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We discuss the minimal dark matter models in the left-right symmetric extensions of the standard
model (SM) where the simplified Higgs sector contains only SU(2)R doublet and SU(2)L×SU(2)R

bidoublet. As a possible dark matter candidate, SU(2)R quintuplet fermions are considered in the
framework of minimal dark matter where B−L charges are taken as 0, 2 and 4. Then we show the
analysis of dark matter phenomenology such as relic density and dark matter-nucleon scattering
cross section. The collider physics of the model is also discussed.
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1. Introduction

The Standard Model (SM) has been successful to explain various experimental data for particle
physics phenomena up to a few TeV scale. Still there are many mysterious issues which can not
be described by the SM such that neutrino masses and mixings, nonbaryonic dark matter (DM),
matter-antimatter asymmetry and so on. Thus it is interesting to explore an extension of the SM.

A left-right (LR) symmetric model is the one of the interesting extension of the gauge sector.
In these models, the electroweak gauge symmetry is extended to SU(2)L×SU(2)R×U(1)B−L and
the right-handed fermions form SU(2)R doublets [1, 2, 3, 4, 5, 6]. The canonical structure of the
LR model adopts the exact left-right symmetry with the Higgs sector as follows; SU(2)L triplet ∆L,
SU(2)R triplet ∆R and SU(2)L×SU(2)R bidoublet ϕ . The LR gauge symmetry is then spontaneously
broken into U(1)em by VEVs of ∆R and ϕ .

The exact LR symmetry can be loosened. The SU(2)L and SU(2)R gauge couplings could be
different even at high energy scale and only VEVs of SU(2)R doublet HR and a bidoublet ϕ can
break the gauge symmetry. In fact, this simpler setup including SU(2)L doublet Higgs has been
discussed in Ref. [7] where the authors focused on he ATLAS 2 TeV diboson excess [8] where a
moderate excess is also found by CMS [9, 10], in terms of 2 TeV W ′ boson.

In the following, we review the minimal DM model based on the SU(2)L×SU(2)R×U(1)B−L

extension with simplified Higgs sector containing a bidoublet and SU(2)R doublet [11]. Note that
minimal DM in the exact left-right symmetric case is discussed in Ref. [12, 13], which provide
qualitatively different phenomenology of DM compared to our model. We explore possible DM
candidate and discuss DM phenomenology of our model.

2. The model

Here we recapitulate the model provided in Ref. [11] which is left-right extension of the SM
applying the gauge symmetry SU(3)×SU(2)L×SU(2)R×U(1)B−L where B and L are baryon and
lepton numbers respectively [1, 2, 3, 4, 5, 6]. The scalar contents are taken to be

H : (2, 2̄,0), HR : (1,2,1) (2.1)

where the numbers in parenthesis indicate the representations under the SU(2)L×SU(2)R×U(1)B−L

omitting SU(3) for simplicity. Note that we have loosened the exact left-right symmetry adopting
more simplified choice of the scalar contents in order to break the gauge symmetry. The fermion
contents of the model are also given by

qL : (2,1,1/3), qR : (1,2,1/3), ℓL : (2,1,−1), ℓR : (1,2,−1), S : (1,1,0). (2.2)

Here Majorana fermion S is introduced in order to induce inverse seesaw mechanism [14, 15, 16].
The gauge symmetry is broken when H and HR develop non-zero vacuum expectation value(VEV).

The VEVs of the scalar fields are assumed to be

⟨H⟩= 1√
2

(
k1 0
0 k2

)
, ⟨HR⟩=

(
0

vR/
√

2

)
. (2.3)
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After the spontaneous symmetry breaking of SU(2)L×SU(2)R×U(1)B−L →U(1)em, electric charge
Q is given by

Q = T 3
L +T 3

R +
1
2

QB−L (2.4)

where T 3
L(R) and QB−L are the diagonal generator of SU(2)L(R) and the B−L value for each field,

respectively. In this model, we have gauge fields W µ
iL(R) (i=1,2,3) and X µ associated with SU(2)L(R)

and U(1)B−L gauge symmetries. The mass eigenstate for charged and neutral gauge bosons are
given by [17] (

