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1 Introduction

The discovery of the Higgs boson with a mass of about 125 GeV [1, 2] has a strong impact on
the parameter range of supersymmetric models. In particular in the Constrained Minimal
Supersymmetric Standard Model (CMSSM) large regions of the parameter space are not
consistent with this mass range and a large mass splitting in the stop sector is needed to
push the tree level mass m;, < My to that level. The fine tuning needed to achieve this
mass is large, requiring a cancellation between uncorrelated parameters of order 1 part in
300. In the more general context of the MSSM one still requires 1% fine tuning even for an
extremely low messenger scale of 10 TeV [3].! In addition, it has recently been pointed out
that those regions in parameter space which could explain the Higgs mass by a rather light
SUSY spectrum together with maximal mixing in the stop sector have only a metastable
electroweak vacuum while in the global vacuum charge and color are broken [4-6].

To accommodate a heavier Higgs while avoiding very large fine tuning and the need
of radiative corrections of about 35 GeV requires new structure. The most widely studied
solution is an enhancement of the Higgs mass already at tree level by new F- or D-term
contributions [7-11]. In singlet extensions the mass of the SM-like Higgs is at tree-level
roughly given by m,zl o~ M% <C082 26 + ;—; sin? 25) and becomes maximal for tan§ ~ 2
and for a large coupling A between the singlet and Higgs fields. The most common singlet
extension is the Next-to-Minimal-Supersymmetric-Standard-Model (NMSSM, see e.g. [8]
for a review) which assumes an underlying 7Zs symmetry. As expected the fine tuning in
the NMSSM gets significantly reduced in comparison to the MSSM [12-16].

However, other singlet extensions fare even better in terms of fine tuning. Based
on an operator analysis it could be expected that singlet extensions leading to certain
operators are favoured [17, 18]. One option to generate the necessary operators is an
underlying R symmetry, Z& or Zg. After supersymmetry breaking, both the singlet mass
and the p term are generated but both are constrained to be of order the supersymmetry
breaking mass [19, 20]. The resulting model is therefore a generalised version of the NMSSM
(GNMSSM) [21]. Indeed it was found that the fine tuning in the GNMSSM becomes even
better than in the NMSSM [21-23], see also [24, 25]. In addition, the symmetry underlying
the GNMSSM has the appealing feature that it forbids dangerous dimension 5 proton
decay operators and does not lead to the domain wall problem of the NMSSM [26]. Other
phenomenologically interesting aspects of the GNMSSM include a possible enhancement
of the diphoton decay rate of the Higgs boson [27] as well as a potential simultaneous
explanation of the Fermi line at 130 GeV [28]. Such signals however would require A to
become non-perturbative well below the scale of a grand unified theory (GUT), making
an interpretation in terms of an underlying GUT model difficult, see however [29]. In this
article we will assume an underlying GUT structure and a fully perturbative extrapolation
to the GUT scale.

An idea to reduce the fine tuning even further has recently been proposed in ref. [30],
where it has been argued that a very natural extension of the MSSM is the DiracNMSSM

Note that this definition of fine tuning differs from ours in the choice of the measure and the fact that
the parameters are taken to be low-scale parameters.



with two additional singlets. The main motivation for the second singlet S was a possible
mixed (‘Dirac’) mass term, MySS which allows for very heavy singlets without a suppres-
sion of the tree-level F-term contribution to the Higgs mass while keeping the soft SUSY
breaking terms small. As the soft mass squared of the NMSSM singlet feeds into the soft
Higgs masses, this was argued to eliminate this source of fine tuning. The first study of
the fine tuning in the DiracNMSSM was based on a rough fine tuning measure including
only parameters at the electroweak scale which takes the impact of the RGEs only crudely
into account. In addition, the estimate of the Higgs mass was subject to large theoretical
uncertainties and the constraints from SUSY searches as well as dark matter abundance
were not included. In this work we perform a full numerical study of the fine tuning in
the DiracNMSSM using state of the art computer tools. To this end we implemented the
DiracNMSSM in SARAH to produce a corresponding version of SPheno— a state of the art
spectrum calculator. Our estimate of the fine tuning is based on a full two-loop running
of the renormalisation group equations and we perform a precise mass calculation in the
Higgs sector. The dark matter abundance and direct detection cross sections are calculated
with MicrOmegas.

We proceed as follows: in section 2 we introduce the DiracNMSSM and discuss the
Higgs sector in some detail. In section 3 we give details about the fine tuning calculation
and present our numerical results in section 4. We conclude in section 5. In the appendix we
present all renormalisation group equations, mass matrices and vertices which are changed
in comparison to the MSSM and explain in great detail the renormalisation of the CP even
Higgs sector in the DiracNMSSM.

2 The DiracNMSSM

2.1 The superpotential and soft-breaking terms

In the DiracNMSSM one adds two chiral singlet superfields S and S to the MSSM with
superpotential

W:WMSSM+)\SHqu+MSS§+§SS+f§S'. (2.1)

The general soft SUSY breaking terms associated with the Higgs and singlet sectors are

Veote = mis|” +m|s[* +mj, [hul* + mp, [hal®

+ (b hyhg + NAxshyhg + bsss + tss + tz5 + h.c.). (2.2)

Since the renormalisation group equations (RGEs) for the DiracNMSSM have not been
given in the literature before we list the S-functions for all superpotential and soft-breaking
parameters as well as all gauge couplings and vacuum expectation values (VEVs) up to
two loop in appendix A.



2.2 Particle content after EWSB

After electroweak symmetry breaking (EWSB) the complex scalars in the Higgs sector
acquire VEVs and they are decomposed in their neutral components as

1 1
hg = 2 (Va + ¢pa +i04) hoy = NG (Vu + du +i0ow) , (2.3)
SZL(USA—QZ)SA—Z'US), EZL(U§+¢§+i05) : (2.4)

V2 V2

As usual, the ratio of the two Higgs VEVs is given by ¥ = tan 3 and v = \/vfl +v2 ~

Vq

246 GeV. The charged Higgs sector is very similar to the MSSM and contains one physical
charged Higgs with mass

1 1+ tan?
M+ = ~0v*(g5 —20*) + ———— Begr . 2.
=09y = 20%) + tan g Do (2.5)
Here, we defined
A
Beg = bp + 7(MSU§ + USA)\) . (2'6)

V2

In the neutral Higgs sector there are four CP even states and three CP odd ones. These

fields come together with in total six neutralinos. The neutralino mass matrix is given in
the basis (AB,WO,Hg,Hg,S, S) by

My 0 —%glvd %glvu 0 0
0 My 3904 —ggvu O 0
—%glvd %gzvd 0 — e —%vu)\ 0
391Uy 392Uy Heff ﬁvd
0 0 —5vA —gsuah 0 M
0 0 0 0 M 0
Here, we introduced
1
Meff = E/US)\ + . (28)
The matrix which diagonalizes the neutralinos is called N in the following
N* _ NT _ dia 2
mgo = mio . ( '9)

Generically the lightest neutralino which is a good dark matter candidate can be an ad-
mixture of the bino, the Higgsinos (in the case of non-universal gaugino masses also the
Wino) and the Singlinos. However, we will see that usually large Mj is preferred so that
the Singlino component is typically very suppressed.

In the following we will mostly concentrate on the CP even Higgs states. For complete-
ness, all matrices and vertices which are different to the MSSM are listed in appendices B-C.



2.3 The Higgs sector
2.3.1 The Higgs mass at tree level

The four minimum conditions with respect to the CP even scalars introduced in egs. (2.3)—
(2.4) read

Oy = gg;/d = +é (91 +g2>vd<vd —v ) +vd<mhd + |pf? + V20 RO*) + <v +v ) P;'Z)
_ (s}e(xgg) + §R(bu> + ? (vgafe(w;) + vs%(/\AA)» ~0 (2.10)
O, = g;; = —i—é (g% + g%)vu (vz — vﬁ) + vy (mzu + | 4+ V20, R(O*) + (vd + v ) ‘)\2’2)
— g (m(xg;) + afe(bﬂ) v ‘f (vgm(AM;) v vs%(AAA))) —0 (2.11)
0, = gqjvs = (vg + vg) (U|)\2‘2 + ‘f&e(w)) + m20,s + vsR(bs) + | My 2vs + VIR(MZE,)
+V2R(t,) — \fvdvuiﬁ()\fb\) =0 (2.12)
;= g;; M, [Pvs + VER(M?E,) — \fvdvuﬂ%(Ms*)\) + \%%(tg) v+ v (b)) =0

(2.13)

where $(a) refers to the real part of a. For given input parameters these equations can now
in principle be solved for the four vevs vy, vy, vs, vs. However, given that the electroweak
vev is known, v = {/v2 + vfl ~ 246 GeV, it makes sense to use this information and solve
for some of the input parameters instead. There are now many reasonable combinations of
parameters which can be fixed by these equations. The easiest choice might be to choose the
Higgs and singlet soft masses m%d, miu, m?2, and m2. However, this assumes automatically
that the Higgs soft-terms don’t unify with the other scalar soft SUSY masses. A set of
parameters which can be consistent with the unification of scalars is u, by, ts,ts. In the
limit of real p two distinct solutions are found

ty = 8(1;11)2)(\/5(4@5(1)3 - vﬁ)(Mf +m2) + (vd +v )fA))
+ %(vdvu)\AA - \/i’l)gbs) (2.14)
ts = %(Msvdvu)\ — \@(mgvg + vsb5> — \/§M3115> (2.15)

1 20qvy
bu = 1 (2 (m%d — m%u> % — VqUy <9% +95 — 2)\2> - 2\/§<MSU§/\ + Us)\A)\>> (2.16)
v — v;

VD

1
Ao 2f(vd—v )

=

with

(2.17)

