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Abstract. The left-right symmetric models extend the gauge group of
the Standard Model enabling treatment of the left- and right-handed
fermions in the same footing. The left-right symmetry requires the exis-
tence of right-handed neutrinos, leading naturally to non-zero masses
for neutrinos. Here some aspects of a supersymmetric version of the left-
right symmetric models are reviewed. Such models have many virtues,
including possibility for dark matter without any new additional sym-
metry needed in order to have a stable lightest supersymmetric particle.
In the model the lightest sneutrino or the lightest neutralino can form
dark matter of the universe, at the same time fulfilling all the experi-
mental constraints. The dark matter particle in the model can be very
different from the dark matter typical in the minimal supersymmetric
standard model. Specific signals for this kind of models at the LHC are
also discussed.

1 Introduction

It is well known that the Standard Model (SM) has to be modified at some scale.
Although SM is in good agreement with experiments, neutrino masses are measured
to be different from zero by the oscillation of neutrino flavours, and existence of dark
matter seems to be a proven fact. Other, aesthetically displeasing features, include
fine-tuning of the Higgs boson mass as well as strong CP violation. One can also
wonder, among other things, why there are exactly three generations, why the masses
of particles differ hugely from each other, why the SM violates parity maximally.

The left-right symmetric extensions [1,2] of the Standard Model were constructed
to address the last of these questions. The left-right symmetric models extend the
gauge group of the Standard Model to SU(2)L × SU(2)R ×U(1)B−L enabling treat-
ment of the left- and right-handed fermions in the same footing. Neutrino masses can
be explained by the left-right symmetric models due to the existence of the right-
handed neutrinos, which are necessary in the model. The Majorana mass terms of
the right-handed neutrinos will be generated in the spontaneous breaking of SU(2)R,
if it is broken by triplets. The Majorana mass term of the right-handed neutrinos can
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be large compared to the Majorana mass term of the left-handed neutrinos, and the
observed tiny mass of the neutrinos can be explained by the seesaw mechanism [3–7].

The supersymmetric version of the left-right symmetric model (LRSUSY) is espe-
cially attractive from the point of view of dark matter. Contrary to the minimal
supersymmetric standard model (MSSM), no new additional symmetry is needed to
have a stable lightest supersymmetric particle (LSP), since R-parity is conserved due
to the gauge symmetry, and if triplets with quantum number B − L = ±2 break the
SU(2)R, the R-parity remains exact also after the symmetry breaking.

Another virtue of the LRSUSY model is that it can solve both the SUSY CP prob-
lem and the strong CP problem by the parity invariance, which leads to Hermitian
Yukawa-type couplings and real mass terms [8–10].

It turns out that at the tree-level of the minimal version of the model, the vac-
uum does not conserve the electric charge if only the neutral Higgs fields generate
vacuum expectation values. It is possible to conserve charge at the tree-level, if the
right-sneutrino generates a vacuum expectation value [11], or if non-renormalizable
terms are included [12–14]. Minimization of the tree-level scalar potential shows that
either a right-sneutrino field generates a vacuum expectation value, or electric charge
conservation is lost [11]. Since the electric charge is considered to be an exact sym-
metry in Nature, the R-parity seems to be spontaneously broken. Such a model may
well be viable, as the R-parity breaking concerns only the leptonic sector, but it will
not provide a dark matter candidate, which is a disadvantage of the model. However,
it was realized in reference [15] that taking into account the radiative corrections, the
resulting contributions can be large enough to change the scalar potential to R-parity
and charge conserving one. In reference [16] the complete one-loop corrections were
calculated. These are big enough to avoid the mass bounds for scalars at the LHC.

If only the loop corrections are included, the R-parity can be conserved and the
vacuum expectation value (VEV) of the SU(2)R breaking triplet, vR, remains at
the TeV scale, leading to dark matter particle and experimentally accessible model
specific particles. The scale vR needs to be large so that the right gauge bosons avoid
experimental bounds. On the other hand, a large vR lifts the value of the scalar
potential and large values of vR may lift it above the charge breaking potential.
The role of the singlet in the symmetry breaking is to shift the left-right symmetry
breaking scale to larger values [17]. This may happen, if the terms proportional to
vR and to the singlet VEV vS in the scalar potential happen to cancel suitably, see
reference [18].

If nonrenormalizable terms are not included, the SU(2)R gauge bosons mass scale
remains accessible for future colliders. In reference [19] WR seemed lighter than
around 1 TeV, which can be relaxed if a singlet is added [17]. Also with R-parity
breaking, the model favours WR mass lighter than O(a few 10 TeV) [20]. An LRSUSY
model with a TeV-scale SU(2)R breaking scale has always a reasonably light doubly
charged scalar. This was studied in the case when vacuum conserves electric charge
at the tree-level with 〈ν̃R〉 6= 0 in reference [21], with non-renormalizable terms in
reference [22], and finally in the case where electric charge conservation of the vac-
uum emerges because of loop corrections in reference [15]. In the first and last case
it turns out that the right-handed scale must be around TeV-scale, while with the
non-renormalizable terms the scale is above O(1011 GeV).

The discovery of a Higgs boson [23,24] gave a new handle for studies on Beyond the
Standard Model (BSM) physics. The very interesting mass of the discovered scalar,
around 125 GeV, is somewhat light by the Standard Model expectations, and close to
the upper limit of the MSSM expectations. The extensions of MSSM usually accom-
modate the mass easier, in LRSUSY e.g. [25,26]. One of the most promising places
to search for new physics is the Higgs decay branching ratios. Since the LRSUSY
models with B −L = ±2 triplets always contain doubly charged Higgs bosons, H±±,
one could expect their contribution to the γγ width to be large. However, in LRSUSY
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models, where the neutrino mass generation is dominantly of seesaw type-I, it turns
out that the singly charged Higgs contribution dominates over H±± [27]. In the first
measurements at the LHC the γγ mode seemed to differ from the SM measurement
[28,29], but since then the rates have converged to the SM expected rates within the
experimental accuracy [30].