W±
L

W±
R

)
=

(
cosξ sinξ
−sinξ cosξ

)(
W±

W ′±

)
, (2.5)W3L

W3R

X

=

 cW cX cW sX sW

−sW sMcX − cMsX −sW sMsX + cMcX cW sM

−sW cMcX + sMsX −sW cMsX − sMcX cW cM


Z

Z′

A

 , (2.6)

where W±
L(R) = (W1L(R)∓W2L(R))/

√
2, sW (cW ) = sinθW (cosθW ) with the Weinberg angle θW , sM ≡

sinθM = gB−L/
√

g2
R +g2

B−L, cM ≡ cosθM = gR/
√

g2
R +g2

B−L, and sX(cX) = sinθX(cosθX) is as-
sociated with mixing of massive neutral gauge bosons. The mixing angles ξ and θX are assumed
to be negligibly small and will be ignored in the following discussions. We obtain the relations
among gauge couplings such that gR = e/(sMcW ) and gB−L = e/(cW cM) where the cM and sM can
be rewritten as

sM = tanθW

(
gR

gL

)−1

, cM =

(
gR

gL

)−1
√(

gR

gL

)2

− tan2 θW . (2.7)

Note that the gauge coupling should satisfy gR/gL > tanθW for consistency. Assuming K ≡√
k2

1 + k2
2 ≪ vR, the masses of new gauge bosons are approximately

m2
W ′ ≃

1
4

g2
Rv2

R

(
1+

K2

v2
R

)
, (2.8)

m2
Z′ ≃

1
4
(g2

R +g2
B−L)v

2
R

(
1+

K2c2
M

v2
R

)
. (2.9)

Thus we find the relation between Z′ and W ′ masses as

mZ′

mW ′
≃ gR/gL√

(gR/gL)2 − tan2 θW
. (2.10)

In the model, we introduce a SU(2)R quintuplet fermion as a candidate of DM based on the
idea of minimal dark matter [18]. The quintuplet fermion does not have interaction leading its
decay up to dimension-6 operator level and the lightest component can be stable in cosmological
time-scale. Thus if the lightest component is neutral it can be a dark matter candidate.
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Figure 1: Mass difference between neutral and charged components of SU(2)R quintuplet where B−L =

{0,4} and gR/gL = {1,0.6}.

3. Dark matter phenomenology

In our analysis, we focus on SU(2)R quintuplets ΨQB−L whose electrically neutral component
provides a DM candidate. To obtain neutral component, possible values of QB−L are 0, 2 and 4.
The corresponding multiplets are denoted as

Ψ0 = (χ++,χ+,χ0,χ−χ−−)T , Ψ2 = (η+++,η++,η+
1 ,η0,η−

2 )T ,

Ψ4 = (ζ++++,ζ+++,ζ++,ζ+,ζ 0)T . (3.1)

where subscripts "+" etc. indicate electric charge of each component, and χ0 is Majorana fermion
while the others are Dirac fermion.

For a component ψQ (ψ = χ,η ,ζ ), gauge interactions associated with mass eigenstates of the
gauge bosons can be written by

L ⊃− sW sMgRQψ̄QZµγµψQ + cMgR

(
Q− QB−L

2c2
M

)
ψ̄QZ′µγµψQ

+ cW sMgRQψ̄QAµγµψQ +
gR√

2
(c2mψ̄Q+1W ′+µγµψQ +h.c.), (3.2)

where c2m =
√

(2+m+1)(2−m) with m = Q−QB−L/2.

Here we discuss the mass splitting between charged components and the neutral component in
a given multiplet. The mass splitting can be obtained by calculating radiative correction where the
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Figure 2: Relic density Ωh2 for SU(2)R quintuplet DM (fermion) with B−L = 0 and 4 where the left(right)
panel shows gR/gL = 1.0(0.6).

gauge bosons propagate inside loop diagrams. The formula of the mass splitting can be written by

MQ −M0 ≃
g2

R

(4π)2 M[Q(Q−QB−L) f (rW ′)− c2
MQ{Q−QB−L/c2

M} f (rZ′)

