9 9 o
K_§.2ZA: g ‘ _< 7 7 = (lewl +len”)  (MiMje)  (B.46c)
1 2
K=2-3 g =1el® (MiMic) (B.46d)
27
L1 ai? | ail? 1 2 2 2
=5 9| |9 =5 (|CL| + |cr| ) =lec|”  (M;Mjr) (B.46e)
Ly a2 _ 1 0
K=glg" =3ld” (MMr) (B.46f)

The different cases are summarised in tab. Bl
Example: In the case of the gluinos and gluons, the gauge interaction term is

EGluino = ig?)fabc)‘a.r&uAZ)‘C? (B47)

with g% = ig3f® and f° the structure constants of SU(3). The result should be summed
freely over a, b, ¢, thus a factor of 1/2 must be introduced to avoid double counting. Evaluating
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D;Djc D;Djr D;M; M;M;c M; M;r
Vit iz g | (el +lerl) (el +lerl) | (el +lerP) | leP +lerl® el
Vidvsi=3 | derl* +ler) ez + lerl?) - £k Lef?
VO Li#g | —2R(crch) —2R(cpch) —2R(cLch) —R(crel)  R()
Vlgi_),v,z =7 —R(crcy) —R(crcy) - Ek 3R()
Vsizi | (el +lerl) (el +lerlP) | (el +lerP) | leP +lerl® el
Vidsi=3 | (erl +lerl®)  lenl + lerl?) - Yeo + [eal) Ll
Ve %] 2R (cLch) 2R (crch) 2R (crch) Mcrc)  R((0)?)
ngs,z =7 2R(crcy) R(crcy) — R(crcy) IR(c?)

Table B.1: Summary of FFV, FFV, FFS, FFS contributions. The contribution is given by the prefactor
that is multiplied with the loop function (times m;m; for the FF'V, F'F'S). D;D;c(r) stands for Dirac
fermions with complex (real) scalars or vectors, M;M;c(r) for Majorana fermions.

eq. (B.44) gives

1 ° aoc
V%v,g? - 5(_93) ( > (f )2) | Ms|* Frgy (M3, M, 0)

a,b,c=1
=24

= —12g |M3| P, (M3, M3,0). (B.48)

2
Vzgf«zv,g =5 Z ler|? Frryv (M3, M3,0)
abc
=-g > f“bc f(M2,M3,0) = 12¢* Frpy (M2, M2,0) (B.49)
a,b,c

= Vi2) = 1263 (Frrv (M3, M3,0) — [Ms[* Frp, (M, M, 0)) (B.50)

The result matches that of Ref. [209], Eq. (3.74).

B.2.2 FFS and FFS

These contributions are similar in structure to FFV, FFV. Consider a set of 4-component
fermions ¥; and scalars ¢ = (5 + ily)/ V2. Again, for simplicity, consider i, j, k fixed.

Lrrps = —Vi(cLPL+ crPr)¥; - ¢x + hoc
= —(cLxi§j + CR&-TX})% + h.c.
= —(coxi&on + C*R&XWZ) +h.c.

Xzijk +

* *

\szgjfk + \[Xjszk + ﬂ Xjfsz> + h.c. (B.51)

(7
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B.2 The two-loop effective potential in the SARAH convention

Note that scalars couple left to right handed parts. In R-convention all scalars are real, labelled
as R = (1,11, ¢2, 2. ...). In this convention, the interaction is given by

1
Lrrs = —3 >y Egrp Rk + hee.
I,J,K
1
- _iszK(szVRK— >y EerpsRi + hee., (B.52)
I,K I<J, K

thus the coefficient of every term in appendix corresponds to a different y!/% with I < J.
The two-loop contributions to FFS and FF'S are

2 1 2
Vng)’S = 5 Z ‘yIJK‘ FFFS(IvjaK)7 (B53)
1,J,K
2 1 1l % "
V%g = 1 >yt YT MM g Frpg (1, K) + hee, (B.54)
I1,J,K

The sum runs freely over I, J, K. When evaluating this sum, a symmetry factor of 2 appears in
because for each pair I # J there is an equal term with I, .J interchanged. In the FF'S
case, I can take 4 different indices, each of which gives the same expression in the sum.

cr icr, Cr —ich

2
v = (| Frrs(i,j, k
FFS ( ﬂ ﬁ \/i ﬂ ) FFS(Z J )
= (lez|® + |er|*)Frrs(i, j, k) (B.55)
@ cr Cp icr, —ich . R
Vﬁs = (\/5\/54‘\@ o) )leijFFFS(Z,j,k’)—FhC
= 2R(crcr)mpimp; Frpg(i, i, k) (B.56)

2 2 * |2

+ -

-

If the scalar is real instead of complex, the /2 will disappear everywhere and I, can be dropped.
This leads to the exact same results as eqs. and . If there is one Dirac and one
Majorana fermion, we can set x; = &; in appendix The result also stays the same,
eqgs. (B.55)) and (B.56]). Considering two Majorana fermions, i.e. setting x; = &; and x; = &, we
get

665 Ry + i‘%;;?%iéjfk) the (B.57)

E3
cr +cgp

V2

Lrrs = <
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Appendix B Loop calculations

Evaluating the contribution to the potential gives

2

2 cr + c; e — 52 o
VlgF)’S = ( \/§R 2 \@R )Fpps(z,],kj)
= (|CL|2 + \CR|2) Frrs(i, j, k), (B.58)
2 1 .
V%S = §Z(yIJK)2mMimMjfﬁS(z,j,k)+h.c.
I<J
1 [er+ck\? on — ¢\ 2 o
T2 << ﬂR) + <1 \@R) marimu;j frrs(is 4, k) + h.c.

If there are two Majoranas and one real scalar, the interaction would be

L = *Wi(CLPL + CRPR)\I/ij
= —cL&& Ry, + crEJE Ry (B.60)

The complex conjugate is not needed, because the right-handed part already describes the
conjugate if cg = ¢} is imposed. The contribution to V@ is

Vids = leol Frps(i,j.k), (B.61)
2 1 .
V%S = i(CL)ZmMimMjFﬁs(l,j, k) + h.c.
= R((cr)®)marimar; Fppg (i, 4, k). (B.62)

In the case of equal Dirac fermions and a complex scalar, the interaction Lagrangian will be

Lrrs = —VY;(cLPL+crPr)Y;- ¢+ h.c.
cr + cp i(cp — CE) )
= - &Ry + ———x& I | + hee., B.63
( 2 Xi&i R 7 xi&ilk c (B.63)
which gives
Vids = (lec + lerl)Frps(i,i,k), (B.64)
* 0\ 2 . * 2
@  1{fecr+c i(cr — ) .

Vﬁs = 5 << \/iR) + <\/§ R m%iFﬁS(z,z,k) + h.c.

= 2R(crch)mb Frpg(i,i k). (B.65)

In the case of equal Dirac fermions and a real scalar, the interaction Lagrangian is

Lrrs = —Vi(cLPp+ cpPr)Y; - Ry +h.c.
= - (CLXz‘& + CRXZ‘LQ'L) Ry, (B.66)
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B.2 The two-loop effective potential in the SARAH convention

where again cr = ¢} is required. This leads to

.. 1 o
VF(‘QF)’S = ‘CL,QFFFS(Zaz7k) = 5 (’CL|2+ ’CR|2) FFFS(Z717k)7 (B67)
2 1 o
V%s = 3 (cp)? mb Frre(i,i, k) + h.c.
= R((cr)?)ymp; Frpglisi, k) = R(cpcp)mp; Fppg(i,i, k). (B.68)

Finally, there is the case of equal Majorana fermions and a complex scalar, where we have to
start with a factor of % in L,

Lrrs = @ (CLPL + CRPR) i0r + h.c.

cré? + cn(€)?) ox + hic.

cL+cR2 ,cL—cj‘,‘%2 )
2Ry + 25, ) +hee. B.69
( vz Bt i= )+ he (B-69)

This time there is no symmetry factor in the sum over I, J, so we end up with

t\JM—ll\DM—ll\D\H

1 . .
Vlgzs = 5(’CL|2 + |CR|2)FFF5(Z,j,k), (B.70)
V%S - (2ccp) m?\/liFﬁS(Z, i, k) + h.c.
= R((cLcp)mis Frpg(isis k). (B.71)

If the scalar is real, we have ¢y, = ¢} and

Lrrs = _%@i(CLPL+CRPR)\IJiRk
= —%chkaJrh.c., (B.72)
= Vips = %ch\QFFFs(z‘,z',m, (B.73)
Ve = i(c%)m?mFﬁs(i,i,k)—i-h.c.
= %%(c%)FﬁS(i,i,k). (B.74)

The results for the coefficients are summarised in table [B.1l

B.2.3 SSS

In the R-convention this interaction is given by

1
L = —gAiijR-Rk
= Z(_*)‘m R3 + Z 'Lj])R R2 + Z zgk JRiR; Ry, (B.75)
i 1£] 1<j<k
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Appendix B Loop calculations

with three real scalars and A;j, symmetric. The contribution to V' can be split up in a similar
way,

1

Vsss = 15 (Nijk)*Fsss(i, 4, k)
ijk
1
= > 5()\@%) Fsss(i, 5, k +Z Niji) 2 Fsss(iy 4, 7)
i<j<k i£]

1 o
+ Zﬁ()\iiifFSSS(Z’ZJ)'

Consider complex scalars ¢; = (R; +il;)/ /2.

