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1 Introduction

The existence of weak scale supersymmetry (SUSY) is theoretically well motivated, be-

cause of its ability to stabilise the electro-weak symmetry breaking (EWSB) scale. One of

the benefits of weak scale SUSY with conserved R-parity is that the lightest supersymmet-

ric particle (LSP) is absolutely stable and provides a weakly interacting massive particle

(WIMP) candidate capable of accounting for the observed cold dark matter (CDM) relic

density ΩCDMh2 ≈ 0.1 [1, 2]. In particular, the lightest neutralino in SUSY models is

an excellent such candidate, providing its mass, composition and interactions are suitably

tuned to result in the correct value of ΩCDMh2.

The Minimal Supersymmetric Standard Model (MSSM) [3] provides the simplest su-

persymmetric extension of the Standard Model (SM) in which the superpotential contains

the bilinear term µHdHu, where Hd,u are the two Higgs doublets whose neutral components

H0
d,u develop vacuum expectation values (VEVs) at the weak scale and the µ parameter

has the dimensions of mass. However, since this term respects supersymmetry, there is no

reason for µ to be of order the weak scale, leading to the so-called µ problem [4]. Also, the

MSSM suffers a fine-tuning of parameters at the per cent level [5].
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To address the above shortcomings of the MSSM one may replace the µ term of the

MSSM by the low energy VEV of a singlet field S via the interaction λSHdHu. For ex-

ample, such a singlet coupling can be enforced by a low energy U(1)′ gauge symmetry

arising from a high energy E6 GUT group [6]. Within the class of E6 models there is

a unique choice of Abelian gauge group, referred to as U(1)N , which allows zero charges

for right-handed neutrinos. This choice of U(1)N , which allows large right-handed neu-

trino Majorana masses, and hence a high scale see-saw mechanism, defines the so-called

Exceptional Supersymmetric Standard Model (E6SSM) [7, 8].

In the E6SSM, in order to cancel gauge anomalies involving U(1)N , the low energy (TeV

scale) theory must contain the matter content of three complete 27 representations of E6

(minus the neutral right-handed neutrinos which acquire intermediate scale masses). It is

clear that the E6SSM predicts a rich spectrum of new states at the TeV scale corresponding

to the matter content of three 27 component families. Since each 27 includes a pair of Higgs

doublets plus a SM singlet, the E6SSM predicts in total three families of Higgs doublets

and three families of Higgs singlets.1 The two Higgs doublets familiar from the MSSM are

denoted as Hd and Hu, while the two further replicas of these Higgs doublets predicted by

the E6SSM are denoted as Hd
1 , Hu

1 and Hd
2 , Hu

2 . Each 27 representation also contains a

separate SM singlet. There is the singlet S whose VEV yields an effective µ term, plus two

further copies of this singlet, S1 and S2. In the E6SSM the extra Higgs doublets, Hd
1 , Hu

1 ,

Hd
2 , Hu

2 , and singlets, S1, S2, are not supposed to develop VEVs and the scalar components

of these superfields are consequently called “inert”. From the perspective of dark matter,

of particular interest are the fermionic partners of these inert Higgs doublet and singlet

superfields, which we refer to as “inert Higgsinos/singlinos”. Such inert Higgsinos/singlinos

will in general mix with the other neutralinos and therefore change the nature of lightest

neutralino. If the LSP is the lightest neutralino, identified as a WIMP CDM candidate,

then the calculation of the thermal relic density will necessarily be affected by the presence

of such inert Higgsinos/singlinos.

The purpose of this paper is to study neutralino dark matter in the presence of inert

Higgsinos/singlinos. As an example, we shall consider the extended neutralino sector of

the E6SSM, which includes three families of Higgs doublet pairs, plus three singlets, plus

a Z ′, together with their fermionic superpartners. The study here should be compared to

that of the USSM [9] which, in addition to the states of the MSSM, also includes a singlet,

S, plus plus a Z ′, together with their fermionic superpartners, namely the singlino S̃ and

an extra gaugino B̃′. In the USSM the neutralino LSP may have components of the extra

gaugino B̃′ and singlino S̃ in addition to the usual MSSM neutralino states, which can have

interesting consequences for the calculation of the relic density ΩCDMh2. In the present

study we include all the above states of the USSM, plus the extra inert Higgsino doublets

predicted by the E6SSM but not included in the USSM, namely H̃d
1 , H̃u

1 , H̃d
2 , H̃u

2 , and

the singlinos, S̃1 and S̃2, but we do not include the corresponding inert scalars, which do

not play a role in the heavy inert scalar limit. We also do not include any of the exotic

1Each 27 component family also includes a pair of vector-like charged ±1/3 coloured states D, D̄ which

are readily produced at the LHC and provide a clear signature of the model.
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coloured states, D and D̄, since in general we would not expect them to play a significant

role in the calculation of the dark matter relic abundance.

We shall study neutralino dark matter in the E6SSM, as defined above, both analyti-

cally and numerically, using MicrOMEGAs [24]. We find that results for the relic abundance

in the E6SSM are radically different from those of both the MSSM and the USSM. This is

because the two families of inert doublet Higgsinos and singlinos predicted by the E6SSM

provide an almost decoupled neutralino sector with a naturally light LSP which can ac-

count for the cold dark matter relic abundance independently of the rest of the model.

Typically the LSP will originate predominantly from the neutralinos contained in the inert

Higgsino/singlino families and such an LSP will be able to account for the dark matter

relic abundance and satisfy current experimental data,2 annihilating mainly through an s-

channel Z-boson, via its inert Higgsino doublet components which couple to the Z-boson.

This leads to a constraint that the LSP mass must exceed half the Z-boson mass, to avoid

the LEP constraints on the Z-boson width, which can be satisfied providing that the ratio

of the two usual Higgs doublet VEVs (tan β) is less than about 2. Apart from the require-

ment tan β < 2, the very stringent constraints on MSSM or USSM parameter space, which

come from requiring that the model explains the relic density in terms of relic neutralinos,

become completely relaxed, since in the E6SSM neutralino dark matter depends almost

exclusively on the parameters of the almost decoupled inert Higgsino sector. We expect

similar results to apply to any singlet-extended SUSY model with an almost decoupled

inert doublet Higgsino / Higgs singlino sector.

The remainder of the paper is organised as follows. In section 2 we briefly review the

E6SSM which provides the motivation for including three families of Higgs doublets and

singlets. In section 3 we discuss the inert Higgsino sector of the E6SSM and the effective

model which we shall study, and highlight the most important couplings for our analysis

of the LSP dark matter relic density. In section 4 we display the complete neutralino and

chargino mass matrices of the considered model. In section 5 we present some analytical

results which provide useful insight into the new inert sector physics. These results are

subsequently used to understand and interpret the results of section 6, in which the re-

sults of a full numerical dark matter relic density calculation using MicrOMEGAs [24] are

presented. The paper is concluded in section 7.

2 The E6SSM

One of the most important issues in models with additional Abelian gauge symmetries

is the cancellation of anomalies. In E6 theories, if the surviving Abelian gauge group

factor is a subgroup of E6 and the low energy spectrum constitutes complete 27 represen-

tations of E6, then the anomalies are cancelled automatically. In the E6SSM the 27i of

2There is a lot of interest in the excess positron signal that has been recently observed by the PAMELA,

ATIC and Fermi collaboration (see e.g. [15]). It has been speculated that this could have been produced

by annihilating dark matter in the galactic halo [16], but it has also been suggested that the signal could

be explained as coming from normal astrophysical sources such as nearby pulsars [17]. In this paper we

shall not try to interpret these data as arising from neutralino dark matter, but instead we assume some

astrophysical explanation of the data.
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Q uc dc L ec N c S Hu Hd D D H ′ H ′
√

5
3QY 1

6 −2
3

1
3 −1

2 1 0 0 1
2 −1

2 −1
3

1
3 −1

2
1
2√

40QN 1 1 2 2 1 0 5 −2 −3 −2 −3 2 −2

Table 1. The U(1)Y and U(1)N charges of matter fields in the E6SSM, where QN
i and QY

i are here

defined with the correct E6 normalisation factor required for the RG analysis.

