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a b s t r a c t
We discuss aspects of a scenario for co-genesis of matter and dark matter which extends the standard
model by adding a fourth generation vector-like lepton doublet and show that if the fourth neutrino is
a massive pseudo-Dirac fermion with mass in the few hundred GeV range and mass splitting of about
100 keV, its lighter component can be a viable inelastic dark matter candidate. Its relic abundance is
produced by the CP violating out-of-equilibrium decay of the type-II seesaw scalar triplet, which also
gives rise to the required baryon asymmetry of the Universe via type-II leptogenesis, thus providing a
simultaneous explanation of dark matter and baryon abundance observed today. Moreover, the induced
vacuum expectation value of the same scalar triplet is responsible for the sub-eV Majorana masses to the
three active neutrinos. A stable fourth generation of neutrinos is elusive at collider, however might be
detected by current dark matter direct search experiments.
© 2013 Elsevier B.V. Open access under CC BY license.

1. Introduction
Dark matter (DM), which constitutes 23% of the total energy
budget of the Universe is currently supported by the rotation curve
of galaxies and clusters, gravitational lensing and large scale structure of the Universe. These indirect evidences suggest that the DM
should be massive, electrically neutral and stable on the cosmological time scale [1]. The only information about DM hitherto known
is its relic abundance which is precisely measured by the Wilkinson Microwave Anisotropy Probe (WMAP) [2] and is given by
ΩDM h2 = 0.11. However, the underlying mechanism which gives
rise to the relic abundance is unknown.
It is usually presumed that a weakly interacting massive particle of mass O (100) GeV can be a good candidate for DM as its
annihilation cross-section σ | v | ≈ 3 × 10−26 cm3 /s satisﬁes the
requirement of relic abundance, because it is produced by the standard thermal freeze-out mechanism [3]. However, an alternative
mechanism has been explored in the literature, where the relic
abundance of DM originates via the asymmetric component rather
than the symmetric component of any stable species. In this case,
the relic abundance depends on the amount of CP violation in the
theory, in a similar way to the baryogenesis mechanism [4–39].
In this Letter we study the possibility of adding a vectorlike lepton doublet to the standard model (SM) whose neutral
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member (to be called fourth neutrino henceforth) could be a candidate for DM. Indeed a fourth generation of fermions [40–46]
is one of the simplest extension of physics beyond the SM with
rich phenomenology and also extensively searched for at colliders.
The properties of the new family are subject to tight constraints
from electroweak precision measurements and by direct searches
[47,48]. Considering the fourth generation leptons, probably the
most stringent bound is the Z invisible width measured at LEP,
because it provides strong evidence for only three families of light
neutrinos. A fourth generation neutrino, if present, should be very
distinct in nature from the three SM neutrinos. Indeed it should be
heavier than at least m Z /2, in order to avoid conﬂict with Z decay
width measurement. Therefore the model of fourth generation leptons we present is distinct from the idea of sequential repetition
of the SM fermionic families.
As is well known, in simple heavy fourth generation extensions
of SM, the heavy neutrino (N 4 ), which is part of a lepton doublet L 4 ≡ ( N 4 , E 4 ), does not qualify as a dark matter since rapid
N 4 N̄ 4 annihilation to SM particles via Z -exchange reduces its relic
density to a value far below what is required for it to be a viable DM candidate as well as is excluded by direct DM searches
due to its coupling with the Z boson. Our model for the fourth
generation neutrino N 4 is however different: in addition to being part of a vector-like doublet, it has two additional features,
which endow it with the properties that make it a viable dark
matter candidate. (i) N 4 is a pseudo-Dirac neutrino, whose Majorana mass arises from the vev (vacuum expectation value) of
a Y = 2 Higgs triplet , acquired below electroweak (wk) phase
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transition. We will call this the type-II seesaw Higgs ﬁeld, which
anyway is present in our model to make the familiar active neutrinos acquire mass via the type-II seesaw mechanism. The presence
of this Majorana mass makes it an inelastic dark matter [49], that
has the advantage of ﬁtting the results of current DM search experiments and not being excluded by upper limits. To keep the
fourth family lepton doublet stable, we then impose an extra Z 2
symmetry on the model under which the fourth family lepton
doublet L 4 is odd and all other ﬁelds of the theory are even
[50,51]: besides the fourth family neutrino being lighter than the
corresponding charged lepton, it is decoupled from the other lepton doublets. (ii) Secondly, the decay of the two type-II seesaw
Higgs triplets via their CP violating coupling produces an asymmetry in the fourth family lepton number, which is large enough
so that the depletion problem of relic density alluded to above
does not occur. In fact, this asymmetry is comparable to the ordinary lepton number generated in the same decay which gives
rise to the matter anti-matter asymmetry in the Universe via leptogenesis [50,51]. Both asymmetries can be comparable to each
other in realistic models. In other words, the triplet mass scale is
superheavy so that its CP violating out-of-equilibrium decay can
produce asymmetry simultaneously in the DM and lepton sector and above the electroweak phase transition temperature, the
lepton asymmetry for the familiar leptons gets converted to the
baryon asymmetry via SU (2) L sphalerons [52]. In this case, we
want to emphasize that the generated lepton asymmetry in the
fourth generation does not get converted to baryon via sphaleron
processes since L 4 being a vector-like doublet, it does not contribute to the B + L anomaly of the standard model. On the other
hand the symmetric component gets depleted via rapid annihilation, i.e. Z -exchange. The common origin of two asymmetries from
the  decay then naturally explains the similar order of magnitude for the DM-to-baryon ratio and by adjusting the masses and
couplings in both sectors, one can have ΩDM /Ω B ∼ 5. Thus our
model provides another example of co-genesis of matter and dark
matter.
It is worth mentioning that in this Letter we focus on the
model building aspects of the co-genesis mechanism with respect
to Refs. [50,51] and try to address some issues about the viability of the scenario described above that were left unexplored.
In particular we propose a mechanism to introduce a splitting in
mass between the neutral and charged partner of the vector-like
doublet and we investigate the survival of the asymmetry at electroweak phase transition. Lastly we update the direct detection
part with the latest data release by XENON100 [53], investigate
if the model might accommodate the excess seen by the CRESST-II
detector [54] and if there is a compatibility with the KIMS exclusion bound [55].
Our Letter is organized as follows. In Section 2 we present
the model for a fourth generation of fermions, discussing in Section 4 constraints from electroweak precision measurements and
direct searches at colliders. The phenomenology for generating the
asymmetries and the measured DM-to-baryon ratio is presented in
Section 3 together with the constraints from DM direct searches.
We then summarize in Section 5.
2. Fourth generation pseudo-Dirac neutrino as DM
Fourth family neutrino has been studied as a dark matter in
gauge extensions of the standard model by several authors [42,43,
56,57]. In this study, we focus on a vector-like fourth generation
lepton doublet, L 4 , which will give a candidate of inelastic DM and
being vector-like will not need the new set of quarks for anomaly
cancellation.
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2.1. Triplet seesaw and sub-eV Majorana masses of three active
neutrinos
In addition to the vector-like lepton doublet, we add two scalar
triplets 1,2 with Y = 2. Since the hypercharge of  is 2, it can
have bilinear coupling to Higgs doublet H as well as to the lepton
doublets. The scalar potential involving  (from here on we drop
the subscripts for the two scalar triplets and refer to them loosely
as ) and H can be written as follows:
2
V (, H ) = M 
†  +