L

_l’_

(B.76)

(B.78)

(B.79)

(B.77)

C¢1¢2¢3 +c.c.

5 \/>(R1R2R3 — (Ilngg =+ IQIgRl + I3IlR2) — 1(11[213 — (Rlelg + R2R311 + R3R1]2))) + c.c.

c+c*

W) (RiR2R3 — (I112R3 + I2I3Ry + 1311 Ry))

L C—

(—Z)W(Iﬂzl—?} — (R1R2I3 + RoR311 + R3R1 1))

Rc

\[(RleRg — (I113R3 + I3 I3Ry + 1311 Rs))

C\

%(11]213 — (R1R2]3 + RoR3Ii + R3R112))

Identifying the particles Ry, Ra, R3, I1, I2, I3 with labels 1...6, we get

R(c
\(/é) = —A123 = A\453 = As61 = 642,
S(e
\(/5) = —M56 = A126 = A234 = A315.

The effective potential contribution is

1 .
E()‘ijk)zFSSS(Zv Js k)
1

= > §(>\ijk)2FSSS(i,j, k) = (R(c)* + 3(c)?) Fsss(mi, m3, m3)
i<j<k

Vsss

= |e|® Fsss(m3, m3,m3).

Now consider one real scalar, ¢p3 = R3 € R,
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L

chr1ads + c.c. = %(Rle — L +i(Ri Lo+ Roly))Rs + c.c.
= %(C)(RlRQ — 11]2)R3 — %(C)(leg + RQIl)Rg.

(B.80)

(B.81)



B.2 The two-loop effective potential in the SARAH convention

The remaining five real scalars (R, Re, Rs3, I1, I2) are labelled 1...5.

R(c) = —As =35 (B.82)
%(C) = )\134 = )\234 (B83)
Plugging this into (B.76]), we get
1 . 1 ..
Vsss = E(/\ijk)QFSSS(ZaJa k)= > 5(&]’1«)217555(%]7 k) (B.84)
i<j<k
= (R(0)* + S(0)*) Fsss(mi, m3, m3) = |c|* Fsss(mf, m3, m3), (B.85)

which is the same result as (B.80]). There is an additional factor of 2 in the coupling, but there
are only half the number of independent A\’s. Now, in the case of two real fields ¢, ¢3 and one
complex field ¢q,

L = coipods+cc = %(Rl +iI)RoRs + c.c.
= V2R(c)R1RaR3 + V2S(c)I1 RoR3, (B.86)
= V2R(c) = —Aia3, (B.87)
V2S(c) = Aoz, (B.88)

there is again a factor of 2 and half the number of real field combinations. The result is the

same as in ([B.80)),

Vsss = lc|* Fsss(mi, m3,m3). (B.89)
In the case of three real fields, c is real from the start and +c.c. can be omitted. There is only
one Aoz = —c,

1
Vsss = 5(6)2F555(m%,m§,m2)- (B.90)

Now consider two equal complex scalars, ¢o = ¢s3.

L = §¢1¢§+C.C.

R(c) 2 2

= RiR5 — (21 LR ISR
2\/5(12(1224-21))

L 3 (ILI2 — (2R Rols + R2LY)) (B.91)
22
R(c)
7 122 155 = A245 (B.92)
S(e)

— Duss = Aos — \ B.93

NG 455 125 224 ( )
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Appendix B Loop calculations

Plugging this into (B.76]), we obtain

1 L 1 .
Vsss > Z(/\ijj)QFSSS(Za]a]) + . 5(/\ijk)2Fsss(Z,.7, k)
i#j i<j<k
1
5 | Fsss(m7, m3,m3) (B.94)
with a factor of % compared to 1j If 1 = Ry is real instead of complex, £ reads
L gRuﬁ% +e.c
R(c
; )(Rle — R112) — S(¢) Ry Ry 1y, (B.95)
R(c) = —Aizz = +A1aa, (B.96)
S(c) = —Aiaa, (B.97)
1 oL 1 .
= Vsss Z(/\ijj)QFSSS(ZaJaJ) + ) 5(/\ijk)2Fsss(%J, k)
i#j i<j<k
1
5| ? Fsss(m?,m3, m3). (B.98)
In the case of two equal real scalars Ro = R3 and one complex scalar ¢1, we get
L = gan% +c.c.
R(c) 2y, S(0) ;2
= R1R3) + L15), B.99
o (Ri1R3) N5 (1113) (B.99)
R(c) 1 I(e) 1
__ = - _Z B.1
= NG 2)\122, G 2>\455 (B.100)
and
1 .
Vsss = Y Z()\ijj)QFSSS(Za]a])
1#]
1
= 3 ]6]2 Fsss(m?,m3,m3). (B.101)
Turning ¢, into a real scalar will produce only one term (%Rle) with a real ¢ = —\j92. This
gives
1 .o
Voss = Y. Z()\ijj)zFSSS(la]a])
i#]
1
= 1 e Fsgs(m?,m3, m3). (B.102)
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B.2 The two-loop effective potential in the SARAH convention

Consider three equal complex scalars ¢1 = ¢2 = ¢s.

L = %g{)i’ +c.c.
R(c) 3 2 S(c) 2 3
= Ry —3R1I7) — —=(BR1I; — I B.103
s B8R = SO s - 1) (B.103)
R(c
= \(@) = —Au = A1 (B.104)
(e
\(/i) = —A222 = A112 (B.105)
1 1 1
= Vess = (8 + 24> lc|? Fsss(m? m?,m?) = G |c|? Fsss(m?,m?,m?)  (B.106)
At last, if there are three equal real scalars, we get
L = %Ri’, (B.107)
= c=—Al11, (B-108)
1
= Viss =) ﬁ()\iii)2F555(m2,m2, m?). (B.109)
All these results are summarised in tab.
fields all different | two equal | all equal (¢1 = ¢2 = ¢3)
p123€C 1 1/2 1/6
p12€C,03€R | 1 1/2 -
p1 €C,pa3€R | 1 1/2 -
$123 €R 1/2 1/4 1/12

Table B.2: Prefactors for S.S.S contributions. The contribution is given by Vs(?s = k-|c|* Fsgs(m2,m2,m2),
where m; is the mass of ¢;. The table shows k for various cases.

B.2.4 SS

The SS contribution is given by

2 1 iijj
v = g O N Fgs(m?, m3). (B.110)
ij
In the R-convention this interaction is described by
1 ijkl
L=-o > AN RR;Ri Ry (B.111)

ijkl

with a real and completely symmetric A¥*. Picking out only terms where i = j and k = I (both
fixed), the sum reads

1 .. o
L= —ZA“‘”R%RJQ' (no sum, ¢ # 7). (B.112)
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Appendix B Loop calculations

If all four scalars are equal, the term is just
1 ..
L= —ﬂ)\””R? (no sum). (B.113)

Because there are only two scalars in the loop, we only have to distinguish the cases of different
scalars and equal scalars. In the C-convention with two complex scalars ¢1, ¢2 we have

£ o= clorlloal?, (B.114)
L = Z|¢)1\4 (equal scalars), (B.115)

where c is the vertex factor in both cases. Introducing ¢; = (R; +il;)/ /2 gives
L = z (R +17) (R +13), (B.116)
= 1—06 (RiL + I+ 2R%112> (equal scalars). (B.117)

With this equation, the conventions can be matched. All real scalars (R, R, I1, I3) can be
labelled with indices 1,2,3,4. The coefficients are

—c = 122 )\ _ 33822 _ \33M(different scalars), (B.118)
2 2
—c = g)\uu = g)\2222 = 2\122  (equal scalars). (B.119)

Now simplify the contribution eq. (B.110]) for complex different scalars. There is a factor of 2
because of the symmetry in 4, j.