E6 containing the three quark and lepton families decompose under the SU(5) × U(1)N
subgroup of E6 as follows:

27i → (10, 1)i + (5∗, 2)i + (5∗, −3)i + (5,−2)i + (1, 5)i + (1, 0)i . (2.1)

The first and second quantities in the brackets are the SU(5) representation and extra

U(1)N charge while i is a family index that runs from 1 to 3. From eq. (2.1) we see that, in

order to cancel anomalies, the low energy (TeV scale) spectrum must contain three extra

copies of 5∗+5 of SU(5) in addition to the three quark and lepton families in 5∗+10. To be

precise, the ordinary SM families which contain the doublets of left-handed quarks Qi and

leptons Li, right-handed up- and down-quarks (uc
i and dc

i ), as well as right-handed charged

leptons, are assigned to (10, 1)i+(5∗, 2)i . Right-handed neutrinos N c
i should be associated

with the last term in eq. (2.1), (1, 0)i . The next-to-last term in eq. (2.1), (1, 5)i , represents

SM singlet fields Si which carry non-zero U(1)N charges and therefore survive down to the

EW scale. The three pairs of SU(2)-doublets (Hd
i and Hu

i ) that are contained in (5∗, −3)i

and (5,−2)i have the quantum numbers of Higgs doublets, and we shall identify one of these

pairs with the usual MSSM Higgs doublets, with the other two pairs being inert Higgs dou-

blets which do not get VEVs. The other components of these SU(5) multiplets form colour

triplets of exotic quarks, Di and Di, with electric charges −1/3 and +1/3 respectively. The

matter content and correctly normalised Abelian charge assignment are in table 1.

We also require a further pair of superfields H ′ and H ′ with a mass term µ′H ′H ′ from

incomplete extra 27′ and 27′ representations to survive to low energies to ensure gauge

coupling unification. Because H ′ and H ′ originate from 27′ and 27′, these supermultiplets

do not spoil anomaly cancellation in the considered model. Our analysis reveals that the

unification of the gauge couplings in the E6SSM can be achieved for any phenomenologi-

cally acceptable value of α3(MZ), consistent with the measured low energy central value,

unlike in the MSSM which requires significantly higher values of α3(MZ), well above the

central measured value [10].3

Since right-handed neutrinos have zero charges they can acquire very heavy Majorana

masses. The heavy Majorana right-handed neutrinos may decay into final states with lepton

number L = ±1, thereby creating a lepton asymmetry in the early Universe. Because the

Yukawa couplings of exotic particles are not constrained by the neutrino oscillation data,

substantial values of CP-violating lepton asymmetries can be induced even for a relatively

3The two superfields H ′ and H ′ may be removed from the spectrum, thereby avoiding the µ′ problem,

leading to unification at the string scale [11]. However we shall not pursue this possibility in this paper.
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small mass of the lightest right-handed neutrino (M1 ∼ 106 GeV) so that successful thermal

leptogenesis may be achieved without encountering any gravitino problem [12].

In E6 models the renormalisable part of the superpotential arises from the 27×27×27

decomposition of the E6 fundamental representation. The most general renormalisable

superpotential that is allowed by the E6 symmetry can be written in the following form:

WE6
= W0 + W1 + W2 , (2.2)

W0 = λijkSi(HdjHuk) + κijkSi(DjDk) + hN
ijkN

c
i (HujLk) + hU

ijku
c
i (HujQk)

+hD
ijkd

c
i (HdjQk) + hE

ijke
c
i (HdjLk) , (2.3)

W1 = gQ
ijkDi(QjQk) + gq

ijkDid
c
ju

c
k , (2.4)

W2 = gN
ijkN

c
i Djd

c
k + gE

ijke
c
iDju

c
k + gD

ijk(QiLj)Dk . (2.5)

The superpotential of the E6SSM clearly involves a lot of new Yukawa couplings in

comparison to the SM. In general these new interactions violate baryon number conserva-

tion and induce non-diagonal flavour transitions. To suppress baryon number violating and

flavour changing processes one can postulate a ZH
2 symmetry under which all superfields

except one pair of Hd
i and Hu

i (say Hd ≡ Hd
3 and Hu ≡ Hu

3 ) and one SM singlet field

(S ≡ S3) are odd. The ZH
2 even Higgs doublets then play the role of the conventional

Higgs doublets which get VEVs and are allowed to couple to the normal SM matter. Here

we have chosen the third generation to be even, so the inert superfields must therefore

belong to the first and second generations. The ZH
2 symmetry then explains why the inert

Higgs doublets and singlets do not get VEVs.

However, the ZH
2 can only be approximate (otherwise the exotics would not be able to

decay). To prevent rapid proton decay in the E6SSM, a generalised definition of R-parity

should be used. We give two examples of possible symmetries that can achieve this. If Hd
i ,

Hu
i , Si, Di, Di and the quark superfields (Qi, uc

i , dc
i ) are even under a discrete ZL

2 symmetry

while the lepton superfields (Li, ec
i , N c

i ) are odd (Model I) then the allowed superpotential

is invariant with respect to a U(1)B global symmetry with the exotic Di and Di identified as

diquark and anti-diquark, i.e. BD = −2/3 and BD = +2/3. An alternative possibility is to

assume that the exotic quarks, Di and Di, as well as lepton superfields, are all odd under ZB
2

whereas the others remain even. In this case (Model II) the Di and Di are leptoquarks [7].

The proposed discrete symmetries explicitly break the E6 gauge symmetry. It is also

true that the additional multiplets, 27′ and 27′, are split, such that only the respective H ′

and H ′ components are present in the low energy spectrum. In fact all of the apparent E6

symmetry breaking can be attributed to the presence of incomplete E6 GUT multiplets as

discussed in ref. [10].

As with any GUT model, explaining why the various Yukawa couplings in the theory

have their respective values, and are not simply all equal, requires a theory of flavour. One

such example of applying a family symmetry to the E6SSM can be found in ref. [13]. This

issue is common to all GUT models and no specific flavour theory is assumed in this paper.

– 5 –
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λijk λ λαβ fdαβ fuαβ xdα xuα zα

ijk 333 3αβ α3β αβ3 33α 3α3 α33

Table 2. The notation for the λijk couplings.

3 The inert Higgsino couplings

The most important couplings in our analysis are the trilinear couplings between the three

generations of up- and down-type Higgs doublets and Higgs SM singlets contained in the

superpotential of the E6SSM in eq. (2.3),

λijkSiHdjHuk = λijk(SiH
−
djH

+
uk − SiH

0
djH

0
uk). (3.1)

The trilinear coupling tensor λijk in eq. (3.1) consists of 27 numbers, which play various

roles. The purely third family coupling λ333 ≡ λ is very important, because it is the

combination µ = λs/
√

2 that plays the role of an effective µ term in this theory (where

s/
√

2 is the VEV of the third family singlet scalar S3 ≡ S). Some other neutralino mass

terms, such as those involving S̃, are also proportional to λ. The couplings of the in-

ert (first and second generation) Higgs doublet superfields to the third generation Higgs

singlet superfield λ3αβ ≡ λαβ (where α, β, γ index only the first and second generations)

directly contribute to neutralino and chargino mass terms for the inert Higgsino doublets.

λα3β ≡ fdαβ and λαβ3 ≡ fuαβ directly contribute to neutralino mass terms involving an

inert doublet Higgsino and singlino.

The 13 Higgs trilinear couplings mentioned thus far are the only couplings that obey

the proposed ZH
2 symmetry. This symmetry (under which all superfields other than the

third generation Hd, Hu and S are odd) is proposed in order to prevent flavour changing

neutral currents in the SM matter sector by eliminating non-diagonal flavour transitions.

There is, however, no specific reason to suspect that it is respected by the λijk couplings

or by superpotential couplings involving the exotic quarks. Indeed, if ZH
2 is respected by

the latter then the lightest exotic quark state(s) would be stable. This would presumably

lead to a relic density of heavy exotic quark states inconsistent with observation. If λijk

obeyed ZH
2 exactly then, as we will see below, the neutralino mass matrix (and also the

chargino mass matrix) would be decoupled into two independent systems and the lightest

from each sector would be stable. We shall refer to the ZH
2 breaking couplings involving

two third generation superfields as λ33α ≡ xdα, λ3α3 ≡ xuα and λα33 ≡ zα. The notation

for the λijk couplings used in this paper are compiled in table 2.

The remaining 8 ZH
2 breaking couplings λαβγ are of less importance. As long as only

the third generation Higgs doublets and singlet acquire VEVs then these couplings do not

appear in the neutralino or chargino mass matrices. Additionally, they only appear in

Feynman rules that involve the inert Higgs scalars and we assume that these are given soft

SUSY breaking masses that are heavy enough such that these particles do not contribute

to any processes relevant for the current study.

As a final note, one could perhaps argue that these couplings should be arranged to help

ensure that only the third generation singlet scalar radiatively acquires a VEV. However,

– 6 –
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as the contributions to the running of the singlet scalar square masses could be coming

mostly from the heavy exotic quarks, there is little reason to impose any constraints from

such considerations on the λijk couplings.

4 The neutralino and chargino mass matrices

In the MSSM there are four neutralino interaction states, the neutral wino, the bino and

the two Higgsinos. In the USSM, two extra states are added, the singlino and the bino′.