We will discuss in this review the minimal model with triplets breaking the SU(2)R
symmetry and loop-corrections taking care of electric charge conservation in the vac-
uum. The promising particles for searches special for the minimal LRSUSY model
include doubly charged Higgses H±±, as discussed earlier. Also their supersymmetric
partners, the doubly charged higgsinos, can be accessible for experiments and signal
the existence of an extended model. Their mass is given by a soft mass parameter, and
can thus also be light [12–14,22]. The doubly charged higgsinos at colliders have been
studied in references [31–35]. Observation of a gauge boson of the SU(2)R, W±R or
ZR, and the right-handed neutrinos would strongly hint of the existence of a left-right
symmetric model. Some early phenomenological studies include [36–38].

In addition to the neutrinos, a problem with the Standard Model is that it does
not contain a particle suitable for Dark Matter, which has been observed in the
Universe [39,40]. The neutralino dark matter, either gaugino-dominated or higgsino-
dominated, has been studied in MSSM and in several extensions. In LRSUSY the
neutralino dark matter was studied in reference [41] for parameter regions which allow
pure bino, right-wino or triplet higgsino dark matter. The LRSUSY model contains
twelve neutralinos, and in addition to gauginos and a triplet higgsino, also a doublet
higgsino can be a viable and natural dark matter candidate [42], as we will discuss. In
LRSUSY models the partners of the right-handed neutrinos, sneutrinos, can provide
the measured relic density as well [43]. Since the cascades of the supersymmetric
particle decays end up to the LSP, the composition of the LSP is relevant for the
experimental signal.

In this review, the minimal LRSUSY model is shortly described. Then the phe-
nomenologically most important particles are discussed, and the constraints on the
parameter space. The possible dark matter candidates are considered, and finally
examples of experimental signals.

2 A minimal left-right supersymmetric model

The left-right supersymmetric model is based on the gauge symmetry SU(3)c ×
SU(2)L×SU(2)R×U(1)B−L. HereB, L stand for baryon number and lepton number,
respectively. As mentioned in Section 1, the R-parity, defined as RP = (−1)3(B−L)+2s

(with s being the spin of the particle) will remain conserved, if the Higgs boson, which
break the gauge symmetry contain only scalars with even B − L quantum number.

Since left- and right-handed fermions in the LRSUSY model are treated similarly,
necessarily both left- and right-handed quarks and leptons are in doublets, and right-
handed neutrino superfields exist alongside the left-handed ones:

(QL)i =

(
uiL
diL

)
=

(
3,2,1,

1

3

)
, (QR)i =

(
diR
−uiR

)
=

(
3̄,1,2∗,−1

3

)
,

(LL)i =

(
νiL
`iL

)
=
(
1,2,1,−1

)
, (LR)i =

(
`iR
−νiR

)
=
(
1,1,2∗, 1

)
, (1)

where the respective representations under the SU(3)c × SU(2)L × SU(2)R ×
U(1)B−L gauge symmetry have been indicated.
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In addition to the triplets, which break the SU(2)R symmetry, doublets are needed
to form the usual Yukawa terms for charged fermions. Because both left- and right-
handed fermions are in doublets, to form the Yukawa-terms bidoublets are needed.
Two of the triplets are necessary to avoid anomalies, and two bidoublets are necessary
to achieve the correct CKM matrix. Furthermore, because of the left-right symmetry
both left and right triplets are included. For symmetry breaking, only the right-
triplets are necessary. It is possible to let the left triplets to decouple from the theory
with high scale for parity breaking. Including extra singlet makes it easier to fullfil
experimental constraints. The Higgs superfields of the LRSUSY model are given by

Φ1 =

(
φ+

1 φ0′
1

φ0
1 φ
−
1

)
=
(
1,2,2∗, 0

)
, Φ2 =

(
ϕ+

2 ϕ0
2

ϕ0′
2 ϕ−2

)
=
(
1,2,2∗, 0

)
,

∆1L =

 δ−1L√
2

δ0
1L

δ−−1L −
δ−1L√

2

 =
(
1,3,1,−2

)
, ∆2L =

 δ+
2L√
2
δ++
2L

δ0
2L −

δ+
2L√
2

 =
(
1,3,1, 2

)
,

∆1R =

 δ−1R√
2

δ0
1R

δ−−1R −
δ−1R√

2

 =
(
1,1,3,−2

)
, ∆2R =

 δ+
2R√
2
δ++
2R

δ0
2R −

δ+
2R√
2

 =
(
1,1,3, 2

)
,

S =
(
1,1,1, 0

)
. (2)

The corresponding superpotential is given by [43]

W = (QL)TY 1
QΦ1(QR) + (QL)TY 2

QΦ2(QR) + (LL)TY 1
LΦ1(LR) + (LL)TY 2

LΦ2(LR)

+(LL)TY 3
L∆2L(LL) + (LR)TY 4

L∆1R(LR) + S
[
λLTr(∆1L ·∆2L)

+λR Tr(∆1R ·∆2R) + λ3Tr(ΦT1 τ2Φ2τ2) + λ4Tr(ΦT1 τ2Φ1τ2)

+λ5Tr(ΦT2 τ2Φ2τ2) + λSS
2 + ξF

]
, (3)

where generation indices are suppressed for clarity. Following the conventions of ref-
erence [44], the Yukawa couplings Y jQ and Y jL are 3 × 3 matrices in flavour space,

the λ parameters denote various trilinear Higgs interactions (τ2 is the second Pauli
matrix) and ξ a linear singlet term. The bilinear supersymmetric Higgs mass terms
are omitted in (3), but they will be generated if the singlet S generates a vacuum
expectation value (VEV).

