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We analyse the current status of the dilaton domination scenario in the MSSM and its singlet exten-
sions, taking into account the measured value of the Higgs mass, the relic abundance of dark matter and 
constraints from SUSY searches at the LHC. We find that in the case of the MSSM the requirement of a 
dark matter relic abundance in accord with observation severely restricts the allowed parameter space, 
implying an upper bound on the superpartner masses which makes it fully testable at the LHC-14. In sin-
glet extensions with a large singlet-MSSM coupling λ as favoured by naturalness arguments the coloured
sparticles should again be within the reach of the LHC-14, while for small λ it is possible to decouple 
the MSSM and singlet sectors, achieving the correct dark matter abundance with a singlino LSP while 
allowing for a heavy MSSM spectrum.

© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.
1. Introduction

With the discovery of the Higgs boson and no evidence for su-
persymmetry there is a renewed interest in non-minimal versions 
of the supersymmetric Standard Model. In particular in singlet ex-
tensions such as the NMSSM an additional neutral chiral multiplet 
S with specific couplings to the Higgs sector is added to the field 
content of the minimal supersymmetric Standard Model (MSSM) 
(see e.g. [1,2] for reviews on the subject). Originally this model 
was suggested as a dynamical mechanism to generate the super-
symmetric μ-term with its size being naturally of order O(M Z ). 
However, due to the mixing of the scalar components of S with 
the Higgs sector, a Higgs mass mh � 125 GeV is obtained with 
more ease. This is due to an additional tree-level F -term contribu-
tion to the Higgs mass, which also helps alleviating the notorious 
fine tuning problem of the MSSM. This has been observed in the 
Z3 symmetric NMSSM [3] and particularly in its generalised ver-
sion (GNMSSM) [4–7], see also [8,9].

It is of obvious interest to embed the NMSSM into string back-
grounds. Since scalar fields are abundant in string theory, singlet 
extensions appear to be a promising low energy limit. The cor-
responding string model building has as usual two aspects. On 
the one hand, there is the need to construct explicit string back-
grounds with the additional chiral multiplet S and its specific 
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couplings.1 On the other hand, the mechanism for supersymme-
try breaking determines the soft terms and thus the specific low 
energy particle spectrum.

In this paper we focus on the second aspect in that we do 
not attempt to construct a string background but instead study 
the effects of string motivated soft terms. Specifically we concen-
trate on the situation where the supersymmetry breaking occurs 
in the dilaton direction of the heterotic string [12]. This leads to a 
rather constrained set of (universal) soft terms – termed “dilaton 
dominated soft terms” – which were analysed within the MSSM in 
Refs. [13–19].

It has been argued that dilaton domination in the MSSM suf-
fers from the existence of charge and colour breaking vacua which 
are deeper than the local electroweak vacuum [18]. Subsequently, 
however, it has been realised that, while these deeper vacua exist, 
the lifetime of the electroweak vacuum is almost always consid-
erably longer than the age of the Universe [20,21] (see e.g. Fig. 1 
of [21] for typical lifetimes). This renders the existence of such 
deeper vacua effectively harmless and the dilaton domination sce-
nario phenomenologically viable (see also [22]).

In this paper we reconsider the MSSM with dilaton domi-
nated soft terms and then extend the analysis to the NMSSM. 
In the MSSM there are only two independent parameters after 
electroweak symmetry breaking has been implemented. Within 

1 See, for example, Refs. [10,11].
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this two-dimensional parameter space one can obtain the ob-
served Higgs mass for large tan β and simultaneously satisfy all 
other current experimental constraints. Nevertheless, the thermal 
relic abundance is generically too large and the requirement of a 
dark matter relic abundance in accord with observation severely 
restricts the allowed parameter space, implying an upper bound 
on the superpartner masses which makes it fully testable at the 
LHC-14. This also implies that the leading radiative corrections to 
the SM-like Higgs mass cannot be large enough to push the Higgs 
mass to its observed central value, resulting in a Higgs mass that 
is acceptable given theoretical and experimental uncertainties, but 
slightly low.