In the conventional USSM basis

χ̃0
int = ( B̃ W̃ 3 H̃0

d H̃0
u S̃ B̃′ )T (4.1)

and neglecting bino-bino′ mixing (as justified in ref. [9]) the USSM neutralino mass matrix

is then

Mn
USSM =

























M1 0 −mZsW cβ mZsW sβ 0 0

0 M2 mZcW cβ −mZcW sβ 0 0

−mZsW cβ mZcW cβ 0 −µ −µssβ g′1vcβQN
d

mZsW sβ −mZcW sβ −µ 0 −µscβ g′1vsβQN
u

0 0 −µssβ −µscβ 0 g′1sQ
N
s

0 0 g′1vcβQN
d g′1vsβQN

u g′1sQ
N
s M ′

1

























, (4.2)

where M1, M2 and M ′
1 are the soft gaugino masses, µs = λv/

√
2, 〈Hd〉 = v cos β/

√
2 and

〈Hu〉 = v sinβ/
√

2. In the E6SSM this is extended. We take the full basis of neutralino

interaction states to be

χ̃0
int = ( B̃ W̃ 3 H̃0

d H̃0
u S̃ B̃′ H̃0

d2 H̃0
u2 S̃2 H̃0

d1 H̃0
u1 S̃1 )T. (4.3)

The first four states are the MSSM interaction states, the S̃ and B̃′ are the extra states

added in the USSM and the final six states are the extra inert doublet Higgsinos and Higgs

singlinos that come with the full E6SSM model. Under the assumption that only the third

generation Higgs doublets and singlet acquire VEVs the full Majorana mass matrix is then

Mn
E6SSM =









Mn
USSM B2 B1

BT
2 A22 A21

BT
1 AT

21 A11









, (4.4)

where the sub-matrices involving the inert interaction states are given by

Aαβ = − 1√
2









0 λαβs fuβαv sinβ

λβαs 0 fdβαv cos β

fuαβv sin β fdαβv cos β 0









(4.5)

– 7 –
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and the ZH
2 breaking sub-matrices by

Bα = − 1√
2

























0 0 0

0 0 0

0 xdαs zαv sin β

xuαs 0 zαv cos β

xuαv sin β xdαv cos β 0

0 0 0

























. (4.6)

Similarly we take our basis of chargino interaction states to be

χ̃±
int =

(

χ̃+
int

χ̃−
int

)

,

where

χ̃+
int =















W̃+

H̃+
u

H̃+
u2

H̃+
u1















and χ̃−
int =















W̃−

H̃−
d

H̃−
d2

H̃−
d1















. (4.7)

The corresponding mass matrix is then

M c
E6SSM =

(

CT

C

)

,

where

C =















M2

√
2mW sin β 0 0

√
2mW cos β µ 1√

2
xd2s

1√
2
xd1s

0 1√
2
xu2s

1√
2
λ22s

1√
2
λ21s

0 1√
2
xu1s

1√
2
λ12s

1√
2
λ11s















. (4.8)

It is clear that a generic feature of the E6SSM is that the LSP is usually (naturally)

composed mainly of inert singlino and ends up being typically very light. One can see this

by inspecting the new sector blocks of the extended neutralino mass matrix in eq. (4.4),

such as A11, and assuming a hierarchy of the form λαβs ≫ f(u,d)αβv. This is a natural

assumption since we already require that s ≫ v in order to satisfy the current experimental

limit on the Z ′ mass of around 1TeV [14], as discussed in ref. [8].

For both the neutralinos and the charginos we see that if the ZH
2 breaking couplings

are exactly zero then the new part of the E6SSM mass matrix becomes decoupled from

the USSM mass matrix. However, although approximate decoupling is expected, exact

decoupling is not, and will therefore not be considered.
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5 Analytical discussion

According to standard cosmology, at some time in the past, before Big Bang Nucleosyn-

thesis (BBN), the LSP would have decoupled from equilibrium with other species still in

equilibrium with the photon. This decoupling from chemical equilibrium would have hap-

pened roughly when the particle’s inelastic interaction rate (maintaining chemical equilib-

rium) became less than the expansion rate of the universe H = ȧ/a, where a is the scale

factor of the universe. When such a chemical “freeze-out” occurs the number density of the

frozen out species (the LSP here) typically remains much larger than it would have been if

the species had remained in chemical equilibrium as the universe cooled. From this point

onwards it is approximately just the number density at freeze-out that determines the relic

density of the stable particle today. Generally the larger a stable relic’s annihilation and

co-annihilation cross-sections would have been before freeze-out, the lower its relic density

in the universe would be today [18].

In order for such a relic particle to be “cold” (as in “cold dark matter”) the freeze-

out temperature must be much less than the mass of the particle, such that the particle

was non-relativistic at freeze-out. The measured value used for the total present day cold

dark matter relic density is ΩCDMh2 = 0.1099 ± 0.0062 [22]. If a theory predicts a greater

relic density of dark matter than this then it is ruled out, assuming standard pre-BBN

cosmology. A theory that predicts less dark matter cannot in the same way be ruled out,

but if the theory is supposed to be the low energy effective theory of the complete theory

that describes the universe then it should account for all of the observed dark matter.

The LSP relic density calculation has already been widely studied in the MSSM [19] and

especially in the constrained MSSM [20].

It will be useful to get some analytical understanding of the calculation of the relic

abundance coming from the new neutralino/chargino physics of the E6SSM before looking

at the results of the full numerical simulation. To this end, in this section, we consider just

one inert Higgs family consisting of two inert Higgs doublets and one inert Higgs singlet,

which we shall label as the first generation. We shall assume that the ZH
2 breaking cou-

plings of the first (inert) Higgs generation to the third (conventional) Higgs generation are

large enough to allow the heavier states of the USSM to decay into the LSP, formed mostly

from inert states, but also small enough such that we can consider the inert Higgsinos to

be approximately decoupled from the rest of the neutralino mass matrix for the purposes

of obtaining an analytical estimate of the mass eigenstates. This amounts to considering

the single block A11 of the extended neutralino mass matrix in eq. (4.4) and ignoring the

rest. We emphasise that this is for the purposes of the simple analytical estimates in this

section only and that in the next section we shall perform a full numerical analysis without

any approximation.

5.1 Inert neutralino masses and mixing for one family

Within the first generation we use the basis

χ̃0
int = ( H̃0

d1 H̃0
u1 S̃1 )T (5.1)
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and the neutralino mass matrix is then, from eq. (4.5),

A11 ≡ A = − 1√
2









0 λ′s fuv sin β

λ′s 0 fdv cos β

fuv sin β fdv cos β 0









, (5.2)

where λ′ = λ11 ≡ λ311, fd = fd11 ≡ λ131 and fu = fu11 ≡ λ113. As discussed earlier, it

is natural to assume that λ′s ≫ fv and this will lead to a light, mostly first-generation-

singlino lightest neutralino.

Finding the mass eigenvalues of the matrix A involves solving a reduced cubic equation.

Doing an expansion in fv/λ′s the three neutralino masses from the first generation are

m1 =
1√
2

fdfu

λ′
v2

s
sin(2β) + · · · , (5.3)

m2 =
λ′s√

2
− m1

2
+ · · · , (5.4)

m3 = −λ′s√
2
− m1

2
+ · · · . (5.5)

The lightest state is mostly singlino (as we will confirm below) and the two heavier states

are nearly mass degenerate, split by the LSP mass. At β = 0 or π/2 the lightest neu-

tralino becomes massless. This is when only one of the third generation conventional Higgs

doublets has a VEV. The LSP, even if very weakly interacting, must be heavier than a

few MeV so that it would not contribute to the expansion rate prior to nucleosynthesis,

changing nuclear abundances [7].

We shall define the neutralino mixing matrix N by

Na
i MabN b

j = miδij no sum on i. (5.6)

The lightest state is then made up of the following superposition of interaction states:

χ̃0
1 = N1

1 H̃0
d1 + N2

1 H̃0
u1 + N3

1 S̃1. (5.7)

Again expanding in fv/λ′s we have

N1 =



















− fdv
λ′s cos β + · · ·

− fuv
λ′s sinβ + · · ·

1 − 1
2

(

v
λ′s

)2 [
f2

d cos2(β) + f2
u sin2(β)

]

+ · · ·



















, (5.8)

confirming that the LSP is mostly singlino in this limit. The other eigenvectors, which

determine the composition of neutralinos 2 and 3, are

Ni =

√

1

a2
i + b2

i + · · ·









ai

bi

1









, (5.9)
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Figure 1. s-channel LSP annihilation diagrams.

where

− b2 = a2 =
λ′s

v
[fd cos β − fu sin β]−1 + · · · , (5.10)

b3 = a3 =
λ′s

v
[fd cos β + fu sin β]−1 + · · · . (5.11)

Note that a, b ≫ 1 and that a2 and b2 flip sign at fd cos β = fu sin β whereas a3 and b3 are

always positive. Very approximately these eigenvectors are then

N2 =
1√
2









−1

1

0









sign(fusβ − fdcβ), (5.12)

N3 =
1√
2









1

1

0









. (5.13)

Under the assumptions of this section the lightest chargino is simply the first generation

charged Higgsino with a mass mc = λ′s/
√

2.