The gauge symmetry is spontaneously broken when the neutral components of
the Higgs multiplets generate VEVs,

〈S〉 =
vS√

2
eiαS , 〈Φ1〉 =

(
0
v′1√

2
eiα1

v1√
2

0

)
, 〈Φ2〉 =

(
0 v2√

2
v′2√

2
eiα2 0

)
,

〈∆1R〉 =

(
0 v1R√

2
0 0

)
, 〈∆2R〉 =

(
0 0
v2R√

2
0

)
, (4)

the LH triplets ∆1L, ∆2L are assumed to be inert, which is favoured by the constraints
arising from the ρ parameter.
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The soft SUSY breaking Lagrangian is given as [43]

Lsoft = −1

2

[
M1B̃B̃ +M2LW̃

a
LW̃La +M2RW̃

a
RW̃Ra +M3g̃

ag̃a + h.c.
]

−m2
∆1LTr(∆†1L∆1L)−m2

∆2LTr(∆†2L∆2L)−m2
∆1RTr(∆†1R∆1R)

−m2
∆2RTr(∆†2R∆2R)−m2

Φ1Tr(Φ†1Φ1)−m2
Φ2Tr(Φ†2Φ2)−m2

S |S|2

+m2
Q̃L
Q̃†LQ̃L −m

2
Q̃R
Q̃†RQ̃R −m

2
L̃L

(L̃†LL̃L)−m2
L̃R

(L̃†RL̃R)

−
{
S[TLTr(∆1L∆2L) + TRTr(∆1R∆2R) + T3Tr(ΦT1 τ2Φ2τ2)

+T4Tr(ΦT1 τ2Φ1τ2) + T5Tr(ΦT2 τ2Φ2τ2) + TSS
2 + ξS ] + h.c.

}
+
{
T 1
Q(Q̃L)TΦ1(Q̃R) + T 2

Q(Q̃L)TΦ2(Q̃R) + T 1
L(L̃L)TΦ1(L̃R)

+T 2
L(L̃L)TΦ2(L̃R) + T 3

L(L̃L)T∆2L(L̃L) + T 4
L(L̃R)T∆1R(L̃R) + h.c.

}
, (5)

and includes gaugino mass terms (first bracket), scalar mass terms (the m2 terms)
and trilinear scalar interactions whose strengths are given by the T couplings. For
consistency with the superpotential, a linear ξ term has also been introduced.

The viR, v1, v2, v′1, v′2 and vS VEVs can be chosen real and non-negative, while
the only complex phases which cannot be rotated away by means of suitable gauge
transformations and field redefinitions are denoted by the explicit angles α1, α2 and
αs. However, the CP -violating W±L −W

±
R mixing is proportional to v1v

′
1e
iα1 and

v2v
′
2e
iα2 , and is constrained to be small by K0 − K̄0 mixing data. In the following,

it is assumed that

vS , v1R, v2R � v2, v1, v
′
1, v
′
2 and v′1 = v′2 = α1 = α2 = αS ≈ 0 . (6)

This choice originates from the existing constraints on the SU(2)R gauge bosons that
impose the right sector VEVs to be large. In the supersymmetric limit, the F -terms
and D-terms vanish, when λRv1Rv2R = ξF and v1R = v2R [15]. On the other hand,
the singlet VEV vS is induced by the SUSY-breaking linear term ξS so that its natural
scale is the supersymmetry-breaking scale. The ad-hoc hierarchy v1, v2 � v′1, v′2 ≈ 0
is realized by setting λ4 and λ5 and the corresponding SUSY-breaking parameters
small. This is a convenient setup where one, for instance, avoids potentially large
flavour-changing neutral currents.

The relevant D-terms in the scalar potential are

VD =
∑
i

[
g2
L

8

∣∣∣Tr(2∆†1Lτi∆1L + 2∆†2Lτi∆2L + Φaτ
T
i Φ†b) + L̃†LτiL̃L

∣∣∣2
+
g2
R

8

∣∣∣Tr(2∆†1Rτi∆1R + 2∆†2Rτi∆2R + Φ†aτ
T
i Φb) + L̃†RτiL̃R

∣∣∣2]
+
g2
B−L
2

[
Tr(−∆†1L∆1L + ∆†2L∆2L −∆†1R∆1R + ∆†2R∆2R)− L̃†LL̃L + L̃†RL̃R

]2
,

(7)

from which the coupling between the SM-like Higgs boson and the imaginary parts of
right sneutrino fields can be found. Neglecting the small neutrino Yukawa couplings
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one finds

λhν̃RI ν̃RI =
1

4
g2
Rv sin(α+ β) ' −1

4
g2
Rv cos 2β, (8)

where α stands for the mixing angle between the φ0
1 and ϕ0

2 fields, tanβ = v2/v1 and
where the approximated form holds in the alignment limit. This coupling is essential
when computing the dark matter annihilation rates in the case of a right sneutrino
LSP. It is assumed that gR ≈ gL. Then at moderate or large values of tanβ, i.e.
cos 2β ' −1, the coupling λhν̃RI ν̃RI is practically a known number.

The masses and mixings of the Higgs sector were extensively analyzed in refer-
ences [27,45]. In reference [43] and in reference [42] the charged slepton, sneutrino,
neutralino and chargino sectors were considered, as well as the collider signals with
multilepton final states. The reference [18] will report on the possibility to confirm
the model at a hadron collider with

√
s ≥ 27 TeV. For calculation of the particle

spectrum well known tools SPheno-3.3.8 [46] and Sarah [47] have been used, with
the method introduced in reference [16] for calculating the doubly charged Higgs mass
reliably.

2.1 Higgs sector

The Higgs boson spectrum of the minimal LRSUSY model discussed here was exten-
sively analyzed in reference [45], including flavour constraints from K0−K̄0, D0− D̄0

and B0
d,s − B̄0

d,s. The Higgs sector is rather predictable after the constraints due to

the flavour changing neutral currents (FCNC) and the experimental mass bounds are
taken into account. The 125 GeV Higgs boson is the lightest particle in the Higgs
sector, and the second lightest is the doubly charged Higgs boson composed of the
fields in a right triplet. The lightest neutral Higgs boson is composed of the fields
in one of the doublets. The large Higgs sector allows tree-level FCNC, but it was
shown in reference [45] that the corresponding Higgses can be heavy, O(100 TeV),
while the spectrum includes possibly TeV-scale tree-level FCNC conserving next-to-
lightest scalar and the lightest pseudoscalar, and the lightest charged Higgs pair,
which are all mainly composed of one of the doublets, and are almost degenerate.
Examples of spectra and compositions are shown in references [27,45]. It is also possi-
ble that the Higgs spectrum accessible to the LHC includes only the doubly charged
Higgs boson in addition to the 125 GeV Higgs boson [18].