VD = \/ — vd) (91 +g2)< — U4> + 8mh vd 8mh 212> (2.18)



The mass matrix of the CP even Higgs fields is given in the basis (¢4, ¢y, ¢s, ¢5) by
Mp M
2 D Mum
ms = 2.19
h (MAE Mg ) (2.19)

with 2 x 2 matrices containing the elements involving only doublets (Mp) or singlets (Mg)
as well as the entries linking both sectors:

Mp = Mpypg Mpudy (2.20)

%(vﬁ + vi) A2+ m2 + | M2 %(bs)

Mg = 2.21
®(b,) m?2 + | M, 2 221
v \% 2R(vgAp*) — v, R(AAyN) ) + vdvs\)\]Q _%vugﬁ M (2.22)
M = :
% 2R (v A*) — vaR(AAY) ) + vy vs| A2 —%Udé]% AM

with

1 1
M hy = 1)? + R(V2uAi*) + 3 (vg + vi) A2 + §<g% + g%) <3vfl — vi) + m%d (2.23)

Mo, = ~ROE+b) +oava (A2 = 7(g2+93) ) — 2= (20 ROMI) +20,R(A5) ) (2:24)
1

Mg, = %(2|M‘2+2%(\[203>\,u*)+(vfl—{—v?)])\|2) -2

(93+93) (v - 302) +m3, . (2.25)
This matrix is diagonalized by Z:
ZMmi 27T = mgiy. (2.26)

To gain some insight into the mass-dependence of the lightest, SM-like Higgs boson on
the different parameters, we can perform a rotation of the tree level Higgs matrix to the
basis (h, H, S, S) via the rotation matrix

( cos 3 sinﬁ) ‘ (2.27)

—sin B cos 3

In first approximation, the h—H mixing as well as the h—S mixing can be neglected and
the remaining matrix in the basis (h, S) reads

My, M,
mpg = | MRS (2.28)
Mps Mgs
with
AQ
Myp = M2 <cos2 28 + = sin’ 2,8> (2.29)
g
1
Myg = —2—()\\/5860 26 + V20° A Ay) sin 28 (2.30)
v
Mgs = M? +m?. (2.31)



My, shows already the famous F-term enhancement of the Higgs mass at tree-level. Hence,
if we want to make use of this effect to reduce the fine tuning, we have to concentrate on
large A and small tan 8. However, this effect can easily be spoiled by the mixing with the
singlet-sector coming from M}yg which tends to reduce the smaller eigenvalue. Not relying
on special cancellations, the natural size of Mjg is AvMgysy, which implies that for small
mixing Mgg should be rather large. The expectation that for the range of interest Mg is in
the few TeV range for the correct Higgs mass will be confirmed in our numerical analysis.

2.3.2 Radiative corrections to the Higgs mass

Of course, a tree-level calculation is not sufficient to have a reliable estimate for the Higgs
mass. The radiative corrections to the Higgs masses in the NMSSM are discussed in
detail in the literature [31-39]. In contrast, studies in the context of extensions of the
NMSSM often include just the dominant stop corrections at the 1-loop level but neglect all
other, potentially important, effects. However, we are not relying on these approximations
but calculate also the Higgs mass in the DiracNMSSM with a precision comparable to
the NMSSM: we include all corrections at the one-loop level and the dominant two-loop
corrections stemming from (s)tops. Details of the calculation are given in appendix D.

To give an impression of the size of the loop corrections and the dependence on the
different input parameters we compare in figure 1 the Higgs mass calculated (i) at tree
level, (ii) at one-loop, (iii) at two-loop including stop corrections. For these plots we have
solved the tadpole equations with respect to {u, bu,ts,ts} and have used in addition

mo =300 GeV, my/, =800 GeV, tan 8 = 2.3, Ay = —2500 GeV ,
A=16, Ay = —100 GeV, v, = 8.3 GeV, vs = 1.5 GeV,
M, = 9000 GeV, by =3-10° GeV?, m2="7-10"2GeV2.

There are some features visible in these plots: (i) as expected, the Higgs mass becomes

2

2 was chosen to unify with the

maximal for tan 5 ~ 2 and large values of \. (ii) since m
other scalars, large M; is needed to get a sufficiently large my. The observation that my,
grows with increasing M, might seem at first glance inconsistent with the approximate
tree-level expression for the Higgs mass derived in ref. [30]. This derivation however did
not include the mixing effects in the neutral scalar sector, which have a non-negligible
impact on the light eigenvalues and are fully included in our numeric computation. (iii)
the absolute shift coming from the 1- and 2-loop corrections are rather insensitive to A, i.e.
the radiative corrections for the given point are completely dominated by the (s)top loops.

However, there are also parameter points where other loop corrections beside the
(s)top-loops can be very important. In figure 2 we show the one-loop corrected mass
with and without the corrections stemming from Higgs and neutralino/chargino loops.
The other parameters have been chosen as

mo = 500 GeV,  my/, =600 GeV, tan 8 = 2.3, Ag = 2200 GeV,

A=16, Ay = 1300 GeV, vy = 1.0 GeV, v = 0.1 GeV,
M, = 6600 GeV, b, =1-10" GeV?, m2=1-10"GeV2.
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Figure 1. Red line: tree-level mass; blue line: tree-level and full one-loop corrections; green line:
tree-level, full one-loop and dominant two loop corrections.
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Figure 2. One-loop contributions to the Higgs mass as function of the value of A at the GUT
scale. The color code is as follows: black, dashed line: pure tree-level; blue-line: one-loop mass

without Higgs/Neutralino/Chargino corrections; green line: full one-loop corrections including
Higgs/Neutralino/Chargino contributions.

Obviously, in the case of large A, the additional loops can easy push the Higgs mass
up by more than 5 GeV and the full calculation presented here is really necessary.

3 Fine tuning and precision calculations

3.1 Fine tuning measure

In refs. [40, 41] a quantitative estimate of the the fine tuning with respect to a set of
independent parameters, p, was introduced as

2 2
AzmaXAbs[Ap], A _ Ot p O



The quantity A~! gives a measure of the accuracy to which independent parameters must
be tuned to get the correct electroweak breaking scale [42]. The fine tuning of a model
of course depends on what one takes to be the fundamental parameters and at which
scale these are defined. Given the success of gauge coupling unification in supersymmetric
models it is natural to assume an underlying GUT structure and to define the fundamental
parameters at the GUT scale. We therefore assume in the following study that all sfermion
soft terms unify at the GUT scale to mg. In addition, the mass scale of the gaugino
is set by the parameter my/,. However, we do not necessarily impose the unification of
all gaugino masses (which can still be consistent with an underlying GUT) by allowing
for My = a-mys3, M2 = b-myy, M3 = m;/; and studying the cases a = b = 1 and
deviations from it separately. It has been observed that such a non-universality can reduce
the hierarchy problem through the appearance of a new “focus point” that makes the Higgs
mass less sensitive to the gaugino mass scale [43-54]. We assume that a and b are fixed by
the underlying theory such that contributions to the fine tuning are absent. As discussed
in [23, 47] values of a and b in the low-focus-point region occur naturally in a variety of
models. However, as discussed below, dropping this assumption does not greatly increase
the minimum fine tuning.

We calculate the fine tuning with respect to all independent parameters in the Dirac-
NMSSM, defined at the GUT scale,

p € {mo, my 2, Ao, 1, bu,)\,A)\,MS,bs,ts,tg,mg,mg,mid,m%u} : (3.2)

In many fine tuning analyses it has become customary to consider the fine tuning in

terms of electroweak scale parameters only. Specifically for the DiracNMSSM the following
measure has been used in a previous study [30]

2
Aj = —5 max {mgd,mzu,g;}; LAY L, B, 6h} (3.3)
my hy

2
hy

with the one-loop B-functions for the Higgs soft terms, L = logM ~ 30 and §h =

Msusy
2 2 2
(’(\i‘g% log M}\j[rzm =, Here the factor L is supposed to account for the fine tuning from running,

i.e. mimicking the effect of defining the parameters at the high scale.

We have compared both measures. The result is shown for a set of 100,000 points in
figure 3. Even if they usually predict a FT of the same order, the differences can be sizable,
with a factor of more than an order of magnitude in both directions. One feature that does
not show up in the measure A} is the appearance of focus point correlations, hence the
fine tuning can be overestimated. We believe however that it is interesting to study such
correlations among parameters which reduce the fine tuning as this might give valuable
information about the desirable structure of the high energy theory. On the other hand for
large SUSY parameters which usually lead to very large A, the FT in Aj, appears to be

much smaller. The reason is that for large SUSY parameters 67(;2) L is no longer a good
h’u,d
approximation for the RGE dependence of the soft terms. Also the ‘source’ of fine tuning

is less clear in the low scale picture. For instance, the strong dependence on the gluino
mass which just enters indirectly in the running of m,%u is completely missed [55, 56].
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Figure 3. Comparison of the two fine tuning measures.

3.2 Fine tuning calculation

Fine tuning studies have a long tradition. However, the precision of these studies has not
necessarily improved as other theoretical predictions have. In particular for models which
go beyond the MSSM the prediction of the fine tuning often suffers from large theoretical
uncertainties which are often not mentioned:

e Higgs mass prediction: in many BMSSM studies only the dominant radiative correc-
tions from (s)tops known from the MSSM are included. In addition, also the impact
of external momenta is neglected. However, there are two main issues with this
approach: (i) potentially large, additional loop corrections which don’t exist in the
MSSM are completely missed. The best example is the NMSSM with large A. This
has been demonstrated for the NMSSM in ref. [36] and we also show an example for
the DiracNMSSM in section 2.3.2. (ii) the effective potential approach corresponding
to p? = 0 can differ significantly from a full one-loop correction demanding p? = m%.
This has been shown for an NMSSM extension in ref. [57]. Both effects can be larger
than the experimental uncertainty.

e Dark matter prediction: in particular, in co-annihilation regions the relic density of
a particle has to be calculated numerically and MicrOmegas [58-60] is often used for
that. There exist nowadays several possibilities to create model files for MicrOmegas
for models which are not included in the public version [61-63]. Using one of these
codes should be strongly favored instead of modifying existing files by hand which is
very error prone. However, even if one uses the correct model files one must keep in
mind that the masses used as input for MicrOmegas suffer from an uncertainty. It
has been pointed out in ref. [37] that for instance the stau co-annihilation band in
the NMSSM gets a sizable shift when going from tree to the one-loop level.

