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1 Introduction

In the context of supersymmetry and through the prism of the naturalness aesthetic, the
discovery of a Standard Model-like scalar particle of mass m; ~ 125GeV [1, 2], and no
direct evidence so far of superparticles has motivated renewed interest in non-minimal
extensions of the Supersymmetric Standard Model (SSM) that can help to compellingly
explain such results. Within the Minimal-SSM (MSSM), for the lightest CP even charge
neutral scalar to be the discovered scalar then requires either multi-TeV stops, which is
disfavoured from naturalness, an enhancement to the tree-level Higgs mass such as for
example [3—6], or a near maximal mixing scenario whereby |A;(M,)| 2 1TeV. There are
few models that compellingly achieve a large enough A; if one first assumes A; to vanish
at some initial supersymmetry breaking scale. Even if one obtains such a large A;, one
must still explain why stops are lighter than their first and second generation counterpart
squarks, consistent with collider bounds [7—17]. One such framework that can address both
problems is a five dimensional-SSM.

In five dimensional (5D) SSMs, power law running for a sufficiently low compactifica-
tion radius R, generates at low energies a large enough A; to explain the observed Higgs
mass [18]. Furthermore, through spatially localising different generations along the extra
dimension(s), one can explain geometrically why the third generation can be consistently
lighter than its first and second generation counterparts [18].

This framework is sufficiently compelling that it should understandably endure further
scrutiny. In particular, five dimensional theories are effective field theories with a cutoff and
are (often over-dramatically) defined as non-renormalisable, as many parameters such as
gauge couplings can be sensitive to this UV scale. It is therefore important to confirm that
results and conclusions made at one loop that are sensitive to this scale are still consistent
and under control at two (and higher) loops. For instance one might be concerned that
one loop linear sensitivity to the cutoff behaving as AR do not result in terms of the form
(AR)? at two-loop, which would then indicate a break-down of perturbation theory at
renormalisation scales of the order of the compactification radius [19]. Whilst this might
be of concern to non-supersymmetric theories, the five dimensional SSM is reinterpreted in
the language of N/ = 2 four dimensional supersymmetry. This additional supersymmetry
and the protection it affords, helps to reduce such terms [20, 21], at least for gauge couplings.
The effect remains but has opposite sign for both Yukawa couplings and their soft breaking
trilinear counterparts, and so is still under complete control. For the case of bulk matter
and in particular the top Yukawa in the bulk, a Landau pole appears and one must then
seriously consider that either perturbation theory is problematic for these models (just



as one would in any four dimensional theory with a Landau pole), or that a compelling
explanation of how the top Yukawa may arise must be found such that this pathology may
be avoided. Another issue which is a general one in these effective theories, is that in order
to be sure that no unwanted operators are generated one should consider the possible UV
completions. This point is discussed in the literature, and is typically a difficult model
building effort, but goes beyond the scope of the present work which is limited to the
investigation of the effective theory. Furthermore, possible issues related to proton decay
shall be briefly mentioned in section 2.1.

There are further criteria for our model to be truly compelling: we require that it is
supersymmetric and that supersymmetry is softly broken, that the superpotential is renor-
malisable and that the theory’s gauge couplings unify in the five dimensional description
with a large enough extra dimensional scale as to make the extra dimensional features prac-
tically relevant to the phenomenology of the model. In other words we require a 1/R ~ 1
to 10® TeV scale extra dimension and not simply an (almost) GUT scale extra dimension.
Such a criteria is useful to rule out certain models, for instance by this criteria one can
straightforwardly rule out flat extra dimensional models in which the 1st and 2nd gener-
ation are in the bulk, with the 3rd generation either in the bulk or on a brane, as such
a model can only unify with an extra dimensional scale of the order of the GUT scale, a
topic we discuss in more detail later.

The outline of the paper is as follows: in section 2 we describe the models in detail
and discuss unification. In section 3 we describe our boundary conditions and how the
four dimensional (4D) and 5D renormalisation group equations (RGEs) are matched and
solved. We discuss the various energy scales of the model and then look at the running of
various parameters including the gaugino mass spectrum and trilinear soft breaking terms.
In section 4 we explore how to obtain the correct 125 GeV Higgs mass, with stops lighter
than 2 TeV. In section 5 we give our conclusions. We also include two detailed appendices,
appendix A including all the one-loop and two-loop RGEs of the four dimensional low
energy model, of which we used the one-loop RGEs in the plots, and appendix B includes
the one-loop RGEs for the five dimensional models 1 and 2 of the main paper. The
conventions and notation of this paper follow closely that of [18], which are based on
conventions found in [22-26].

2 5D-SSM with additional states: unification

A TeV scale SSM in which the gauge coupling is precisely unified is proposed in [27]. The
key idea is to add two new hypermultiplets F'= which are singlets under SU(3). x SU(2) .,
and charged under U(1l)y with Yp+ = £1. The SSM chiral fermions are located on a
boundary and in the 5D picture do not have Kaluza-Klein (KK) modes. The SSM Higgs
chiral multiplets live in the bulk and we embed them as hypermultiplets in 5D. The gauge
fields and the additional states also live in the bulk as listed in table 1: we call this model
1. We will also explore our own model in which the third generation of superfields lives
in the bulk, as in table 2: we call this model 2 and this too may unify. We compute
and collate all supersymmetric and soft-term RGEs. These new states modify the beta



Superfields | Brane | Bulk | U (1), x SU(2), x SU(3),
g’ v — (3,2,3)
d’ v — (3,1,3)
al v — (-3%,1,3)
i VR (-1,2,1)
ef v — (1,1,1)
Hy — v (-1,2,1)
i, — v (3,2,1)
F — v (-1,1,1)
F, — v (1,1,1)
By — v (0,1,1)
Wy — v (0,3,1)
Gy — v (0,1,8)

Table 1. The matter content of model 1. All superfields of chiral fermions live on a brane and all
Higgs-type superfields and gauge vector fields live in the bulk. The superscript f = 1,2, 3 denotes
the generations. Neutrino superfields may be included straightforwardly. The gauge couplings of
this model unify as in figure 1 (top left).

function coefficient b; and lead to precision unification at one-loop. The superpotential for
both models is given by

W =Y, dei;q’ H — Yydeijq H) — Y. éeiyl' H) + pH, Hy + pF~FT . (2.1)

2.1 Gauge coupling unification

A sufficient condition for unification in a five dimensional model is [28, 29] that
p5D) _ (5D)

_ J
Ry = pSSM _ 1,SSM (2:2)
i J
does not depend on (i, 7), where b?D are the five dimensional beta function coefficients, at

one-loop. The fS-function of an SU(N) gauge theory at one-loop is

dg ¢ (11 L2 1 pll1ooP) g3
== T(Ad) — 2T (R) — 2Too(R) ) = 92— 9 2.
By = = 1 (TG~ TR~ TR =2 (23)

for gauge fields, Weyl fermions and complex scalars respectively. R is the representation

and in particular T(Ad) = N and 7(0) = 3.
For a U(1) theory [30] the gauge field is uncharged, there is also an overall normalisation
constant which can be fixed to embed the particular U(1) in a larger group. Such that

focusing on the U(1) of the SSM one finds

3 (2 9 1 9
blzg B;Yf_k?);y; or b1 =

ot w

(Z Yq’f) , (2.4)



Superfields | Brane | Bulk | U (1), x SU(2), x SU(3),
Gh? v — (3,2,3)
i - (1,1,3)
il A - (-2,1,3)
12 VR (-1,2,1)
2 v — (1,1,1)
N (.2.3)
i — | v (1,1,3)
i — | v (-2,1,3)
K — | v (-1,2,1)
e’ — v (1,1,1)
H, — v (-3.2,1)
H, — v (2,2,1)
E — v (-1,1,1)
o — v (1,1,1)
By — v (0,1,1)
Wy — v (0,3,1)
Gy — v (0,1,8)

Table 2. The matter content of model 2. In this case the third generation also lives in the bulk.
The gauge couplings of this model unify as in figure 1 (top right).

the latter is for chiral superfields, and the Y’s are hypercharges, where the hypercharge is
rescaled by g1 = \/%g' as usual in unified models [31]. The results for various models may
be found in table 4, where we note that unification scales of the order of 10 TeV can still
satisfy proton decay constraints, this conclusion being applicable to a wide range of gauge
groups or extra-dimensional models [32]. In a number of these scenarios additional matter
is required to obtain unification, or indeed the extra dimensional scale 1/R > 10'° GeV,
which for phenomenological purposes is essentially four dimensional and so not of interest.