5.2 Annihilation channels

From eq. (5.3) it is seen that the LSP mass m1 is proportional to v2/s and so is naturally

small since v ≪ s. To understand this, recall that Z-Z ′ mixing leads to two mass eigen-

states, Z2 ≈ Z ′ and Z1 ≈ Z, and limits on Z-Z ′ mixing and on the Z2 mass place lower

limits on s, with v ≪ s being always satisfied. For example, when s = 3000 GeV the Z2

mass is about 1100 GeV and v2/s ≈ 20 GeV. The LSP mass further decreases as s becomes

larger in the considered limit. In practice, it is quite difficult to arrange the LSP mass to

exceed about 100 GeV.

In view of the above discussion the LSP is expected to be relatively light, and so we

begin by looking at s-channel annihilation, which can result in lighter mass final states.

The most important diagrams are shown in figure 1 and it will turn out that the most

important of these annihilations have a Z-boson in the s-channel (or strictly speaking Z1).

The χ̃0
1χ̃

0
1Z gauge coupling in this diagram is suppressed by a factor of

1

2

( v

λ′s

)2
[

f2
u sin2(β) − f2

d cos2(β)
]

+ · · ·
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Figure 2. t-channel LSP annihilation diagrams.

under the assumptions of this section, since the LSP only couples through its small Higgsino

components. This coupling vanishes completely at fd cos β = fu sin β, which is when the

LSP contains a completely symmetric combination of H̃0
d1 and H̃0

u1. In the MSSM a

Higgsino-like LSP is typically such a symmetric combination of up- and down-type Higgsino

and therefore does not couple very strongly to the Z-boson. In this model, however, the

LSP is unlikely to have very similar admixtures of H̃0
d1 and H̃0

u1.

Full gauge coupling strength s-channel Z-boson annihilations tend to leave a relic

density that is too low to account to for the observed dark matter, but in this model the

coupling of the mostly singlino LSP to the Z-boson is typically suppressed, as it only couples

through its doublet Higgsino admixture, leading to an increased relic density if this is the

dominant annihilation channel. As λ′s decreases, the proportion of the LSP that is made up

of inert doublet Higgsino, rather than inert singlino, increases. This can be seen in eq. (5.8).

This then increases the strength of the overall χ̃0
1χ̃

0
1Z coupling. The inclusive cross-section

for s-channel annihilation through a Z-boson is therefore highly dependent on λ′s, which

affects both the coupling and the LSP mass m1. The effect of independently increasing the

coupling is always to increase the cross-section, but the effect of independently increasing

the LSP mass can be to either increase or decrease the cross-section, depending on which

side of the Z-boson resonance it is on. In the considered limit both the mass and coupling

are proportional to 1/(λ′s)2, and the annihilation cross-section is given by,

σ(χ̃0
1χ̃

0
1 → Z∗ → anything) ∝

(

1

λ′s

)4( 1

m2
Z − (2m1)2

)2
(

f2
us2

β − f2
d c2

β

)2
. (5.14)

The s-channel annihilation through the lightest Higgs boson will also become important if

the LSPs are on resonance in the relic density calculation.

The most important of the potential t-channel processes are shown in figure 2. In prac-

tice these channels will not play a significant role compared to the s-channel annihilations

considered previously, but we discuss them for completeness. The t-channel particle for

these processes is one of the neutralinos or the chargino of the first generation (for produc-

ing neutral Higgs scalars / Z-bosons or charged Higgs scalars / W -bosons respectively).

In the first diagram, t-channel annihilation to conventional third generation Higgs scalars,

the couplings are just f couplings of the first generation and appropriate mixing matrix

elements. With the chargino or with neutralino 2 or 3 in the t-channel the diagram is ap-

proximately inert singlinos annihilating with an inert doublet Higgsino in the t-channel and

the couplings are approximately just fd and fu for producing Hd and Hu interaction states

respectively. The LSP mass is smaller than the other masses by a factor of order v2/s2.

– 12 –
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With another LSP in the t-channel the first diagram therefore receives an enhancement

of order s2/v2 for the t-channel propagator at low momentum, but has a suppression of

order v2/s2 in the couplings due to the LSP only containing doublet type first generation

Higgsinos with amplitudes of order v/s.

The second diagram in figure 2 represents annihilation to massive gauge bosons. To

very good approximation these bosons only couple to weak isospin doublets and not to SM

singlets (since Z-Z ′ mixing must be small). These diagrams are therefore suppressed by

order v2/s2 in the couplings even with a chargino or with neutralino 2 or 3 in the t-channel.

On top of this suppression these diagrams also receive an additional suppression of order

v2/s2 in the couplings, but an enhancement of order s2/v2 in the propagator when the

t-channel contains the LSP. Although this second type of diagram is suppressed relative to

the first (assuming v2/s2 ≪ f) it has a greater chance of being kinematically allowed. As

previously stated, inert scalar Higgs-bosons are assumed heavy and annihilation to these

particles is not considered.

6 Numerical analysis

We now turn to the full model, in which the LSP is determined from the neutralino mass

matrix in eq. (4.4) where there are two copies of the family considered in the previous

section as well as 6 unknown mixing parameters between the two families. In general, after

rotation to the mass eigenstates, we expect that two states are much lighter than the rest,

both inert-singlino-like in the λ′s ≫ fv limit.4

In this section we use numerical methods to predict the relic density. For each con-

sidered point in parameter space the neutralino, chargino and Higgs scalar mass matrices

must be diagonalised numerically. In the heavy inert scalar limit that we are considering

the scalar Higgs sector is unchanged from that of the USSM and at 1-loop the mass-squared

parameters are same up to extra contributions from exotics. The USSM pseudoscalar Higgs

mass, charged Higgs mass and scalar Higgs mass-squared matrix parameters together with

their 1-loop corrections from top and stop loops are taken from ref. [21]. Corrections from

exotic quark and squark loops are not included in our analysis, since these have been shown

to be small [7]. CP violation is not considered. With the masses and mixing parameters

found MicrOMEGAs 2.2 [24] is then used to numerically compute the present day relic

density, the relevant (co-)annihilation channel cross-sections and the LSP freeze-out tem-

perature. MicrOMEGAs achieves this by calculating all of the relevant tree-level Feynman

diagrams using CalcHEP. The CalcHEP model files for the considered model are generated

using LanHEP [25]. The MicrOMEGAs relic density calculation assumes standard cosmology

in which the LSP was in equilibrium with the photon at some time in the past.

6.1 The parameter space of the model

Motivated by the running of the gauge couplings from the GUT scale, we assume that the

GUT normalised couplings of the two U(1) gauge groups, U(1)Y and U(1)N , are equal and

4An exception to this is in the large M ′

1 limit in which the LSP could originate from the lower block of

the USSM neutralino mass matrix in eq. (4.2) due to a mini see-saw mechanism as discussed in ref. [9].
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that the mixing between the two groups is negligible, giving g′1 ≈ 0.46. The free param-

eters are then the trilinear Higgs couplings λijk, the singlet VEV s, tan β, the soft λ333

coupling Aλ and the soft gaugino masses. It will turn out that the soft gaugino masses

usually have little effect on the dark matter physics. One can see this by observing the

neutralino mass matrix, eq. (4.4), where the USSM terms coming from the soft gaugino

masses do not directly mix with terms from the new E6SSM inert sector. The scalar Higgs

doublet and singlet soft SUSY breaking masses are determined from the scalar potential

minimalisation conditions given s, v, tan β and Aλ. The regular squark and slepton sectors

as well as the potential issue of mixing between the two U(1) gauge groups are the same

as in the USSM [9].

In the following analysis we shall choose s = 3000 GeV and µ = 400 GeV which gives

λ = 2
√

2 /15 ≈ 0.19 and makes the Z2 mass about 1100 GeV. Although much of the physics

is highly dependent on s, this specific choice of s does not limit the generality of the results

obtained. This is explained below. We also choose M1 = M ′
1 = M2/2 = 250 GeV. These

relations between the soft gaugino masses are motivated by their running from high scale,

but the value is not. In this analysis the squarks and sleptons will not play a significant role

in the calculation of dark matter relic abundance since the LSP will always be much lighter.

We choose equal soft sfermion masses to be MS = 800 GeV and the stop mixing parameter,

Xt = At−µ cot(β), to be Xt =
√

6 MS as in ref. [7]. This results in a lightest CP-even Higgs

mass in excess of 114 GeV for all parameter space considered below. The soft λ coupling

Aλ is set by choosing the pseudo-scalar Higgs mass mA. We choose mA = 500 GeV.