~10 -



e RGE running: for phenomenological studies in the MSSM or NMSSM it has become
standard that the full 2-loop RGEs are solved numerically. Even if there exist now
several public tools which can calculate the RGEs for a given theory at the two-loop
level [64—66], often one-loop approximations are used for FT studies. In particular
for parameter regions which need cancellations between different contributions to the
RGE running for specific parameters like the Higgs mass terms, those approximations
can fail badly. Moreover, it is well known that the GUT scale defined by g1 = go is
shifted at the 2-loop level quite a bit. Already this effect causes a non-negligible dif-
ference between the running parameters at the SUSY scale and changes in particular
the masses of particles which depend on the strong interaction [67].

e SUSY thresholds: the running parameters entering the RGEs have to be derived from
the measured observables. To get an accurate set of gauge and Yukawa couplings at
the SUSY scale the SUSY thresholds have to be included [68]. In particular, g?fR can
differ by several percent from gil))vTS = \/m [69]. Depending on the size of these
threshold corrections the perturbativity limit of A is shifted in singlet extensions of
the NMSSM [7].

In the current study we take care of all of these issues by using the public codes SARAH
and SPheno: we have implemented the DiracNMSSM in SARAH [63, 64, 70-72].> SARAH has
then been used to create a SPheno [73, 74] module to get a full fledged spectrum generator
for the DiracNMSSM which provides the following features:

e All masses of SUSY and Higgs particles are calculated at the one-loop level including
all contributions present in the DiracNMSSM and including the impact of the external
momenta in the loop functions. Details about the calculation in the Higgs sector are
given in appendix D.

e The dominant 2-loop corrections (O(a?), O(azas), O(azap)) known from the MSSM
are included [75-79]. By including these corrections, we have reduced the theoretical
uncertainty of the Higgs mass. However, since two loop contributions involving A
which are potentially important for large A are missing, the remaining uncertainty is
still expected to be slightly larger in comparison to the MSSM with the Higgs mass
calculated at the same level.

e Prediction for precision observables like b — sy, g — 2 or Bg,d — i are derived at
the one-loop level which can be used to further constrain models. Also all of these
calculations are automatically adjusted to the present model by SARAH as explained
in ref. [80].

e All SUSY thresholds are included when calculating the gauge and Yukawa couplings
in the DR scheme from the measured values of SM fermion and gauge boson masses,
GF and Ozs(Mz).

2The model files might become public with a future release of SARAH. If you are interested in them
beforehand, please contact the authors.

- 11 -



e The RGE running is performed at the 2-loop level without any approximation. To
calculate the fine tuning, we vary each of the independent parameters at the GUT
scale, run all the parameters down to the weak scale and evaluate the shift in the Z
mass by consistently solving all tadpole equations with respect to all vevs numerically.
The last step, which is necessary to get the precise fine tuning is not yet part of the
public version of SARAH but will be included in the next update.

For the calculation of the relic density we have used MicrOmegas and created the corre-
sponding model files for the DiracNMSSM also with SARAH. To perform the parameter
scans we made use of SSP [81]. The exchange of parameter values between SPheno modules
written by SARAH and MicrOmegas model files also written by SARAH happens automatically
by using the SLHAplus functionality [82] of CalcHep [83, 84].

This is the same setup which has been used in previous studies to compare the fine-
tuning in the MSSM, NMSSM and GNMSSM, see refs. [22, 23]. A new feature developed in
the context of this work is the automatization of the fine tuning routine in SARAH, allowing
for the calculation of the fine tuning in any implemented model without the need to change
the SPheno code per hand.

We have to mention that there is one issue which is still hard to include with the
same precision as the other aspects: the question if a parameter point is ruled out by LHC
searches or not. To be sure one would have to make a collider study for each parameter
point what is far beyond the scope of this work here.? As discussed below, the non-universal
gaugino mass case in the GNMSSM often leads to a compressed SUSY spectrum with small
mass differences between gauginos and the LSP that makes SUSY discovery more difficult.
To account for this in a manner consistent with the non-observation of superpartners at
the LHC we implemented a cut on the gluino mass as a function of the gluino-LSP mass
difference as presented in [88, 89]. In figure 7 of [88] two bounds are shown, a weaker one for
decoupled squarks and a stronger one for mgsquark ~ Mgluino. Most parameter space points
of interest to us are in the intermediate regime, but we will use the stronger bound here.*
We further require the chargino and slepton masses to be above 100 GeV. While these
limits are rather conservative, simplified models typically assume a very light or massless
lightest neutralino and are not applicable for this study. In any case, almost all points have
much larger slepton and chargino masses, so a more aggressive cut would not qualitatively
change our results. We also require that the lightest supersymmetric particle (LSP) is a
neutralino which is a good dark matter candidate and its relic density does not exceed the
50 PLANCK [90] upper bound of Qh? < 0.1334. In addition we check that the direct detec-
tion cross section is consistent with the latest result from LUX [91]. It turns out that only a
small fraction of Wino and higgsino like LSPs would violate this bound after all other cuts
are imposed, which therefore does not affect the allowed parameter regions significantly.

3However, also this situation is expected to be improved significantly since several tools are currently
developed to test SUSY points against LHC results [85-87].

4This of course assumes that the bound on Mgluino ~ Msquark 1S at least as strong as say mgluino ~
0.7 - msquark. This is not quite clear as in the case of compressed spectra the gluino is still very close in mass
to the lightest neutralino while some missing Er could be coming from the squarks. On the other hand
the production cross section will be smaller in this case. As noted above a thorough study would need to
examine every parameter point individually. Here we will content ourselves with this approximate cut.
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4 Exploring the DiracNMSSM vs. the GNMSSM

In the following we will study the fine tuning of the DiracNMSSM and compare it with
the GNMSSM. As there are already detailed studies of the fine tuning of the GNMSSM
compared with the MSSM [22, 23] and NMSSM [22] using the same fine tuning measure,
we refrain from repeating these comparisons here. The superpotential of the GNMSSM is
given by

W = Wussm + ASH Hy + €S + %,usS2 + %/{53 , (4.1)

and the corresponding soft-breaking terms read
1
Vaott = Visoft, MSSM + mg\s|2 + <3/1A,€s3 + AAyshyhg + 6532 + tss + h.c.) . (4.2)

4.1 Universal gaugino masses

Let us first concentrate on the fine tuning in the DiracNMSSM in the case that all gaug-
ino masses unify at the GUT scale. We solve the four conditions for correct EWSB for
{1, b, ts,t5}. This leaves us with 16 input parameters

2 2 2 2
m07m1/27 AOatanB7mhua mhda A,A,\,US, Vs, MS) b87m57m§a587§§ . (43)

For the case of universal gaugino masses the lightest gaugino will always be a bino. This
potentially leaves a mixture of bino-, higgsino, and singlino-like neutralinos as LSP can-
didates. For the bino it is difficult to achieve a small enough relic abundance except in
the stau coannihilation or Higgs funnel regions while the singlino turns out to be typically
rather heavy in the region of interest. Accordingly most of the viable points we find have
a LSP with a sizable higgsino fraction.

The overall result is summarized in figure 4. This plot shows the fine tuning as function
of the SM-like Higgs mass for the DiracNMSSM (left) and the GNMSSM (right). Several
different cuts are indicated: (i) light blue points correspond to no cuts, (ii) medium blue
points include LHC limits on SUSY masses, and (iii) dark blue points include in addition
the upper limit on the dark matter abundance as well as the limit from direct detection
searches. Note that these plots are combinations of several scans of different regions in the
parameter space of the models. Since we have zoomed into interesting regions with a small
or moderate fine tuning the density of points can’t be interpreted as some probability
measure. Nevertheless, it is interesting that there is no big difference between the best
fine tuning after the LHC and after the LHC and dark matter cut for the DiracNMSSM.
The reason is that the lightest neutralino in the DiracNMSSM turns out to have easily
a large Higgsino fraction which is sufficient to reduce the dark matter abundance to the
allowed level. One can see that the best fine tuning consistent with all observables in the
DiracNMSSM with unified gaugino masses is about 70. This is not improved if we dropped
the upper limit on the neutralino relic density. This value is, of course, significantly better
than in the MSSM where one expects A 2 300 and also improves the situation compared to
the NMSSM. However, it is of the same size as the fine tuning reported for the GNMSSM
in a similar setup, see the right plot in figure 4. Here we find as best fine tuning A ~ 78
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Figure 4. The fine tuning as a function of the SM like Higgs mass for the DiracNMSSM (left) and
the GNMSSM (right). The light blue points are before any cuts. For the dark blue points we use
appropriate SUSY and dark matter cuts.

including the DM cut and A ~ 71 without the DM cut. The best points for the GNMSSM
and DiracNMSSM including the DM cut are given in table 1.