A useful comment is appropriate here that the additional matter of the 50 MSSM-UED
scenario means that all beta function coefficients are positive. This forces 1/R > 10'° GeV
for unification to still be possible [35]. Low scale (supersymmetric) extra dimensions there-
fore require that most of the MSSM matter does not live in the bulk. Our preferred
scenarios are therefore ones in which the matter multiplets all live on a brane (model 1) or
where the 1st and 2nd generation live on an opposite brane to the 3rd generation, or where
only the third generation lives in the bulk (model 2), or where only the third generation
lives in the brane (model 3, see table 3 for the matter content in this case). In either case
the Higgses can live in the bulk or on a brane. Additional fields may be added to accomplish
precision unification at low scales [39]. This leads to three options: the models 1, 2 and 3
that we consider in this paper (plotted in figure 1) and one might also be able to combine a



Superfields | Brane | Bulk | U (1), x SU(2), x SU(3),
Gh? — v (3,2,3)
i — | v (1,1,3)
il — | v (-2,1,3)
12 — | v (-1,2,1)
2 — v (1,1,1)
7 - (.2.3)
i VA (1,1,3)
i Vo = (-2,1,3)

K v | — (-1,2,1)
e’ v — (1,1,1)
H, — v (-3.2,1)
H, — v (2,2,1)
E — v (-1,1,1)
o — v (1,1,1)
By — v (0,1,1)
Wy — v (0,3,1)
Gy — v (0,1,8)

Table 3. The matter content of model 3. In this case the 1st and 2nd generation live in the bulk.
The gauge couplings of this scenario do not unify, as in figure 1 (bottom).

4D M-Dirac-SSM [38] with a maximal super Yang-Mills theory only in the bulk [26], rather
remarkably, to achieve unification for any and all sizes of inverse radius. In this theory
the gauge couplings only run in the four dimensional theory as the beta functions for the
gauge couplings vanish exactly to all orders in perturbation theory in the maximal super
Yang-Mills theory. As a result there are no power law contributions for gauge couplings
(but there may be for the Yukawas and soft terms) and an inverse radius of a few TeV is
possible with gauge coupling unification at 10'” GeV, which is very counter-intuitive. The
effective cutoff of a five dimensional theory is essentially defined as the scale at which some
parameter, such as the gauge couplings, hit a Landau pole: as no Landau pole arises this
allows for the range of validity of this theory to extend further.

3 Exploring the models

In this section we explore the typical scales of the models, we describe how we solve
the various RGEs and the boundary conditions that we use and then look at many of
the running parameters of the model, such as trilinear soft breaking parameters and the
gaugino mass spectrum.



Scenario (b1, b2,b3) Refs: 1/R-GUT
4D SM (#,-19/6,-7) —
4D MSSM (22,1,-3) [33, 34] —
5D MSSM: Chiral Higgses in the bulk (%, —3,—6) [20, 29] | %(does not exist)
5D MSSM: Hyper Higgses in the bulk g, —2,-6) [18, 27] ~ 100 GeV
5D MSSM-UED (%, 10,6) [35,36] | >5x101°GeV
5D 3rd Gen & Hyper Higgses in the bulk (%£,2,-2) [37] ~ 101 GeV
5D 1st,2nd Gen & Hyper Higgses in the bulk (%, 4, 2) X
5D Gauge only in the bulk (0, —4,—6) ~ 101 GeV
4D SSMF* (2,1,-3) —
5DSSMF*:Hyper Higgses in bulk (%, -2, —6) model 1 > 1TeV
5DSSMF*:3rd Gen & Hyper Higgses in bulk (%, 2, —2) model 2 > 1TeV
5DSSMF*:1st,2nd Gen & Hyper Higgses in bulk (%, 6, 2) model 3 > 1TeV
4D MSSM+Dirac (3,-1,0) —
4D M-Dirac-SSM (%,4,0) [38] —
5D MSYM only in the bulk (0,0,0) [26] any
5D MSYM Hyper-Higgs in the bulk (£,2,0) X

Table 4. The one-loop beta function coefficients of the gauge couplings for various scenarios.
Requiring gauge coupling unification puts a bound on the inverse radius of the extra dimension in
five dimensional models, which is estimated in the right-most column.

3.1 Typical scales of the models

It is useful to set the mass and energy scales in which we wish to consider these models. We
wish for a large extra dimension, which then leads us to fix the gauge coupling unification
scale and the scale of the cut off, where the gauge couplings hit a Landau pole (see figure 1):

1
i 10 TeV, Mgut ~ 300TeV, A ~ 1,000 TeV. (3.1)

Although they differ in magnitude, this is natural in that fixing any one of these determines
the other two. Next we wish for a gluino mass above collider exclusions and to determine
the Higgs mass correctly to be my, = 125 GeV from a sizeable A;. We find (see for instance
figure 3)

M3 =900 GeV leads to A; ~ —700 GeV M3 = 1700 GeV leads to A; ~ —1250 GeV.

(3.2)
Strong exclusion limits on the gluino arise from ATLAS and CMS null searches for jets plus
missing energy, for example mgz > 1600 GeV for mg, , > 2000 GeV [40, 41}, although this
can be lowered if one wishes to also include R-parity violation with our models, hence the
M3 =900 GeV case. Conversely, allowing for an upper bound on the top trilinear coupling,
from considering metastability of the electroweak vacuum,

Ay = —2TeV leads to M3 ~ 2.77 TeV and Ay = —2.5TeV leads to M3 ~ 3.5 TeV.
(3.3)



Model 1 with a compactification scale of 10 TeV, unificationat 2.9x10° GeV Model 2 with a compactification scale of 10 TeV, unificationat 2 9x10° GeV
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Figure 1. Running of the inverse fine structure constants a;l(Q), for three different models with
compactification scales 10 TeV as a function of Log,,(Q/GeV).

To allow for the correct Higgs mass my = 125 GeV, the electroweak parameters should be
in the range

tan 8 C (5, 30), w<1TeV, (3.4)

represented in figure 6. We do not expect tan 8 to be much larger, due to By — Xy
flavour constraints and p is bounded by naturalness considerations of the renormalisation
group effects on the Higgs tadpole equations (minimisation of the scalar potential).

3.2 Implementation and results

To obtain our results we computed by hand the various RGEs of the four dimensional (zero
mode) description that both model 1 and 2 (tables 1 and 2) reduce to at low energies. We
then confirmed these with the output of an implementation of the four dimensional regime
in SARAH [42-45]. We then computed, by hand only, the one-loop RGEs for each of model
1, 2 and 3, including all the additional fields of the KK sector. Using MATHEMATICA we
solve the combined set of RGEs and match the four and five dimensional RGEs at the
matching compactification scale such that at low energies the theory is described by the
four dimensional RGEs only.

Once we have a combined set of RGEs, we must specify a set of boundary conditions.
In this case we must simply specify all boundary conditions at the same scale (rather than,
for example, having a set of boundary conditions at both the GUT/SUSY-breaking scale
and at the electroweak scale), which we took to be t = 3, or @ = 10® GeV (where we define
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pole before the GUT scale when the 3rd generation matter is located in the bulk (right).