As mentioned above, singlet extensions benefit from a sizeable 
additional contribution to the diagonal component of the tree-level 
Higgs mass matrix in the small tan β regime if the MSSM-singlet 
coupling λ is large. This will result in an enhanced lightest Higgs 
mass if the mixing within the Higgs sector is small. While this is 
not possible in the usual Z3 symmetric NMSSM, we will consider 
very well motivated generalised versions of the NMSSM where 
small mixings can be natural, resolving the tension between the 
Higgs mass and a viable dark matter sector. The mass scale of 
the MSSM superpartners is however still very constrained, as for 
large λ the singlet states have to be rather heavy in order to avoid 
large mixings, which in turn implies a bino-like LSP whose relic 
abundance can only be kept small enough for not too heavy MSSM 
states. A possibility to circumvent this conclusion is the decoupling 
regime of small λ, where the LSP can be singlino-like with the cor-
rect relic abundance while all MSSM states can be heavy.

This paper is organized as follows. In Section 2 we introduce 
the MSSM and NMSSM and recall the dilaton dominated soft 
terms. In Section 3.2 we compute the low energy spectrum for the 
MSSM while in Section 3.3 we repeat the analysis for the NMSSM.

2. Dilaton dominated supersymmetry breaking

In this section we review the high scale boundary conditions 
for dilaton dominated supersymmetry breaking in the MSSM and 
NMSSM in order to set the stage for the following sections. Let us 
start with the MSSM.

2.1. Dilaton domination in the MSSM

The superpotential of the MSSM is given by

WMSSM = μh Hu Hd +
∑

generations

(yU Q L U R Hu + yD Q L D R Hd

+ yL LL E R Hd), (1)

where Q L are the quark doublets, U R , D R are the quark singlets 
and Hu,d are the two Higgs multiplets. For the MSSM the dila-
ton dominated soft supersymmetry breaking terms are a universal 
scalar mass m0 (which coincides with the gravitino mass m3/2) and 
a Bh-parameter generated at some high scale such as MGUT. The 
(canonically normalised) gaugino masses m1/2 and the A-terms are 
also universal and at leading order related to m0 by [12]

m1/2 = √
3m0, A0 = −√

3m0. (2)

Thus before imposing electroweak symmetry breaking there are 
three independent parameters μh, m0 and Bh . Requiring correct 
electroweak symmetry breaking and imposing v ∼ 246 GeV will 
effectively fix one of these parameters (up to a discrete choice). In 
fact it is common practice to use the vacuum equations to replace 
μh and Bh by tan β ≡ vu/vd and sign(μh), leaving m0, tanβ and 
sign(μh) as free parameters. For the more constrained case where 
μh is generated by the Giudice–Masiero mechanism [23] the orig-
inal parameter space is only two-dimensional as the additional 
constraint Bh = 2μhm0 holds [12]. This latter case necessarily has 
a light Higgs which has been ruled out already for some time [13,
14]. We will therefore concentrate on the general case with three 
independent parameters in the next section and indeed find that 
it is compatible with current experimental constraints.

Before we proceed, let us briefly discuss the corrections to the 
universal scalar mass and the relations given in Eq. (2). First of 
all there is the anomaly mediated contribution to the gaugino 
masses δm1/2 = b

16π2 m0 where b is the one-loop coefficient of the 
β-function [24,25]. In addition, there are loop corrections to the 
dilaton Kähler potential which induce further corrections to m0
and (2) [15,19]. The size of the latter is difficult to estimate and 
also depends on the specific scenario under consideration. In the 
following we will assume a setup in which these model-dependent 
corrections are small and the model independent tree-level rela-
tions (2) hold to good approximation.

