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1. Introduction

It is clear that some kind of extension of the standard model (SM) is required in order to
explain the observed cosmic baryon asymmetry, effects of dark matter (DM)or nonzero neutrino
masses. While there are numerous ways to add new physics to the SM, in this work, we explore the
possibility of solving these problems via the introduction of several exotic SU(2)L multiplets [1]
(see also [2, 3]). This setup is motivated by the ideas of minimal DM [4] (where renormalizability
and SM gauge invariance are enough to ensure the DM stability), and the possible link between
WIMP-like DM and neutrino masses via radiative diagrams [5]. With these ideas, we aim to build
an exotic multiplet model which can simultaneously solve the problems of DM, neutrino mass, as
well as the baryon asymmetry of the universe. Subsequently, we wish to understand the parameter
space (and fine-tunings, if any) required for a consistent solution.

2. The model

In order to construct a consistent solution to baryon asymmetry, dark matterand neutrino
masses, we extend the particle content of the minimal SM by addingthree fermion multiplets,
Nk,(k = 1,2,3), andone scalar multiplet,χ, with SM gauge transformation properties:

Nk ∼ (1,5,0), and χ ∼ (1,6,−1/2) (2.1)

respectively. This choice is dictated by the “minimal DM” idea, as well as our demand for the
lightest fermion 5-plet to be the DM candidate. Other smaller multiplet combinations for these new
particles will result in unwanted terms in the scalar potential which can destabilize our DM can-
didate, or give phenomenologically unacceptable component fields that have fractional charges.1

The Lagrangian of interest for this model is given by

Lint = iNk /DNk +(Dµ χ)†(Dµ χ)−
[

h jk L j χ Nk +
1
2
(Nk)c Mk Nk +h.c.

]

−VS , (2.2)

whereL j = (ν , ℓ)T
j is the j-flavor LH lepton doublet,Dµ denoting the SM covariant derivative, and

h jk is the( j,k)-element of the Yukawa coupling matrix which is assumed to be complex. If we
assume the (technically natural) limitχ†χχφ ≪ 1, then the scalar potentialVS is given by

VS = µ2
φ φ†φ +µ2

χ χ†χ +
λφ

2

(

φ†φ
)2

+
λχα

2

(

χ†χ
)2

α +λφ χβ
(

φ†φ χ†χ
)

β +
1
2

[

λ ′
φ χ(φ χ)2+h.c.

]

,

(2.3)
with φ = (φ+,φ0)T being the SM Higgs doublet. The subscriptsα andβ in (2.3) denote the many
independent ways to contract the components of the SU(2)L multiplets involved, and we sum over
them (see [1, 2]). To ensure that the neutral component of the lightest exotic particle can be the
DM candidate (assumed to beN1), the parameters inVS must be such that scalar 6-pletχ will not
develop a nonzero vacuum expectation value (i.e.〈χ〉 = 0). Together withχ†χχφ ≪ 1, these are
the key fine-tuning conditions coming from the scalar sector.

1The choice of using a 6-plet scalar is purely a model building decision since, strictly speaking, a 4-plet scalar is
also workable.

2



P
o
S
(
I
C
H
E
P
2
0
1
2
)
1
5
7

Baryon asymmetry, dark matter and neutrino mass via exotic multiplets Sandy S. C. Law

Once these are satisfied, the choices for the exotic mass spectrum (M1,2,3 andMχ ), the Yukawas
(h jk) and the quartic coupling (λ ′

φ χ ) will determine the solution to baryogenesis, neutrino mass and
DM. In particular, if we demand thatM1 ≪ Mχ ≪ M2 ≪ M3, thenN1 will be the DM candidate
while baryogenesis via leptogenesis can be achieved through the CP asymmetric decays of the
second lightest exoticsχ. Finally, neutrinos will gain a mass via one-loop diagrams in this model.

3. The dark matter candidate

In our model, withN0
1 being the lightest among all the new exotic states and given that La-

grangian (2.2) possesses aZ2 symmetry (ψSM → ψSM andNk,χ →−Nk,−χ), it is the prime DM
candidate. Like in other WIMP models, the ability to reproduce the observed DM relic density is
a crucial ingredient in determining whether the DM candidate under investigation is a viable one.
As a result, we assume that the standard thermal freeze out of theseN0

1 ’s are solely responsible for
the observed DM relic abundance. Furthermore, we shall assume that interactions mediated by SM
gauge bosons will dominate the (co)annihilations cross-section relevant for DM relic calculation.