1 ... o
Ve = i

1
— 9. < ()\1122 4op\l4d | 33322 )\3344) Fss(i, 7)

= —cFss(i,7) (B.120)
Now repeat the calculation for two equal complex scalars:

v X Fgg(i, 5)

ol — ool =

(ARRRR_F)\HH +2/\RRH) Fys(i, i)

1/3 3 .
= 3 (20—{— 26+c> Fss(i, 1)

1
= —ECFSs(i,Z‘). (B.121)
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B.2 The two-loop effective potential in the SARAH convention

For one real (Rg) and one complex scalar, we get

L =

= —c =

=V =

¢
B ¢1]% RS
c

1122 _ 12233
Al122 _ 32283

8

In the case of two real scalar R;, Rs, we get

L
= —c

= VS(?

and finally, for two equal real scalars Ry = Ra,

&
= ZR%R%,
/\1122

1 . L. c L.
2. = (/\1122 + /\2233) Fss(i,j) = —iFss(%J)

1 .. c ..
= 2= ()\1122) Fss(i,j) = ——Fss(i, ),

8

4

_ €
e =
1
= VS(?S’) = g ()\1111) Fss(z,l = —sts(i, Z)
The results for SS are summarised in tab. [B.3l

fields ¢1,2 different | ¢1 = @2 equal
p12€C 1 1/2
$1€C,p2 €R | 12 -
¢12 €ER 1/4 1/8

Table B.3: Prefactors for S'S. The contribution is Vé? =k-

various cases.

B.2.5 VS

The V'S contribution is given by

In the R-convention this interaction is described by

2
vl -

e

a,i

(B.122)
(B.123)
(B.124)

(B.125)
(B.126)
(B.127)

(B.128)
(B.129)
(B.130)

(—c)Fss(m2,m2). The table shows k for

> (g2 Fys(mg, m7).

1 .
L== 7> g"" (AR}

a,

(B.131)

(B.132)
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Appendix B Loop calculations

k
V., S complex 1
one real, one complex | 1/2
V, S real 1/4

Table B.4: Prefactor k for the V‘(/ZS) contribution.

Starting with a single complex vector W} and complex scalar ¢;, the interaction reads

L=c|WiPloi® = 7 (A + (BU? + B +17)) (B.133)

which gives g** = ¢. In this case, the sum in eq. (B.131) counts four identical terms, giving

Vi = kS A Fys(m2,m?) (B.134)

a,

with £ = 1. If one of the particles is real, one needs to start with a factor % in the interaction to
keep g% = ¢. The sum in eq. only counts two identical terms, resulting in k = % If
both particles are real, the prefactor in the interaction needs to be i and the contribution has
k= i. The cases are summarised in table

B.2.6 SSV

In C-convention, the interaction between two complex scalars ¢;, ¢; and a complex vector
Wi = (A5, +iB})/ /2 is described by

<
ESSV = cgﬁi@“quWﬁ + h.c. (B.135)

with ¢ = ¢(a,4,j) (a,i,j fixed) and fﬁzg = fortg — go*f. The same interaction in the R-
convention is given by

Lssy =— Y giyAnRi0"Ry, (B.136)
AlJ
with gﬁ] = —gj}‘l, real scalars Ry and real vectors A;‘. The potential in the R-convention is
9 1
Vidy = 1 > (9i9)*Fssv (I, J, A). (B.137)
Al,J

Now break down eq. (B.135|) to real parts,

R e
Lssy = Cgﬁi({)“gﬁjWﬁ + h.c.

c [N~ . a . Ha
= m(RZ + in)8“ (Rj + ZI]’)(AM + ZBM) + h.c.
R(c) >

Reord Reerd <
_ R (RO R; — LOPI;) AL — (R,0M; + L,O" R;) By

>

S(e

~—

((Iiij + Rib_ﬁfj)flz + (RZ‘WR]‘ — Iiy[j)Bz) . (B.138)

>
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B.2 The two-loop effective potential in the SARAH convention

There are four terms for each £(c) and J(c) which all involve different fields, thus evaluating

eq. (B-I37) gives

1 R(c)\? 3(e) 2 5 .
1725 R S V] ( > 4 ( ) = F B.139
SSV 4 \@ + ﬂ ’c| SSV(ZJ’@); ( )
with a symmetry factor of 2 because of gf‘J = _95?1- If the two scalars are complex conjugates

of each other, ¢; = ¢}, appendix reduces to

R(c) s Spaga) - SO (15 R 1 RE_ L) 40
- (— (RO (~L) + LO" R))By) — 7 ((LO"R; + RO (— 1)) Az)  (B.140)
2R(c) S oa 23(c) s "
- =% (R:0"1,BY) - 7 (0" RiAL) (B.141)
which gives
V) = 202 (2R(e)? +2(3(e))?) = [e* Fssv (i, a). (B.142)
4

However, if the vector is real and ¢; = ¢, (B.138) becomes
. <
Lssy = ’LC(IiauRi)AZ + h.c., (B.143)

where the Hermitean conjugate can be dropped if ¢ is chosen purely imaginary from the start.
If that is the case,

2 1 .
Vigy = 5 el Fssv (i, 4, a). (B.144)

If another field is considered real, a factor of /2 disappears in the denominator and we end
up with half the terms in £, which gives again VS%)V = |¢|* Fssv (i, j,a). Note that for two real
equal scalars, Lgsy vanishes. All the cases are collected in tab. [B5]

Example: ¢’, ¢, " with ¢ = —2(X") e and A\* the Gell-Mann matrices.
(2) 15312 [ o a2 o
Vero = 5l |2 22 Pl Fesv(@@,0) (B.145)
' a=1b,c=1
16
— 2¢3Fssv(3,,0) c.f. 209, (3.48). (B.146)
fields k
¢i7 ¢]7 Vv 1
¢i=¢5,VeC| 1
¢i = @5,V ER | 1/2
else 1

Table B.5: This table gives k for the SSV contribution, ng?g)v =k-|c|* Fssy (i, j,a).
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B.3 Self-energies and tadpoles at two loops

In this section we list the results for the first and second derivatives of the effective potential.
Although the expressions are largely identical to those calculated in Ref. (with zero external
momentum), we give the full set for completeness. Further, some expressions are considerably
simplified compared to Ref. , but fully equivalent.

B.3.1 First derivatives of the effective potential (tadpoles)

The complete first derivative splits up in the following terms, each corresponding to a tadpole
diagram,

oV
R0 T(S N Ts + Tssrr + Trrrs + Tssy + Tvs + Tyvs + Trrv + Trpy + Tgauge)-
D
(B.147)
Tg contains purely scalar diagrams,
Ts =Tss + Tsss + Tssss, (B.148)
1 i inr +(10
Tsg :Z)\’kﬂ)\lmfés )(m?,mi; m?), (B.149)
1
Tsss ZgAT”k)\”kfssg(m?, m?, mi), (B.150)
1
Tssss :Z)\T“ AR N kafglg%o) (m7,mZ;m?, my). (B.151)
The new loop functions are defined as
1,0 _
156" @,y 2) = = Bo(a, ) J (), (B.152)
1,0,0
£555° (@, v, v) =Uo(, y, u, v). (B.153)
Next, the diagrams with only fermions and scalars are given by
1
Tssrr =§y”kyulf Pre(m3, m3;mi, mi) Akl
1 sy
§yljky1 ! kM}kI’M}J’)‘leUO(mlzv m%? m%v m?]) +c.c.|, (B154)
Trrrs =2Re[y" " yremy™ """ M) Tpgpg (M7, m3, mic, m2,)
+ 2Re [yIJTyIKmyJLmM}}L] TFFFS(m%, m%, m3, m2)
— 2Re[y" Ty EmyMNT AL My M N Trrrg(mi, m5, mi, m2,), (B.155)
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B.3 Self-energies and tadpoles at two loops

where the following definitions were used,

Fer (m3 m3, m3;md) = — Bo(m3,,m3)J (m3) + Bo(m3,,m3)J (m3) + I(m}, m3,m3)
— (m7 + m3 — mi)Uo(mi,, m7, m3, mi),
Fe) (m3, m%;m3, m?) =Bo(m?, m2)J(m3) + Bo(m?,m2)J(m3) — I(m3,m3,m?)
— (m7 +m3 — m{)Uo(mi, mj, m7, m7),
Trpps(mi m3,m3, m2,) =Up(m3,m3, m3, m2),
TFFFS(mI’ vava ) fFlFOSO)( m%»m%omQ ),
TFFfs(mla m%, mic,m2) =I(m7, mi, m2,) — mjUo(m3, m5, mi, m?). (B.156)