2.2. Dilaton domination in singlet extensions

The most general extension of the MSSM by a gauge singlet 
chiral superfield S has a superpotential of the form

WGNMSSM = WMSSM + λS Hu Hd + ξ S + 1
2μs S2 + 1

3κ S3, (3)

where λ, ξ, μs and κ are conventionally chosen as real parameters. 
As the Z3 symmetric version with μh = μs = ξ = 0 is usually re-
ferred to as the NMSSM,2 we will denote this more general case as 
the GNMSSM.

The WGNMSSM given in Eq. (3) seems to have a ‘double’ μ
problem, as the SM symmetries do not prevent arbitrarily high 
scales for the dimensionful mass terms. However these terms can 
be naturally of order the supersymmetry breaking scale if there 
is an underlying ZR

4 or ZR
8 symmetry [27]. In such a case the 

superpotential is identical to the Z3 symmetric NMSSM before 
supersymmetry breaking with μh = μs = ξ = 0. However, after su-
persymmetry breaking these additional superpotential terms are 
generated with a size that is set by the supersymmetry breaking 
scale in the visible sector, i.e. the gravitino mass m3/2. Not only is 
the fine tuning particularly promising in this setup, but also the 
severe tadpole [28] and domain wall [29] problems of the Z3 sym-
metric NMSSM are avoided. For broken supersymmetry also the 
discrete R symmetry is broken but the subgroup ZR

2 , correspond-
ing to the usual matter parity, remains unbroken [27]. As a result 
the lightest supersymmetric particle (LSP) is stable and a candidate 
for dark matter.

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

V soft = m2
s |s|2 + m2

hu
|hu|2 + m2

hd
|hd|2 + (

Bhhuhd + λAλshuhd

+ 1
3κ Aκ s3 + 1

2 Bss2 + ξss + h.c.
)
. (4)

As in the MSSM, the soft supersymmetry breaking terms are uni-
versal at leading order in the dilaton domination scenario. All soft 
scalar masses including the soft mass m2

s are given by a universal 
m2

0 while the gaugino masses and A-terms obey (2) unchanged,

m1/2 = √
3m0, A0 = Aλ = Aκ = −√

3m0,

mhu = mhd = ms = m0. (5)

For the B terms we again have two choices. They are either in-
dependent or, in the more constrained situation when μh and μs

2 Dilaton domination in this Z3 symmetric NMSSM was also considered in [26].
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Fig. 1. Higgs mass as a function of m0 for large tanβ and μh > 0 (red) and μh < 0
(blue) in the MSSM. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.)

are generated by the Giudice–Masiero mechanism, related by Bh =
2μhm0, Bs = 2μsm0. Thus before electroweak symmetry breaking 
is imposed the parameter space is either nine- or seven-dimen-
sional with parameters (m0, μh, Bh, λ,κ,μs, Bs, ξ, ξs) or (m0, μh,

λ,κ,μs, ξ, ξs) respectively. Requiring the correct electroweak sym-
metry breaking and imposing v ∼ 246 GeV will effectively fix one 
of these parameters. In addition the vacuum equations allow us 
to replace two of the input parameters of the model by tan β

and the vacuum expectation value (VEV) of s which we denote 
as vs . Moreover, for the case that all variables are taken to be in-
dependent, i.e. in the case where no constraint on the B-terms 
is applied, one of the dimensionful parameters can be eliminated 
by a shift in vs , which we take to be ξ , i.e. we choose ξ = 0. 
In summary, after electroweak symmetry breaking one ends up 
with seven independent input parameters in the general case, 
e.g. (m0, tanβ, λ, κ,μs, Bs, vs) and six in the constrained situation, 
(m0, tan β,μh, λ, κ, μs).