We initially assume the ZH
2 breaking λijk couplings to be small (0.01) for the following

analysis, but not so small that there would be late decays to the LSP, affecting BBN. The

main properties of the physics can then be seen by varying three parameters λ′ = λ22 = λ11,

f = fd22 = fu22 = fd11 = fu11 and tan β. The first and second generation mixing couplings

are set to λ21,12 = ǫλ′ and f(d,u)(21,12) = ǫf . Assuming this parameter choice the sub-

matrices of the neutralino mass matrix eq. (4.5) become

A22 = A11 = − 1√
2









0 λ′s fv sin β

λ′s 0 fv cos β

fv sin β fv cos β 0









, (6.1)

A21 = ǫA22. (6.2)

This simple parametrisation is sufficient for illustrating the generic properties of the physics.

Deviations from this parametrisation are discussed afterwards.

Note that the analytical results of the previous section provide an essential context

in which to understand the numerical results of this section. According to the above

parametrization, the two generations are approximately degenerate and the mixing terms

are not too large. In this case the LSP and the second lightest neutralino will each contain

approximately equal contributions from each generation.

Finally, it is importnat to note that, assuming the above parametrisation, the effect

on the neutralino and chargino inert sectors of changing s is simply equivalent to that of
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Figure 3. Chargino masses (magnitude only) against λ′ with f = 1, ǫ = 0.1, tanβ = 1.5,

s = 3000GeV and ZH
2 breaking λijk couplings set to 0.01.

changing λ′ (although the Z ′ mass will depend on s). This means that the following results

are also applicable for other experimentally consistent values of s, scaled by λ′.

6.2 Neutralino and chargino spectra

Figure 3 shows how the spectrum of chargino masses varies with λ′. Although the plot is for

tan β = 1.5, as one can see from the chargino mass matrix, eq. (4.8), the inert sector has no

dependence on tan β, with the mass terms just being proportional to the singlet VEV. The

almost constant masses are those mass eigenvalues coming mostly from the USSM sector,

the third generation charged Higgsino and wino. The charginos coming mostly from the

inert sector vary with λ′ as expected and drop below the 94 GeV experimental lower limit

at some value of λ′, depending on the value of s. The effect of the ǫ = 0.1 mixing between

generations can bee seen in the splitting between the two inert sector charginos. Where

lines cross in figure 3 the chargino masses are of opposite sign. When chargino mass lines

of the same sign approach each other, they veer away from each other at the would-be

crossing point due to the effect of interference.

Figure 4 shows how the spectrum of neutralino masses varies with λ′. The inert

neutralino spectrum is dependent on tan β, but each of the qualitative features can be

understood. We see the two light neutralino states that become heavier as λ′ decreases

from unity until the approximation λ′s ≫ fv breaks down. At this point fv sin β begins

to dominate and the LSP mass decreases with decreasing λ′ as the dominance of fv sin β

becomes greater. In this low λ′ region the LSP is no longer mostly inert singlino, but mostly
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Figure 4. Neutralino masses (magnitude only) against λ′ with f = 1, ǫ = 0.1, tanβ = 1.5,

s = 3000GeV and ZH
2 breaking λijk couplings set to 0.01.

inert up-type Higgsino. The six almost unvarying neutralino masses are those mostly from

the USSM sector, which is not mixing very much with the new sector in this figure. We

have already seen that the inert sector chargino masses continue to be set by λ′ as we go

down into the low λ′ region, resulting in light charginos in this region. By contrast, the

four inert sector neutralinos begin to be governed by the fv terms rather than the λ′s

terms in the low λ′ region and therefore approach a constant value in this region.

As in the case of the charginos, the effect of the ǫ = 0.1 mixing can be seen in the

splitting between the two light neutralinos and the four heavier inert neutralinos which are

both split by this mixing and further split by the light neutralino mass as predicted in the

previous section.

Figure 5 shows how the make-up of the LSP in terms of the inert interaction states

varies with λ′. The behaviour in the λ′s ≫ fv limit is as predicted in eq. (5.8). We also

see how the dominant component of the LSP changes from inert singlino to inert up-type

Higgsino in the low λ′ region.

6.3 Dark matter relic density predictions

Using the parametrization in eqs. (6.1), (6.2) we use MicrOMEGAs 2.2 to numerically com-

pute the present day relic density. Figure 6 shows a contour plot of the LSP mass and relic

density Ωχh2 regions in the (λ′, tan β)-plane, with s = 3000 GeV, ǫ = 0.1 and f = 1. We

focus on small values of λ′ < 0.4 since for large λ′ the LSP would be very light state, pre-

dominantly inert singlino, which would not annihilate very efficiently through any channel,
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Figure 5. Component structure of the LSP in terms of the inert interaction states against λ′ with

f = 1, ǫ = 0.1, tanβ = 1.5, s = 3000GeV and ZH
2 breaking λijk couplings set to 0.01.

leading to a too high relic density Ωχh2 > ΩCDMh2 (such regions are shaded dark green).

As λ′ is decreased below 0.3 the LSP mass increases and approaches about half of the

Z-boson mass and there is a region where the prediction for Ωχh2 is consistent with the

measured 1-sigma range of ΩCDMh2 (such regions are shaded red). When the LSP mass is

around 40 GeV it contains enough inert doublet Higgsino component such that s-channel

Z-boson annihilation becomes strong enough to account for the observed the relic density.

As the LSP mass is increased further from 40 GeV and approaches 45 GeV, the annihi-

lations before freeze-out become on resonance with a Z-boson in the s-channel and the

predicted relic density becomes too low (such regions are shaded light green).

However the regions where the LSP mass is less than half of the Z-boson mass are

excluded by LEP limits on the Z-boson width. The point is that the same couplings which

lead to successful relic density, via annihilation through an s-channel Z-boson, will also

violate the LEP collider limits on the Z-pole with Z-boson decays to two LSPs. Such a

Z-boson decay channel would contribute to the invisible Z width.5 The measurement of

the invisible Z width at LEP is used to give strong bounds on the number of light neutrino

species [23]. The PDG average for the effective number of light neutrinos as inferred from

the invisible Z width is 2.92 ± 0.05 [23]. Because of the coupling suppression of the LSP

due to its inert singlino component amplitudes, helicity suppression and also significant

5By contrast Z decays involving the second lightest neutralino would contribute only to the total width,

because the second neutralino would decay to the LSP before reaching the detector.
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Figure 6. Contour plot of the LSP mass and relic density Ωχh2 regions in the (λ′, tan β)-plane

with s = 3000GeV, ǫ = 0.1 and f = 1. The red region is where the prediction for Ωχh2 is consistent

with the measured 1-sigma range of ΩCDMh2. Where the LSP is lower than half of the Z-boson

mass, the region to the right of the hatched line is ruled out by Z decay data.

phase-space suppression, the branching ratio to two LSPs would have a contribution to the

invisible width significantly less than that of a neutrino, but still large enough to violate

the LEP limit. Note that in the MSSM this limit does not arise since either the LSP is

bino-like and so does not couple to the Z or is Higgsino or Wino like in which case it would

have accompanying almost degenerate charginos and therefore must have a mass greater

than about 100 GeV in any case. Here we can have an inert Higgsino/singlino LSP with

a mass lower than half of the Z-boson mass while still having experimentally consistent

inert-doublet-Higgsino-like charginos. The regions in figure 6 where the LSP is lower than

half of the Z-boson mass, namely to the right of the hatched line, are therefore ruled out by

the Z decay width measurements at LEP. Fortunately there are successful regions indicated

in red to the left of the hatched line in figure 6, where the LSP mass is greater than 45 GeV

thereby avoiding the LEP limit, as we discuss below.

We note at this point that the requirement that the LSP mass exceeds 45 GeV implies

low tan β, and this is the reason for the restricted range of tan β in figure 6. This can be

seen from eq. (5.3) where we found that the LSP mass should be approximately propor-

tional to sin 2β, i.e. to the product of the two doublet Higgs VEVs, which is maximized

for sin 2β = 1 corresponding to tan β = 1. In the E6SSM an experimentally acceptable

lightest Higgs mass can be achieved even with tan β as low as about 1.2 [7], so having low

tan β is not a problem in such models.
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Figure 7. Contour plot of the LSP mass and relic density Ωχh2 regions in the (λ′, f)-plane with

s = 3000GeV, ǫ = 0.1 and tanβ = 1.5. The red region is where the prediction for Ωχh2 is consistent

with the measured 1-sigma range of ΩCDMh2. Where the LSP mass is lower than half of the Z-boson

mass, the region to the right of the hatched line is ruled out by Z decay data.

Decreasing λ′ further results in LSP masses above 45 GeV, and to the left of the hatched

line in figure 6, other successful relic density regions (shaded in red) appear. These regions

are punctuated by the light Higgs resonance, leading to the interesting double loop shape of

the successful red regions to the left of the hatched line in figure 6. In these regions the LSP

can have a mass significantly larger than half of the Z mass, moving far enough off the Higgs

and Z resonances that annihilation is weakened just enough to give the correct relic density.