Lastly, the tadpoles with vector bosons are given. In the cause of unbroken gauge groups, Trry
and T4, can be combined into Tgy,

2 .o
Tssv Z%d(i)C(i))\m <3I(07 mi,mi) — J(mi) + 27”'%2) (B.157)

2
:95¢1l(z')C}’(z')A”””ml2 [ — 12+ 11log m?/Q2 — 3log? m?/QQ)} ,

Trv :fd(f)cu)Re(Mmy”’f>4( 31(0,m3,m3) + 5.1(m3) — 4m3 + Sex[2T(m3) + mﬂ)
(B.158)

—g?d(I)C(I)Re(Mpy™'")4m? {6 — Tlogm7/Q* + 3log® m7/Q* + dy5(2log m7/Q* — 1]} :

B.3.2 Tadpoles with broken gauge groups

It is likely that the two-loop calculation of SARAH/SPheno will be extended to broken gauge
groups in the near future. Therefore, it is necessary to calculate the first derivatives of the
effective potential for the case of massive vector bosons. This work was partially done in
Ref. , resulting in the following expressions,

1 . 1
Tsgy = 2gawgakz])\zkrfég(‘)}0)(m2 m%7m2 m )+ gazjgbugabrf 01)<m m2: m2 m§)7 (B.159)

4 77
1 .. 1
Tys = ;9™ g™ fg" (me, mism?) + 19" N 15D (mlsm?, m), (B.160)
1 1 . ..
Tyvs = 50" 508 2,2 mi,m?) + 1gg N 0D (2w m? ), (B.161)
T —209 5K Re(M 117» (1,0,0) 2 2 2
FFV =241 Gpg e(Mgry ) FFV ( [7mK7mJ7 )
1 (0,0,1)
+ gI nggabeFFV (mlam?th ml%)a (B'162)

2
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I’Ir) (1,0,0) 2 2.2 2)

_K
Trrv =297 Re(Mk 1y fFFv (m7, myc;my,mg

I 0,0,1
+ 591 gh9"" o (m2,m3;m2, md), (B.163)

/ 1,0,0)
Tﬁv :g? g?’J Re( HTMJJ’)[fppv(m%amJ: )+le( ( I7m§’ m?]v 2)]

1,0,0
+ g3 g Re(M™E MKV My o) 0 (m3, m%; m3,m2)

FFV
1
+ QQIJ bJ abrMII M*J f}(FO};O‘,/l) (m%7 m?]; mg’ mg)7 (B164)
1
Tyauge =79"0™ 0" flaie) (mi, migsmi, m?). (B.165)

However, the emerging derivatives of the loop functions fssv, fvs, frrv, fFpy, feauge Were not
calculated. This is done in this thesis for the first time. Note that the tadpole corrections are
needed in this form even for a full momentum dependent calculation. In the MS scheme the
functions have extra terms

f)gm = fX,ﬁRl + Ame

which are needed for non-supersymmetric models. First, we quote the loop functions from the
effective potential as published in Ref. \\ Here we include the MS term with a dyis that can
be 0 for DR’ and 1 for MS.

fssv :% [ — Az, y,2)I(z,y,2) + (. — y)QI(O, z,y)

+(y—x—z)J(x,z)—i—(x—y—z)J(y,z)—i—zJ(x,y)}

+2(x+y—2/3)J(2), (B.166)
fvs =3J(z,y) + oy522J (y), (B.167)
Frvs =g [(-A@.2) = 1201 (2.5.)

+ (x — 2)%1(0,2,2) + (y — 2)?1(0,y, 2) — 221(0,0, 2)
+(z—z—y)J(2,y) +yJ(z,2) + zJ(y, 2)]

+ %J(x) + %J(y) o (2T(2) —a—y— 7)., (B.168)

frrv :% [(A(z,y,2) — 322 4+ 322 + 3yz))I(z,y,z) — (x — y)QI(O, x,y)
+ (@ —y—22)J(2,2) + (y —x — 22)J(y, 2) + 22 (2, y)]

+ 2=z —y+2/3)J(2) + 0yg (20 (2) = 29I (y) + (z+y)* = 22) . (B.169)

frmy =61(2,y,2) + 0yg (2(x +y + 2) — 4J(x) — 4J(y)), (B.170)
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1
dryz
+ (y — 2)2(y* 4 10yz + 2H)I1(0,y, 2) + z*(2yz — 2)1(0,0, x)
+ (2% — 9y — 92% + 9xy + 922 + 14y2)zJ (y, 2)

+ (22y + 22z — 403:/3):csz(x)} + (x> y) + (z 2)

faauge =—{ (=t — 827y — 8272 + 320z + 18)%) (., 2)

+ Oy (22 4+ 1292+ 220 () + (z ) + (@ © 2)), (B.171)

where A(z,y,2) = 22 + 9% + 22 — 22y — 202 — 2yz. What we need is the result of applying the
operators D, , and D, , (defined by eq. ) on all of these functions (for fsauge only one
derivative is needed). It is highly useful to make systematic use of the product rule (eq. )
and the following list of replacement rules,

Dy yJ(x) = — Bo(x,u) (B.172)
Dyl (2,y) = — Bo(x,u)J (y), (B.173)
Dyul(w,y,2) = — Uo(:c u, y, z) (B.174)
Az, y,2) =22 +y* + 22 — 2(zy — yz — x2) (B.175)
A(z,y,0) =(z —y)?, (B.176)
Dy uA(x,y,2) =2 +u—2(y + 2), (B.177)
D= (1 _ 1) L 1 (B.178)
z z u)z-—u 2u

p,,2@%2) A0 (B.179)

z 2u

The functions fys and fz7,, have the simplest structure and are easy to differentiate.

fVS (z,u;y) =Dz ufvs(z,y) = —=3Bo(w,u)J (y) + o527 (y), (B.180)
FON (@, y,u) =Dy fvs(@,y) = =3J () Bo(y, u) + Syig (—22Bo(y, u)) (B.181)
fSFOVO (z, w3y, 2) =Dz frpy (0,9, 2) = —6Us(x,u,y, 2) + dyg [2 + 4Bo(z, u)] (B.182)
R @y, 2,u) =D ufrpy (2,9, 2) = —6U(2,y, 2,u) + 2055. (B.183)

The other functions are more complicated combinations of polynomials and loop functions.

f(l ,0,0) (z

SSVDR' T, ;Y 2)

=§<—Dx,uA<m,y, NI,9,2) = Al 1, 2) (el (2,1, 2)
(D, ,0) (2, ,0) + (D ,,0) Alu,3.0) — (a2

_l’_

N\}—tz\z\»—t

1
(y = w = 2)Ded (5,2) + T (4, 2) + Dl (2,9) + 2 (2)

—_

=7 [—(.Z' tu— 2(y + Z))I({I}, Y, Z) + A(u7y7 Z)U()(JZ, w,Y, Z) - J(x’ Z)
—(y —u—2)Bo(x,u)J(2) + J(y, z)] — Bo(z,u)J (y) + 2J(2) (B.184)

N
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(0,0,1)
fSSV,FRI (J"’ Y, =, ’LL)
A A —y)?
- = Dz,u (x;y,Z)I(-xayaz) - (x;y7U)Dz,uI(xay> Z) - <x y) I(l’,y,O)
H D )+ (1) T + DT + (T ) )
U 2U 2U
2
+2 (;c —y— ;‘) D.ud(2) — = J(z)
A A —y)?
=~ <Z+U-2(£L’+y)— ({I;’y’U)>I($7y7z)+ (x,’uy7u)U0(zau7y7x)_ ( uy) I(l’,y,O)
y—x—u y—x T—y—u Ty
I @) B )~ L 2) - T ) Bl ) - 2, 2)
2
-2 <x —y— g) By(z,u) — §J(z) (B.185)
The function fggy is equal in the MS and DR’ schemes, Ay fssy = 0.
(1,0,0) ]
fFFV,DiR, (.’E, U, y) Z)
1 A —322+3 3
(3 + L DeuAa, g, Ny, 2) + DB TITEIERNE
1
- ;(,DSC,UA(xa Y, 0))[(1‘, Y, 0)
1 1 —y—2
— —(DyuI(z,y,0))A(u,y,0) + —J(z, 2) + w7);1377“](3U, z)
z z z
1
- ;J(ya Z) + 2Dx,u‘](‘r7 y) - 2J(Z)
-2 A —322+3 3
_ <3+ T+ u : (y+z)> (2,y.2) - (u,y, z) ,Z + 3uz + yzUo(m,u,y,z)
—9 — )2
—W.’(ﬂf,yﬁ)—k (u ) UO(xvuayaO)
- —y—2
L@ 2 IWz)  umy =g 0() — 2Bl ) () — 2(2) (B.186)