3. Phenomenology

3.1. SUSY, Higgs and DM cuts

In this section we briefly describe the cuts that we impose 
for the numerical analyses of the MSSM and the GNMSSM. For 
the (first generation of) squarks and gluinos we use a cut of 
mq̃ > 1.7 TeV and mg̃ > 1.7 TeV. We further require the chargino 
and slepton masses to be above 100 GeV. We also require that 
the lightest supersymmetric particle (LSP) is a neutralino which is 
a good dark matter candidate and its relic density is within the 
5σ PLANCK [30] range of 0.1064 ≤ Ωh2 ≤ 0.1334. In addition to 
constraints from the relic density there are constraints from dark 
matter direct detection searches which limit the cross section of 
the lightest neutralino to nucleons. We require that the points are 
consistent with dark matter direct detection constraints, in partic-
ular with the latest constraint from LUX [31]. Finally, for the Higgs 
mass we take the average of the CMS and ATLAS best fit values of 
125.7 GeV [32] and 125.5 GeV [33] respectively and allow for a 
3 GeV uncertainty, mh = 125.6 ± 3 GeV.

For our numerical analyses we use SPheno [34,35] created by
SARAH [36–39]. This version performs a complete one-loop calcu-
lation of all SUSY and Higgs masses [40,41] and includes the domi-
nant two-loop corrections for the scalar Higgs masses [42–45]. The 
dark matter relic density as well as the direct detection bounds are 
calculated with MicrOmegas [46–48].

3.2. The MSSM

As explained in Section 2 our independent input parameters are 
m0, tan β and sign(μh). In Fig. 1 we show the resulting depen-
dence of the Higgs mass on m0 for the case that tan β is large. It 
can be seen that there is no problem to achieve a large enough 
Higgs mass via radiative corrections.3 In fact for tan β > 10 there 
is almost a one-to-one correspondence between m0 and the result-
ing Higgs mass for a given sign(μh). The minimal values of m0 to 
achieve a Higgs mass consistent with observation within the the-
oretical and experimental uncertainties are m0 = 695 GeV (m0 =
760 GeV) for μh > 0 (μh < 0), well above the value of m0 �
500 GeV required by the SUSY cuts. The precise numbers are how-
ever rather sensitive to the top Yukawa coupling, which enters the 
dominant radiative corrections. If we were to take the one sigma 
upper limit on the top mass rather than its central value, radiative 
corrections are somewhat increased and the lower bound on m0 is 
relaxed to m0 = 615 GeV (m0 = 660 GeV) for μh > 0 (μh < 0). In 
the following discussion we will stick to the central value of the 
top mass. (See Fig. 2.)

Turning to the neutralino sector, we find that the LSP is al-
ways an almost pure bino, with mass mχ̃1

0
� 0.8 · m3/2, somewhat 

below the gravitino mass. The fact that the gravitino is rather 
close in mass to the neutralino is potentially dangerous cosmo-
logically. Whether this scenario is viable or not however depends 
on the cosmological history of our Universe, which we are ag-
nostic about in this letter. Independently, a bino LSP implies that 
the thermal relic abundance is generically too large because of a 
rather small annihilation cross section. One therefore has to go 
to special regions in parameter space where the relic abundance 
can be small. Generically there is a tension between large m0 im-
plying a heavy SUSY spectrum (needed in this setup to achieve 
the correct Higgs mass) and a small enough relic abundance. One 
possible option would be to have coannihilations with another 
particle such as the stau, if the mass difference between neu-
tralino and stau is sufficiently small. This can be achieved even 
for our very restrictive boundary conditions (for positive μh), but 
just about falls short of raising the Higgs mass into the observed 
window. In fact for the case of positive μh the maximal value 
for m0 for which the correct relic abundance can be achieved 
is m0 � 675 GeV, whereas the minimal value to obtain a large 
enough Higgs mass is m0 � 695 GeV. Another option to deplete 
the relic abundance would be to have a mediating particle close 
to resonance, e.g. mA ∼ 2mχ . This can also be realised (for nega-
tive μh) and turns out to be more promising. In this case we do 
find viable points within the theoretical uncertainties, with an al-
lowed range of 760 GeV ≤ m0 ≤ 875 GeV.