However another effect comes into play as λ′ decreases, namely the composition of

the LSP changes from being singlino dominated to being Higgsino dominated, the cross-

over point being close to λ′ = 0.07 in figure 5. Within a successful region, to the left

of a resonance, one would normally expect the relic density to increase as the LSP mass

goes up (corresponding to decreasing tan β or λ′) because annihilation moves further away

from the particular resonance (either Higgs or Z). However, for lower λ′ the cross-section

actually increases with decreasing λ′, leading to a lower relic density, because the inert

doublet Higgsino components in the LSP rapidly grow, as can be seen in figure 5. This

implies that for λ′ < 0.07, when the LSP is largely inert doublet Higgsino, annihilation is

too strong leading to the relic density being too low (as indicated by the light green shading

in figure 6). Note also that here the analytic approximations based on λ′s ≫ fv break

down, leading to the turning over of the LSP mass contours. The effects of the t-channel

W and then Z pair production channels can also be seen as they each become relevant.
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According to the above discussion the successful regions to the left of the hatched line

in figure 6 are not ruled out by Z decay data, as the LSP is sufficiently heavy. Furthermore,

for the entire successful region, the lightest chargino is heavy enough to be consistent with

experiment, as can be seen in figure 3. This result will be recreated for all high enough

values of s. For larger values of s the successful regions and corresponding inert chargino

masses are shifted down by the same amount in λ′.

When λ′s ≫ fv lowering f results in a lower LSP mass, as in eq. (5.3). It also extends

the range of λ′ in which this approximation is valid, i.e. it moves the boundary of the

previously discussed low λ′ region to be further down in λ′. Figure 7 shows the LSP mass

and predicted present day relic density for different values of λ′ and f with ǫ = 0.1 and

tan β = 1.5. The shifting of the successful region, where the LSP mass is above mZ/2, down

in λ′ at lower values of f is apparent. At lower values of tan β this successful region extends

further down in f . It should be noted that in order to predict the correct dark matter relic

density, λ′ should be smaller than f and that this disparity gets greater if s is increased.

Increasing s effectively just shifts all of the features on figure 6 and figure 7 to the left.

The freeze-out temperature scaled by the LSP mass is only logarithmically dependant

on the LSP mass and annihilation cross-section. Typically in the successful regions here

the ratio is about 1/24, confirming that the LSP in this model is indeed a candidate for

the observed cold dark matter, where the dark matter was non-relativistic at freeze-out.

6.4 Deviations from the considered parametrisation

Breaking the relation fu(22,11) = fd(22,11) can have similar effects to those of changing

tan β. However, because these parameters cannot be too high (in order to be consistent

with running from the grand unification scale) and because lowering them to much less than

unity makes the LSP too light, tan β can be varied much more freely than the fu/fd ratio.

The effect of increasing the generation mixing parameter ǫ is to increase the various

mass splittings between similar inert mass eigenstates. Increasing the mixing between

the first and second generations thus results in a lighter LSP, shrinking the successful

region, and a lighter lightest chargino, potentially inconsistent with current chargino non-

observation.

Increasing the ZH
2 breaking λijk couplings from 0.01, it is possible to give the LSP

significant components of the conventional, non-inert doublet Higgsinos and third genera-

tion singlino. However, turning up these parameters does not allow for the result of a very

light LSP, usually singlino dominated, to be avoided, simply because of the non-diagonal

structure of the non-gaugino part of the neutralino mass matrix. Turning up these pa-

rameters would, however, mean that the LSP could have significant couplings to regular

quarks and leptons.

Other parameters only change the neutralinos and charginos mostly from the USSM

sector. As long as the LSP is still mostly from the inert sector, as considered here (gaugino

masses cannot be too light or else the LSP can become bino/bino′ dominated), these

parameters are effectively free. Squark and slepton parameters do not affect the dark

matter physics of the considered model. Top and stop loops can have a significant effect
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on the lightest Higgs mass, but as long as this mass is experimentally allowed then these

parameters are also effectively free.

7 Summary and conclusions

In this paper we have studied neutralino dark matter arising from supersymmetric models

with extra inert Higgsinos and singlinos. As an example, we have considered the extended

neutralino sector of the E6SSM, which predicts three families of Higgs doublet pairs, plus

three singlets, plus a Z ′, together with their fermionic superpartners which include two

families of inert Higgsinos and singlinos. In our study we have considered neutralino dark

matter arising from such a model both analytically and numerically, using MicrOMEGAs.

We have found that the results for the relic abundance in the E6SSM are radically

different from those for both the MSSM and the USSM. This is because the two families

of inert Higgsinos and singlinos predicted by the E6SSM provide an almost decoupled neu-

tralino sector with a naturally light LSP which can account for the cold dark matter relic

abundance independently of the rest of the model. Although the E6SSM has two inert

families, the presence of the second inert family is not crucial for achieving successful dark

matter relic abundance.

In the successful regions where the observed dark matter relic density is reproduced

the neutralino mass spectrum is well described by the analytical results of section 5. In

this region the LSP is mostly inert singlino and has a mass approximately proportional

to v2/s, as in Eq (5.3), and, as λ′s is decreased, the LSP becomes heavier and also less

inert singlino dominated, picking up significant inert doublet Higgsino contributions. To

avoid conflict with high precision LEP data on the Z-pole, the LSP, which necessarily must

couple significantly to the Z-boson in order to achieve a successful relic abundance, should

have a mass which exceeds half the Z-boson mass. Since the LSP mass in eq. (5.3) is

proportional to fdfu sin(2β), we find that regions of parameter space in which the dark

matter relic density prediction is consistent with observation require low values of tan β,

less than about 2. Depending on the value of the singlet VEV s, the fu,d trilinear Higgs

coupling parameters should also be reasonably large compared to the λαβ ones. In general

it is difficult for the true neutralino LSP to be heavier than about 100 GeV. In the successful

regions we find the lightest chargino mass could be as low as the experimental lower limit

of 94 GeV, although it could also be as high as about 300 GeV.

One of the main messages of this paper is that neutralino dark matter could arise

from an almost decoupled sector of inert Higgsinos and singlinos, and if it does then the

parameter space of the rest of the model is completely opened up. For example if such a

model is regarded as an extension of the MSSM, then the lightest MSSM-like SUSY particle

is not even required to be a neutralino, and could even be a sfermion which would be able to

decay into the true LSP coming from the almost decoupled inert Higgsino/singlino sector.

This is because the mostly inert-Higgsino/singlino LSP would have admixtures of MSSM

neutralino states. The size of these components are set by ZH
2 breaking λijk couplings and

need not be extremely small.
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In collider experiments it may be possible that the E6SSM could be distinguished

from other supersymmetric models due to long neutralino/chargino decay chains, since the

E6SSM has more of these states. However this has not been studied. The unique make-up

of this model’s LSP would also have implications for direct detection, but this has also not

yet been studied.

Finally we remark that, although we have focussed on the E6SSM, similar results should

apply to any singlet-extended SUSY model with an almost decoupled inert Higgsino sector

with a trilinear Higgs coupling as in eq. (3.1).

Acknowledgments

We are very grateful to Jonathan Roberts for his invaluable help with the writing of the

LanHEP code for the model considered in this paper and with its implementation into

MicrOMEGAs. The LanHEP code for the considered E6SSM scenario is an extension of his

code for the complete USSM, which was used for ref. [9], and we thank Jonathan Roberts

and Jan Kalinowski for donating this code, and for critically reading this manuscript. We

would also like to thank A. Belyaev for fruitful discussions. JPH is grateful to the STFC

for studentship funding. SFK acknowledges partial support from the following grants:

STFC Rolling Grant ST/G000557/1; EU Network MRTN-CT-2004-503369; NATO grant

PST.CLG.980066; EU ILIAS RII3-CT-2004-506222.

References

[1] J.R. Ellis, J.S. Hagelin, D.V. Nanopoulos, K.A. Olive and M. Srednicki, Supersymmetric

relics from the big bang, Nucl. Phys. B 238 (1984) 453 [SPIRES];

H. Goldberg, Constraint on the photino mass from cosmology,

Phys. Rev. Lett. 50 (1983) 1419 [SPIRES].

[2] G. Jungman, M. Kamionkowski and K. Griest, Supersymmetric dark matter,

Phys. Rept. 267 (1996) 195 [hep-ph/9506380] [SPIRES].

[3] For a recent review see e.g. D.J.H. Chung et al., The soft supersymmetry-breaking

Lagrangian: theory and applications, Phys. Rept. 407 (2005) 1 [hep-ph/0312378] [SPIRES].

[4] J.E. Kim and H.P. Nilles, The µ problem and the strong CP problem,

Phys. Lett. B 138 (1984) 150 [SPIRES];

For a recent discussion of the µ problem see T. Cohen and A. Pierce, Testing a U(1) solution

to the µ problem, Phys. Rev. D 78 (2008) 055012 [arXiv:0803.0765] [SPIRES].