To compare the dependence of the fine tuning in both models we have randomly picked
200,000 valid points for each model. The parameter values for all points are in the ranges

mo € [0,1] TeV, myj9 € [0,1] TeV, tan 5 € [1.5,4.0]
Ael0,1.7], Ay € [-1.5,1.5] TeV, Ap € [-2.5,2.5] TeV
M, s € [~10,10] TeV, bs € [~10,10] TeV?, vs € [2,2] TeV
mj, € [-5,5] TeV?, mj € [-5,5] TeV?, m? € [~5,5] TeV?.

in addition, the specific parameters for the DiracNMSSM have been chosen to be

vs € [-2,2] GeV, m2 € [0,10%] TeV?

and those for the GNMSSM

k€ |[-1,1], A, € [-1.5,1.5] TeV.

Note, since the points shown in the following are chosen randomly from the full data-set
they don’t include the points with the best fine tuning which have been found for both
models. They are just meant to demonstrate the general similarities and differences in the
fine tuning of both models.

The effect of the different cuts can be summarized as follows:

DiracNMSSM | GNMSSM
Valid points 200,000 200,000
After SUSY cuts 52,623 64,514
After Higgs cut 5,527 23,783
After DM cut 043 (13) 204 (55)
After direct detection cut 918 (13) 195 (51)
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Figure 5. Fine tuning vs. mg, m; /5 and Ag in the DiracNMSSM (first line) and GNMSSM (second
line). With increasing saturation the following cuts are applied: (i) no cut, (ii) cut on SUSY masses,
(iii) cut on the SM like Higgs mass, (iv) cut on the upper limit of the dark matter abundance.

In both models the SUSY cuts rule out about 2/3 to 3/4 of the valid points. That’s
not surprising since the changes in the Higgs sector are expected to have only a small
impact on the squark and gluino masses and for m;/, S 750 GeV the gluino mass turns
out to be too light. However, there are two obvious differences: while it seems to be
much easier to accommodate a Higgs mass in the expected range in the GNMSSM than
in the DiracNMSSM, the DiracNMSSM is doing better in satisfying the upper limit of
the dark matter abundance. The reason for this is, as mentioned already above, that the
lightest neutralino in the DiracNMSSM is much more often a Higgsino which annihilates
very efficiently. The numbers in brackets refer to points which are consistent with the LSP
making up all of the dark matter, i.e. where also a lower bound on the relic abundance
is imposed.

We turn now to the dependence of the fine tuning on the different parameters. For
this purpose the fine tuning versus mg, my /o and Ag is shown in figure 5, versus A, A and
M;/ s in figure 6, versus vs, 1 and by in figure 7, and versus m,%d, m}%u and m? in figure 8.
For the parameters not shown here (b5, m2, vs, s, A,) there is no visible dependence of
the fine tuning on those parameters.

In figure 5 there is a very strong dependence of the fine tuning in both models on
the gaugino mass parameters my 5. Small values for my/, are usually forbidden by the
gluino searches at the LHC. That’s one of the main reasons which pushes the fine tuning
to larger values. The impact of mg is rather moderate in both models, as long as it is not
too large (as we don’t assume the sfermion masses to unify with the soft Higgs masses,
the focus point solution for large mo won’t work here). Further the DiracNMSSM and the
GNMSSM seem to slightly favour positive Ag. The fine tuning as function of the additional
superpotential parameters A and M; or pg is shown in figure 6. While A plays an important
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Figure 6. Fine tuning vs. A\, Ay and M, in the DiracNMSSM (first line) and GNMSSM (second
line). The color code is the same as in figure 5.

role in lifting the Higgs mass to the desired range, only a mild preference towards very large
A in terms of the fine tuning is seen. On the other hand the dependence on My is much
more pronounced. First, there are hardly any valid points for | M| < 1 TeV. The reason for
this in the DiracNMSSM has already been discussed in section 2.3.1: usually, large values
of M? are needed to get a large enough Higgs mass or even three positive eigenvalues of the
Higgs mass matrix squared. Similarly, it is very difficult to find valid parameter points in
the GNMSSM which don’t suffer from tachyonic states in the Higgs sector.” Furthermore,
even for |M;| > 4 TeV there is a strong correlation between the fine tuning and the value
of My in the DiracNMSSM after the Higgs cut is applied. Usually very large values of M
are needed to reduce the fine tuning. The reason is that the tree-level mass of the SM like
Higgs increases with Mg and therefore for large values of M, the necessity of large loop
corrections due to heavy stops is reduced. That’s different to the GNMSSM where the
relation between the fine tuning and s is roughly flat in this range even after the Higgs
mass cut. In figure 7 we show the fine tuning as function of vs. While the fine tuning in the
GNMSSM shows hardly any dependence on the singlet VEV after all cuts, the fine tuning
in the DiracNMSSM increases with increasing |vs|. Thus, singlet VEVs below 1TeV are
preferred in the DiracNMSSM. One might be surprised that the fine tuning depends on vy
at all since this parameter does not enter eq. (3.1). However, one can see from eq. (2.17)
that large |vs| also leads in general to larger |u|. That the fine tuning in the MSSM strongly
depends on p is well known. As we can see in the middle of figure 7 this is also the case for
the DiracNMSSM and the GNMSSM. |u| should be not larger than a few hundred GeV to
have good fine tuning.

5This seems at odds with a number of NMSSM studies, which of course have ps = 0. One should note
however that the density of valid points in the NMSSM is significantly smaller than in the MSSM, which
indirectly shows up here.
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Figure 7. Fine tuning vs. v, g and by in the DiracNMSSM (first line) and GNMSSM (second
line). Here p and by are given at the SUSY scale. The color code is the same as in figure 5.

From the model building point of view, the main difference between the GNMSSM and
DiracNMSSM is the extended singlet sector of the DiracNMSSM. A second singlet was in-
troduced to allow for smaller values of m? without decoupling of the tree-level contribution
to the Higgs mass for large singlet masses. This in turn was supposed to reduce the fine
tuning in the DiracNMSSM. However, the plots in the last row in figure 8 show that the
fine tuning with respect to m?2 is rather mild and also in the GNMSSM there are points
after all cuts with m2 = 0. This might be the main reason why there is not a significant
improvement in the fine tuning in the DiracNMSSM compared to the GNMSSM. Actually,
it turns out that the fine tuning in both models is roughly the same for universal gaugino
masses as we have seen.

4.2 Non-universal gaugino masses

As we have mentioned before, non-universal gaugino masses tend to improve the fine tuning
through the appearance of a new “focus point” that makes the Higgs mass less sensitive to
the gaugino mass scale [43-54]. We assume that a and b are fixed by the underlying theory
such that their contributions to the fine tuning are absent. As discussed in [23, 47| values
of a and b in the low-focus-point region occur naturally in a variety of models.

We show in figure 9 the overall fine tuning vs. the mass of the SM-like Higgs for this
case. We see that in both models it improves significantly. The best fine tuning we find
now for the DiracNMSSM fulfilling all experimental constraints and satisfying the upper
limit of the neutralino abundance is A ~ 32, for the GNMSSM we even find points with
A ~ 14 (for more details about the spectra of these points see table 1). Here we have
assumed that the UV physics results in a fixed ratio of the gaugino masses at the high
scale, i.e. we have not included the fine tuning with respect to the parameters a and b.
While this assumption is well motivated, it is interesting to note that a strict ratio of the
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Figure 9. The fine tuning as a function of the SM like Higgs mass allowing for non-universal
gaugino masses for the DiracNMSSM (left) and the GNMSSM (right). The light blue points are
before any cuts. For the dark blue points we use appropriate SUSY and dark matter cuts. The
minimal FT we find in the DiracNMSSM is A = 32, in the GNMSSM it is A = 14. The narrow
plot on the right depicts the fine tuning in the GNMSSM taking into account the fine tuning with
respect to a and b for a couple of interesting points, showing that the minimal fine tuning does not
greatly depend on the assumption of fixed gaugino mass ratios.

wino to gluino masses is not necessary as long as both are comparable at the weak scale; in
the case of the GNMSSM, including the fine tuning with respect to a and b, the minimum
fine tuning is still only 24. Hence, dropping the assumption of definite a and b ratios does
not greatly increase the fine tuning.

The plot also shows that before SUSY cuts the fine tuning in both models is very
similar. We find the difference between the two models in the case of nonuniversal gaugino
masses to be the following: the mass of the higgsino-like neutralino is set by peg = p +
%)\ EwVs, while the fine tuning is mainly dominated by p. In the GNMSSM it seems to
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Figure 10. Smallest fine tuning in the gluino-squark and gluino-LSP plane for the DiracNMSSM
(top) and the GNMSSM (bottom). It can be seen that low fine tuning often corresponds to com-
pressed spectra.

be easier to have sizable peg = 700 GeV which would allow for a compressed spectrum
and hence lighter gluinos. In the DiracNMSSM on the other hand peg is typically closer
to p. This means that for very compressed spectra with mpiggsino ~ Mgluino ~ 700 GeV
the u term is sizable, implying moderate fine tuning. On the other hand for very small
values of p we typically have a rather light higgsino-like LSP. In this case a compressed
spectrum is not possible and the gluino has to be correspondingly heavier, implying larger
fine tuning.