z z
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(0,0,1)
fFFV,FR, (SC, Y, 2, U)
A A —y)?
= [P BB ] 1y 2y + [ ROy o )| Dt 2) + E r 0
. y—2 - r -2
— (@ 2) + D (@, 2) = T (g, 2) + D2 (3,2)
2u 2u u
2
+57(2) —2Aaty - %)Dz7uj(z)
- [2 T A(m,y,o)] I(z,y,2) + {A(az,y,u) ~3u—a— y)} Uo(z, u, z,y)
2u u
(z —y)? -y -y
I _rTy . - B -
2
+ 2By (zu) [ (@) + T ()] + 5T (2) + 20w +y - %)Bo(z, ) (B.187)
The function frry has a non-vanishing MS correction,
Aysfrev = = 2] (x) = 2yJ(y) + (z +y)* = 2%, (B.188)
Dy wysfrrv = — 2J(x) + 2uBo(z,u) + = + u + 2y, (B.189)
D, uAysfrrv = — 2 — u. (B.190)
(1,0,0) )
fVVS,ﬁ, (:L'v usy, Z)
[ 1 Ay, z,0) Alu,y, 2)
_|: 4?/(1 IEU>:| I($7y7z)+ |: W 3 DJ;,UI(JJ,:I/,Z)

1 22 (u—2)?
—({1——]1I(0 DoI(0
+@< m)(w@+ 2l u0.,2)

(y —2)° ? -y z-u-—y
— I1(0 1(0,0,2) — ——=J — Dy (z,
oy (,y,2)+4xuy (0,0,2) Ty (z,y) + Ty wd (2, 9)
1 1 1
- Dxu ) 7D:):u
4qu(w,z)+ 10 Dz, J(x, z) + 5 Da, J(x)
1 A(y, 2,0) A(u,y,zw
=~ (1 -2
4y < U ) (l‘,y, Z) + [3+ 4’LLy UO(%UJJ;Z)
1 22 (u—2)?
Bl I T I _
+ 4y ( .CUU> (Oa 72) uy Uo(.ZE,U,Z,O)
(v —2)° (0,y,2) + i 0,0,2) — =Y J(a,y) — =LY Bo(a, u) I (y)
4xuy ' Yy s Yy y 'Y 4uy () Yy
1 1
- EJ(Q?, z) — —Boy(z,u)J(z) — §B0(:L‘,u) (B.191)
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(0,0,1)
fVVS,DT{’ (@9, 2,u)
_9 A
= F A ey )+ S 5| Dt
Ty Y
zZ+u—2x (y —u)? ztu u
Z4u—2¢ W= 10,y 2) — 1(0,0,z) — —D. ,,1(0,0,
t gy 1092+ T D (0., 2) = Rl (0,0,2) = Dl (0,0,2)

1 1 1
o 7Dzu ) 7Dzu )
+4ny(x,y)+4x ud (z z)+4y wd (Y, 2)

_ z+u—2(y+m)l($ y,2) + {A(:c,y,u)

+ 3:| UO(za u,a:,y)

dzy 4y
Z4+u—2z (y —u)? z+u u?
——F—F—I1(0 ——=U 0) — 1(0,0 —U 0,0
+ 41':1] ( 7yaz) 41'2/ 0(z7u7y7 ) 437y ( s ,Z)+4$y O(Zau7 ) )
1 1 J(x) J(y)]
— —-B — 4+ — B.192
+ oo (9) = 1 Bole )| + (B.192)

The function fyy g has a non-vanishing MS correction,

sfvvs = —2J(2) —x —y — 2, (B.193)
Dz,uéﬁsfvvs =—1, (B194)
D, ubysfvvs = — 1 —2Bo(z,u). (B.195)

Finally, the pure gauge function fgauge is by far the most complicated one and needs to be split
up:

fgauge(xa Y, Z) :fpart,gauge(l'vya Z) + ($ Ad y) + (33 <~ Z), (B.196)
Jpart,gauge(T, Y, 2) =A(z,y, 2)I(x,y,2) + B(z,y,2)1(0,y,2) + C(x,y,2)I1(0,0,z)

+ D(z,y,2)J(y,2) + E(x,y, 2)J (z), (B.197)

A(z,y,z) = ( at — 83y — 8232 + 3227y + 18y°2 )/(4333/2), (B.198)

B(z,y,2) = (y — 2)%(y* + 10yz + 2%)/(dayz), (B.199)
C(z,y,2) = 2*(2yz — 2?) [ (4xyz), (B.200)

D(z,y,z) = (x —9y? — 922 4+ 9zy + 9z + 14y2)/(4yz), (B.201)

E(z,y,z) = (y +2) - D, (B.202)

3

Note how the derivative operator acts on a symmetry term with an arbitrary function g,

DI,U g(:C) Y, Z) = Dr,ug(ya xz, Z) = [Dy,ug(x> Y, Z)]w_) . (B203)
Ty Yy

Using this, we can write

g(;{gg;(e))(x’ua Y,z ) xufg‘il?gg (‘T?y’ Z)

= x,ufpart,gauge (l‘7 Y, Z) + [Dy,ufpart,gauge(xy Y, Z”x(—)y

+ [Dz,ufpart,gauge(x7 Y, Z)]:v<—>z ) (B204)
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hence we need all three derivatives of fpart,gauge(, ¥, 2) with respect to z,y and z.

Dy u fpart,gange (2, Y, 2) =(DanAlz,y, 2)) (2, y, 2) — A(u, y, 2)Up(z, u, y, 2)
+ (DzuB(z,y,2))1(0,y, 2)
+ (DyuCl(x,y,2))1(0,0,2) — C(u,y, 2)Up(x,u,0,0)
+ (DzuD(2,y,2))J (y, 2)
(DyuE(x,y,2))J(x) — E(u,y, 2)Bo(z,u) (B.205)
Dy v [part,gange (€, Y, 2) =(Dy Az, y, 2))I(z,y, 2) — Az, u, 2)Us(y, u, x, z)
+ (DyuB(x,y,2))1(0,y,2) — B(z,u, 2)Uo(y, u, z,0)
+ (DyCl(z,y,2))I1(0,0,x)
+ (DyuD(,y,2))J (y, 2) — D(x,u, 2))Bo(y, u)J (2)
(DyuE(z,y,2))J(x) (B.206)
D, u fpart gange (2, Y, 2) =(D: Az, y,2))(2,y,2) — Az, y, w)Us(2,u, x,y)
+ (D:uB(z,y,2))1(0,y, 2) — B(z,y,u)Uo(2,u,y,0)
+ (D2uC (2,9, 2))1(0,0, z)
+ (DzuD(2,y,2))J(y,2) = D(x,y,u))Bo(z,u)J (y)
(DzuE(2,y,2))J (x) (B.207)

Up to now, we have merely used the product rule and the known replacements for derivatives of
J(z), J(z,y),I(z,y,z). Only the derivatives of the functions A, B,C, D, E are needed now to
complete the calculation.

DyuA(z,y,2) = [—uaz(u2 +uz + 22 + 8(u + 2)y) + 8ur(u + = — dy)z + 18y222} /(duzyz)

(B.208)
DyuB(x,y,2) = — (y — 2)2(y* + 10yz + 2%)/ (4uxyz) (B.209)
Dy C(z,y,2) = — [u2 + ux + 2 — 2yz} /(4yz) (B.210)
DyuD(z,y,2) =u+ x4+ 9y + 2)] /(4yz) (B.211)
DyuE(z,y,2) = 10 (B.212)

3
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22(x +82) 9z
ST

Dy,A = — B.213
y,u (x7 y? Z) 4uyz 21; ( )
Dy uB(z,y,2) = [uy(u2 + uy + y?) + Suy(u + y)z — 18uyz? — 24} /(4uzyz) (B.214)
1,3
DyuC(x,y, 2) ~Tuy: (B.215)
DyuD(z,y,2) =— [1:2 + 9uy + 9z — 922} /(4uyz) (B.216)
11
Dy E(x,y, 2) =3 (B.217)
The derivatives with respect to z are similar to the y derivatives,
D, F(x,y,2) =[DyF(x,y, z)]sz , F=ABCD,E (B.218)
Including the MS remainder,
Axigfoauge =77 + 12yz + 22 (z) + (z <> y) + (z < 2), (B.219)
Dy uAqys feauge =2 + v+ 2J (x) — 2uBo(z,u) + 12(2 + y), (B.220)

the calculation is complete.