Parameter Value Name

Qo 1000 (SUSY Scale)
91(Qo) | 0.360945804 ol
92(Qo) | 0.633371083 g2
93(Qo) | 1.02739852 o3
tan 3 10 (Tan beta)
Y:(Qo) 0.849348847 (Top Yukawa)
Y3 (Qo) 0.128188819 | (Bottom Yukawa)
Y (Qo) | 0.0999653768 (Tau Yukawa)

Table 5. A table of the boundary conditions used in our study.

t = Log,y @). The gauge couplings and Yukawa couplings are easily obtained by running
up from my and are listed in table 5, for example in figure 2 for tan 5 ~ 10. Regarding the
soft breaking terms we made some specific choices which we enforce by choosing a low-scale
boundary value such that it holds true once we run up to the high scale. We also make the
assumption that the SUSY breaking scale is equal to the GUT scale, but of course other
scenarios should be considered. For model 1 and 3:



e We assume supersymmetry breaking occurs at the unification scale, which is found
by finding the scale at which g1 = go = g3, which is lowered compared to the 4D
MSSM, by the effects of the compactification. This is pictured in figure 1 (top left).

e We specify the value of the gluino mass, M3(Q), at Q = 10 GeV. We then find the
bino and wino soft masses M; and Ms such that all gaugino masses M, = My = M3
at the GUT scale. This is pictured in figure 3.

e We take the trilinear soft breaking terms, A, q/c, to vanish at the unification scale,
also pictured in figure 3.

e We take pu(t = 3) ~ 500 GeV and B,(Mgur) = 0, as pictured in figure 5 (left).

The results are rather different for model 2:

e We found the scale at which g1 = go = g3, which is lowered compared to the 4D
MSSM, pictured in figure 1 (top right).

e The top Yukawa coupling hits a Landau pole just after ¢ = 4.595, as pictured in
figure 2 (right).

The result was that we could not set the supersymmetry breaking scale at Mgyt and
instead chose the supersymmetry breaking scale to occur below the top Yukawa Landau
pole, at t = 4.4. We then chose for the plots in model 2:

e We choose the gaugino masses to unify M3(t = 4.4) = Ma(t = 4.4) = My(t = 4.4)
and let M3(t = 3) = 1700 GeV.

® Ay/qe(t =4.4) are set to vanish and this model does not develop a TeV scale Ay(t =
3), as pictured in figure 3 (right).

o Whilst electroweak symmetry breaking is possible starting from the condition m%{d =
m%{u, it does not automatically arise from using (m3 + u2)1/ 2, where m3 would set
the scalar soft mass boundary condition. This is pictured in figure 4 (right), where a
representative case is given that achieves the correct Higgs mass.

e We take pu(t = 3) ~ 500 GeV and B, (Mgur) = 0, as pictured in figure 5 (left).

3.3 Two ways to accommodate natural supersymmetry

The two models we explore in this paper can accommodate a natural spectrum of sparticles
in two very different ways, whilst still obtaining the correctly observed Higgs mass:

In model 2 the third generation are located in the bulk and feel the effects of supersym-
metry more indirectly than the first and second generation. This will allow for a spectrum
of light stops with a heavier first and second generation, above present collider exclusions.
One may use the NMSSM or D-terms to lift the Higgs mass to its correct value.

In model 1 the Higgs mass is obtained through a TeV scale A; term that is generated
entirely through RGE evolution, allowing for the correct Higgs mass with stops much below
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Figure 3. Running of the gaugino masses and trilinear couplings M;(Q) and A;(Q), for the two
different models with compactification scales 10 TeV, as a function of Log,,(Q/GeV).

2TeV even within an MSSM-like Higgs sector, but does not yet explain any hierarchy
between the generation of squarks. In this subsection we explain these details of each
model further.

3.3.1 The third generation in the bulk

Exclusions on first and second generation squarks are presently nearing 2 TeV [46-53], while
the aesthetic of naturalness for the Higgs sector (and much weaker bounds on 3rd generation
squarks of around 300-400 GeV [7-17] from direct searches) favour a 3rd generation below
a TeV. In order for this hierarchy to emerge at low scales it is likely to be imprinted
in the soft SUSY breaking terms and not simply a renormalisation group effect. At the
supersymmetry breaking scale this might imply that the soft terms, in the flavour basis,
take the form,

100
mf;~A2 010 |+... (3.5)
000

or indeed
100
mfZNA2 010 |+... (3.6)
00 —¢

~10 -
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the ¢ denoting any subleading effects, as one does not require exactly zero entries. Some
ideas have been put forward to explain such a heirarchy, see for instance [5, 18, 54, 55], and
we wish to advance the argument that a five dimensional model with the 3rd generation in
the bulk, i.e our model 2, explains such a hierarchy.

We put forward the idea that the first and second generation of squarks live on the
same brane as the source of supersymmetry breaking. They will feel directly the effect of
supersymmetry breaking and generate large soft breaking terms. The 3rd generation is,
however, located in the bulk and will feel the supersymmetry breaking indirectly through
either gravity or gauge mediation. This will lead to the boundary conditions in eq. (3.5).
For a calculation of gauge mediated soft terms from a brane to a bulk field see [24, 56], for
brane to other brane see [23, 24, 56]. Such an effect is still felt directly by the gauginos
(and the gravitino) and they will also have a large SUSY breaking soft mass, which have
important RGE effects as discussed in this paper.

3.3.2 A large A; term

Our model 1 does not geometrically explain why the first and second generation might be
much heavier than the 3rd, but it does allow for a large A; term generated entirely through
RGE evolution, and this can still allow for stops much below 2TeV and still obtain the
correct Higgs mass from the usual MSSM Higgs sector. Therefore for model 1, we do not
yet offer an explanation of the source of supersymmetry breaking. We discuss obtaining
the correct Higgs mass in model 1 in the next section.

4 The Higgs mass

The Higgs mass is a sensitive parameter in supersymmetric theories and its experimental
value at 125 GeV restricts the available parameter space for these models. A realistic and
precise calculation of the Higgs mass in supersymmetric models requires the inclusion of
two-loop contributions. In the following we shall use the numerical values of the program
FeynHiggs 2.11.3 [57, 58] for the Higgs mass at two-loops and interface it with our numerical
code for the models 1 and 2 we discussed above. As the Higgs mass is a low energy

- 11 -



Model 1 with a compactification scale of 10 TeV Model 2 with a compactification scale of 10 TeV
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Figure 5. The running of ¢ and B, for the two models.

my = 125 GeV
2500 ;
| tan B
l — 15
2000 l 20
l 30
> 1
(0] I
O, 1500 | .
1000 - i ]

v M3=3.5 TeV

5004
30 -28 26 24 22 =20

X, [TeV]

Figure 6. Contours of the lightest Higgs mass m;, = 125GeV in the plane (m; , X;) for various
values of tan 3. The dashed gray line represents a sample gluino mass for the corresponding value
of X;. Stop masses below 2 TeV can be obtained in our model due to the TeV-scale A; term.

parameter with respect to the extra-dimensional contributions, the corrections due to the
extra-dimensional structure are very small in the plot in figure 6. In order to have a rough
physical intuition concerning the effect of the large A; value from our setup, we provide here
the leading one-loop self-energy contributions to the lightest CP even Higgs mass [59-63]

3 m? MZ X2 X2

2 2 2 t S t t
~ 2 —— |In—24+—= 11— 4.1
M, =M cos" 20+ 75 V2 [n m? * M3 < 12M§>} ’ (41)
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where vey is the electroweak Higgs vev, X; = Ay — pcot 5 and Mg =mgmg,. If pis a few
100 GeV and A; > pthen X; ~ A;. The result of the one-loop formula allows to understand
why a model with large A; values can help increasing the value of the Higgs mass. Note
however that the one-loop formula is not precise enough to for a realistic comparison with
data and typically allows a larger parameter space that what really available including
the two-loop formulas. We plot, in figure 6, the Higgs mass for representative values of
Ay in our setup using the FeynHiggs program at two-loops. This allows for a prediction
of tan 8 and the stop squark masses which can be below 2TeV. One could also lift the
tree-level Higgs mass with the NMSSM + F¥ or else through non decoupling D-terms (see
for example [5, 6]) which would require introducing an additional U(1) or SU(2) or both.
Such an additional feature would be necessary for model 2 as a large A; does not arise in
this case.