In figure 10 we present the best fine tuning we find in the (Mgluinos Msquark) and in
the (Mgluino, mrsp) plane. We see that a very good fine tuning is not only possible close
to the parameter regions where the gluino is nearly degenerate with the LSP but also for
heavy gluinos above 2 TeV. Also note that our scans were optimized to find the smallest
fine tuning, so it is conceivable that the fine-tuning for large masses is overestimated. The
heavy gluino case will be hard to exclude by the next LHC runs [92]. Thus, despite the
excellent performance of the LHC experiments there is still the possibility of SUSY with a
fine tuning less than 100 which can’t be tested in the near future. However, to find models
with this small fine tuning for gluinos above 2 TeV one has to give up the most constrained
models with universal soft parameters for all scalars and all gauginos.
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5 Summary and conclusions

We have performed a careful evaluation of the level of fine tuning in the DiracNMSSM. For
this purpose we have implemented this model in public computer tools to get a precise pre-
diction for the Higgs mass, the dark matter relic abundance, and the SUSY mass spectrum.
We have considered rather general high scale boundary conditions — in particular we as-
sumed that the Higgs and singlet soft terms are independent of mg and of each other. Also
all the A-terms were taken to be independent. If we force the gaugino mass terms to unify
at the GUT scale the minimal fine tuning allowed by all experimental constraints is about
70 for both the DiracNMSSM and the GNMSSM. If we relax the unification conditions in
the gaugino sector the minimal fine tuning gets improved to 32 in the DiracNMSSM and
14 in the GNMSSM. Hence, both models significantly improve the fine tuning situation
compared to the MSSM and the level of fine tuning is comparable in both models, albeit
slightly lower in the GNMSSM.
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GNMSSM I GNMSSM II  DiracNMSSM I DiracNMSSM 11
mg [GeV] 525 50 414 228
my o [GeV] 774 460 781 463
a 1 8.2 1 -6.7
b 1 4.2 1 -3.8
tan 3 2.3 2.2 2.4 2.2
Ag [GeV] 972 -923 4493 -1844
A 1.68 1.58 1.65 1.61
K 0.002 0.146 - -
Ay [GeV] 964 -133 1217 -1471
A, [GeV] 712 -374 - -
vs [GeV] -1024 906 34 430
vs [GeV] - - 0.1 150
M;(us) [GeV] -6607 3170 8105 -5097
bs [GeV?] ~1.2-107 1.9-106 8.5 - 10% 1.8-106
m? [GeV?] 4.6 - 108 2.6 - 10° 7.7-10° 8.6-10°
m?2 [GeV?] - - 5.2-10% 2.4 -10°
m?  [GeV?] 7.7-10° 1.3-10° 5.2-10° 1.4-10°
mjy  [GeV?] 2.4 -10° 1.8-10° 2.7-10° 1.5-10°
mp, [GeV] 126.3 122.8 123.1 122.7
mp, [GeV] 718 1561 1243 1538
mp, [GeV] 2815 1670 5657 3550
mso [GeV] 350 687 336 707
mg+ [GeV] 642 690 360 711
mys [GeV] 851 1611 649 1448
my, [GeV] 1131 765 672 738
my, [GeV] 1403 1013 1238 1022
ms [GeV] 532 1383 407 1157
my. [GeV] 1528 1014 1493 1022
my [GeV] 1597 1528 1544 1466
My, [GeV] 1559 1283 1542 1209
M, [GeV] 1595 1527 1544 1464
mg [GeV] 1689 1112 1681 1127
Oh? 0.03 0.04 0.07 0.04
A 78.4 14.4 69.5 32.5

Table 1. Benchmark points (points with smallest fine tuning for each case) for the DiracNMSSM
and the GNMSSM with and without universal gaugino masses.
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A Renormalisation group equations

For those parameters present in the MSSM, we give only the difference to the RGEs in
comparison to the MSSM. The convention for the 8 function and anomalous dimensions are

1 1 1
= (2) — 1) )
= Tom (167r2)25"” ’ TR R TR (A.1)

The calculation of the g-functions is performed by SARAH. The calculation of S-functions

B +

for SUSY models up to two loop with SARAH are based on the generic results given in
refs. [93-98].

A.1 Anomalous dimensions

AP = =R (vfva+ viv) (A.2)
Ay = —pPYSY. (A.3)
Avy) = AP (A4)
Ay = 73|>\|2<\)\]2 + Tr<YuYJ)) (A.5)
Ay = A2 (A.6)
Ay = AR (3R + 3T (vav) ) + Tr(vexd) ) (A7)
Ay = 2Py (A.8)
A = o APYYT (A.9)
AP = APy (A.10)
1 = 2aP (A1)
¥ = —%]/\]2<10]/\|2 153 +15Tx (Yav] ) + 15T (VoY) ) = 8g24+5Tr (v ) ) (A12)
VS) —0 (A.13)
7£2) —0 (A.14)

S
A.2 Gauge couplings

MG = —ZglAP (A.15)
ABY = —2g3 |\ (A.16)

A.3 Gaugino mass parameters

12
A = -2 (M -T)) (A.17)
ABY) = 4g§A*( ~ Moh+ TA> (A.18)
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A.4 Trilinear superpotential parameters

ABY) = Yyl Al
ABP = — A2 <3Yd|>\|2 + 3YdTr(YuYJ ) + 3YaY, Yy + YaY] Yu)

(A
(A
Ay, = YelAP (A.
ABY = =3P (VAP + YeTe (Vv ) + vevYe ) (A
ABY = Y, AP (A
ABY = A2 <3Yu|)\|2 4 3Y,Tr (Ydyj ) 3, Y, + YuTr(YeYj) +Y,v] Yd> (
BY = 302X + 32Ty (YdeT ) 3T (YUYJ) AN %g%)\ n )\Tr(YeYJ) (A.25)
BY = —%)\(500|)\|4 — 207g% — 90g2¢% — 3754 + 20 (g% - 4og§)Tr(Yde ) (A.26)
— 2093 T (3Y.Y +2v, Y ) — 30\ (103 — 5T (3] + 3V, + Y.y ) +247)

— 80092 Ty (YUYJ ) 15Ty (z),YdeT OIE AN AIED AN AAEE I A YUYJ))

A.5 Bilinear superpotential parameters

ABLY = 2u| A (A.27)
ABD = —pJA2 <3Tr<YdeT> + 3Tr(YuYJ) 62+ Tr<Y;YJ>) (A.28)
552 = 2M,|\? (A.29)
82 — _Zrap (10]/\|2—15g§+15Tr (Yde) 15Tt (YUYJ) —3g%+5Tr(Y8YJ)) (A.30)
- 775
A.6 Trilinear soft-breaking parameters
A,B%) =\ <2YdT)\ + )\Td) (A‘?’l)

AR = -\ <3|)\|2 <4YdT,\ + ATd) +oTy (3YdTr (YuYJ ) +3YY Yy + YY) Yu> (A.32)

A <2YdYJTu+3TdTr (Yqu ) AV Y T+ 5T, ] Yy +6Y,Tr (YJTH) YT Yu>>

ABY = X (2Y.Ty + AT ) (A.33)
ABP = ) <3|)\|2 <4YgT,\ + )\Te) + 6T (YeTr (YUYJ) v YeYJYe)

+ >\<3T€Tr (YUYJ> +AYYIT, + 5TY] Y, + 6Y6Tr<YJTu>)) (A.34)
ABY = x* (QYUTA + )\Tu> (A.35)
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ABP — <3|)\|2 <4YuT,\ n )\Tu> +oT, (YuTr (3Ydyj n YeYJ) +3Y,YIY, + YV, Y] Yd)

By =

2
or, =

F A2 Y[ Ty + AT+ TV + 5TV Y+ 31T (Yav) ) + Tume (Vv
+6Y,Te(Y]Ta) + 29T (YT, ) )) (A.36)
+§91M1)\ + 6g2 Mo + T (12|)\|2 —3¢2+ Tr(?)YdY YY) + 3y, YT) - %gl>
+6ATx (YdT Td> +2ATx (YgTe) + 6T (YJ Tu) (A.37)
C50[AAT — g\w (TA (15Tr<YeYeT> — 3092 + 45Tr(YdeT + YUYJ> . Gg%)

+ 2/\<1Og§M2 + 15Tr<YdTTd> + 15Tr(YjTu) +2¢2M; + 5Tr<YTT )))

9 ,, 15

207 , 2
+TA< gi+=gtgi+ = o8- (gl 40g3)Tr(YdYT)+5g Tr(3YYT+2YYT)

50 5
+16¢2Tr (YuYJ ) 3Ty (3Ydyj V¥ 4 2vviv, v + vovivyl 4 3y,y) YUYJ»
. 3A(207g;*M1 1452 g2(My +M2)+375g2M2—10( 20— 4og§M3>Tr<YdYT>
+ 3092 M, Tr (Y YT) + 2092 M, Tr (Y YT) + 400g2 M5 Tr (Y YT) + 1042 Tr<YTTd)
— 40063 Ty (YdT Td) — 30¢2Tr (YJT6> — 20¢2Tr (YJ Tu) — 40063 Ty (Yj Tu>

+150Ty (3YdeT LY+ YV YIT,Y + VY IT.Y] + v YTyl + 3y, viTy) ))

(A.38)
A.7 Bilinear soft-breaking parameters

ABY) = 2x" (2,uT)\ + 3>\Bu> (A.39)

ABY) = —%)\* ()\Bu (25Tr (Yeyj) — 3692 — 180g2 + TO|\|2 + 75Tr (YdeT LYY ))

+ 2 (80|)\\2TA 15T (:m (YdeT ) 43T (YUYJ ) n T&«(Yeyg ))
+ 3A(15Tr(Yde) + 15Tr<YJTu) 4 30¢2Ms + 5Tr (Y T) + 647 M1>)> (A.40)
() — gy (2M Ty + b ) (A.41)
8 = SA* </\bs (10w2 — 1562 + 15Tt (Yde) + 15T (YMYJ) —3¢2 4 5T (Yeyj))

+2M, (TA< — 1562 + 15Tr<Yde) + 15Tr<YuYJ> +20[A|2 — 3¢2 + 5T (Yeyj))

+ A(15g§Mz + 15Tr(YdTTd) + 15Tr(YJTu) +32M; + 5Tr<YTT )))) (A.42)