B.3.3 Second derivatives of the effective potential (self-energies)
The two-loop self-energy of a scalar particle at zero external momentum is given by IL;;,
2
_LU N
OROORD ~
_Hij :HZ- 4 HZ?F2(W) + Hfle4(M) + HszFS(M) + HisFQ(V) + H;?;1F4(V) + Hfjkvl + Hzl';4V1’
(B.222)

S
N, (B.221)

where the minus is included to avoid having a minus in front of every Hfj(-y component in the
following.

Diagrams with only scalar propagators

The purely scalar contributions corresponding to the diagrams of fig. are contained in Hfj
and identical to the expressions of Ref. [267].

1. .. 1 ..
Hfj = Z)\l]kl)\kmn/\lmnWSsss(m%, ml2, mfn, m%) + ZAZ]kl)\klmmXSSS(m%, mlz, mfn) (B.223)

1 ., 1 ., .

—i—i)\lkl/\jkm)\lm””Ygggg(mz, m?, m2,,m2) + ZAZklAJm”/\klm"ngsg(mi, mi, m2,, m2)
1 . . 1, . . o

+6)‘Zklm)‘]klmSSSS(mz7 ml27 mgn) + 5 (Alkl}\ﬂkmn + AjklAlkmn) AIWMLIJSSSS (mz7 mlz’ m?’nv mi)
1 ikl \ jk I 2 2 2 2 2

—|—§)\Z NEMNIP NN g 6606 (mi, my, m;,, m;, mp) (B.224)

1. ,
km y jln y kl 2 2 2 2 2
+§)\Z TNTNTP NP M gg5.55 (Mo, My My s Mo, M)

162



B.3 Self-energies and tadpoles at two loops

The loop integral functions are given by:

Wssss(@,y,z,u) = Us(x,y, 2z, u), (B.225)
Xsss(@,y,2) = —J(z)Bo(z,y), (B.226)
Yssss(z,y,z,u) = J(u)Co(z,y, 2), (B.227)
Zssss(z,y,z,u) = Bo(z,y)Bo(z,u), (B.228)
Ssss(z,y,2) = —I(x,y,2), (B.229)
Ussss(@,y,2,u) = U(z,y,2,u), (B.230)
Vsssss(z,y, z,u,v) = [Up(x,y,u,v) — Us(z, z,u,v)]/(y — 2), (B.231)
Mgsssss(z,y, z,u,v) = —My(z,y,z,u,v). (B.232)
In the case that y = 2z, we have a simplification
0
Vsssss(z,y,y,u,v) = = —U(z,y,u,v) = =V (x,y,u,0). (B.233)

dy
Note that the expressions Xgss, Ysss, Zsss follow from differentiating the tadpole Tsg (snow-

man topology), while the others follow from differentiating the tadpoles Tssg, Tssss (sunrise
topology).

Diagrams with scalar and fermion propagators

The contributions from diagrams with the topology W are
1 S ! !
HZ?FQ(W) = §>\”klRe MMM vy My )W g g (i, mi, mi, m3)
1 ..
S NI MNE Y W sspr(mi, mi, miy, my), (B.234)

where the appearing loop functions are given by

WSSﬁ(x7yazﬂu) = _2WSSSS($7%37U)7 (B235)
Wssrr(z,y,2,u) = —(2 + u—y)Uo(z,y, 2,u) — I(z,z,u) + Bo(z,y)(J (2) + J(u)). (B.236)
The contributions from diagrams of the topology M with four fermions are
Hfle4(M)
_Re[ KMlyLN]yK/L/ yMlN/pMKK,MLL,MMM,MNN/]MW,S'(m%(’ m%’ m?\/b m%\h mIQJ)

M'NpsLL o 2 2 9 9 9
M= My )M ppppg(mie, mi, may, may, my,)

+ Re (yKMZyLN] + y yLNi) yKL’pyMN/pMLL MNN ]MFfFfs(m%O m%v ’I?’L?\/[, m%\ﬁ m2)

+ 2Re[y" Miy niyr Ly

KMi, LNj M'N 2 9 9 9 9
+ 2Re [y My NIy Ly NP Mg My n )M p g (e, m, mi, miy, m?)

+ Re [yKMlyLNijprMNp] Mpppps(mi, mi, mis, mi, m.), (B.237)
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where
Mzrprs(@,9, 2, u,v) =2Mo(z,y, 2, u, v), (B.238)
MFWFS(x’y’Z7u7 U) :(y +z - U)M()(CC,y,Z,U, 'U) - U()(.ZU,Z,U,, 'U) - UO(Uyyaxvv)
+ Bo(, ) Bo(y, u), (B.239)
Mz rrs(@, Y, 2,u,v) =(x + 2) Mo(x, y, 2, u,v) — Ug(y, u, 2,v) — Up(u, y, z,v), (B.240)
MFFﬁS(x7y’Z7u? U) :(.’IJ +y— U)MO(xayv Z,’LL,'U) - UO('%'7Z>U7U) - UO(y7uaza’U)
+ Bo(.T,Z)Bo(y,U), (B241)

MFFFFS(:E7y>Z7ua U) :(ZL‘U + yZ)Mo(ZL',y, Z,U,’U) - l’UO(Z,JT,y,’U) - ZUO(ZEWZ’U?’U)
- ’LLU[)(y,U, Z, U) - yU()(U,y,CL',’U) + I(,_’E, U,U) + I(y7 Z,’U). (B242)

The diagrams with three fermion propagators and two scalar propagators (M topology) are

SaF5(M ik LNj, L'Pk, N'P' 2 .2 2 2 2
Hij2 s(M) _ i m<Re[y Ty Y mMLL/MNN'MPP/]Msfsﬁ(mkamumm,mN,mP)
2

LNj N'P 2 9 2 9
+ 2Re[y" Myrpry” T My Mg p o (M, mz, ma,, myy, mp)

+ Re[y" YL pryn pram MPT Mg g pp(mf, md, m2, me, mb) ) + (i 5 j), (B.243)

where
Msfsﬁ(xvyﬂzvu7v) = 2Mo(a:,y,z,u,v), (B.244)
Mg pormp(®, Y, 2,u,v) = (v — 2 +y) Mo(z,y, 2, u,v) + Uo(y, u, z,v) — Up(z, 2, u, v)

— Bo(z, 2)By(y, u), (B.245)
MSFSFf(mayv Z?“ﬁ”) = (y + U)MO(xv Y, z,u,v) - Uo([E, z,u,v) - UO(Z,QU’Z%U)- (B246)

The diagrams with two fermion propagators and three scalar propagators of the topology V are

S , y sl
Hij;;FQ(V) — )\Zkl)\]km(Re[yNPlyNPmMNN,MPP,]VSSSﬁ(m%7m127mznam?\[7m%3)
+Re[y" ' yn pm| Vsssrr(mi, mi, m2,, m3, m%)) , (B.247)
where
Vssrr(@, Y, 2,u,0) = =2Vsssss(@,y, 2,u,v), (B.248)
VSSSFF(wa Y,z,U, 'U) - U()(fL', Yy, u, 'U) + (Z —U— U)VSSSSS(x7 Y, z,U, ’U)
= (J(u) + J(v))Co(z,y, 2). (B.249)

164



B.3 Self-energies and tadpoles at two loops

The results from the V diagrams with four fermions are

Sy Fy(V)
Hij
KLi, K'Mj, LI'Np, M'N' 2 2 92 9 9
=2Re[y" My MWy NPyt P My g M Mgy M N ) Vgprrs (M, mi, may, may, ms,)
KLi, K'Mj | . KLj, K'Mi M'N 2 2 .2 9 9
+ 2Re[(y™ My M+ yt Tyt ) ynpy™ TP Mg Mypae | Vg pgrg (Mic, Mz, miy, myy, ms,)

+ 2Re [y Ey K My vy Mic o MY N TV g (me, m3  m3,, m3y, m2)
+ 2Re [y LlyKij yM/NpMLL’MMM ]VFﬁFS(m%O m%v m?\/[? m?\fv m;%)

+ 2Re (yKLZyKM] + y yKMz) yLprM’N/pMMM MNN ]VFFﬁS(m%O m%a m%\/la m?\h mZQ))

+ 2Re[y*  y e arjyrnpyM NPV pprrs (M, m3, m3,, mA, m,%), (B.250)
where
VFFFFS(‘T7 y7 Z? U, U) - - 2VSSSSS($7 y7 Z? u7 'l)), (B251)
VFFFF,S'(xv y7 Z, 'LL, 'U) = - U()([E, y; U, U) + (U -z — u)VSSSSS(xy Z/, 27 U, U)
= (J(v) = J(u))Co(z, y, 2), (B.252)
(B.253)
Viprrs(@,y, 2,u,v) = = 2Up(z, y,u,v) — 22Vsssss(z,y, 2, u,v), (B.254)
(2,0,0)
Virrrs(T,y, 2,0, ) fFFs (2, y,2;u,0), (B.255)
Vierrrs (@, v, 2,u,v) = — Us(z,y,u,v) — Uo(y, 2,u,v) — (x + 2)Vsssss(z,y, z,u,v), (B.256)
Virrrs(@,y, 2,u,0) =fupe (2 0) + wfing (2,9, 2,15 0). (B.257)
The required derivatives of frpg are
(1,0,0
fFFS )(‘T7 Y, u; U) EBO($7 y)(J(U) - J(U)) + [(‘I.? u, 'U) - (y +u— 'U)U()(.Z', Yy, u, U)?
f](:?FOSO (33, Y, 2, U; U) EC[)(I’, Y, Z)(J(U) - J(U)) - UO(:Ea zZ, U, /U) - (3/ +u— U)VSSSSS(xa Y,z,u, U)a
(B.258)

with f(2 .0.0) symmetric in its first three indices. In this case there are some simplifications
compared to the source Ref. [267], (4.33)—(4.39).