− s2
W s2

MQ2 f (rZ)− c2
W s2

MQ2 f (rγ)] (3.3)

where Q is electric charge, rX = mX/M and f (r) ≡ 2
∫ 1

0 dx(1+ x) log[x2 +(1− x)r2]. In Fig. 1,
we show the mass difference MQ −M for mW ′ = 2 TeV and gR/gL = 1.0(0.6) where MQ and M
are masses of component with charge Q and DM. We find that MQ −M is always positive for
QB−L = 0, which is qualitatively different from Ref. [12] where the MQ −M becomes negative
when DM mass M is larger than ∼1.8(4.5) TeV for mW ′ = 2(5) TeV. This difference is understood
from mass relation between mZ′ and mW ′ ; the ratio mZ′/mW ′ is smaller in our case when the same
gR/gL value is applied. For the QB−L = 2 multiplet, the second singly charged component η−

2
becomes the lightest component for M ≳ 1(0.6) TeV. We find that the light relic density can not
be obtained when the neutral component is lightest and we omit the figure for the QB−L case. The
QB−L = 4 multiplet also induce positive MQ −M for all M value and the mass splitting is larger
than the case of QB−L = 0.

We estimate thermal relic density of DM using micrOMEGAs 4.1.5 [19] to solve the
Boltzmann equation by implementing relevant interactions in Eq. (3.2) inducing (co)annihilation
processes of DM. The estimated relic density is shown by blue lines in Fig. 2 for QB−L = 0 and
4 with mW ′ = 2 TeV; the left(right) panels correspond to gR/gL = 1.0(0.6). These estimation are
compared to the value measured by Planck [20], Ωh2 = 0.1199± 0.0027, which is indicated by
green horizontal line in the plots. For M ∼ mW ′/2 and M ∼ mZ′/2, we see resonant effect where
(co)annihilation cross sections become large decreasing relic density. The relic density tends to
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larger for smaller gR/gL since the (co)annihilation cross section is suppressed by following effects:
(1) the heavier Z′ for the smaller value of gR/gL, and (2) the gauge coupling gR is smaller compared
with gL. We also find that QB−L = 4 multiplet provides larger relic density than QB−L = 0 multiplet
since (a) DM is Dirac fermion for QB−L = 4 (b) larger mass splitting suppress the coannihilation
process. The masses of DM providing observed relic density are summarized in third column of
Table. 1. We note that SU(2)R quintuplet can provide observed relic density with mW ′ = 2 TeV.
Furthermore, when we apply gR/gL = 0.6 the required mass of DM can be as light as O(1) TeV
which is light compared to SU(2)L quintuplet in MDM model [21].

For QB−L ̸= 0 multiplets, DM can interact with nucleon through Z′ boson exchange. We obtain
the DM-Z′ coupling from Eq. (3.2) where Z′ couples to right-handed u- and d-type quark currents
with couplings cMgR(2/3−1/(6c2

M)) and cMgR(−1/3−1/(6c2
M)) respectively. Then DM-nucleon

scattering cross section is estimated for ζ 0 to investigate constraint from DM direct detection ex-
periment. The spin independent elastic scattering cross section of DM and nucleon N is given
by

σζ 0N ≃
4g2

Rg2
NNZ′

πc2
M

1
m4

Z′

m2
NM2

(mN +M)2 (3.4)

where gppZ′ = cMgR(1/2 − 1/(4c2
M)), gnnZ′ = −gR/(4cM) and mN is nucleon mass. The cross

section is almost independent of DM mass since our DM is much heavier than nucleon. We find
that the cross sections averaged by nucleon, (σζ 0 p + σζ 0n)/2, are estimated as 6.8× 10−44cm2

and 1.1× 10−44cm2 for gR/gL = 1.0 and 0.6 respectively. These values are compared to current
constraint given by LUX experiment [22] where we listed the upper limits in seventh column of
Table. 1 for each DM mass. Thus the cases of gR/gL = 1.0 and of gR/gL = 0.6 with M ≲ 1TeV are
excluded unless there is a cancellation mechanism to suppress DM-Nucleon scattering while that
of gR/gL = 0.6 with M ≳ 1 TeV are allowed. Interestingly, the scattering cross sections for proton
and neutron are evidently different as summarized in sixth column of Table. 1. For the case of

Table 1: DM mass with observed relic density Ωh2 = 0.1199, mass difference MQ −M, cross section for
pp → ψQψQ′

at 13(14) TeV where ψQψQ′
includes all possible combination including charged compo-

nent, σDM−N denotes a DM-nucleon scattering cross section where the value outside(inside) bracket is for
proton(neutron), and σLux is current limit by Lux [22].