With moderate values for tanβ the bounds stemming from both the direct heavy
Higgs boson searches in the H/A → ττ channel [48,49] are weaker and the contri-
butions to the rare Bs → µµ decay are smaller than for large tanβ. This suppresses
the mixing in the neutral Higgs sector, which may challenge the SM-nature of the
lightest state and lead to a large deviation from the SM for the h → bb̄ branching
ratio [27].

The upper limit on the tree-level mass of the SM-like Higgs-boson can be much
larger than in the MSSM by the virtue of the extended gauge sector. If gL = gR, one
finds [50]

mtree
h ≤

√
2mW ' 113.7 GeV, (9)

a value that can be easily lifted to about 125 GeV by incorporating the radiative
corrections and by adjusting the stop masses and mixing. The latter depends on
tanβ, and for values close to one, the tree-level mass of the lightest scalar boson
tends to vanish, like in the MSSM. However, the LRSUSY D-terms can increase the
tree-level Higgs mass beyond values that are typical from the MSSM. Focusing on the



Supersymmetry and Unification 3193

rest of the Higgs sector, the second CP -even, the lightest CP -odd and the lightest
singly-charged Higgs boson can have masses O(TeV). Close to the alignment limit,
their dominant decay modes involve third generation fermions and the related LHC
reach is thus similar as for the heavier states of the MSSM.

Turning to singly charged Higgs bosons, indirect constraints originating from
b→ sγ data [51] suggest that they must be heavy [52], at least if there are no cancel-
lations in the SUSY loop-contributions to the single-charged Higgs-boson mass. This
can be accommodated in LRSUSY setups if tanβR = v2R/v1R deviates from one and
if vR is large. Such a deviation will subsequently impact one of the diagonal elements
of the doubly-charged Higgs mass matrix, making it smaller, and render the task
of satisfying the doubly-charged Higgs mass constraints more difficult. We therefore
adopted in reference [27]

tanβR ' 1.05 , (10)

which, with values for vR = a few TeV, pushes all the MSSM-like Higgs states to
be heavier than current LHC bounds. They have masses squared proportional to
g2
Rv

2
R(tan2 βR − 1) and are hence around the TeV scale. Moreover, all additional

scalar bosons have masses of the order of vR, vS , or of the LH triplet soft mass
parameters and hence are a lot heavier.

In the LRSUSY model building, the doubly-charged Higgs plays a central role.
At the tree-level, the mass matrix has a negative eigenvalue, and thus loop-level
corrections to the mass are of prime importance [15,16]. The most important
corrections include the positive corrections from WR/H

± and doubly charged hig-
gsino/neutralino, which raise the mass to experimentally allowed values. The singlino
part in the neutralino is important for producing the positive contribution. With very
large vR, the negatively contributing loops, e.g. the loops proportional to the Yukawa
coupling of the right triplet term, Y 4

L , render the mass of the doubly charged Higgs
tachyonic [16]. The lepton-slepton loops play an important role, and at the same
time, the relevant coupling in the loop calculation determines the decay pattern to
leptons. The balance must be found to satisfy the LHC bounds. The LHC bounds
for the decay of the doubly charged Higgs into electrons and muons are strong, while
the di-tau final state is less constrained [53–55], due to the efficiency of tau identifi-
cation. Compared to the production of the left triplets, the production of the right
triplets is suppressed, since they cannot be produced together with W±L and in the
pair production the triplet Higgs couples to the Z-boson only through the B−L and
W3R components.

One may assume that the triplet Higgs superfield mostly couples to the third
generation (s)leptons, non-zero couplings to the other generations are needed to
generate masses for the right-handed neutrinos. Fixing the branching ratio of the
doubly-charged Higgs to electrons and muons to less than 10% helps to satisfy both
the doubly charged Higgs mass constraint and to generate masses for right-handed
neutrinos. The one-loop corrections to the doubly charged Higgs mass from lepton-
slepton loop turn negative if slepton masses are much smaller than vR [45,56], and
thus heavy right sleptons are favoured.

2.2 Gauge sector

In the minimal LRSUSY model the charged SU(2)R gauge boson WR is always lighter
than the neutral ZR, and thusWR is the more constraining of the two. The parameters
in the model are intertwined in such a way that vR ≤ 15 TeV [16,18] because of the
need to stabilize the charge conserving vacuum by loop corrections. This bound would
be smaller, were there not the assumed singlet [17]. The experimental bounds from
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from dijet searches at LHC are mWR
> 3.6 TeV (ATLAS) [57] and > 3.3 TeV (CMS)

[58]. These can be used in LRSUSY, if gL = gR and no new decay channels are
open. However, the gauge bosons can easily possess additional decay modes to a
pair of lighter supersymmetric particles (usually electroweakinos or sleptons) or to
some of the new scalar bosons. All these new modes invariably affect the total decay
width and the branching ratios of these gauge bosons so that the existing limits
cannot be directly/blindly applied. The discussion on relaxation of the bounds is in
reference [16].

The WR-boson decays into right-handed leptons and neutrinos, if this decay chan-
nel is open. Via resonant production of WR, the production of right-handed neutrinos
can be substantial. The Majorana nature of the right-handed neutrinoNR allows same
rate for the decay products to positively and negatively charged leptons. From the
process [59]

pp→WR → NR(→ `W ∗R)`→ ``jj, (11)

CMS has derived contours with ` = e and ` = µ for the plane (MWR
,MNR) [60]. The

bounds are stronger for the neutrino masses in the [400 GeV, 1 TeV] window, as the
WR-boson is constrained to be heavier than 3.3 TeV. In contrast, for setups with
neutrinos lighter than 200 GeV, the WR-bosons are constrained only by resonance
searches in the dijet mode. Of course, also the lower bounds extracted from LEP
data must be fulfilled, with the right-handed Majorana neutrino heavier than about
90 GeV [61].