Diagrams with one vector propagator and scalars

If only unbroken gauge groups and massless vectors are considered, the expressions for diagrams
including one vector propagator are greatly simplified. Diagrams involving only scalars and one
vector are given by

1 . o
IS =3 2d(3)C (1) | XK Weggy (m3, mi, m3, 0) + XENK G gg(m3, m?) |, (B.259)

where Ggg combines several diagrams into one. The full expressions of Ref. [267] simplify to the
following loop functions,

Wsssv (z, z,x,0) = 3I(z,z,0) — J(x) + 2z, (B.260)
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Appendix B Loop calculations

GSS(x7y) E4yV((E,y, y70) + 4$V(y73773770) - 2U0(x7y7 y70) - 2Uo(y73773370)
—2J(y)Bo(x,y") — 2J(x)Bo(y, ')
+ 2('7; + y)M(m,x, Y, y70) - 2Ug(l‘,y,y, 0) - 2U0(ya x7$70) + Bg(ﬂj’,y)2. (B261)

Equivalently, Ggs can also be obtained by differentiating eq. (B.158)), resulting in

GSS($7y) =2| — Uo(m?,m%,m%,O) - UO(mzmmzz’mzz’O) + Bo(m?,m%) + 2)

= = 2 —2
- —3(zIn"z — yl
124 11(zlnz — ylny) — 3(zln"z — yln"y) ’ (B.262)
z—y

Gss(z,x) = — 1+ 5lnz — 3’z . (B.263)

Diagrams with one vector propagator and fermions

For the diagrams involving only fermions and one vector propagator we obtain

Y =g2d(K)C(K) [Re(y ™ FyjxL)Grr(mik, m3)
+ Re(y Lyt ' My por My 1) G(mie, m3)], (B.264)

where again several diagrams are combined into Grr, G77,

Grr(z,y) =2(x + y)[3Us(x,y, z,0) + 3Up(z,y,y,0) — 5Bo(z, y)]
—6I(z,2,0) — 6I(y,y,0) + 10J(z) + 10J (y) — 16(x + y)
+ 0555 4[J (@) + J(y) — (z +y)Bo(z, y)].

Gﬁ(l‘,y) E4<3UO($7y>$70) + 3U0($7yaya 0) - 5B0($7y) - 4>

— dxigd[1 + 2By (2, y)]. (B.265)
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APPENDIX C

Cross section limits for long-lived particles

C.1 Escape probability approximation

In the analysis presented in chapter |§|, the probability p(D) for an LL particle to leave the
detector with the mean decay distance D = ¢f8y7 was calculated using the pseudorapidity n
and energy E from Monte Carlo events and the detector dimensions. Defining the distance
that an LL particle travelled when it decays as r = ¢3¢, we have the probability exp(—r/D)
of decaying beyond a certain distance r. One can make the simplifying assumption that the
particles are produced isotropically and that their energies are not correlated (which is not
necessarily accurate). In that case, the probability of a particle crossing a small area S at a
boundary at a distance r from the origin is

p(D) = /S f(r, D)dS (C.1)

with

f(r,D) = 47r1r2 exp (X) : (C.2)

In our case we wish to find the probability of a particle reaching beyond the boundary of a
cylindrical detector, P.(D). Splitting the cylinder into a barrel and endcaps, we have

P.(D) = /b J(.D)ds +2 f(r, D)dS

endcap

L/2 R
=47R V22 4+ R?,D)———=d=z
0 A ) V2% + R?
R

+47r/0 £ (L/2)2+p2,p>(L/L2/)§+p2p dp. (C.3)

The function P.(D) is universal and is shown in fig. [C.1] To obtain a probability as a function
of 7, we need to integrate over the relativistic factors 3y = \/v2 — 1, or substituting v = E/m,
equivalently integrate over the energy E. The integration has to be weighted with an energy

distribution function, ¢,,(F). The resulting function is P.(c7), which is also mass dependent
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Appendix C Cross section limits for long-lived particles

because of the substitution v = E/m,
Pu(er) = / dE gim(E) P.(D). (C.4)

Since Pe(ct) describes the fraction of events that will contribute to the E* signature in case
of unstable particles, we have the relation

02" X Pe(er)’ = 033 1e: (C.5)

which can be rearranged into

oo2% = g9, % [Po(er)] 2 (C.6)

CT

This equation 1’ provides the needed relation between agf% and asgfjgle.

Escape probability P.(D) (Escape Probability)™2 P,~2(D)
L 105+
0.8F 104+
= 06] S 10%+
S 04l @ 107
02 107
[ T = E—
0,0— I 1 1 1 1 L L L L L
10? 10° 10* 10° 10° 10? 108 10* 10° 108
Mean decay length D (cm) Mean decay length D (cm)
— ATLAS CMS — ATLAS CMS

(a) (b)

Figure C.1: Escape probability P.(D) of LL particles within a detector (left). On the right side, P-2(D)
is shown.

We compare in fig. [C.2] how well the approximation performs against the fully MC-based
calculation. For the benchmark points considered here, the approximation is shifted by 10-30%
towards smaller cross section limits for large values of c¢r, while for smaller c7 it is even shifted
by a factor of 10. Since the exclusion plots cover several orders of magnitude, the approximation
can still be useful.

C.2 Result tables

We give the results of the two grid scans performed in chapter |§| (published in Ref. [394]).

Table shows the 95% upper cross section limits agfggle for stable LL particles in the HXX
model for different masses mx and my. Also the analysis and signal region that give the best
result are given. The same information for the SUSY model is given in table for masses mg
and my.
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Figure C.2: A comparison of limits derived using the exact method (solid) as described in the main text
versus the approximation (dashed) described in appendix

Table C.1: The complete grid scan result of the HXX model.

’ mpy (GeV) ‘ mx (GeV) ‘ analysis ‘ signal region ‘ ) ‘
100 10 ATLAS monojet [419 SR4 5.77e+01
100 20 ATLAS monojet [419 SR4 5.08e+01
100 50 ATLAS monojet [419 SR4 5.38e+01
125 20 ATLAS monojet [419 SR4 3.83e+01
125 50 ATLAS monojet [419 SR4 3.99e+-01
125 62 ATLAS monojet [419 SR4 3.79e+-01
200 10 ATLAS monojet [419 SR4 1.67e+01
200 20 ATLAS monojet [419 SR4 1.71e+401
200 50 ATLAS monojet [419 SR4 1.75e+01
200 100 ATLAS monojet [419 SR4 1.65e+01
400 10 ATLAS monojet [419 SR6 3.26e+00
400 20 ATLAS monojet [419 SR6 3.29e+-00
400 50 ATLAS monojet [419 SR6 3.17e+4-00
400 150 ATLAS monojet [419 SR6 3.16e+-00
400 200 ATLAS monojet [419 SR6 3.12e+4-00
600 300 ATLAS monojet [419 SR6 1.57e+-00
750 10 ATLAS monojet [419 SR7 1.48e+00
750 20 ATLAS monojet [419 SR7 1.61e+00
750 50 ATLAS monojet [419 SR7 1.51e+-00
750 150 ATLAS monojet [419 SR7 1.48e+-00
750 250 ATLAS monojet [419 SR7 1.57e+00
750 300 ATLAS monojet (419 SR7 1.49e+00
750 350 ATLAS monojet [419 SR7 1.46e+00
750 375 ATLAS monojet [419 SR7 1.46e+00
850 300 ATLAS monojet [419 SR7 1.19e+00
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Appendix C Cross section limits for long-lived particles