5 Conclusions

In this paper we explored various five dimensional extensions of the SSM that unify, with an
inverse radius of the extra dimension of roughly a 10 TeV scale. Such models are compelling
extensions of the MSSM in that they may achieve interesting phenomenological features
such as additional Z', W' and G’ bosons in the 1-10 TeV range and achieve the correct
125 GeV Higgs mass and a relatively natural sparticle spectrum for model 1, while for
model 2 this spectrum is heavier, without sacrificing unification of gauge couplings. Such
models achieve a natural spectrum by generating a TeV scale A; term from “power-law”
running and unification of gauge couplings through the addition of two charged superfields
F* in the bulk.

In particular we look at two models that can achieve unification, either all chiral matter
superfields on the boundaries, or just the third generation in the bulk and the first two on
a boundary. In either case the Higgs doublet superfields H,,, H; and F'* are located in the
bulk along with all three gauge groups SU(3). x SU(2);, x U(1)y. We also point out that
five dimensional models in which the 1st and 2nd generation are located in the bulk cannot
possibly achieve unification unless the inverse radius of the extra dimension is essentially
at the GUT scale (and in any case not with this matter content), and so are entirely four
dimensional from a phenomenological perspective.

This paper can be extended in a number of ways and we discuss just a few. In many
models of supersymmetry breaking, electroweak symmetry breaking is not optimal both in
terms of fine tuning and in obtaining electroweak breaking from a given parameterisation
of soft breaking terms at the high scale. These remain an interesting open question, and
may benefit from further discoveries or exclusions in the Higgs sector, at the LHC13/14.
Our results are representative only, and clearly a more dedicated spectrum generator built
using the RGEs and including threshold corrections will give more precise results, and we
provide in this paper a concrete set of RGEs from which this spectrum generator can be
constructed. Different supersymmetry breaking parameterisations and how flavour arises
is also an interesting further direction to consider.
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A  Renormalisation group equations for 4D-SSM-+ F+

In this appendix we document the one- and two-loop RGEs for the four dimensional low
energy model for which the 5D models 1, 2 and 3 are completions. Recall that the output
of our implementation in the four dimensional regime was done using SARAH [42-45], as
such we have used the same conventions and notations, where T; = A;y; (i = t,b, T etc.)
in these appendices.

A.1 Anomalous dimensions

= 4593 +80g3 + g3) 1+ Y, Yy + YV, (A1)

30(

1
287 = 5 (207 (1693 + 93) + 4791 + 5 (1353 + 2884363 — 321)) 1

4
+ —gtviy, —2v]vyyly, - 2viv, vy,

5
2
+Yly, <—3Tr (Yde ) +ogt-Tr (YJJ)) — YV, Tr (YuYJ ) (A.2)
1
yV = 15 (593 +g) 1YY (A.3)
3
7P = —vfvylv.+ 100 (125g4 + 309363 + 81g7) 1
+Yly, <—3Tr( Y*) ol Tr (m@j)) (A.4)
1 3
1) = 3T (Ydyj) 16 (563 +7) + Tr (Y Vel ) (A.5)
@ _ 243 4 9 15 , 2 N6 ;
Y, = 109 T 9% + 92 — 5 (—40g3 + gf) Tr (YdY ) + o1 Tr (YY )
— 9Tt (Yde v ) ~ 3Ty (YdYJ Y, Y] ) 3Ty (YEYJYJJ) (A.6)
' 3
) = -0 ( 10T <Y YT) + 502+ g%) (A7)
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15 , 243
7 = =3t (vavivay)) - o (v ) + S+ [t (A.8)
4 9
+< (2093 + ¢7) Tr (YUYJ) + Eg%gg
M _oysy? — 2 (2062 1 ¢2) 1 (A.9)
2 2 " "
¥ = + 557 (1000 + 11091 + 809763) 1 — 2 (VY] V¥ + v v vrv])
2
+y YT <2Tr (Yeyj) + 693 — 6Tt (Yde ) + 5g%> (A.10)
1 . 8
WD = oyry T — = (593 +g7) 1 (A.11)
2 8 * * * *
T +5 (169793 + 2501 — 5g8) 1 — 2 (VoY Vv + vy vov))
2
+YrYT (Ggg — 6Ty (Yuyj) - 5g§> (A.12)
6
=2yl - 2 (A.13)
54 6
W =YY 4 gt vy <—2ﬁ (YeYJ) +6g2 — 6Tt (Ydyj) - 5g%>
(A.14)
m__ 6> (2 _ 94 4 m_ 6 2 _ 94 4
’Yﬁ— 5917 ’Y¢F = 5917 ’Y¢;— 5917 7¢;— 591- (A.15)
A.2 Gauge couplings
1 _ 39 3 1 _ 3 (1) — _343 A.16
591—391, 592 =92 593——93 (A.16)
1
B = 2—5g§( 130Tk (Yqu ) + 13593 + 27192 + 440g2 — 70Tr (Yde ) — 90Ty (YJJ))
(A.17)
1
B2 = 593( - 10Tr(YeYj ) + 12092 + 12562 — 30T1"(YdeT ) - 30Tr(yuyj ) + 99%)
(A.18)
1
B = 24 (1197 — 20T (vay]) — 20T (Y, v)) + 4563 + 703) (A.19)
A.3 Gaugino mass parameters
()_78 5 () _o 2 (1) 5
ﬁMInglMl, 5M2:292M2a 6M3:_693M3 (A'2O)

)
2_ 2 o 2 2 2 2 207 T
/3M1_25gl 542g1M1—|-135g2M1—|-440g3M1—|-440g3M3+135gzM2 T0M;Tr Yde

—90M, Tr (.Y, ) 1300y T (¥, Y] ) 470 (Y70 ) 90T (YIT, ) + 130T (V] T, ) )
(A.21)
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2
Bin=z9 (99711+12063 Mi+9g7 My+25093 Mo +120g3 Mz —30M5 T (Y, )

—10M,Tr <Y6Yj ) —30M,Tr (YUYJ ) +30Tr (YdT Td> +10Tr (Y,j Te> +30Tr (YJ Tu) )

(A.22)
52 fgg (1 192 My +11g2 My +45¢2 M3+140g2 M-+453 Mo —20 M5 Tr (YdYT)
—20M;Tr (YUYJ ) 20Tt (YdTTd) +20Th (YJ Tu)) (A.23)
A.4 Trilinear superpotential parameters
B =3Y,Y YtV (—3g§+3Tr <YdYJ> - 1—; o % g2 +Tr (YeYJ ) ) Y,YY, (A.24)

4
Byd =4 gldeTY —AY Yy lva—2vyviv,ylve—ovyyiv,yiy,

4
YV Y, (—3Tr (YJJ ) +6¢2— 9Tt (YdeT ) +7 g%) —3Y,YI Y, Tr (Yuyj)

687 15 , 8, 16 , 2
+Yy ( 50 9i+9i95+— 5 92+99193+89293 5 —gs —=(= 4093+91)Tr(YdYT)

+ g ¢ Tr (Y i ) —9Tr (YdeT Yav) ) —3Tr (YdYJ Y, Y] ) _3Tr (YJ’J)@YJ)) (A.25)

9
B =3V Y Y.+ (—3g§+3Tr (Ydyj ) —Sg%+Tr(Yey;)> (A.26)

AV VY IV (3T (Vv ) g3 0T (v )

783 9 5 15 4 2 6
+Y< gi‘+5 gi95+ 292 5( 409§+g%)TF(YdYJ>+5ngr(YYT)

50
—9Ty (YdeT Y,v) ) —3Tr (Ydyj Y,Y] ) —3Tv (YBYJYBYJ)> (A.27)
1
B =8V Y, Y=V (1393-+45g3—45Tr (Y, ¥, ) +8093 )+, Y] Va (A.28)

BY —+591Y YV, 4602Y, YV, 2V, Yivyiv,—ov, Vv, vy,

2
—AY VY YAy Y <—3TY (Yar])+Zgi-1r (YeYJ)> —OV YT (VoY)
3211 15 136 16 . 4
+Y“< 450 gitgigst g2+ 15 91 93+89595— §g§+g(209§+g%)Tr(YuYJ>

—3Tr (YdYJ Y, Y] ) —9Tr (Yuyj Y,V )) (A.29)
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A.5 Bilinear superpotential parameters