A.8 Linear soft-breaking parameters

(1) — gyx (2£STA + Ats) +4Bp* Ty + 4<m%d + miu)w* (A.43)
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B = % (10»\*’2 <4§5TA + )\t5> 4 (20 (zm,%d +oml + m§> A2yt

+ M, (15Tr (YdeT ) - 3(593 - 5Tr<YuYJ ) + g%) + 5T (YeYj ))

) (TA <20)\BM* Te, (15Tr(YdeT ) _ 3(593 5Ty (Yqu ) n g%) + 5Tr<YeYJ>>)

+ e (15T (Y[ T) +3(563Ms + 5Tx (V[T ) + 970 ) + 5T (VIT, ) ) ))

+ 2(Bu* (TA (15Tr(Yde> - 3(593 - 5%(}@1@*) + g%) + 5Tr<Y€Yj))

+ )\(15Tr (Yde) + 3(5g§M2 + 5T (YJTU> + g‘f‘Ml) 45T (YJT€>>>

+ u*( — 3gimi A — 15gimj A — 3gimiy A — 15g5mj, A — 697\ My|* — 30g5A| Mo

+ 20T\ > + 392 M1 Ty + 152 Mo Ty + 30m] \Tr (YdeT ) + 15m2, ATr (Yde )

+ 10m§dATr<Y;Y;T) + 5m§uATr<Yeyj) + 15midATr<YuYJ ) +30m32, \Tr (YuYJ )

+ 1573 Tr (Tij) +15ATr (TdeT ) 5T\ Tt <T6*Y8T) +5ATr (T;TeT ) 15T\ Ty (T;YUT)
+15ATE (T;TUT ) 4 15ATY (YdeTmfl*> + 15ATr(Ydmg*YdT ) + 5ATr(Yeij§*)

+ 5ATr (Yem%*YJ) + 15ATY (YUYJ mﬁ*) + 15ATr (Yumg*yj ) ) )) (A.44)
— 4M,Bu)* (A.45)
B? = —%MSA* (Bu<10]/\|2 — 1562 + 15Tr<YdeT> + 15Tr<YuYJ) —3¢2 45T (YJJ))

(10N Ty + 1563Mp + 15T (Y Ty) + 15Te (VT ) + 39305 + 5T (VT ) ))

(A.46)
A.9 Soft-breaking scalar masses
Aﬂ% — or} ()\ (YdT T, +Y] Tu> n (Yj Y, + YJYU) T,\>
Y (2 (gmzd +ml o+ mg) AY]Y, +2 (zmzu +m], + mg) AYY,
F MYV A+ Am2Y Y, 4 20V m3Y, + AV, Yum? + 22V, im2Y,,
+ 20T Ty + 2T T, + AY, Yum?2 + 2T YTy + 2TJYUTA) (A.47)
AB%) = 21 (WIT. +YIVeT) = (2(2md, +md, +m2) Ay,
+ A(zTgTe +2YIm2Y, + m2Y]Y, + Vi Yeml?) + QTJY;TA) (A.48)
AB =2((md, +mi, +m2) AR+ T P) (A.49)
a

)
2
h,

Aﬁfj%d = =6(2(m3, +mi, +m2) A+ T (AT (VT ) + T (V)

+ A (4/\|TA|2 + (2m,%u +mi, + m2) ATt (YuYJ ) + T\ Tx (T;YuT) + AT (T;;TuT )
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+ AT (mgygyu) + AT (mgyuyj))) (A.50)
A/BS% = 2<<m%d +mj + m?) A2 + \T,\\2> (A.51)
ag = —2(6 (rnzd +mi 4+ m2> A4+ ()\ (3Tr (Yj Td> + Tr(YJTe))

+ 13 (3T (Yay] ) + e (vexF) ) )+ x (12A07

+3(2md, +mi, + m2) AT (Yav]) + 2m T (YVov) 4 mi AT (vox )

N (YY) + 3T (Tiv] ) + 3Ty (T ) + 3T (T2, ) 4+ AT (1277

+3NTr (mYaY] ) + ATe (m2Y.y] ) + ATe (m?Y,] Y, ) + 30T (m2v[Ya) ) ) (A52)

Aﬁf:% — 9 (2T; ()\TdeT + Yy T,\> e (2 (2m%d +ml+ m2) NAY

A (2TdT§ +2Vm2Y] +m3Yay) + YdeTmZ) n 2YdT;T,\)) (A.53)

ABS) = —2(2ms (LY + VYT + X (2(2m3, + mi, + m2)av,y]
AT + 22 + w2+ VY md ) + 2y, 1T ) (A.54)

ABE) = —2(2T; (ATeYJ LYY T,\) P (2 (2mid +mi + mg)AYeYJ
+ )\(2TeTeT +2Vm2Y + m2y.Y 4 vy mz) + 2Y€T§TA>) (A.55)
B = 4((mzd +ml m2) A2+ |T,\|2> (A.56)

8% = _g (20(m3, + ik, +m2) N
+ 13 (1 (15T (Yav]) - 3(598 — 5Tx (Vv ) + 67) + 5T (Vv
+ A(15Tr(yj Td> + 3(5g§M2 + 5T (YjTu> + g%Ml) + 5T (YjTe)))
+ )\*( - 3g%mid)\ - 15g§m,2ld)\ —3gimi A — 15g3mi X\ — 3gim2A — 15g3m?2\
+ AONTA |2 + 362 M7 (TA - 2M1)\> 1562 M3 (TA - 2M2)\) + SOmidATr(Yde)
+ 15m2, ATr (YdeT ) + 15m2 ATy (Yde ) +10m3 ATr (YeYeT ) +5m2, ATr (YeYj )
+ 5m2NT (YJ’J) + 15mszTr(YuYJ> +30m2, ATr (YUYJ) + 15m§ATr(YuYJ>
+ 5T\ Tt (3T;YdT +37Y T+ T;};T) + 5ATr<3T;TdT + T T 4 37T )

+ 5ATr<3m3Yde +m2Y, Y, +mlYIY, 4+ 3m2YIYy 4+ 3m2Y]Y, + 3m2Y, Y, )))

(A.57)
s =0 (A.58)
52 =0 (A.59)
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A.10 Vacuum expectation values

ABY = —vg| AP (A.60)
3
(2) - 2 2 2 T\ 2 2
ABR) = ~sval (1012 + 10Tx (Vv ) = (563 + 67)€) (A.61)
ABSY = —vu A (A.62)
1
ABE = oulA? (10Tr<YeYJ> +30[A]2 + 30Tx (Yde) —3(2 + 5g§)§) (A.63)
B = —20,|A]? (A.64)
2
(2 _ % 2 2 2 T T T\ _ 2,2
B = ZuA (10\>\| 15g2+5 (3T&~<Yde)+3Tr<YuYu) +Tr(YeYe )) 391) (A.65)
B =0 (A.66)
B =0 (A.67)
B Mass matrices
e Mass matrix for Charginos. Basis: (W‘,I:Id_) , (WJF,I:IJ)
M. L govy,
my- = ( [ Y ) (B.1)
292vd " 5Us +p
This matrix is diagonalized by U and V'
Urmg-VT = md* (B.2)

e Mass matrix for CP odd Higgs. Basis:(04,04,05,05) In Landau gauge the mass
matrix is given by

Mo yoy Mo yoy %vuﬂ? T —%vuﬂ? MY

Moy, Moy L ogR(T\) —LogR AMY
M Lm(n) (D) omee —R(b) @3

—%UJE(AM;) —%vdﬂﬁE(AM;) —m(bs) m2 + | M2
with

Mogoy = |1* + V20, R(A*) + (vi + vﬁ) ’;'2 + é(gf + g%) (113 - vi) +mp,,  (B4)
Moy, = 2(49% (Bu> v 4%()\5;‘) 12 (%E%QM;) n 2@%(@))) (B.5)
Moy, = l0* + V20 R(A0*) + (v§ + v?) )\2|2 - %(9? + g%) (vf)z - vi) +mj,, (B.6)
Mo, = 5 (302 ) AR +m2 + M, P (B.7)

—97 —



The gauge fixing part is the same as in the MSSM:

v?l —Vq0, 00

2
— 00 2
m2(§Z) =1 Ugvu Ug 00 (91 sin Oy + go cos @W> (B.8)
0 0 00
This matrix is diagonalized by Z4:
ZAmia 2 = mh o (B.9)

e Mass matrix for charged Higgs. Basis: (Hd*,HQJ[*) , <H;*,Hj>

*

Mopp— gp—x M _

H, H >~ % *

mz:( st i ) (B.10)
deij mHJ,*H;r

with

M= = 1) + V20, R(Ap* )4—1}2M + 8( (123 - ) + g5 (vd—l—v )) +mid (B.11)

2
My = Zggvdvu + \ﬁvsT)\ + )\< - §'Udvu>\ + E%MS + §s> + Bp (B.12)
1
Mg = il + V20, ROWT) + 02 2’ +3 (3 (02— 03) + g3 (03 +02) ) +mi, (B13)
and
] (B.14)
w 472 —VgVy UZ )

This matrix is diagonalized by Z+:

Ztmy 20T =mgy (B.15)

C Vertices

We give here the difference of Higgs and neutralino vertices in comparison to the MSSM.
The shown expressions are understood as

ATfieias = Thatge oo = Thetde. (C.1)
Chiral vertices are parametrized by
L R
Dgeas PL + Telas PR (C2)

with the projection operators Pr, and Pg.
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C.1 Interactions with Fermions

ATL,

0
Xi X Ay

ATE,

0
Xi X Ak

AT o0 =
X{XGAY

ATE,
XPX9AD

C.2 Three

= \}ﬁAUﬁ ZEZI;%
= \}é)\*UinggZﬁg
= _\}§A< i3 (N;4Z1?3 + N;5Z1?2>
+ 521( ;321243 + ;5ZI?1> + z*5< 3%321242+Nf421§41))