170

95%

’ mp (GeV) ‘ myx (GeV) ‘ analysis signal region ‘ o (PD) ‘
850 400 ATLAS monojet [419 SR7 1.22e+4-00
1000 10 ATLAS monojet [419 SR7 9.31e-01
1000 20 ATLAS monojet [419 SR7 9.39e-01
1000 50 ATLAS monojet [419 SR7 9.55e-01
1000 150 ATLAS monojet [419 SR7 9.41e-01
1000 250 ATLAS monojet [419 SR7 9.64e-01
1000 350 ATLAS monojet [419 SR7 9.67e-01
1000 500 ATLAS monojet [419 SR7 9.69¢-01
1200 150 ATLAS monojet [419 SR8 8.00e-01
1200 250 ATLAS monojet [419 SR8 8.32e-01
1200 300 ATLAS monojet [419 SR8 8.11e-01
1200 350 ATLAS monojet [419 SRS 7.85e-01
1200 400 ATLAS monojet [419 SRS 8.30e-01
1200 450 ATLAS monojet [419 SR8 7.93e-01
1200 600 ATLAS monojet [419 SR8 8.11e-01
1500 10 ATLAS monojet [419 SR8 6.17e-01
1500 20 ATLAS monojet [419 SR8 6.33e-01
1500 50 ATLAS monojet [419 SR8 6.10e-01
1500 150 ATLAS monojet [419 SR8 6.27e-01
1500 250 ATLAS monojet [419 SR8 6.32e-01
1500 350 ATLAS monojet [419 SR8 6.41e-01
1500 500 ATLAS monojet [419 SR8 6.32e-01
1500 750 ATLAS monojet [419 SR8 6.47e-01
2000 10 ATLAS monojet [419 SR8 4.90e-01
2000 20 ATLAS monojet [419 SR8 4.93e-01
2000 50 ATLAS monojet [419 SR8 5.11e-01
2000 150 ATLAS monojet [419 SR8 5.10e-01
2000 250 ATLAS monojet [419 SR8 4.90e-01
2000 350 ATLAS monojet [419 SR8 4.99e-01
2000 500 ATLAS monojet [419 SRS 4.72e-01
2000 750 ATLAS monojet [419 SR8 5.00e-01
2000 1000 ATLAS monojet [419 SR8 5.06e-01

Table C.2: The complete grid scan result of the RPV-SUSY model.

’ mg (GeV) ‘ my (GeV) ‘ analysis signal region ‘ o227 (pb) ‘
120 10 CMS ar [420 23j_0b_275 | 2.96e+01
120 48 CMS ar [420 4j_0b_325 3.35e+01
120 100 CMS ar [420 23j 0b_ 375 | 3.36e+01
200 20 CMS ar [420 23j_0b_275 | 2.46e+00
200 100 CMS ar [420 4j_0b_325 5.00e+-00
200 180 CMS ar [420 23j_0b_325 | 8.77e+00




C.2 Result tables

95%

’ mg (GeV) ‘ myg (GeV) ‘ analysis signal region ‘ oiotle (Pb) ‘
350 148 CMS ar [420 23j_0b_325 5.73e-01
350 150 CMS ar [420 23j_0b_ 325 5.33e-01
400 20 CMS ar [420 23j_0b_375 1.71e-01
400 200 CMS ar [420 23j_0b_375 4.27e-01
400 380 CMS ar [420 23j__0b_375 | 2.68e+00
600 20 CMS ar [420 23j_0b_675 | 7.33e-02
600 200 CMS ar [420 23j_0b_475 | 7.74e-02
600 400 CMS ar [420 23j_0b_375 | 2.75e-01
600 580 ATLAS multijet [418 AM 1.56e+4-00
700 150 ATLAS multijet [418 AM 4.14e-02
700 500 CMS ar ﬂ420 23j_0b_375 2.43e-01
800 20 ATLAS multijet [418 AM 1.62e-02
800 200 ATLAS multijet [418 AM 2.24e-02
800 400 CMS ar [420 23j_0b_675 | 6.69e-02
800 600 CMS ar [420 23j_0b_375 | 2.15e-01
800 780 ATLAS multijet 418 AM 1.39e+-00
1000 20 ATLAS multijet [418 AM 7.80e-03
1000 148 ATLAS multijet [418 AM 8.56e-03
1000 150 ATLAS multijet [418 AM 8.38e-03
1000 200 ATLAS multijet [418 AM 8.68e-03
1000 400 ATLAS multijet [418 AM 1.40e-02
1000 500 ATLAS multijet [418 AM 2.54e-02
1000 600 CMS ar [420 23j_0b_675 | 4.80e-02
1000 800 CMS ar [420 23j_0b_375 1.87e-01
1000 980 ATLAS multijet 418 AM 1.55e+-00
1200 20 ATLAS multijet [418 CT 3.05e-03
1200 200 ATLAS multijet [418 CT 3.49e-03
1200 400 ATLAS multijet [418 AM 6.89e-03
1200 600 ATLAS multijet [418 AM 1.14e-02
1200 800 CMS ar [420 23j_0b_675 3.90e-02
1200 1000 CMS ar [420 23j_0b_375 1.60e-01
1200 1180 ATLAS monojet [419 SR7 1.57e+-00
1400 20 ATLAS multijet [418 CT 1.96e-03
1400 100 ATLAS multijet [418 CT 2.02e-03
1400 200 ATLAS multijet [418 CT 2.07e-03
1400 300 ATLAS multijet [418 CT 2.25e-03
1400 600 ATLAS multijet [418 AM 6.11e-03
1400 800 CMS ar [420 23j_0b_875 1.29e-02
1400 1000 CMS ar [420 23j_0b_675 3.44e-02
1400 1200 CMS ar [420 23j_0b_375 1.48e-01
1400 1380 ATLAS monojet [419 SR8 1.94e+-00
1500 150 ATLAS multijet [418 CT 1.79e-03
1500 200 ATLAS multijet [418 CT 1.76e-03
1500 400 ATLAS multijet [418 CT 2.06e-03
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172

95%

’ mg (GeV) ‘ myg (GeV) ‘ analysis signal region ‘ oiotle (Pb) ‘
1500 494 ATLAS multijet [418 cT 2.40e-03
1600 20 ATLAS multijet [418 cT 1.51e-03
1600 200 ATLAS multijet [418 cT 1.53e-03
1600 400 ATLAS multijet [418 cT 1.73e-03
1600 600 ATLAS multijet [418 cT 2.31e-03
1600 800 ATLAS multijet [418 AM 5.68e-03
1600 1000 CMS ar [420 23j_0b_875 | 1.11e-02
1600 1200 CMS ar [420 23j_0Ob_675 | 3.06e-02
1600 1400 CMS ar [420 23j_0b_375 1.38e-01
1600 1580 ATLAS monojet [419 SR8 2.34e+00
1700 100 ATLAS multijet [418 cT 1.35e-03
1700 400 ATLAS multijet [418 cT 1.54e-03
1800 20 ATLAS multijet [418 cT 1.23e-03
1800 200 ATLAS multijet [418 CT 1.27e-03
1800 400 ATLAS multijet [418 CT 1.38e-03
1800 600 ATLAS multijet [418 BT 2.43e-03
1800 800 ATLAS multijet [418 BT 2.97e-03
1800 1000 ATLAS multijet [418 AM 5.39e-03
1800 1200 CMS ar [420 23j_0b_875 9.88e-03
1800 1400 CMS ar [420 23j_0b_675 2.84e-02
1800 1600 CMS ar [420 23j_0b_ 375 1.26e-01
1800 1780 ATLAS monojet [419 SR6 1.80e+00
1900 100 ATLAS multijet [418 CT 1.17e-03
2000 20 ATLAS multijet [418 cT 1.10e-03
2000 200 ATLAS multijet [418 cT 1.13e-03
2000 400 ATLAS multijet [418 cT 1.18e-03
2000 600 ATLAS multijet [418 BT 1.99e-03
2000 800 ATLAS multijet [418 BT 2.21e-03
2000 1000 ATLAS multijet [418 BT 2.83e-03
2000 1200 ATLAS multijet [418 BT 5.02e-03
2000 1400 CMS ar [420 23j_0b_ 875 9.19e-03
2000 1600 CMS ar [420 23j_0b_675 | 2.65e-02
2000 1800 CMS ar [420 23j_0b_375 | 1.21e-01
2000 1980 ATLAS monojet [419] SR7 2.71e4-00
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