B = BHTr(YdeT ) - g,u<5g§ - 5Tr<YuYJ ) + g%) + uTr<YeYJ) (A.30)

1
B = ou (24391 + 90g2g2 + 375g% — 20( — 40g3 + g%)ﬂ(Yde ) n 60g1'I&~<Y Y, )

+ 4og%Tr(Y Y, ) n 800g§Tr<Y YT> - 450Tr<YdY YdYT) — 300Tr (YdYTY YT>

— 150Tx (YEYJ VAY ) — 450Tx (YUYJ Y, v} )) (A.31)
12 108
551) = —39%% 552) ?QW (A.32)

A.6 Trilinear soft-breaking parameters

1
) Y Ty 2Y gV T A5 T3V Yt T Yo 7 §2Ty—3g2 dfgggTd+3TdTr<YdYT)

32
—g§M3> (A.33)

14
T, Tr (YYT) n (2Tr (YJT )+6g2 My +6Tr (Y*Td) + .

271
It

5(2)—+ S YaY Tt 6g3YaY) Td—gg%MldeTYu+ S PYLYIT,

5

6 4
+= 07 2TV Yy 12020V Yt - =01 2TV, —6YaY, VYT,

—SY, Y TyY V=2V, Y iY, Y T —aY YV, viT, —4v,viT, v v,
—AY Y T, Y Y, —6T, Y YaY Yy AT, Y Y, Y] Ve —2T,v v, VY,
1687

15 8
+79%Td+g%g§Td+?g§Td+*

16
150 99?9§Td+89§g§T ——g3Ty

9

2
12V T T (Yay ] )~ 15Ty vaTr (Y] — g Tr (vavy)
+16g§TdT&~(Yde ) YY) Tﬂ‘r(YeYJ ) 5T, YdTr(YEYJ )
+ g ¢2TyTr (Y vi ) —6Y,Y, T, Tr (YuYJ ) 3T,V Y, Tr (YuYJ )

2
—5YdeT Y, (15Tr (YgTe) +30g2 My +45Tr (Yj Td) +4g° Ml) —6Y,Y,}Y, Tr (Yj Tu)

9T Tr (YavYav] ) —3TaTr (Yav vy ) -8TuTr (Yoy vy

3374 4 16 16 64
+Yd< 225 9 g1 My —2g7 g5 My — 99193M1 99193M3 169595 M3+ 99§M3

4
~20 3 Mo —30g Mo —16363 M-+ - (—4003 My +92 001 ) T (Yav)
12 2 t i 2y (vt i
- glMlTr(YeYe) ngr(Y Td)+3293Tr(Y Td)+ ngr(Y T)

36T (Yav{ Tav] ) =6Tr (Yavi Ty ) = 12T (VY Ty ) —6Tr (Vo Y] Tav] )) (A.34)
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B =AY Y TABTY Y.~ ) BT, —3¢3T, 13T, Tr(Yar])+T.Tr (YY)
1Y, <2Tr (YJT )+692M2+6Tr (YTTd) 438 M1> (A.35)

B =12 g%Y VAT, +6¢2Y.YIT, —gng V1Y, +12¢2T.Y1Y,
ty yt tp yt ty yty g 108 a9 15 4
Y. YV Y I T -8V Y LY Y6 LY VoY Yo+ T g Tt - gl 63Tt 93T,
2
—121;};TTeTr(Yde )—15Teyg YeTr(YdeT )—iqueTr(YdeT )
5
+16g3T, Tr (Ydyj ) —4Y, YT, Tr (Yeyg ) —5T,YV, Tr (Yeyg )
Lenmy (Y v ) GYQYJYe(QggMg—i—BTr (Yj Td) +Tr(YJTe)>—9TeTr (Ydyj YY) )
5
—37,Tr (YdYJ Y, Y] ) —37,Tr (YeYj Y.Y} )
—2—5Y (783g My +45¢2 g2 M, +45¢2 g2 My + 37543 M2—10< 40g2 Ms+g? Ml)Tr(YdYT)
+3093 My Tr (VoY ) 41093 T (Y T ) ~ 40093 T (Y T ) ~3093 T (V1T )

+450Tr(YdYTTdY*>+75Tr (YdYTT Y*)+150Tr( Y.YIT YT)+75Tr (Y Y TdYT))

(A.36)
1 1
B(Ti) =2V, Y, Ty +4Y, Y T A T, Y [ Y4 5T, Y} Y, — £ G321, —393T,— 36 93T,
; . 2% , 32,
+3TuTr(YuYu)+Yu 642 M2+6Tr(Y T, ) SOMi+ gt My (A.37)

;iL+ @Y, YT~ fglMlY V1Y, —1262 MY, YTYu+6le YiT,
2
+692Y, YT, ut gt 2T, Y Yy +1263T, Y, Y, —4Y, Y, Y,V I T,

2V, Y Y Y T, —4Y, Y] T, Y Yy—4Y, YT,V Y, —6Y, YV, YT,

211

—8Y, YT, YV, -2, YIYyY Yy—aT, Y Y,y Y, 6T, Y]V, Y] Y, +34 =9 ¢'T,
5 o 5 136 16 g :

+9195Tut— 5 Tu+f45 9795 Tu+89593 T —99 31u—6Y,Y, TdTr(YdY )

—3T, Y Y, T (YdeT ) Y, YT, Tr (YYT) ~T,Y] Y, Tr (YYT)
—12YquTuT&~<YuYJ) —15TquYuTr<YuYT)+;Lng Tr(Y YT)
F1642T, Tr(Y YT) 5Y YTYd(15Tr(YTTd)+2g M1+5Tr(YTT ))
—18Y, Y'Y, Tr (YJ Tu) —37, Tr (Yde Y, Y] ) —97, Tr (YuYJ Y, Y} )

2
555 Y (32119 M, 42257 g2 My +680g% g3 M, +680g7 g2 M3 +1800g2 g2 M3 —800g3 Ms
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1225622 My+3375g4 My +180092 g2 My +180 (2Og§M3+ng1) Tr (YUYJ)
180 (2Og§ +g%) Tr (YjTu> +675Tr (YdeTqu ) +675Tr (Yuyj Tdyj)

+4050Tx (v, Y[ T, Y] ) ) (A.38)

A.7 Vacuum expectation values

Y = d( — 20Tt (YeYj) + 3(593 + g%) (1 + 5) - 60Tr<YdeT)> (A.39)

0

52) = <ova( — 45691 — 1806363 — 120004 — 9g1€ — 9092G3€ + 8T5g1E + 9g1€ + 90g2g3E”

— 99544€2 — 40 (5 (32g§ n 9935) + g (95 _ 4))Tr<YdeT)

~ 120 (5g§§ + g2 (4 n g))Tr (Yeyj)

+ 3600Tr(YdeYde ) +1200Tt (YdYJ YY) ) + 1200Tr(mgmyj)> (A.40)

3
W_3, (_ i 2. 2 41
S 20”“( 20Tt (YuYu> + (592 + gl> (1 + g)) (A.41)
B = mvu( — 4867 — 1809795 — 120092 — 991€ — 909163 + 87592¢ + 991" + 9091 93¢

— 29544€2 — 40 (5 (32g§ n 9935) + g2 (95 n 8))ﬁ(YuYJ)

+1200Tr (YdYJ YY) ) + 3600Tr (Y, Vv, ] ) ) (A.42)

Note that ¢ is the gauge-fixing parameter, where we are using the R gauge.