Following the canonical method for computing the relic density and using the cross-section
derived from the kinetic Lagrangian in (2.2)

√
10Lkin =

√
2(gcosθwZµ − eAµ)

(

2N++
1 γµN++

1 +N+
1 γµN+

1 −N−
1 γµN−

1 −2N−−
1 γµN−−

1

)

+g
[

W+
µ

(

N++
1 γµN+

1 +N+
1 γµN0

1 +N0
1γµN−

1 +N−
1 γµN−−

1

)

+h.c.
]

, e > 0 , (3.1)

it is estimated that for aN1 mass of

M1 & 10 TeV, (3.2)

the observed DM abundance can be explained [4]. This result is in line withthe typical WIMP type
models where TeV scale DM are predicted.

4. Baryogenesis via N2-leptogenesis

The scenario of thermal leptogenesis [6] is a very attractive solution for the baryogenesis
problem for it also contains the right elements for generating nonzero neutrino masses. While
the traditional leptogenesis scenario relies on the CP (and lepton number) violating decays of the
lightest new singlet state (e.g.N1) in the model to create the baryon asymmetry, non-standard cases
where the second lightest state (e.g.N2) playing the major role may also be workable under certain
circumstances [7, 8]. In general, one must take flavor effects [7, 8, 9] into account ifN2-leptogenesis
is the dominating asymmetry generating process.

In our exotic multiplet model, the Yukawa terms in (2.2),h jkL jχNk for k 6= 1 can give rise to the
lepton number violating process:Nk 6=1 → L jχ† in the early universe (see Fig. 1). The (incoherent)
sum of all contributions in each component gives rise to the tree-level decay rate:

Γ(Nk → L jχ†)≡ Γ(Nk → L jχ) =
h∗jkh jk

16π
Mk

(

1−
M2

χ

M2
k

)2

, k 6= 1 . (4.1)
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(a)

Nk 6=1
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(b)

NmNk 6=1
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Lj

χ (c)

Lj

χ
Nm

Nk 6=1

Ln, Ln

Figure 1: The lepton number violating(a) tree-level,(b) one-loop vertex and(c) one-loop self-energy
diagrams forNk multiplet decays (k 6= 1). Fork = 1, these processes are kinematically forbidden.

The corresponding CP asymmetry for this decay is defined as

εk j ≡
Γ(Nk → L jχ†)−Γ(Nk → L jχ)

∑ j Γ(Nk → L jχ†)+∑ j Γ(Nk → L jχ)
, (4.2)

with the leading nonzero contribution coming from the interference terms between the tree and one-
loop diagrams (see Fig. 1). Applying the DM constraint of (3.2) and assuming the mass spectrum

M3 ≫ 1012 GeV , 1012 GeV≫ M2 ≫ 109 GeV , 109 GeV≫ Mχ ≫ M1 ≃ 104 GeV , (4.3)

this scenario is qualitatively very similar to the “standard”N2-leptogenesis with hierarchicalNk’s.2

In the light of this, the analysis is quite standard and much of the knowledge gained in
the canonical scenario may be reapplied here. One important thing to note is that unlike N1-
leptogenesis, theN2 version requires tracking the evolution of the lepton asymmetry through two
distinct stages: asymmetry production atT ∼ M2 and subsequent washout atT ∼ Mχ [1]. Con-
sequently, some additional assumptions are needed regarding how to handle the transition period
between the two stages.