1
V2

A (Zf?l (Ni4Nj5 + Ni5Nj4)

=+ Z]?Q (NigNj5 + NZ'5NJ'3> =+ Z;?g <Ni3Nj4 + Ni4Nj3>>

= —z'AU;.*ZJ\f;gZ,j2

= —iNVjoNis Z},

= _272)‘Uj2‘/;2zlg

7%
%

. = —272)\ Uiz‘/jQZkS

kzlﬁ)\( i3< aZi3 + j5Zk2>

+ 551( ;3ZIg+ 3*5215)‘1‘ i%(Nf?)Zlg*‘NﬂZlﬁ))

N
= Zﬁ)\ (Z]ﬁ <N1'4Nj5 + Ni5Nj4)

+ Zg <Nz’3Nj5 + NiSNj3> + Zg <Ni3Nj4 + Ni4Nj3>>

_ . * £\TK 7ty

= i\ Z5 U Njs

scalar interactions

J

(C.3)

(C.4)

(C.10)

(C.11)

(C.12)
(C.13)
(C.14)

AT 0 401, = —i ()\* (4AZ§Z;‘§, (Udz,f{ + uuz,g) +27A74 ((21)3/\ + \/iu) zZH 4 zvuAZ,f;)

+ 24 (22 (200285 + (200 + V) Z18) + VaM, (24205 - ZAZ1L) )

~ VoM, (Z4( - zhalh + Zhzl) + Z4(Zh 2l + 2 20))

+v2(15 ((2dzi + 22 ) 2l + 24 (22l + 2 28) + 23 (2428 + ZAZE))

+ (2825 + 2820) 2l + 28(27 28 + 228 + 2 (2428 + 23211

22w (2dzh + 2z ) 2l + mz ((Zh 2 + 28z ) 28 - (2425 + 24z ) 2

— (zazsh+ z4z3)28))))
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3 3
S Vi 220 2B Y 200 Vi w 2B +a) (vSZ;‘; + vuzg)

M«

1
AL fog,qdy = 5567( —A

b=1a—1 b=1 a=1
(C.16)
! 3 3 3 3
AT 0e,; = ( NN Vw2 2B NS 25 S Ve w2k +a) (vszg + vuzg) (C.17)
b=1a=1 b=1 a=1
1 3 3 3 3
% U,* U * U,* U A A

AL s0a;pa;, = 5567( = A 1;—21 Zl YiavZjsvaZim + A bz_; Zyy Z:l Yu7abZk3+a) (UdZis + UsZﬂ)

(C.18)

NV %( — X" (228 (23205 (vaZlh + vuZi) + 203 (200205 + (200 + V20) 2

+ Zf1 (202 + V20) 28 + 20,0288) ) + 220 (Vou (25 28 + 213255

20 (20 (vazll + 0o 2Zf2) + 255 (0,28 + vuZ8h) + 20 (vaZlh + vu2Z)) )

+ 28 (= VaM 2B 28 + 2255 (200 + V) 2[4 + 20,024

+22f5 (200208 + (200 + Vo) Z2) + ZJ1 (40ar2lh + 40\ Zf — VaMLZfS ) )

—vau, (25 (Zh 2t + 2fi2lh) + 25 (Zi 2l + 2}370) )

+v2((r5+m) (2 (2B 28+ 28205 ) + 25 (2B 2l + 28 218) + 28 (28 20+ 255211

M- (220 + 2B 28) 2 + 28 (228 + 2828 + 28 (ZH 285 + 2821 )

+M; ((zlzfy+ 2528 2t + 2l (2028 + 2528) + 2fi (28 28 + 25 2E)) ) )

(C.19)

N —% (V2(w 2l (2 2 + 20y 23%) + T3 25 28 734

+ 25 (A zl + 128 75) + X (250 (20 + V) 2828 = M(vazl] +vazl) 73%)

+ 25 (20028 2, + VM ZH 2+ VouzB 2 - v ZB 2 - 02l 7)) (C.20)
; 3 3 3 3
* D% * D%
AT, 00 = 500 (A D Vi ZRI 2R AN Y 207 Y YawZhya) (ve2B+v.28) (C21)
b=1a=1 b=1 a=1
; 3 3 3 3
Arhiéjéz = 5 ()\Z Z Y;aijE:;iaZkEl; + )\* Z Z]El/;’* Z Ye,abZlg+a) (/USZZ-I; + ’UUZ,LPBI) (022)
b=1 a=1 b=1 a=1
; 3 3 3 3
% U,* * U,
Ath:ajBﬁ;a, = 555’7 ()‘ Z Z Yu,aij3+aZl[€Jb +A Z Zjb Z Yu,abzgg+a) (vdzg + vSZﬁ)
b=1a=1 b=1 a=1
(C.23)
1 3 3 3 3
~ +x x U —_— U,
AFH;ade”;W = Zﬁvsfsﬁv ()‘Zil Z Z Yu,aijBJraZk:Db A Zi Z Zjb Z Yd,abzlg)Jra) (C.24)
b=1a=1 b=1 a=1
1 3 3
. * S V,*
ATy o = z\ﬁvs)\ ZEN T2 Ve i, (C.25)
b=1 a=1
1 3 3 3 3
. * D% * D%
ATy mta; = zﬁvs% (A ; Z:l Y wZisraZinZih + A bz_; z;, Z:l Yuﬂabz,ggﬂzjﬁ) (C.26)
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3 3

. 1 * E *

ATy gyvg = zﬁvs)\ NN YraZ5t 25 (C.27)

b=1a=1

C.3 Four scalar interactions

AFA?A?A‘;A? = *Z|A‘2X (028)
(za(2) (22 + 2 2it) + 25 (22t + 215288 ) + 23 (20204 + 2578
+24(25 (28 28 + 28528 + 25 (20528 + 25 28) + 25 (224 + 2524
+ 2820 (22t + 252 + 25 (2 2 + 22t ) + 2 (20 2+ 271 ))

AT goann, = —iIN? (28255 (28 28 + 2528) + z4 25 (20828 + 20528

+zizp (2828 + 2871 (C.29)
i x
AT nome = —5 M2 (25 (22820525 + (282} + 2421 ) 23
+ 25 (2247575 + ZA 22 + 2827 (C.30)
i 3 3 3 3
* D,x * D,x
AT g0 1040, = — 500 (A0 D VianZta 20 + N Y207 Y YawnZB.a) (28255 + 2423)
b=1a=1 b=1 a=1
(C.31)
i 3 3 3 3
* E,* * E,*
AT g0 06, = =5 ()\ SN Yozt ZE Y 25 ST Ye,abzgﬂ) (Z;gzg n Zggzjg)
b=1a=1 b=1 a=1
(C.32)
i 3 3 3 3
Ao a0y, = —5005 (MDY Vi Zii5a 2l + A Y207 Y Va2 ) (2425 + 2521))
b=1a=1 b=1 a=1
(C.33)
1 * *
AT o, mrmy = —5 WP (24205 + 2825 (- 28 25 + 255 21 (C.34)
1 3 3 3 3
Sk * U,x * Sk U,*
AFA?H].’ﬁMJ% = ﬁ‘své< - )‘Zj+1 Z Z Yu,abZk3+aZ£ +A Zj+2 Z Zip Z Yd,abZ£+a) Z
b=1a=1 b=1 a=1
(C.35)
3 3
AT SR S AR (C.36)
AYH e T RN 52 Z kb Z e,abZ]34q %3 .
b=1 a=1
1 3 3 3 3
* D% * D,
AFA%MH;@;& = ﬁ‘sﬁézg( - A Z Z Yd,aij3+aZl%le2 +A Z Zjb Z Yu7ang+aZk+1)
b=1a=1 b=1 a=1
(C.37)
3 3
1 * E,x
AT poz, mrop = ‘EAZ Y YeaZiziaZh ZisZih (C.38)
b=1a=1
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AT b, heny = —8 AP %
(28 (zH (2828 + 28280 + 2B (28528 + 228 + 28 (28 28 + 2211 )
+ 25 (28 (28 28 + 2l 2l ) + 23 (28 2l + 2828 ) + 23 (2B 28+ 2528 ) )
+ 25 (28 (228 + 2828 + 23 (28 28+ 2828 ) + 23 (28 28+ 25 71)) )
(C.39)
ATy e e = WP (7 (— 228 275 + (2828 + 2820 71

+ 25 (- 22l zzs + 2l Zlizt + 2B Zizy))  (C40)

. 3 3 3
1 * D% * D x
AL iy i, = 500 (,\ SN YiawZBr x>z Y Ydﬂbzgﬂ) (zgzg n zgz;g)

b=1a=1 b=1 a=1
(C.41)
i 3 3 3 3
* E,* * E,x*
Alnna; = 5 ()\ DN ViaZiaia 2+ XY 2Ty Ye,ablenga) (ZSZJ% + ZgZﬁ)
b=1a=1 b=1 a=1
(C.42)
i 3 3 3 3
* U,*x * U,
ATpny 0, = 5005 (A SS Vw20 2 S 25 S YawZh, +a) (Z{{ 784 7 Zf{)
b=1a=1 b=1 a=1
(C.43)
1 3 3 3 3
. Sk * U,* * Sk U,*
N I (Azjﬁ SOS YVranZ 2R N2 S 25 S YawZB +a) zH
! e \/§ b=1a=1 b=1 a=1
(C.44)
3 3
. 1 * 7,k V,*
ATy ey = ZEA ZE IS Y2y, 2 (C.45)
b=1 a=1
1 3 3 3 3
- H * D% U * D, x U
ALy g mtar, = Zﬁ%ézis (/\ ; 2—21 YiaZistaZin 2y + A ; Zjp Z; Yu,able—&-aZl:_l)
(C.46)
3 3
. 1 * E x V H
N Z%A NN YWz 2l 2 2, (C.47)
b=1 a=1
Ay oy = —iIN2 (20720 + 257 207 ) (2285 + 21521 (C.48)

D The Higgs sector of the DiracNMSSM at the loop level

We give here some details of the calculation which are carried out by a combination of the
public tools SARAH and SPheno.