A.8 Bilinear soft-breaking parameters

8y —4+8 =91 My p+6g3 Mayi+ B, < 3¢2+3Tr (Yde ) +3Tr (YUYJ ) - %g%-‘rTI‘ (Yeyj) )
+6uTr (YdTTd) rouTr (YJ Te) reuTr (YJ Tu) (A.43)
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+450Tr (YaY] TaY] ) +150Tr (YdYJ T.Y] ) +150Tr (YeYjTeYJ) +150Tr (Vo[ Tav))
1450 Tr (YUYJ .Y, )) (A.44)

=g (2an-n), =1 gl (1M10-B,). (A.45)

A.9 Soft-breaking scalar masses

ri=y 2o (<2 () T () =y . -+, e, T ()

+Tr(m?)+Tr(m3)) (A.46)
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vy, Tr (TZTET) —GYJYeTr(mﬁde;) vy, Tr (miyeyg)

—2YJYeTr(m?yte) —annﬁ(mﬁyjyd) (A.54)

ﬂﬁ%d =z 91 T M1|*—6g3| Mol 7\/§glal,l+6m%dTr(YdeT) +om3, Tr (YCYJ) +6Tr (T;TdT)
+2Tr (7777 ) +6Tr (miYay] ) +2Tr (m2Y. Y ) +2Tr (m v Y. ) +6Tr (m2Y [ Ya ) (A.55)
Gy :% (1593 (397 (2Ma-M1 ) +5593 Mz ) M
+93 M (72997 My +90g3 My +453 Mo —40M: Tr (Yay] ) 41200, Tr (V.. ) +20Tr (] T2
~60Tr (vI7))
+10 (159302,2+3g502,11_zmglas,l+ (mog;|M3|2_zg§m§,d+sog§mzd) Tr (ydyg)
+6gfm§{dTr(YeY;) —80¢2 M Tr (Y; Td) +2g%M1Tr(T; YdT) —80g2M;Tr (T;Yf)
—2g2Tr (T;Td )+80g3 Tr (Td 7 ) —6¢2M, Tt (T:YST) +642Tr (T T )
—2g2Tr (dedY )+809§Tr (dedY )+69 Tr (m Y. YT) 1642Tr (m, Yy, )
—2¢?Tr (m YTYd) +80g3Tr (m YTYd) —90m%;, Tr (Ydyj YY) ) —90Tr (Ydyj TAT] )
—15m3, Tr (YdYJ Y, Y] ) —15m3;, Tr (YdYJ Yqu) ~15Tr (YdYJ T,T] )
—90Tr (YdeT T,Y] ) —15Tr (YdTJ TquT) —30m%, Tr (Ye YJY;YJ) —30Tr (YeYJ T.7! )
—30Tr (VerI Ty ) —15Tr (VoY Tarl ) —15Tr (Yu Ty Tav] ) 90 Tr (mivay Y] )
—15Tr (mﬁydyj Y.Y] ) —30Tr (miYeYJ YEYJ) ~30Tr (m?YJYeYJYe) —90Tr (mg Yivay] Yd)

~15Tr (mgyjdeJYu) ~15Tr (mgyjyuyjyd) ~15Tr (miqu;YdYJ) )) (A.56)

6 3 *
57(% :_ggﬂM1 |2_693|M2|2+\/;glal,l+6m§1“ Tr (Yqu) +6Tr (Tu TuT) +6Tr (ngJYu)

+6Tr(m3YuYJ) (A.57)

3 ) 6 3
/5(23 :Jr*gg(?'g%(2M2+M1)+5593M2)M2+69§Uz,2+*g%02,11+4\/jglas,l
my, "5 5 5
8
+Zgtmi, Tr(Y v, )+32g§m%uT&"(YuYJ)+64g§|M3|2ﬁ(YuYJ)
1 5 F 2 2 + 2
+%glM1 —40TI‘ YuTu +45g2M2+72991M1+80M1TI“ YuYu +9092M1
—32g§M§Tr(YJTu)—gnglTr(T;YuT)—32g§M3Tr(T;Yu )+ ngr(T T )
+32g3Tr(T Tz )+ ngl“(m Yy, )+32g3Tr(m Yy, )+ ngl“(m Y, Y*)

1+322Tr (muY Y*) 6m3;, Tr (YdYJ YquT) —6m3, Tr (YdYu Y, Y} )
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~6Tr(Yav 7,7} ) ~6Tr (YdTJ Tuyj) —6Tr (YUYJ T T} ) —36m3, Tr (YUYJ Y, v )
—36Tr (Yu YT, ! ) —6Tr (YuTj T,y ) —36Tr (YuTJTuYJ )

—6Tr (miydyj Y, Y] ) —6Tr (miyj Yoy Yu) —6Tr (mﬁyj YquYd)

736Tr(m Yiv.Yly, ) 6Tr(muY YTYdYT) 36Tr(miYuYJYuYJ) (A.58)
32
5“)__* 21| M, 2 ——931|M3| P dAmy YoV, AT T+ 2maY Y, +4Yam2y,
1
+2YdeTm3+2\/T75g110'171 (A59)
64 . 4
5(2) +129 ( 3092 Ms+g> (2M3+M1))1M3+5gfmfgdYdeT+12g§mfngdeT

4
+24g§|M2|2YdeT—g GIM YT —1295 Mo Y, TS
4 * *
+ 552 91 M; (2 (357ng1 14042 (2M1 +M3)) 1-45T,Y, +90M,; Yde) —12g2MET,Y]

4 2
+z G TaTI+12g3TyT] +5 GImAYaY +6g3miY,Y,

+§g%Ydm3YJ+12g§Ydm3Y; +§g%YdY; mg+693YaY, mg

—8miy, VoY YaY] —AYaY ) TuT) —am3, Yoy, V. Y]

—Amiy, YoV VY AV VI T, T -4y, T Thy ) — 4y, TiT, v}
AT Y YT —AT Y, Y, T — AT, TIY Y — 4Ty T Y, Y]

—2maYaY VoY, —2miYa Y, V.Y —aYamlY VoY —4YamlY V. Y]
—AY Y mAYaY ] —AYaY  YamlY] —2YaY Ve mi—av,vimly, v}

8
*9%102,114-8

2
—AY Y Yum2y]—2v,viv,y) m§+i 5

3 g§102,3+

\/%91 1031
—24m, YoV T (Yav] ) =120 Tr (Yav] ) —6mavay] Tr (vav])
—12Yam Y Tr (Yav] ) —6vay{m3Tr (vav] ) —smb, Yoy Tr(v.y?)
—4T, T Tr (Yeyj) —om2Y,Y, Tr (YEYJ) —4Yym2Y]Tr (Ye YJ)

—2Y, Y m2Tr (Y;Y,j) —12Y, T Tr (Y; Td) —4Y, T Tr (YJTS>

—127,Y Tr (T;{Yd’f) —12v,Y] Tr(Tij ) —4TdeTT&~(T§y;T)

—4YdeT&~(T§TZ ) —12Y, Y] Tr (mZYdY; ) —4YdeTT&~(m§YeYJ)

—aYay{ Tr(mpydy. ) —12vav] T (m2v[va) (A.60)
2 32
5(1’ 3 21\M1\ ——g31|M3| +4m}, YV Y AT, T +2m2 Y, Y +4Y, m2y,]
1
+2YuYJmi—4\/ﬁgllal71 (A.61)
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B

B

B

(2) _

ni = g5 9

1) _

m2_

(2) _

m2_

128 2(1593M3—2g1 (2M3+M1))1M3 gglmHuYuY +12g3m%, YV

4 5

+2493| Ma[*Ya Yl 2 gE MY T ~1205 Mo Yo T ~12g3 M5 T, Y]

4 « 4
"FEQ%Ml (8 (759%M1 +843 (2M1+M3) ) 1+9(_2M1YuYJ+TuYJ)> _5Q§TuTJ

+12¢2T, Tifgglm Y Y 4+6g2m2Y, Y, — ;Lg%YumiYJ
+12¢3Y,m2Y, — % GV Y mo+6g3Y, Y m?—amy Y.V V.Y
—4myy, Y Y YaY Ay, YIT T —8m3,, Y. VIV, Vi -4y, VT, T}
—AY, TIT Y 4y, Ti T, Y, —4T, Y] Y T! —4T, Y, v, T

— AT, TIY Y AT, T) Y, Y —2m2Y, Y] Yav) —2mly, vV, v)
—AY, Y, Y Y -4V, mlY YV -4y, Y I mi v,y

—AY, Y YamlY -2V, Y Yoy im? -4y, Y iml Yy, v -4y, v v,mlv]

—QYHYJYUYJm?ﬁ%9‘3‘102,#%5;%102,11 —16\/%91 1og1—24m%, Y, Vi Tr (YUYJ)
12T, Ti Ty (YuYJ ) —6m2Y, Y, Tr (YHYJ ) —12Y,m2Y, Tr (YHYJ )