The standard search above assumes the NR to decay 100% via WR [60]. In
LRSUSY also the decay NR → `±H∓ needs to be considered, as well as supersym-
metric decay modes. If kinematically allowed, the favoured decay mode is NR → `H
followed by H → tb̄. These follow from small triplet component in H±, and can be
dominant, if WR is strongly off-shell. This way the reported exclusion limits from
CMS [60] become less severe, as shown in reference [16].

Eventually, the LHC will probe higher WR masses. It has been shown that the
discovery of WR bosons with masses reaching up to 5 TeV and their exclusion for
masses as large as 6 TeV could be achieved with 300 fb−1 of proton-proton collisions
at a centre-of-mass energy of

√
s = 14 TeV [62–64]. Our LRSUSY parameterization

allows for stable vacua featuring a heavy WR boson with a mass ranging up to about
8 TeV. The total exclusion of WR bosons predicted in LRSUSY models nevertheless
requires a higher collision energy than the one available at the LHC, as there will
always remain parts of the parameter space where the WR boson can escape detection,
see reference [43].

3 Lightest supersymmetric particles

Neutralinos and right-sneutrinos are among the key particles in the model, as either
can be the lightest supersymmetric particle (LSP) in the model. Because of the auto-
matic R-parity conservation, the LSP is a dark matter candidate, as it always provides
at least part of the relic density of the universe. In addition, in the decay of any
other supersymmetric particle LSP is the remaining stable particle in addition to the
Standard Model particles.

3.1 The neutralino and chargino sector

Detailed information of the chargino and neutralino sector of the model is reported
in reference [44].
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The model has six singly-charged charginos whose associated mass matrix can be
written in the (∆̃±L , ∆̃

±
R, Φ̃

±
1 , Φ̃

±
2 , W̃

±
L , W̃

±
R ) basis as

Mχ̃± =


λLvs/

√
2 0 0 0 0 0

0 λRvs/
√

2 0 0 0 −gRv1R

0 0 0 µeff gLvu/
√

2 0
0 0 µeff 0 0 −gRvd/

√
2

0 0 0 gLvd/
√

2 M2L 0
0 gRv2R −gRvu/

√
2 0 0 M2R

,
(12)

where vu = v sinβ, vd = v cosβ.
If the LSP is from the neutralino sector, it can be either a gaugino or a hig-

gsino. The model contains twelve neutralinos, and the neuralino mass matrix can be
arranged into three block diagonal pieces, when left triplet is inert, as well as two
neutral bidoublet Higgs bosons. The first two blocks are expressed, in the (δ̃1L, δ̃2L)

and (φ̃2, ϕ̃1) bases, as

Mχ̃δ =

(
0 µL
µL 0

)
and Mχ̃Φ

=

(
0 −µeff

−µeff 0

)
, (13)

while the last block reads, in the (φ̃1, ϕ̃2, δ̃1R, δ̃2R, S̃, B̃, W̃
0
L, W̃

0
R) basis,

Mχ̃0 =



0 −µeff 0 0 −µd 0 gLvu√
2

− gRvu√
2

−µeff 0 0 0 −µu 0 − gLvd√
2

gRvd√
2

0 0 0 µR
λRv2R√

2
g′v1R 0 −gRv1R

0 0 µR 0 λRv1R√
2

−g′v2R 0 −gRv2R

−µd −µu λRv2R√
2

λRv1R√
2

µS 0 0 0

0 0 g′vR −g′v2R 0 M1 0 0
gLvu√

2
− gLvd√

2
0 0 0 0 M2L 0

− gRvu√
2

gRvd√
2

−gRv1R −gRv2R 0 0 0 M2R


,

(14)
where we have defined µS = λS

vs√
2
, µL,R = λL,R

vs√
2

and µu,d = λ3
vu,d√

2
.

The relations between gaugino soft masses, µs and µeff determine which of the
neutralinos is the lightest. An interesting situation arises, when µeff value leads to
LSP, which is a doublet higgsino, since there will then always be four almost mass
degenerate neutralinos and two charginos.

3.2 The lepton-slepton sector

If sneutrino is the LSP, the gauginos and higgsinos can be made heavy by having
large gaugino soft masses. The singlet self-coupling λs needs to be large enough to
prevent singlino LSP, and the VEVs v1R, v2R and vs relatively large.

In the basis (L̃iL, L̃
i
R), the squared-mass matrix for the charged sleptons is given

by

M2
L =

(
m2
L̃L

+m2
` +D11 (T 3

L)ijv cosβ + µeffm` tanβ

(T 3
L)ijv cosβ + µeffm` tanβ m2

L̃R
+m2

` +D22

)
, (15)
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where µeff = λ3vs/
√

2 and the D-terms read

D11 = −g
2
L

8
v2 cos 2β + g2

B−L(v2
1R − v2

2R) and

D22 =
g2
R

8

[
2(v2

1R − v2
2R)− v2 cos 2β

]
− g2

B−L(v2
1R − v2

2R). (16)

The scalar and pseudoscalar sneutrino mixing matrices are of the form

M2
ν̃ =

(
M2
ν̃Lν̃L

M2
ν̃Lν̃R

M2
ν̃Rν̃L

M2
ν̃Rν̃R

)
. (17)

The scalar mass matrix entries are

M2
ν̃Lν̃L = m2

L̃L
+D11, (18)

M2
ν̃Lν̃R = M2

ν̃Rν̃L = (T 2
Lv − Y 2

LY
4
Lv1R) sinβ + Y 2

Lµeff
v cosβ√

2
, (19)

M2
ν̃Rν̃R = m2

L̃R
+D22 + 2(Y 4

L )2v2
1R −

√
2T 4

Lv1R + Y 4
LλRvSv2R, (20)

where D11 and D22 are given in equation (16). The terms depending on the Yukawa
couplings Y 2