To calculate the Higgs mass at the one-loop level, first the one-loop corrections to the
tadpoles equations are needed. These are a sum of loops involving massive vector bosons
and ghosts, standard model fermions, SUSY fermions, sfermions and Higgs fields:

50" = 50" 1 50 4 50 4 5o 4 5oV (D.1)
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The explicit expression for all contributions read

50!V :+2A0(m2Z>Fh ZZ+A0( >Fh R +A0( )thﬁ,rﬁ

+A0< )rh = nZ—|—4A0<mW )rhhwﬂw, (D.2)
1 1
2 2
ZAO( )btz —5ZA0(mA2)Fm,Ag,Ag = 5> Ao(m, )Ty,
a=1 a=1
(D.3)

(1),x L R
00; —+2ZA0( )m %a (th,xi,x; +th,>zi,>z;>

2 L
+ Z AO (mf{ ) (F zyXang + F z»Xa Xa) (D4)
5@(1 ZA()(mZ(L)Fh v \Uq 32140( ) hz,d27~ ZAO( ) h’“e* u
6
-3 Z Ao (mia> Ui it i (D.5)
a=1
3
1 b
50 =463 Ao(m3 Yma, (TE 5\ +TE ;)
a=1
3
+23 4 (mg )m (rg + T )
a=1
+ 6 Z AO( U )mua (Fﬁh’u‘avua + FhRi:aayua) (DG)

with 0V =50, sol =50V, 56 =50, and 50" =501, and h= (¢4, ¢u, ds, )T
Here, chiral vertices are parametrized by T'!P; + I'®Pp with the projection operators
Pr.r and non-chiral vertices by I'. The subscripts denote the involved particles. All
necessary vertices and mass matrices for the DiracNMSSM are given in appendix B-C.
Note, the rotation matrix corresponding to the external scalar has to be replaced by the
identity matrix in these calculations. The finite part of the Passarino-Veltman integral Ay
is given by
m2
Ap(m?) = (1 —1In Q2> (D.7)

with the renormalisation scale () which is chosen to be the average of the stop masses.

The one-loop corrections to the tadpoles are applied to find the new values of p, by, ts, t5
which the vacuum conditions

0, + 60! =0, i=du,s,3. (D.8)
The second step is to calculate the self-energy matrix of the CP even Higgs

17 (p) = I (p%) + T2 () + TV 0 (p2) 4 T () 4+ T (%) + TIX ). (D.9)
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The corrections stemming from vector bosons and ghosts are given

1 (p%) = +2By (p2,m2z,m22)1“;‘l 27 h gz +4
+Bo<p M- M- )FZ w w-Lh,w+ w-
— By <p27m$]—,m727_>Fhl =m-Lhs =~ — Bo <p2,m727+, m727+>rhivnjﬁn+rﬁm_+,n+
— By (pQ,mfiz,mfizﬁhimfz w7 Th 7 7
240 (m%)rﬁuﬁjz,z +44o (mgv—ﬁm,hj,wtw— : (D.10)

The corrections from Higgs scalars in the loops read

2
hoe 2y _ 2 m2
1L 7 (»%) __ZA()(mH )Ph hy H Hy +ZZBO<p m Hy My >Fh w1y Lk

a=1 a=1 b=1
1 4
— izAO (on)Fh h A AO - ZAO (mh ) hz,hj,ha,ha
a=1
1 4 4
+§ ZB (P amigvaO) hi A0 A0L by AO AD
a=1 b=1
4 4
2 2
+ Z Z Bo (p » e mAO) szhava Phi’h“’Ag
a=1 b=1
1 4 4
2 2 2
3 > B (p »Mhe> mhb)rzjvhmhbrhi?hmhb ' (D-11)
a=1 b=1

The mixed contributions involving scalars and vector bosons are given by

Vo 2 2 2
i Jr22:11@,1/% H’th,W‘*‘ ;FO <P ,me,,mW,>
4
+ZFZ]-,ZA Ly, ZAOFO(p onam%) (D.12)

The corrections due to charginos and neutralinos read

h)( 2 Lx R Rx* L
'’ =—2§ me B( m?_ ~,)n%(r_ TR . _4rR L ~,)
G 1 Xy Ry XE Xy hiXd % + Ry xd %y hiXd X
2 2
G( m_ ~_)(FL* rt . 4T, TR ~_)
+ZZ o\ » by x$ %y " hiXd X + hy xd %y haxE Xy
a=1b=1

6 6
2 2 2 Lx* R L
S m S Bo(pPomZy, m2y )mge (TE* -, oI Ik F)
Z Xa o(p, Xa’ x?) ( Ry, X9,%9" hi xa,x0+ hJ,x X9 hi X9,%Y
= b=1

6
1 2 2 2 Lx L R R
5000 Go(phmie iy ) (TF oo oTh oo+ Those e Thosesg) - (D13)
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The corrections due to Sfermions are

3 3
ZAO( ) hj 0% a Z Z Bo (pQ’m% )sz,yg,ﬁ Fizi,ﬂ;,ﬂb

6 6
2 2 .
-3 Z AO (mJa) hz,hj 7d da Z 0 (méa> hj’é‘);’éa
a=1 a=1
6 6 6
2 * I
33 A0(md )i g, s, +3 30 D Bo(pmd 3 )T i T g
a=1 a=1 bil
6 6
2 2 2 * .
a=1 b=1
6 6
+35°5 By(ptml, m2, )T T; (D.14)
0 p ) Uq? Up hj,ﬁz’ﬂb hiya;,,ﬁb . .
a=1 b=1

And those stemming from SM fermions are

3 3
h,f 2 2 2 Lx R Rx L
I (p =6 Z Md, Z By (p » Mg mdb) MMy (Fh],da,dbrﬁiﬂa,db + thvdavdbrhufia’d)
a=1 b=1

3 3
2 2 2 Lx* L Rx* R
+3) > Go <p 7mdavmdb> <th,da7dbrh dudy, T Ty, ,dbrhi,d’a,db>
a=1 b=1

2 Lx R Rx L
-2 Z Meq Z Bo (p me ’meb>meb <Fh eauebl—‘hi,éa,eb - F;Ljfa,@brhuéa,eb)
a=1 b=1

3 3
2 2 2 Lx L Rx R
+ Z Z GO (p ? meu. ) m€b> (th,éa,ebril,i,éa,eb + Pﬁj,éa,ebrﬁi,éa,eb)
a=1b=1
3 3
E 2 2 2 L R Rx* L
6 Moy, Z BO (p ) mua ) mUb) My, (Fﬁj,ﬁa,ubrﬁi,ﬁa,ub + Fﬁj,ﬂa,ubrﬁi,ﬁa,ub)
3 3
§ 2 2 2 Lx L R« R
+3 Z Go (p 7 Mg m"b) (th:ﬂa:ubrhi:ﬁa:ub T Fﬁj,ﬁa,%rﬁi,ﬁmuJ - (D.15)
a=1b=1

The Passarino-Veltman integral By can be expressed by

P
Balp. ) =~ (5 = fales) = fate), (D.16)
. o N -1y _ sty/s2—4p?(m2—ie) _ .2 9 2
with fp(z) =In(l1—z)—zIn(l—27") -1, 24 = 57 ,and s = p® —ms+mj.

All appearing integrals can be expressed in terms of Ag and By

Bi(p,ma,ma) = 5 5 (Ao(ma) = Ao(ma) + (5 +mi — m3) Bo(p,ma,ma)) - (D.17)
Baa(p, m1,m2) = é(i(z‘lo(mﬂ + Ag(mg)) + (m% +mj — ;112) Boy(p,m1,m2)
+ 78 g (ma) — Ag(ma) — (o = ) Bofp, s, ma)]
bt 4 md — 2 (D.18)

— 35 —



Fo(p,m1,mz) = Ag(m1) — 240(ma) — (2p* + 2m3 — m3)Bo(p, m1, ma) , (D.19)
Go(p,m1,ma) = (p* —mi —m3) Bo(p, m1,ma) — Ag(m1) — Ag(ma) . (D.20)

In our numerical analysis the one-loop scalar Higgs masses are then calculated by
taking the real part of the poles of the corresponding propagator matrices

Det [pfl = m?Lh(pz)] =0, (D.21)

where
mip (p?) = g — Ty (p?) . (D.22)

Here, m;’h is the tree-level mass matrix from eq. (2.19) where the parameters obtained
from the one-loop tadpole equations are inserted. Equation (D.21) has to be solved for
each eigenvalue p? = m? The same procedure is also applied for the pseudo scalar Higgs
bosons.

Dominant two-loop corrections. In addition to the full correction at one-loop we
have also added the dominant two-loop corrections due to stops known from the MSSM
presented in [76-79]. Because of the presence of these corrections, the renormalisation
conditions eq. (D.8) are modified to

0, + 60" + 50/ =0, i=du (D.23)

(
0, + 60! =0, i=s,5 (D.24)

and the 2-loop self-energy of the CP even Higgs takes the form

(2L),MSSM
1) — (H 0 g) . (D.25)

Here, 0 is a 2 x 2 matrix carrying only 0’s, and IIL)-MSSM gre the two-loop MSSM
self-energy contributions to the Higgs.
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