—6Y, Y, m2Tr (YuYJ ) 12V, T Tr (YJ Tu) 12T, Y, Tr (T; vr )

—12Y, Y/ Tr (T:TuT) —12Y, Y, Tr (mgyJYu) —12Y, Y, Tr (miYuYJ)

2221 M P2 (QdeY Y 42T TS 4 2Yem2Y +m2Y. Y +v. YTme)

3
+2\/;g1 lo11

7( Ggim3y, VoY +30g3m3, Yo VI 46093 | Ma |2V, Y, +6g7 My Y. T
—30g3 Mo Y. T, —30g2 M3 T. Y. +647 M (—2M1YEYJ 1542 My 1T )
—6g1T. TS +30g5T. T, —3gim2Y. Y, +15g3m2Y.Y,

—6g7Yemi Y, +30g5Yem] Y. =397V Y I m2+15g3 VoY, m?
—20m7, Y. Y Y.V 10V Y T T 10y T T Y 10T Y YL T
—10T. TS Y. Y —5m2Y . YIY. Y, —10Y.miyiv. Y —10v. Y, m2y. Y]
—10V Y Yoy -5Y. YV mZ 44911 (3910201 4V 1500, )

—60m3, V.Y, Tr (YdeT ) 307,71 Tr (YdeT) —15m2Y.Y  Tr (Ydyj)
—30Y.m?Y, Tr (Ydyj) ~15Y. Y m2Tr (Ydyj) —20m%, Y.V Tr (y;yj)
10T T Tr (YSYJ) —5m2Y. Y, Tr (Yeyj) —10Yom2Y, Tr (YeYJ)

C5Y.YIm2Tr (YeYJ) —SOYeTJTr(YdTTd) —IOYeTeTTr(YJTe)
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—30T.Y Tr (T; YdT) —30Y. Y Tr (T; TT ) 10T, Tr (T; Y;T)

—10Y, Y, Tr (T;‘TE ) —30Y, Y, Tr (mledeT) 10, Y, Tr (miyeyj>

—10Y6YJTr(leYJYe)—3OYEYJT1"(m§YJYd)) (A.64)
5$%+::§gl(—129ﬂﬂ4ﬂ2+vqgaL1) (A.65)
8 =59 (30192181614 T ) (A.66)
Bz, =—§g1 (121M: P+ 15011 (A.67)
B =§gl (3910211+81g7 M1 |* /160731 ) (A.68)

B Renormalisation group equations for the 5D-SSM+ F+

In this appendix we supply the one-loop beta functions used in the main paper for the five
dimensional model 1, model 2 and model 3, including the five dimensional Kaluza-Klein
states and extra fields. Note that the RGEs for model 3 can be read off from model 1
and 2 as in every model the RGEs for fields in the bulk is similar to model 2 RGEs, and
the RGEs for fields on the brane is similar to RGEs of model 1. The Higgs sector RGEs
for model 3 are always in the bulk in both model 1 and 2. We define ¢t = Log;, @ and
Ba = 16m%dA/dt. Tt is useful to also define the power law contribution, which may be
written equivalently as

(QR)Y=10'R . (B.1)

B.1 Gauge couplings

The one-loop beta function for the gauge couplings if ¢ > In(1/R)/In(10) are given by

dg;(t)
dt

1672 = biussmds () + bipgf (1) (S(t) — 1), (B.2)

where i = 1,2,3 and S(t) = R10¢, the power law contribution. For the 4DSSM + F*,
bi = (39/5,1,—3) and for five dimensions b%,, = (18/5, —2, —6) +4n, where 7 is the number
of fermion generation in the bulk. The fine structure constants may be defined from
o = g2 /4n.

B.2 Yukawa couplings

The beta functions for the Yukawa couplings may be related to the matrices of anomalous
dimensions
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B.2.1 Anomalous dimensions for model 1
3 3 5
Vg, = 3Tr (Yuyj) — <1091 + 59 )S(t)
f f 3243
v, = 3Tr (Yde) +Tr (YeYe) — (1598 + 593 ) S®)
Vie = YRY) — —glS(t)

1 16
Vi = (2 (v +vay]) - (159% + 393 + 3992,)) S(t)

16 16 5
e = (! - ( oo+ 5 ) ) S0

B.2.2 Anomalous dimensions for model 2

3 3
o t 2 _ )
Vg, = 3Tr (YuYu) wS(t) <10gl + 292> S(t)

g, = (3T (Yde) +Tr () ) wS()? - (i)gf n ;qg) S()

Ve = YeY[mS(0? — TogS (1)

3 8
v = (W] 1) w02 - (gpot + 398+ a2 S

gl ~

8 8
s = Wm0 — (ot + 5a2) S0
2 8
i = S - (ot + 3a2) S0
t 2 3 9 35
Vs = YrYITS(t)" — 1091 + 292 S(t)

o = VRS2 - gg%sa).
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B.2.3 Anomalous dimensions for model 3

v, = 300 (i) (e = (ot + a8 ) S(0 (B.20)
i, = (3Tr (Ybygj) P Ty (YTYTT)) 7S(t)? — (f’og% + ;g§> S(t) (B.21)
Ve = YeYimS(1)” - %gfs( ) (B.22)
o =2 (V4 0]) S(02 - (5ot + 38+ 58 ) 500 (B.23
i = Y500 - (1007 + T ) s(0) (B.24)
i = 50— (150t + 92) 50 (5.25)
e = 201800 - (2ot + 303 ) 500 (B.26)
T = AVYIS(0) — S (). (B.27)

B.2.4 Yukawa coupling RGEs for model 1

The five dimensional contributions for model 1 are given by

By, = Yu <(6YJYU vy, + 2Y;YF) - < 33 2 4 ggg + % §>> S(t) (B.28)
By, = Ya ((GY; Yyt 2viv, + QY;YF) - (Zg 2 4 ggg + % 3)) S(t) (B.29)
by, = Ve (ov0ve+ovivie - (Sa + 5 ) ) s (5.30)
By = Yr <4Y1~1YF — (3¢ + 393)) S(t). (B.31)

B.2.5 Yukawa coupling RGEs for model 2

The five dimensional contributions for model 2 are given by
Y =Y (3T (V'V1) + 3V, Y + VY, + YiYE ) 7S (1)
(6D)Y, — "t t it t It b Lb FiF
31 16
~Yy (721 +395 + g3 ) S(t) (B.32)
15 3
Biapy, = Y (3T (V%) + T (YY) + 3%/, + ¥V + vivie) ms(0)?

25 16
10 (B2t + 363+ a8 S0 (B.33)
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By, = Yo (3T (YV1%5) + T (V1) + 3V, + vfve ) ms(e)?
—Y; ( 02 2+ 392) S(t) (B.34)
Blapyy, = Ve (2V0YF + 3T (V%) + 3T (V7)) + Tx (V17 ) ) ms(0)?
— (343 + 343) S(t). (B.35)

Note that the evolution equations for Y, ., Yy s and Y, ,, can be read from eq. (B.28), since
the first and second generation live on the brane.