B−L gR/gR mDM[TeV] ∆M[GeV] σψQψQ′ [fb] σDM−N[cm2] σLux[cm2]
0 1 4.54 5.34 ≪ 10−2 ≪ 10−45 ∼ 57.×10−45

0 0.6 1.61 5.79 0.11(0.18) ≪ 10−45 ∼ 18.×10−45

2.18 6.18 0.034(0.069) ≪ 10−45 ∼ 26.×10−45

2.64 6.39 ≪ 10−2 ≪ 10−45 ∼ 30.×10−45

4 1 0.244 5.07 2010(2380) 1.9(12.)×10−44 ∼ 3.1×10−45

0.356 6.71 1420(1740) 1.9(12.)×10−44 ∼ 4.3×10−45

4.32 23.7 ≪ 10−2 1.9(12.)×10−44 ∼ 52.×10−45

4 0.6 0.785 19.1 371.(460) 6.8(15.)×10−45 ∼ 8.9×10−45

1.23 25.9 1.44(2.05) 6.8(15.)×10−45 ∼ 14.×10−45

1.66 31.1 0.173(0.298) 6.8(15.)×10−45 ∼ 19.×10−45

3.62 45.7 ≪ 10−2 6.8(15.)×10−45 ∼ 45.×10−45
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QB−L = 0, DM interacts with nucleon at one-loop level exchanging W ′ boson providing scattering
cross section much smaller than the current constraint.

The scalar particles in SU(2)R quintuplet can be produced at the LHC such that pp → V →
ψ̄QψQ′

where V can be γ , Z, W ′ or Z′ according to interactions in Eq. (3.2). Here we focus on
the production processes which include charged components; pp → ψ̄QψQ, pp → ψ̄QψQ±1, and
pp → ψ̄±ψ0 where ψ = χ,η and Q ̸= 0. The production cross section is numerically calculated by
CalcHEP [23] utilizing the code with CTEQ6L PDF [24] for

√
s = 13 and 14 TeV. In 5th column of

Table. 1, we listed the production cross sections for each DM masses providing right relic density
where all production modes are summed over. We can obtain cross sections which can be larger
than 0.1 fb for M ≲ 2 TeV which would be within reach of the LHC.

The decay patterns of charged scalars are given by ψQ → ψQ∓1M±(M± = π±,K±,etc.) and
χQ → χQ∓1q̄′q where off-shell W ′ converts into M± and light quarks q̄′q assuming heavy right-
handed neutrinos. In our case, ψQ →ψQ∓1q̄′q provide dominant contribution of decay width which
is given by

Γ(ψQ → ψQ−1q̄′q)≃ Ncc2
2m

g4
R

120π3
∆M5

m4
W ′

(3.5)

where Q is taken to be positive here. We find that the lifetime of the charged components are less
than 1cm/c. Thus they would decay within the non-detector region and the signal of quintuplet
production is "jets + missing ET " in our case.

4. Summary

We have reviewed a DM model with SU(2)L×SU(2)R×U(1)B−L gauge symmetry where the
Higgs sector is simplified compared to exact LR symmetric case. The Higgs sector contains an
SU(2)R doublet and an SU(2)L×SU(2)R bidoublet and their VEVs break the gauge symmetry. Then
we introduced a new fermion which is SU(2)R quintuplet as DM candidate based on the idea of
minimal dark matter.

As a new candidate of DM, we focused on SU(2)R quintuplet with B−L = 0, 2 and 4, and
discussed phenomenology of the DM. We investigated mass splitting between neutral and charged
components, relic density of DM, and DM-nucleon scattering cross section. Then we have shown
that B−L = 0 and 4 cases provide DM which can satisfy experimental constraints while B−L = 2
case is not suitable since charged particle tends to stable particle. The collider physics is also
discussed and we obtain 0.1 fb to 2.1 fb production cross section for charged components when we
obtain right DM relic density.
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