L will be small to get viable neutrino masses. right- and left-handed
neutrino mixing term will be small as well, unless T 2

L is large. The pseudoscalar mass
matrix elements are

M2
ν̃ILν̃IR = M2

ν̃IRν̃IL = (T 2
Lv + Y 2

LY
4
Lv1R) sinβ + Y 2

Lµeff
v cosβ√

2

M2
ν̃IRν̃IR = m2

L̃R
+D22 + 2(Y 4

L )2v2
1R +

√
2T 4

Lv1R − Y 4
LλRvSv2R, (21)

with M2
ν̃ILν̃IL

= M2
ν̃Lν̃L

.
With large values for λR and positive parameters the last term of equation (21)

becomes most important for the sneutrino masses. One of the pseudoscalar states,
with a flavour aligned with the largest element in the Y 4

L matrix, can then be the
LSP unless the corresponding soft supersymmetry breaking mass term is significantly
larger than the other terms.

Right sneutrinos have been investigated in detail, including implications for direct
and indirect DM detection, signals at the LHC, and restrictions on the model param-
eter space, but mostly the studied sneutrino has been a gauge singlet, see the list of
references e.g. in reference [43].

4 Dark matter

Any of the possible LSPs discussed above, a right sneurino, a gaugino or a higgsino
is a dark matter candidate for some part of the parameter space, and can satisfy
the relic density measurement by the Planck collaboration. The Planck collaboration
derived as the 2σ experimentally-allowed range [40]:

Ωh2 ∈ [0.1163, 0.1217] , (22)

which is the dark matter energy density evaluated relatively to the critical energy
density of the universe and h the reduced Hubble parameter.
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In addition to the direct detection cross section from XENON1T [65] and PANDA
[66], also indirect limits from FermiLAT [67] were considered in reference [42]. The
direct searches constrain the parameter space strongly, while all the tested points gave
thermally averaged dark matter annihilation cross section well below the FermiLAT
value.

4.1 Sneutrino dark matter

The sneutrino LSP mostly annihilates via a SM-like Higgs-boson exchange in the
s-channel, with the coupling given in equation (8). If the right-handed neutrinos are
lighter than sneutrinos, a t-channel neutralino exchange diagram also exists, although
it is suppressed for heavy neutralinos.

In reference [42], from which this discussion is mostly, the dark matter relic density
and direct detection constraints are calculated with MadDM v2.0 [68], and with
MicrOmegas [69] to validate the findings. Due to the dominance of the relic density
on the s-channel diagrams, it only depends on the right sneutrino mass. Existing
bounds are found to be satisfied with sneutrinos having a mass lying in the

[250 GeV, 290 GeV], (23)

range (provided all co-annihilation channels are negligible). For benchmark points in
reference [42], the spin-independent cross sections for dark matter-nucleon scattering
was found to be smaller than 2.5× 10−10 pb agreeing with the current bounds.

As the dark matter-nucleon scattering is mediated mostly via the SM-like Higgs
boson, a direct detection signal will be largely unaffected by the details of the
unknown particle spectrum and thus provides a robust way of testing right sneu-
trino dark matter in LRSUSY models. In presence of coannihilations or large mixing
between the left and right sneutrino sectors, the observed relic density may point to
another mass range than in our case. Moreover, if heavier sneutrinos are allowed, the
direct detection bounds are weaker and the exclusion will be more difficult.

We could alternatively rely on the XENON1T 2σ upper limit on σSI , given the
large uncertainties that contribute to the cross-section measurements. This leads to
the existence of viable configurations that would merit further attention. However,
the expected progress in future dark matter direct detection experiments could poten-
tially exclude the full hypothesis of sneutrino dark matter in left-right supersymmetry.
Direct detection would indeed push for heavier sneutrinos, which turn out to yield
over-abundant dark matter. Including co-annihilations may, however, modify these
conclusions.

If there are superpartners that are close in mass to the LSP, they are present
when dark matter freezes out and co-annihilation processes need to be taken into
account [70]. Charginos and neutralinos annihilate more efficiently to SM particles
than sneutrinos. Co-annihilations consequently reduce the relic density relative to
the no-co-annihilation case, although the effect is Boltzmann-suppressed when the
mass difference between the LSP and the co-annihilating particles becomes larger.
Consider co-annihilations of the sneutrino with NLSP neutralino and/or chargino
states, LRSUSY models having altogether twelve neutralinos and six singly-charged
charginos. While most states are naturally in the multi-TeV range, some may be
lighter and thus relevant from a cosmological standpoint. Their masses are controlled
by the soft supersymmetry-breaking parameters for what concerns the gauginos, while
the higgsinos have a mass of the order of µeff .

The bidoublet higgsinos form a nearly degenerate set of four neutralinos and
two charginos and hence co-annihilations are always present if the lightest of these
neutralinos is either the LSP, or the NLSP in the case where it is nearly degenerate
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with the LSP. The higgsinos co-annihilate mainly via the χ̃0
i χ̃
±
j → qq′ and χ̃0

i χ̃
0
j → qq

or V V (V = W,Z) channels, processes that are all mediated mainly by s-channel W
boson, Z boson, and Higgs boson exchanges with the mediator depending on the
charges and CP properties of the co-annihilating particles. Annihilations into quarks
via gauge boson exchanges are often the dominant channels and the relevant couplings
are standard electroweak gauge couplings.

If a sneutrino LSP is mostly degenerate with the higgsinos, co-annihilations with
the sneutrino need to be considered. The most significant of these modes consists
in ν̃χ̃0 → `±W∓ co-annihilations, which proceed via a t-channel wino exchange.
Since this channel requires either a mixing between the left- and right- sneutrinos, or
between the left- and right-handed charged winos, both mixings that are small in our
model, the corresponding contributions to the relic abundance are relatively small
compared to the ν̃ν̃ → V V or tt̄ modes. For cases in which the splittings between the
sneutrino LSP and the lighter neutralinos and charginos are small, it however turns
out that neutralino-pair and neutralino-chargino annihilation cross sections are one
order of magnitude larger than the sneutrino-sneutrino one (provided the Boltzmann
suppression is not too important).