[5] G.L. Kane and S.F. King, Naturalness implications of LEP results,

Phys. Lett. B 451 (1999) 113 [hep-ph/9810374] [SPIRES].

[6] P. Binetruy, S. Dawson, I. Hinchliffe and M. Sher, Phenomenologically viable models from

superstrings?, Nucl. Phys. B 273 (1986) 501 [SPIRES];

J.R. Ellis, K. Enqvist, D.V. Nanopoulos and F. Zwirner, Observables in low-energy

superstring models, Mod. Phys. Lett. A 1 (1986) 57 [SPIRES];

L.E. Ibáñez and J. Mas, Low-energy supergravity and superstring inspired models,

Nucl. Phys. B 286 (1987) 107 [SPIRES];

– 22 –

http://dx.doi.org/10.1016/0550-3213(84)90461-9
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B238,453
http://dx.doi.org/10.1103/PhysRevLett.50.1419
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PRLTA,50,1419
http://dx.doi.org/10.1016/0370-1573(95)00058-5
http://arxiv.org/abs/hep-ph/9506380
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9506380
http://dx.doi.org/10.1016/j.physrep.2004.08.032
http://arxiv.org/abs/hep-ph/0312378
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0312378
http://dx.doi.org/10.1016/0370-2693(84)91890-2
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B138,150
http://dx.doi.org/10.1103/PhysRevD.78.055012
http://arxiv.org/abs/0803.0765
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0803.0765
http://dx.doi.org/10.1016/S0370-2693(99)00190-2
http://arxiv.org/abs/hep-ph/9810374
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9810374
http://dx.doi.org/10.1016/0550-3213(86)90374-3
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B273,501
http://dx.doi.org/10.1142/S0217732386000105
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=MPLAE,A1,57
http://dx.doi.org/10.1016/0550-3213(87)90434-2
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B286,107


J
H
E
P
0
8
(
2
0
0
9
)
0
8
8

J.F. Gunion, L. Roszkowski and H.E. Haber, Z’ mass limits, masses and couplings of Higgs

bosons and Z’ decays in an E6 superstring based model, Phys. Lett. B 189 (1987) 409

[SPIRES];

H.E. Haber and M. Sher, Higgs mass bound in E6 based supersymmetric theoriess,

Phys. Rev. D 35 (1987) 2206 [SPIRES];

J.R. Ellis, D.V. Nanopoulos, S.T. Petcov and F. Zwirner, Gauginos and Higgs particles in

superstring models, Nucl. Phys. B 283 (1987) 93 [SPIRES];

M. Drees, Comment on “Higgs boson mass bound in E6 based supersymmetric theories”,

Phys. Rev. D 35 (1987) 2910 [SPIRES];

H. Baer, D. Dicus, M. Drees and X. Tata, Higgs boson signals in superstring inspired models

at hadron supercolliders, Phys. Rev. D 36 (1987) 1363 [SPIRES];

J.F. Gunion, L. Roszkowski and H.E. Haber, Production and detection of the Higgs bosons of

the simplest E6 based gauge theory, Phys. Rev. D 38 (1988) 105 [SPIRES];

D. Suematsu and Y. Yamagishi, Radiative symmetry breaking in a supersymmetric model

with an extra U(1), Int. J. Mod. Phys. A 10 (1995) 4521 [hep-ph/9411239] [SPIRES];

E. Keith and E. Ma, Generic consequences of a supersymmetric U(1) gauge factor at the

TeV scale, Phys. Rev. D 56 (1997) 7155 [hep-ph/9704441] [SPIRES];

Y. Daikoku and D. Suematsu, Mass bound of the lightest neutral Higgs scalar in the extra

U(1) models, Phys. Rev. D 62 (2000) 095006 [hep-ph/0003205] [SPIRES];

E. Ma, Neutrino masses in an extended gauge model with E6 particle content,

Phys. Lett. B 380 (1996) 286 [hep-ph/9507348] [SPIRES].

[7] S.F. King, S. Moretti and R. Nevzorov, Theory and phenomenology of an exceptional

Supersymmetric Standard Model, Phys. Rev. D 73 (2006) 035009 [hep-ph/0510419]

[SPIRES]; Exceptional Supersymmetric Standard Model, Phys. Lett. B 634 (2006) 278

[hep-ph/0511256] [SPIRES]; Spectrum of Higgs particles in the ESSM, hep-ph/0601269

[SPIRES];

S. Kraml et al. eds., Workshop on CP studies and non-standard Higgs physics,

CERN-2006-009 [hep-ph/0608079] [SPIRES];

S.F. King, S. Moretti and R. Nevzorov, E6SSM, AIP Conf. Proc. 881 (2007) 138

[hep-ph/0610002] [SPIRES].

[8] P. Athron, S.F. King, D.J. Miller, S. Moretti and R. Nevzorov, The constrained exceptional

Supersymmetric Standard Model, arXiv:0904.2169 [SPIRES]; Predictions of the constrained

exceptional Supersymmetric Standard Model, arXiv:0901.1192 [SPIRES].

[9] J. Kalinowski, S.F. King and J.P. Roberts, Neutralino dark matter in the USSM,

JHEP 01 (2009) 066 [arXiv:0811.2204] [SPIRES].

[10] S.F. King, S. Moretti and R. Nevzorov, Gauge coupling unification in the exceptional

Supersymmetric Standard Model, Phys. Lett. B 650 (2007) 57 [hep-ph/0701064] [SPIRES].

[11] R. Howl and S.F. King, Minimal E6 Supersymmetric Standard Model, JHEP 01 (2008) 030

[arXiv:0708.1451] [SPIRES].

[12] S.F. King, R. Luo, D.J. Miller and R. Nevzorov, Leptogenesis in the exceptional

Supersymmetric Standard Model: flavour dependent lepton asymmetries,

JHEP 12 (2008) 042 [arXiv:0806.0330] [SPIRES].

[13] R. Howl and S.F. King, Exceptional Supersymmetric Standard Models with non-abelian

discrete family symmetry, JHEP 05 (2008) 008 [arXiv:0802.1909] [SPIRES].

– 23 –

http://dx.doi.org/10.1016/0370-2693(87)90651-4
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHLTA,B189,409
http://dx.doi.org/10.1103/PhysRevD.35.2206
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D35,2206
http://dx.doi.org/10.1016/0550-3213(87)90263-X
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=NUPHA,B283,93
http://dx.doi.org/10.1103/PhysRevD.35.2910
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D35,2910
http://dx.doi.org/10.1103/PhysRevD.36.1363
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D36,1363
http://dx.doi.org/10.1103/PhysRevD.38.105
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=PHRVA,D38,105
http://dx.doi.org/10.1142/S0217751X95002096
http://arxiv.org/abs/hep-ph/9411239
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9411239
http://dx.doi.org/10.1103/PhysRevD.56.7155
http://arxiv.org/abs/hep-ph/9704441
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9704441
http://dx.doi.org/10.1103/PhysRevD.62.095006
http://arxiv.org/abs/hep-ph/0003205
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0003205
http://dx.doi.org/10.1016/0370-2693(96)00524-2
http://arxiv.org/abs/hep-ph/9507348
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9507348
http://dx.doi.org/10.1103/PhysRevD.73.035009
http://arxiv.org/abs/hep-ph/0510419
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0510419
http://dx.doi.org/10.1016/j.physletb.2005.12.070
http://arxiv.org/abs/hep-ph/0511256
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0511256
http://arxiv.org/abs/hep-ph/0601269
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0601269
http://arxiv.org/abs/hep-ph/0608079
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0608079
http://dx.doi.org/10.1063/1.2435288
http://arxiv.org/abs/hep-ph/0610002
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0610002
http://arxiv.org/abs/0904.2169
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0904.2169
http://arxiv.org/abs/0901.1192
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0901.1192
http://dx.doi.org/10.1088/1126-6708/2009/01/066
http://arxiv.org/abs/0811.2204
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0811.2204
http://dx.doi.org/10.1016/j.physletb.2007.04.061
http://arxiv.org/abs/hep-ph/0701064
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0701064
http://dx.doi.org/10.1088/1126-6708/2008/01/030
http://arxiv.org/abs/0708.1451
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0708.1451
http://dx.doi.org/10.1088/1126-6708/2008/12/042
http://arxiv.org/abs/0806.0330
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0806.0330
http://dx.doi.org/10.1088/1126-6708/2008/05/008
http://arxiv.org/abs/0802.1909
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0802.1909


J
H
E
P
0
8
(
2
0
0
9
)
0
8
8

[14] CDF collaboration, T. Aaltonen et al., A search for high-mass resonances decaying to

dimuons at CDF, Phys. Rev. Lett. 102 (2009) 091805 [arXiv:0811.0053] [SPIRES].