Given that the requirement of a relic abundance in accordance 
with observation is crucial to establishing an upper bound on the 
superpartner mass scale, let us discuss in some more detail how 
this comes about. The annihilation cross section which sets the 
relic abundance is maximised on the pole, where it is propor-
tional to g2

χχ A/Γ 2
A , with gχχ A the LSP–LSP–Higgs coupling and 

ΓA the width of the mediating Higgs scalar. The width ΓA scales 
directly with mA and hence with m0, decreasing the annihilation 
cross section with increasing SUSY breaking scale. Furthermore the 
coupling gχχ A originates from the Higgs–Higgsino–Gaugino term 
and is zero for a pure bino.4 The coupling is therefore proportional 
to the (small) Higgsino component of the LSP, which decreases 
with increasing m0 (see Fig. 3). The combination of these two ef-
fects quickly makes sufficiently efficient annihilation impossible, 
even on the pole, resulting in this rather stringent upper bound 
on m0.

3 This of course ignores the fine tuning problem.
4 One might worry that in the case of an almost pure bino where the tree-level 

coupling is very suppressed the one-loop coupling (see e.g. [49]) might give a non-
negligible correction. We find however that for the case of interest the one-loop 
coupling gives a correction of O(%) and hence should not change the picture ap-
preciably.
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Fig. 2. The MSSM case. Left panel: μ < 0. Right panel: μ > 0. A small enough relic abundance can only be achieved for sufficiently small values of m0 – we show the critical 
values for both cases. It can be seen that in order to achieve a sufficiently small relic abundance the process has to be resonant with mA ∼ 2mχ for μh < 0 or in the stau 
coannihilation region in the case of μh > 0. Only in the case μh < 0 do we achieve a Higgs mass consistent within the uncertainties.
Fig. 3. LSP bino fraction as a function of m0 for large tanβ and μh > 0 (red) and 
μh < 0 (blue) in the MSSM. (For interpretation of the references to colour in this 
figure legend, the reader is referred to the web version of this article.)

This leaves us with a very predictive scenario for dilaton dom-
ination in the MSSM, as all superpartner masses scale directly 
with m0. In particular the allowed range of m0 corresponds to 
gluino and squark masses of 2750 GeV � mg̃ � 3150 GeV and 
2450 GeV � mq̃ � 2800 GeV respectively, which should be fully 
testable with the upcoming LHC-14 run [50,51]. While this is a 
viable scenario given the theoretical and experimental uncertain-
ties, an obvious shortcoming is that it is not possible to raise the 
Higgs mass to its observed central value. This is different in singlet 
extensions, which we will discuss next.

3.3. Singlet extensions

The superpotential and soft terms of the general NMSSM have 
been given in Section 2. Before going to the most general case, 
let us briefly discuss some restricted cases that might be of in-
terest. To start with, the very well known Z3 symmetric NMSSM 
requires A2

κ � 9m2
s (see e.g. [1]) in order to have a real VEV for S , 

which is not possible in the dilaton domination scenario as the re-
lations in (5) show. Another problem is that the region of large 
λ and small tan β which is preferred due to fine tuning con-
siderations is phenomenologically unacceptable as mixing effects 
decrease the lightest Higgs mass, overcompensating the additional 
tree-level contribution. That the Z3 symmetric NMSSM does not 
work in the context of dilaton domination was also found in [26]. 
In contrast the GNMSSM allows for a natural limit of heavy singlet 
states, suppressing the mixing in the Higgs sector. In Table 1 we 
show example points for some cases of interest, including a case 
in which both linear terms are set to zero, ξ = ξs = 0, and where 
the constraints on the B-terms hold, Bh = 2μhm0, Bs = 2μsm0.

To illustrate the general dependence on the different input pa-
rameters we performed a scan for the general case in the region 
of interest corresponding to small tan β and large λ. In Fig. 4 we 
show the dependence of the Standard Model like Higgs mass on 
the input parameters tan β , λ and μs , which are most relevant. 
Note that λ and μs are the GUT scale parameters. One can clearly 
see the increased Higgs mass for small tan β and large λ. It can 
also be seen that the singlet mass term μs has to be sufficiently 
large to avoid too large mixing in the Higgs sector.