The dependence of the mass difference between the sneutrino LSP and the NLSP
on the sneutrino mass is such that cosmologically-viable configurations can be found
for mostly any sneutrino mass ranging up to 675 GeV, the mass value at which the
sneutrino cannot be the LSP anymore. The LSP mass can hence be viably shifted by
up to several hundreds of GeV by the sole virtue of the co-annihilation channels.

For many scanned configurations, the co-annihilating new degrees of freedom
annihilate less efficiently than the LSP. Their net effect is a reduction of the full
annihilation rate at freeze-out instead of an enhancement, so that the relic density
is increased [71]. In LRSUSY setups with a sneutrino LSP, this happens either when
some of the heavier Higgs bosons are lighter than the LSP, or when the spectrum
features nearly degenerate sneutrinos. In addition to the SM-like Higgs boson h,
LRSUSY spectra indeed always feature MSSM-like Higgs states (namely a CP -even
Higgs boson H, a CP -odd Higgs boson A and a charged Higgs boson H±) which are
nearly degenerate. These can in principle be lighter than the LSP and then impact
the relic density in the sneutrino LSP case through D-term four-point couplings that
drive the ν̃Rν̃R → HH, AA and H+H− annihilation channels. While such an option
allows for very light sneutrino LSP solutions with respect to the relic abundance,
one cannot get a scenario where constraints from direct searches for heavier scalars
and flavor physics can simultaneously be satisfied. A light CP -odd state indeed size-
ably contributes to Bs → µ+µ− [72], which is excluded in the light of current data.
Spectra exhibiting several light and degenerate sneutrinos are however not affected
by those considerations, so that one may push the sneutrino mass down to about
200 GeV. This possibility is, however, ruled out by DM direct detection bounds from
XENON1T.

The viable parameter space for other types of co-annihilating scenarios (featuring
light SU(2)R wino-like or higgsino-like electroweakinos for instance) are excluded by
collider searches for extra gauge bosons or doubly-charged Higgs bosons.

4.2 Neutralino dark matter

LRSUSY neutralino dark matter has been already discussed in the past, but under
different assumptions than in reference [42] from where the discussion here is, e.g.
reference [41] considers neutralinos that are pure gauge eigenstates, so that their
results must be generalized to the case where neutralinos are admixtures of elec-
troweakinos and higgsinos, as the composition of the lightest neutralino depends on
the soft gaugino masses. If M1 is the smallest gaugino mass parameter to guarantee a
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bino-dominated LSP, one can fix its value in order to obtain a relic density prediction
in agreement with data. The M1 parameter is connected to the U(1)B−L gaugino
(that we abusively call bino), so that it does not couple to the light gauge bosons and
the bidoublet Higgs fields. The bino, however, mixes with the other gauginos, which
ensures non-vanishing couplings to the Z-boson and the SM-like Higgs-boson.

The resulting relic density is in general too large, but a resonant contribution may
increase the dark matter annihilation cross section in which case the neutralino LSP
mass should be slightly below half the Higgs-boson mass mh/2. The kinematically
allowed h→ χ̃0

1χ̃
0
1 decay is suppressed since the LSP is bino-dominated and the bidou-

blets are not charged under U(1)B−L. The benchmarks constructed in reference [43]
satisfy current direct detection bounds [73].

Cosmologically viable setups could be also obtained when the LSP is a neutral
higgsino. In this case, the relic density increases with the LSP mass once all annihi-
lation channels are kinematically open. The Planck value is matched for LSP masses
of around 750 GeV when co-annihilations with sneutrinos are ignored. The impact of
the latter decreases the effective annihilation cross section and then points towards
a slightly lighter LSP of about 675–700 GeV. This leads to viable spectra that are
fairly heavy, with all lighter states being mostly degenerate bidoublet higgsinos and
sneutrinos. Such a configuration would also be roughly compatible with the AMS-02
results [74], which points to a TeV-scale DM candidate.

Scenarios in which a gaugino state is nearly degenerate with the higgsinos do
not yield much differences. If the LSP is higgsino-dominated, with an up to 30%
gaugino admixture, the relic density constraint can be satisfied with slightly lighter
LSP masses, and the annihilation channels are nearly the same as in a scenario where
only higgsinos would be co-annihilating. Bino-higgsino co-annihilations, that could
be crucial in the MSSM, do not work in the same way in LRSUSY models in which
the bino always mixes strongly with the SU(2)R wino, so that there is no pure bino-
state at all. Therefore, if we try to design a scenario in which a bino-state would
be degenerate with the higgsinos, the higgsinos will also mix with this bino-wino
combination. Basically we will end with two states, both admixtures of gauginos and
higgsinos. The mixing lifts the degeneracy among the higgsinos, so that one state will
be lighter and the other heavier than the original with degenerate higgsinos. This
difference with the MSSM is thus completely expected, as the MSSM (U(1)Y) bino
is here made of an admixture of the neutral SU(2)R gaugino and the U(1)B−L bino.
The well-tempered MSSM scenario consists thus of a triple admixture of states.

However, if the most gaugino-dominated state is the LSP, the mass difference
between the co-annihilating particles is larger, so that the net effect on the relic
density is Boltzmann-suppressed. The bino-wino mixture does not annihilate as effi-
ciently as higgsinos, the corresponding relic density turns to be larger than the Planck
value, despite the co-annihilations.