However, assuming that those subtleties can be managed in a systematic way, the rest of the
analysis is actually quite straightforward. As in standard leptogenesis with flavor effects, one
defines the flavor projectors, which has a tree-level realization asP0

2 j ≡P
0
2 j = h∗j2h j2/(h†h)22, where

h is the Yukawa coupling in (2.2). With this, we may write down the set of evolution equations for
N2 and lepton asymmetry∆ j during the production stage as

dNN2
dz =−D2

(

NN2 −N
eq

N2

)

, (4.4)

dN∆⊥
dz =−ε2⊥D2

(

NN2 −N
eq

N2

)

−P0
2⊥W2 ∑ j=⊥,τ C f=2

⊥ j N∆⊥ , (4.5)

dN∆τ
dz =−ε2τD2

(

NN2 −N
eq

N2

)

−P0
2τW2 ∑ j=⊥,τ C f=2

τ j N∆τ , (4.6)

wherez = M2/T . D2 andW2 denote the decay and washout terms respectively. The fact that the
flavor coupling matrixC f=2 is non-diagonal ensures that the differential equations are coupled,
and signifying the importance of flavor effects in the evolution. Similarly, one can write down the
equations for the washout stage as above except that theε2 j term will be absent and the system will
be generalized to the three-flavor regime. These systems of equations may then be solved using the
standard techniques.

In order to ensure successfulN2-leptogenesis, it turns out that the total asymmetry should
originate mainly from decays in thetau flavor [7, 8]. This implies that the flavored decay parameters
(e.g. K2τ ),3 which are basically functions of the flavor projectors (e.g.P0

2τ ), are constrained. In
2In the standard case, “Nk” is a SU(2)L singlet rather than a 5-plet.
3See [1] for the precise definitions.
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Mk

νi νj

χb χa

〈φ0〉 〈φ0〉

Nm
k Nn

k

Figure 2: The one-loop diagram for generating light neutrino mass term (Mν)i j.

particular, one typically requires

K2τ & 1 and Kχτ ≪ 1. (4.7)

5. Neutrino mass

In this model, because〈χ〉 = 0, there is no Dirac mass term for the light neutrino. However,
nonzero neutrino masses can be generated at one-loop level (see Fig.2). After expanding out the
components and summing all contributions, one finds that the radiative diagrams will lead to the
light neutrino mass matrix

(Mν)i j =
7

5760π2 λ ′
φ χ〈φ0〉2∑

k

hikh jk

Mk

yk

1− yk

[

1+
yk lnyk

1− yk

]

, where yk ≡
M2

k

M2
χ
. (5.1)

The individual light neutrino mass is obtained by diagonalizingMν with the neutrino mixing ma-
trix, UPMNS:

mν
n = ∑

i, j

(U†
PMNS)ni (Mν)i j (U

∗
PMNS) jn , n = 1,2,3 . (5.2)

6. A sample solution

As an existence proof, we present a set of parameters which satisfies the requirements from all
three sectors (i.e. Eqs. (3.2), (4.7) and (5.2)). Firstly, we set the exoticmasses to be

M1 ≃ 104 GeV , Mχ ≃ 107 GeV , M2 ≃ 1010 GeV , M3 ≃ 1013 GeV , (6.1)

whereM1 is specifically chosen to satisfy (3.2). For the light neutrino sector, we appeal to the best
fit values from oscillation experiments [10],

∆m2
12 ≈ 7.59×10−5 eV2 , |∆m2

23| ≈ 2.40×10−3 eV2 , (6.2)

sin2 θ12 ≈ 0.318, sin2 θ23 ≈ 0.50 , sin2 θ13 ≈ 0.013. (6.3)

Let assume, for illustration purpose, that the lightest LH neutrino has massm1 ≈ 0.002 eV and the
spectrum isnormal hierarchical. Moreover, for simplicity, we ignore the phases in theUPMNS
matrix. To satisfy the neutrino and leptogenesis constraints, we pick respectively

λ ′
φ χ = 0.1 , K2τ ≃ 65 , Kχτ ≃ 0.1 . (6.4)
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The rest of theh jk entries may now be solved simultaneously (using the neutrino data), and one
possible set of solutions for the complex Yukawas is

he1 = 1.23+0.359i , he2 = 0.104−0.329i , he3 =−0.344+0.263i , (6.5)

hµ1 = 1.71−1.02i , hµ2 =−0.304−0.468i , hµ3 =−3.76+0.367i , (6.6)

hτ1 = 1.07×10−5 , hτ2 = 8.88×10−3 , hτ3 = 5.34 . (6.7)

Using these input values, one finds thatηB ≃ 6.3×10−10 which agrees with the CMB data.
Hence, we have demonstrated that by introducing three exotic fermion 5-plets and one scalar

6-plet to the SM, a consistent solution to the problems of baryon asymmetry, dark matter and
neutrino mass can be obtained.
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