For the neutralino sector this implies that the LSP is again a 
bino-like neutralino, as the singlino is typically rather heavy. To 
achieve the correct relic abundance one is therefore forced to spe-
cial regions as in the MSSM case. Given that the stau coannihila-
tion region cannot be accessed for small values of tan β with the 
given boundary conditions, the only remaining option is resonant 
annihilation via the Higgs funnel, implying mA ∼ 2mχ . It turns out 
that for the GNMSSM, due to the additional tree-level contribu-
tion, there is no tension between a large enough Higgs mass and 
the relic abundance. Nevertheless, the mass scale of the MSSM su-
perpartners is still very constrained, as the annihilation channel 
ceases to be effective for too large m0, as the width as well as 
the bino fraction increases, similar to the MSSM case.5 We find 
it remarkable that in spite of the many free parameters, the dila-
ton domination turns out to be rather predictive even in general 
singlet extensions of the MSSM in the large λ regime. The only 
possibility to circumvent this conclusion is to go to the decoupling 
regime of small λ, where the LSP can be singlino-like with the cor-
rect relic abundance while all MSSM states can be heavy. We also 
checked the direct detection cross section for all cases and find 
that they are significantly below the current bound set by LUX, 
which is not surprising given that the predominant LSP compo-
nent is either bino or singlino.
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Fig. 4. Dependence of the Standard Model like Higgs mass on tan β , λ and μs for the GNMSSM. For these figures we have applied the appropriate SUSY cuts, but not the cut 
on the dark matter relic abundance.

Table 1
Benchmark points for the MSSM and the GNMSSM. All input parameters except tanβ and vs are given at the GUT scale. Values marked with a * are output values at the 
electroweak scale determined by the electroweak symmetry breaking conditions.

MSSM GNMSSM1 GNMSSM2 GNMSSM3 GNMSSM4

m0 [GeV] 860 500 500 500 1400

tanβ 36.3 2.7 2.8 2.7 33

μh [GeV] tad 1060* 1000 1350* 2700*

Bh [GeV2] tad 2.7 · 105* 2m0μ 9.7 · 105* 2.6 · 105*

λ – 1.5 1.5 1.5 0.003

κ – −0.5 −0.58 −0.5 0.14

vs [GeV] – 500 1330* −102* 3440

μs [GeV] – −5000 5400 −5000 −128

Bs [GeV2] – 28502 2m0μs 8.2 · 106 6.3 · 105

ξ [GeV2] – 0 −2.5 · 106* 0 0

ξs [GeV3] – −3.7 · 109* −3.3 · 109* 0 −4.3 · 109*

mg̃ [GeV] 3100 1900 1900 1900 4800

msquark [GeV] 2100–2900 1600–1800 1300–1750 1300–1750 3300–4500

mslepton [GeV] 800–1300 600–750 600–750 600–750 1300–2050

mχ̃±
1

[GeV] 1250 710 710 710 2050

mh1 [GeV] 123.4 125.7 123.6 127.2 125.9

mh2 [GeV] 1385 1600 1550 1580 1140

mA1 [GeV] 1410 785 785 785 1680

mχ̃0
1

[GeV] 700 390 390 390 540

χ̃0
1 bino part 0.999 0.998 0.998 0.998 O(10−9)

χ̃0
1 wino part O(10−6) O(10−4) O(10−4) O(10−4) O(10−10)

χ̃0
1 higgsino part 0.001 0.002 0.002 0.002 O(10−8)

χ̃0
1 singlino part – O(10−5) O(10−5) O(10−5) 1

Ωh2 0.13 0.11 0.12 0.11 0.11

σp [cm2] ∼ 10−48 ∼ 10−46 ∼ 10−46 ∼ 10−46 ∼ 10−49
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