+

λH 

H† H

2
1 

+√

2

λ 
2

2

2

† 

− M 2H H † H

+ λ H H † H † 


μ H † H H + h.c. .

(1)

The bilinear couplings of leptons and Higgs to scalar triplet are
given by

1 

−L ⊃ √

2



f H M  † H H + ( f L )α ,β  L α L β + h.c. ,

(2)

where f H = μ H / M  and α , β = 1, 2, 3. Below electroweak phase
transition the scalar triplet acquires an induced vev:

 = − f H √

v2
2M 

(3)

,

where v =  H  = 246 GeV. The value of  is upper bounded to
be around 1 GeV in order not to spoil the SM prediction: ρ ≈ 1.
The  L α L β coupling gives Majorana masses to three ﬂavors of active neutrinos as

( M ν )α β =

√

v2
2 f α β  = − f L ,α β f H √
.
2M 

(4)

Taking M  ∼ 1010 GeV, f H ∼ 1 and f L ∼ O (10−4 ) we get M ν ∼ O
(eV), which is compatible with the observed neutrino oscillation
data [58–60].
2.2. Triplet seesaw and pseudo-Dirac mass of fourth generation
neutrino
The Lagrangian that gives the fourth family neutrino its mass is
given by

f4

−L L 4 -mass = M D L 4 L 4 + √ L c4 i τ2  L 4 + h.c.
2

(5)

where M D generates the Dirac mass of the N 4 . Below electroweak
phase transition√ acquires an induced vev and generates a Majorana mass m = 2 f 4  for N 4 . Therefore, the Dirac spinor N 4 can
be written as a sum of two Majorana spinors ( N 4, L ) and ( N 4, R ). As
a result the Lagrangian (5) becomes:



−L L 4 -mass = M D ( N 4, L )( N 4, R ) + ( N 4, R )( N 4, L )


+ m ( N 4, L )c ( N 4, L ) + ( N 4, R )c ( N 4, R ) .