[15] PAMELA collaboration, O. Adriani et al., An anomalous positron abundance in cosmic rays

with energies 1.5–100GeV, Nature 458 (2009) 607 [arXiv:0810.4995] [SPIRES];

M. Boezio et al., First results from the PAMELA space mission, arXiv:0810.3508 [SPIRES].

[16] N. Arkani-Hamed, D.P. Finkbeiner, T.R. Slatyer and N. Weiner, A theory of dark matter,

Phys. Rev. D 79 (2009) 015014 [arXiv:0810.0713] [SPIRES];

I. Cholis, D.P. Finkbeiner, L. Goodenough and N. Weiner, The PAMELA positron excess

from annihilations into a light boson, arXiv:0810.5344 [SPIRES];

I. Cholis, L. Goodenough, D. Hooper, M. Simet and N. Weiner, High energy positrons from

annihilating dark matter, arXiv:0809.1683 [SPIRES];

M. Cirelli, M. Kadastik, M. Raidal and A. Strumia, Model-independent implications of the

e+, e−, anti-proton cosmic ray spectra on properties of dark matter,

Nucl. Phys. B 813 (2009) 1 [arXiv:0809.2409] [SPIRES];

L. Bergstrom, T. Bringmann and J. Edsjo, New positron spectral features from

supersymmetric dark matter — a way to explain the PAMELA data?,

Phys. Rev. D 78 (2008) 103520 [arXiv:0808.3725] [SPIRES];

M. Cirelli and A. Strumia, Minimal dark matter predictions and the PAMELA positron

excess, arXiv:0808.3867 [SPIRES];

J.-H. Huh, J.E. Kim and B. Kyae, Two dark matter components in NDMMSSM and

PAMELA data, Phys. Rev. D 79 (2009) 063529 [arXiv:0809.2601] [SPIRES];

V. Barger, W.Y. Keung, D. Marfatia and G. Shaughnessy, PAMELA and dark matter,

Phys. Lett. B 672 (2009) 141 [arXiv:0809.0162] [SPIRES];

C.-R. Chen, F. Takahashi and T.T. Yanagida, Gamma rays and positrons from a decaying

hidden gauge boson, Phys. Lett. B 671 (2009) 71 [arXiv:0809.0792] [SPIRES];

C.-R. Chen and F. Takahashi, Cosmic rays from leptonic dark matter, JCAP 02 (2009) 004

[arXiv:0810.4110] [SPIRES];

M. Fairbairn and J. Zupan, Two component dark matter, arXiv:0810.4147 [SPIRES].

[17] H. Yuksel, M.D. Kistler and T. Stanev, TeV gamma rays from Geminga and the origin of the

GeV positron excess, Phys. Rev. Lett. 103 (2009) 051101 [arXiv:0810.2784] [SPIRES];

D. Hooper, P. Blasi and P.D. Serpico, Pulsars as the sources of high energy cosmic ray

positrons, JCAP 01 (2009) 025 [arXiv:0810.1527] [SPIRES];

I. Buesching, O.C. de Jager, M.S. Potgieter and C. Venter, A cosmic ray positron anisotropy

due to two middle-aged, nearby pulsars?, arXiv:0804.0220 [SPIRES];

L. Zhang and K.S. Cheng, Cosmic-ray positrons from mature gamma-ray pulsars,

Astron. Astrophys. 368 (2001) 1063;

X. Chi, E.C.M. Young and K.S. Cheng, Pulsar-wind origin of cosmic ray positrons,

Astrophys. J. 459 (1995) L83 [SPIRES].

[18] J.D. Wells, Mass density of neutralino dark matter, hep-ph/9708285 [SPIRES].

[19] J.R. Ellis and K.A. Olive, How finely tuned is supersymmetric dark matter?,

Phys. Lett. B 514 (2001) 114 [hep-ph/0105004] [SPIRES];

J.R. Ellis, K.A. Olive and Y. Santoso, Constraining supersymmetry,

New J. Phys. 4 (2002) 32 [hep-ph/0202110] [SPIRES];

J.R. Ellis, S. Heinemeyer, K.A. Olive and G. Weiglein, Indirect sensitivities to the scale of

supersymmetry, JHEP 02 (2005) 013 [hep-ph/0411216] [SPIRES];

– 24 –

http://dx.doi.org/10.1103/PhysRevLett.102.091805
http://arxiv.org/abs/0811.0053
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0811.0053
http://dx.doi.org/10.1038/nature07942
http://arxiv.org/abs/0810.4995
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.4995
http://arxiv.org/abs/0810.3508
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.3508
http://dx.doi.org/10.1103/PhysRevD.79.015014
http://arxiv.org/abs/0810.0713
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.0713
http://arxiv.org/abs/0810.5344
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.5344
http://arxiv.org/abs/0809.1683
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.1683
http://dx.doi.org/10.1016/j.nuclphysb.2008.11.031
http://arxiv.org/abs/0809.2409
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.2409
http://dx.doi.org/10.1103/PhysRevD.78.103520
http://arxiv.org/abs/0808.3725
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0808.3725
http://arxiv.org/abs/0808.3867
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0808.3867
http://dx.doi.org/10.1103/PhysRevD.79.063529
http://arxiv.org/abs/0809.2601
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.2601
http://dx.doi.org/10.1016/j.physletb.2009.01.016
http://arxiv.org/abs/0809.0162
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.0162
http://dx.doi.org/10.1016/j.physletb.2008.11.048
http://arxiv.org/abs/0809.0792
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0809.0792
http://dx.doi.org/10.1088/1475-7516/2009/02/004
http://arxiv.org/abs/0810.4110
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.4110
http://arxiv.org/abs/0810.4147
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.4147
http://dx.doi.org/10.1103/PhysRevLett.103.051101
http://arxiv.org/abs/0810.2784
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.2784
http://dx.doi.org/10.1088/1475-7516/2009/01/025
http://arxiv.org/abs/0810.1527
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0810.1527
http://arxiv.org/abs/0804.0220
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=0804.0220
http://dx.doi.org/10.1051/0004-6361:20010021
http://dx.doi.org/10.1086/309943
http://www-spires.slac.stanford.edu/spires/find/hep/www?j=ASJOA,459,L83
http://arxiv.org/abs/hep-ph/9708285
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/9708285
http://dx.doi.org/10.1016/S0370-2693(01)00766-3
http://arxiv.org/abs/hep-ph/0105004
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0105004
http://dx.doi.org/10.1088/1367-2630/4/1/332
http://arxiv.org/abs/hep-ph/0202110
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0202110
http://dx.doi.org/10.1088/1126-6708/2005/02/013
http://arxiv.org/abs/hep-ph/0411216
http://www-spires.slac.stanford.edu/spires/find/hep/www?eprint=HEP-PH/0411216


J
H
E
P
0
8
(
2
0
0
9
)
0
8
8

S.F. King and J.P. Roberts, Natural implementation of neutralino dark matter,

JHEP 09 (2006) 036 [hep-ph/0603095] [SPIRES]; Natural dark matter, Acta Phys. Polon. B

38 (2007) 607 [hep-ph/0609147] [SPIRES]; Natural dark matter from type I string theory,

JHEP 01 (2007) 024 [hep-ph/0608135] [SPIRES];

S.F. King, J.P. Roberts and D.P. Roy, Natural dark matter in SUSY GUTs with

non-universal gaugino masses, JHEP 10 (2007) 106 [arXiv:0705.4219] [SPIRES];

M. Battaglia et al., Updated post-WMAP benchmarks for supersymmetry,

Eur. Phys. J. C 33 (2004) 273 [hep-ph/0306219] [SPIRES];

E.A. Baltz, M. Battaglia, M.E. Peskin and T. Wizansky, Determination of dark matter

properties at high-energy colliders, Phys. Rev. D 74 (2006) 103521 [hep-ph/0602187]

[SPIRES];

J.R. Ellis, S.F. King and J.P. Roberts, The fine-tuning price of neutralino dark matter in

models with non-universal Higgs masses, JHEP 04 (2008) 099 [arXiv:0711.2741] [SPIRES].

[20] G.L. Kane, C.F. Kolda, L. Roszkowski and J.D. Wells, Study of constrained minimal

supersymmetry, Phys. Rev. D 49 (1994) 6173 [hep-ph/9312272] [SPIRES];

J.R. Ellis, T. Falk, K.A. Olive and M. Srednicki, Calculations of neutralino stau

coannihilation channels and the cosmologically relevant region of MSSM parameter space,

Astropart. Phys. 13 (2000) 181 [Erratum ibid. 15 (2001) 413] [hep-ph/9905481] [SPIRES];

J.R. Ellis, T. Falk and K.A. Olive, Neutralino-stau coannihilation and the cosmological upper

limit on the mass of the lightest supersymmetric particle, Phys. Lett. B 444 (1998) 367

[hep-ph/9810360] [SPIRES];
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