B.2.6 Yukawa coupling RGEs for model 3

The five dimensional contributions for model 3 are given by

79 9 32
6(%)% =Y (<6Y{fYt +2vy, + 2Y}YF) — (30 7+ 295 + 39§)> S(t) (B.36)
n t 5 9 32
Bipy, = Yo ((6beYb +2V,Y; + 2YFYF> — (30 2+ 2g§ + §g§ S(t) (B.37)
9 9
5((5%)% =Y: <6YT‘LYT + QY}YF - (291 + 59 2)) S(t) (B.38)
Bisbyv, = Yr <4Y}YF — (347 + 393)) S(t). (B.39)

B.3 Trilinear soft breaking parameters

B.3.1 Trilinear soft breaking parameters for model 1

1 79 9 32
Bamyr, = Tu <(18Yqu + 2V Yy + 2¥] Vi) - (30 Tt 5ot S >) S(t)
; ; 79 64 ,
+Yy (4T5Y,; +4YTr + — 15 M1 + 99 Mo + 3 —g5 M3 ) S(t) (B.40)

55 5 9 , . 32,

1
5((53?)21 =Ty ((18Yij +2V]Y, + 2Y1:£YF> - <30 g+t g 3>> S(t) (B.41)

64
+Yy <4Y}];TF + 4Tu}/1:r + QTEYJ M1 + 9g My + g3M3) S( )

95 4
1571 3

9 9
5(%)% =T (18YJYe +2Y vy - (9% + 95)) S(t)

271" 2
18
+Ye. <6Tdyj +4Y I Tr + ?Q%Ml + 9g§Mg> S(t) (B.42)
1
3((533)TF = Tp (12Y}YF — (3¢ + 3g§)) S(t) + Y (697 My + 693 Ms) S(t). (B.43)
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B.3.2 Trilinear soft breaking parameters for model 2

) 31 16 6 32
By, = —T <159? +365 + < g§> S(t) +Y; (15911\41 + 6950 + 932,M3> S(t)

+Y; (6T (Y/T3) + 6V T + 25/ T, + 2v [0 ) w5 (1)?

+T, (3T (Y%) +3v,Y + vy + Y}YF) 7S(t)? (B.44)
25 16 50 32

Bisbym, = —Th <159 +3 93) S(t) +Yp (15911\41 +6950 + 93M3> 5(t)

+Y; (6Tx (YTTb) + 2T (VT ) + 6%, + 2,1 T; + 2¥ 7 ) w5 (1)?

+T, <3Tr (vi) + 1 (Viv2) + 3y + i+ vive) ms(? (B.45)
Bishyr, = —Tr (397 +393) S(t) + Y; (6g7M, + 6g30z) S(1)

+¥; (6Tx (Y73 ) + 2T (VT ) + 6V, T + 2T ) S (1)?

+T, <3Tr (YTY;,) +Tr (YT Y, ) +3YY;, ¢ YTYF) 7S(t)? (B.46)
Bisbyr, = —Tr (397 +393) S(t) + Y (697M: + 693 Mz) S(2)

Y (GT (Y*Tb> +6Tr (Y Tt) 42Ty (YTT ) n 4Y}TF> 7S(1)?

+Tp <3Tr (Y;} Yb) 43T (Yth) +Tr (Yj YT> + 2Y}YF) 7S (B.AT)

B.4 Soft mass parameters
B.4.1 Gaugino soft mass parameters

The gaugino soft masses in 5D run following
() = 26 g2 M; + 2(S(t) — )b pg? M;. (B.48)

B.4.2 Scalar soft mass parameters for model 1

8 64
57()}% = (_1591 MAJ? = g1 M — 12631 Mo[* + Am3; Y)Yy + 4m%,uyjyu> S(t)
+ (4T*T FATIT, + 2m2Y 1Y, + 2m2Y Y, + 4YIm2Y, + 2V}, 2) S(t)
d+d utu qtdtd qtutu d'atd d YdMyg
2
+ (4YJ m2Y, + 2V, Y,m2 + \/ﬁgllal,1> S(t) (B.49)
64 64
@gg — (—15g1 |M;|? — ?g§1]M3|2 +8my, Y.V, + 8T, T + 4m3YuYJ) S(t)
[2
<8Y m2Y, +4Y, Y, m2 — 4 Eoloy, 1) S(t) (B.50)
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16 64
gf% - (_159§11M1|2 - §g§1yM3|2 +8m3y YaY, + 8TyT) + 4m§YdeT> S(t)
[2
+ <8Ydm(21YdT + 4YdeTm§ + 2 15911011) S(t) (B51)
12
gglg = <—5g§1yM1\2 — 12631 |M|? + 4m3,, YV, + 4T T, + Qm?lfem) S(t)
2 Y m2 /O
+ (4YmZY, +2YYemj — 5g110171 S(t) (B.52)

3 =9 (4m%{dYeYj FATTY + 4Y,m2Y) + 2m2Y,Y) + 2y, m2> S(t)

6 48
+<2\/;91101,1 5911’M1‘2) S(t) (B.53)

In model 1 the two Higgs doublet soft masses obey the RGE’s
1 _§ 2 2 2 2 § 2 i
Bz, = | ~591IMLI" — 62| My 1011 + Gmy, Tr (Ya¥y ) | S(t)
d
+ (Qm%,dﬂ (YeYJ) +6Tr (1377 + 2Tx (T7TT) + 6Tx (mlede )) S(t)
+ <2Tr (mgy;yg) + 2Ty (m%YJY;) +6Tr (miyj Yd>) S(t) (B.54)
W _ [ 6 92 a2 3 2 i
Bg, = | —p9ilMil” = 693 M2l” + 4/ - gr011 + 6mig, Tr (VoY) | S(2)
+ <6Tr (77T + 6Tr (mgyj Yu) 46T (mgyuyj )) S(t) (B.55)
1 24
57(71 % = (_5g§yM1|2 + Zm%,u’dY}YF + 2T} Tr + m%iY}YF> S(t)

+ (Y}YFmZFi) S(t) (B.56)

B.4.3 Scalar soft mass parameters for model 2

2 32
800 = (-~ patulan = UMLE -0s3 110 ) () + (20, Y Yok 2, YY) S 0
+ (2 2T Ty, Y Y tm2, Y Vit 2V md, VitV Yim2, ) wS (1)?
t 9 tyo 2 2 1
(2l et ) w0+ Z=onton ) S0 (B.57)
ma., 15

32 2
gl = (— \M1|2—931|M32) )+ (4m¥, oY AT 2m? iy ) e (1)

1
+ <4th§3 }QT+2lfthTm33)7rS(t)2— (4\/ﬁgl1am) S(t) (B.58)
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8 32
B :< 9 %1\M1|2—931|M32>S(t)+(4m%1dm/,j+4TbT,j+2m§3m@T)wS(t)2
3

/1
+ <4me§3YJ+2YbeTm§3> TS(t)*+ (2 0 10171> S(t) (B.59)

6
3W = <_5g§1yM1 |2—6g§1yM2\2> S(t)+ (4m§,deYT+4TJTT+2m%3YJYT> ©S(t)?
3

- (2ij§3YT+YJ YTm?3) 7S (t)?— <\/§ 91101,1> S(t) (B.60)

Y = 2(2deY Vi 42T Ti42Y,m? Yi4m? Y, Y4V, Yim )WS( )2

3 24
+<2\/;9110171—59%1|M1|2> S(t) (B.61)

In model 2 the two Higgs doublet soft masses obey the RGE’s

1 6 3
5;%% = (—5g%\M12 — 6g5|Ma|* — \/;9101,1> S(t) + (GW%{dTI" (%YJ)) wS(t)?

+ (2m, e (Vo) + 6Tx () + 2T (1777 + 6Tx (3, Y3y, ) ) ms(0)?

+ (2 (m2 v ) + 2T (mi YY) + 6T (m2, Y3 ) ) mS(1)? (B.62)
Bl = (—ggﬂMﬂ — 6g3 1M + \/fgm,l> S(t) + (6m¥, T (Vi) ) w5 (1)

+ <6Tr (T;TF) + 6Tx (mgslfjn) 46T (m v, )) 7S(t)? (B.63)
80 = =S RNAPSO) + (2mdy, YiVe + 2] T + md YY) 7S(0)?

v (Y;YFmg,i) 7S(t)? (B.64)

B.5 Bilinear parameters p and B,

In 5D these are given by:

1) _ T 3 2 2

BN = <3Tr (YJ Yu) + 3Tt (Yd Yd) +Tr (YeTYe) - gt - 392> S(t) (B.65)
M _ (o By _ 12 5

B = <2M (YFYF> - 5#91) S(t) (B.66)

3
Y =B, <—3g§ — Lot 4+ 3T (YJYU) 43T (Yj Yd) 4 Tr (Yj Y)) S(t)
+ <6g§M2 + gg%Ml + 6T (YjTu) + 6T (Yde) + T (YJTE)> S(t) (B.67)

12 24
65913 = (_53;29% = gt My + 2B, YiYe + 4,U«YTYF> S(t). (B.68)
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