5 Collider signals

From the point of view of collider experiments, the most interesting particles in the
LRSUSY model are those, which are expected to be light enough to access exper-
imentally. The lightest doubly charged Higgs boson belongs to that category, and
even provides a possibility to exclude the model. As was discussed earlier, the next-
to-lightest scalar H0

1 , the lightest pseudoscalar A0
1 and the lightest charged Higgs H±1

are composed almost exclusively of fields in one doublet. Thus from the experimental
point of view, they are very similar to the same mass heavy Higgses of MSSM. One
might think that the light doubly charged Higgs would result in new kind of signals
to search e.g. for the singly charged Higgs, but since the doubly charged Higgs is
purely from triplets, the coupling between them is tiny.
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At the LHC, the doubly charged Higgs from right triplet can be produced in
pairs [75] or in the fusion of right gauge bosons WR [76,77]. In the minimal LRSUSY
model discussed, H±± is lighter than WR or singly charged Higgs or supersymmet-
ric partners into which it could decay. The only available decay mode is to a same
sign pair of leptons. If the leptons are electrons or muons, the signal is straightfor-
ward, and the LHC mass limit is ∼800 GeV [78]. If the decay is to taus, the LHC
mass bound is weaker, ∼500 GeV [55]. Reaching TeV-range in this case would not
be possible even with HL-LHC. In reference [18], the search of H±± decaying more
than 90% to a tau pair is considered. It is noticed that using multivariate analy-
sis, it seems possible to reach heavier than 1 TeV H±± with center-of-mass energy
≥27 TeV.

If the doubly charged scalar is discovered, and in addition a doubly charged
higgsino and an SU(2)R gauge boson, this would be a strong indication of left-
right supersymmetry, without any other supersymmetric particle been found. Signals
for these have, therefore, been studied extensively, e.g. [22,31–35,44,79]. In refer-
ences [18,42,43] signals have been investigated when dark matter in the minimal
SUSYLR model is assumed, and some differences depending on type of dark matter
are found. A specific related aspect concerns the possibility of resonantly producing
supersymmetric particles at colliders, in particular due to the presence of extra gauge
and Higgs bosons. In this context, dark matter constraints and the expected resonant
collider signals are explored [18,42,43], paying particular attention to distinguishing
features.

The LHC phenomenology connected to LRSUSY neutralino and chargino states
has been recently analysed in reference [44], where it has been shown that the leptonic
channels are the best probes for LRSUSY neutralinos and charginos. The production
rates are in general larger than in the MSSM for not too heavy gauginos, so that this
additionally offers handles to distinguish the LRSUSY case from the MSSM. For a
comparative study with cases where the neutralino is the LSP, we focus on LRSUSY
realizations where the lightest neutralino is bino-dominated. In this case, we fix the
bino soft-mass M1 to a value yielding a dark matter relic density as measured by the
Planck satellite.

For LRSUSY scenarios with a bino-dominated LSP, charged sleptons and sneutri-
nos both decay into the neutralino LSP and either a lepton or a right-handed neutrino
with a large branching fraction. The right-handed neutrino then decays into an `jj
system so that the full decay chain is connected with a signature that includes two
leptons, two jets and missing transverse energy. In the case where sneutrinos cannot
decay into a νRχ̃

0
1 final state, they instead decay invisibly to a νLχ̃

0
1 system which

does not yield any multileptonic final state. Decay modes exhibiting three or more
leptons are rare and the corresponding number of events amounts to about 10% of
the number of dilepton events, see reference [43].

When the LSP is a sneutrino, more leptons are expected in the final states, as
intermediate charginos that can be produced in the longer decay chains lead to addi-
tional leptons. In this case, the number of events featuring three leptons amounts
to 20−30% of the number of expected dilepton events. In high luminosity LHC, one
may hope to distinguish a sneutrino LSP scenario from the corresponding neutralino
LSP scenario, as for the study of the rarer same-sign dilepton signature that seems
very unlikely to yield any visible signals at the low-luminosity phase of the LHC.
The collider signatures of this model differ from the cases in which the right-handed
sneutrino is a singlet, as now the sneutrino can couple differently, through gauge
interactions.

LRSUSY sneutrino LSP scenarios present also a very different phenomenology
from the corresponding MSSM scenarios where the MSSM is extended by right-
handed neutrino superfields. In this last case, the Lagrangian includes Dirac mass
terms for the neutrinos and the lightest stau is often close in mass to the sneutrino.
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Due to the small associated Yukawa coupling, the lightest stau is long-lived [80],
contrasting the scenarios where the stau is much heavier than the sneutrinos (see
Eqs. (15), (20) and (21)). In LRSUSY, the next-to-lightest superpartner (NLSP)
turns thus out to be another particle, and the presence of larger couplings of the
sneutrino to the other particles guarantees that the NLSP is typically not long-lived.

The presence of relatively light SU(2)R gauge bosons enhances the production rate
of electroweakinos at the LHC, and thus higher superpartner masses can be achieved
than in MSSM. Corresponding events feature, in addition, a larger amount of missing
transverse momentum and at least one very hard lepton, which helps to suppress the
SM background. In the case of bidoublet higgsino dark matter, the viable neutralino
dark matter candidate has a mass around 700 GeV [42,43], and four neutralinos
and two charginos are almost mass degenerate. The rather heavy spectrum makes
this scenario difficult to detect. As any new gauge boson or colored superpartner
is heavy enough for their production rate to be suppressed, any potential collider
signal becomes hard to get. Even when considering cascades such as those originating
from the production of a single WR boson, a large integrated luminosity is necessary
to observe any signal. The main WR boson signature consists in a production of
numerous leptons, jets and missing energy.

6 Conclusions

Many researchers were quite disappointed when supersymmetry was not found soon
after the LHC started. These expectations were based on MSSM with additional
strong assumptions. Here we have discussed another minimal model, again with many
assumptions, but with different starting point from MSSM.

We have assumed high energy restoration of the parity symmetry, neutrino mass
generation by seesaw mechanism and that nothing but loop corrections are included
in order to have an electrically stable vacuum. These assumptions lead to a model
with rather light SU(2)R gauge bosons and a light doubly charged Higgs, and at the
same time viable dark matter relic density.

Experimental observation of WR, doubly charged Higgs and the right-handed neu-
trino would be a clear sign of the left-right model with seesaw mechanism. Detection
of doubly charged higgsino would tell that the model is supersymmetric. In the mini-
mal version of the model the doubly charged Higgs is relatively light, and if it exists,
it will be detected in future collider experiments.
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