(6)

This implies that there is a 2 × 2 mass matrix for the fourth generation neutrino in the basis { N 4, L , N 4, R }. By diagonalizing the mass
matrix we get the two mass eigenstates N 1 and N 2 with mass
eigenvalues ( M D − m) and ( M D + m). Thus the mass splitting between the two states is given by

√
δ = 2m = 2 2 f 4 .

(7)
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We assume that the mass splitting is small, namely δ ∼
O(100) keV, compared to the mass scale of these states, which is
of order 100 GeV. Therefore, the two mass eigenstates are pseudoDirac type neutrino and act as inelastic DM. The lighter of them is
indeed stable, because of the discrete Z 2 symmetry we imposed.
Besides the fourth generation being inert, namely it does not couple to the three SM families of fermions, it does not couple neither
to the Higgs boson, implying that all the Yukawa couplings to the
SM Higgs ﬁeld are zero. The masses of the vector-like fourth generation are therefore not linked to electroweak symmetry breaking
and are not predicted by the model. We however suppose them at
the electroweak scale and take into account the constraints from
LEP direct searches.
2.3. Mass splitting between the charged and neutral component of L 4
An important part of the discussion of dark matter neutrino in
our model is the splitting between the charged and the neutral
member of the fourth generation lepton doublet. A simple way to
achieve this without disturbing other aspects of the model is to introduce an SM singlet lepton N with near TeV scale mass M N and
additional Higgs doublet H , with Yukawa couplings of the order
of O (0.1–1). The extra ﬁelds transform under the Z 2 as L 4 → − L 4 ,
H → H and N → − N. Once H acquires a vev v wk , the N 4 and N
ﬁeld get a 2 × 2 mass matrix of the form:



M N4 ,N =

M4
h v wk

h v wk
MN



(8)

.

This lowers the mass of the dark matter neutrino to the value
m N 4 ≡ M DM ∼ M 4 − m ∼ M 4 −

(h v wk )2
MN

.

3. Pseudo-Dirac fourth generation neutrino as dark matter
3.1. Co-genesis of matter and dark matter
Since the scalar triplet is superheavy, it decays in the early
Universe in a quasi-equilibrium state in various channels, namely
 → L α L β ,  → L 4 L 4 and  → H H . The decay channels can be
easily read from the Lagrangian (2). Since these couplings are in
general complex, charge conjugation (C) and parity (P) are jointly
violated through the interference of tree-level and one loop selfenergy correction diagrams. As a result the decay of  produces
asymmetries in the visible (i.e.  → L α L β ) sector and in the DM
sector (i.e.  → L 4 L 4 ). The asymmetry in the Higgs disappears
after the later acquires a vev. However, the asymmetries in the
visible and DM sectors remain forever.
Quantitatively, the asymmetries in the lepton and dark matter
sectors are as follows

YL ≡

nL
s

Y DM ≡

=

nL4
s

η

L X L ,

=

(9)

η

L4 X  L4 ,

(10)

where X  = n /s, with s = (2π 2 /45) g ∗ T 3 the entropy density
and n the number density of the triplet scalar. η L , η L 4 are the
eﬃciency factors which take into account the depletion of asymmetries due to the number violating processes involving L α , L 4
and H . At a temperature above electroweak phase transition the
lepton asymmetry gets converted to baryon asymmetry via the
SU (2) L sphalerons as

Y B = −0.55Y L .

(11)

As noted in [51], the primordial L 4 asymmetry is much larger
than the primordial value of the familiar lepton asymmetry by

Fig. 1. Absolute value for the Yield of leptons (cyan solid), DM (dotted magenta),
Higgs (dashed black), scalar triplet asymmetry (solid red) plus scalar triplet abundance (black solid), for a successful point with mDM = 60 GeV, B L = 0.015, B DM =
1.7 × 10−5 , L = 3.4 × 10−7 , DM = 3.6 × 10−8 , which leads to ΩDM /Ω B = 5.0,
Y L = 1.6 × 10−10 , Y DM = 1.0 × 10−10 and ηDM /η L = 0.48. (For interpretation of the
references to color in this ﬁgure legend, the reader is referred to the web version of
this Letter.)

a factor of f H2 / f L2 (nearly 108 ). The enhanced annihilation rate
of L 4 causes a much stronger wash-out of L 4 via the processes
L 4 L 4 → H H than of the corresponding asymmetry L for familiar leptons, whose couplings are much smaller. Using this and
Eqs. (10) and (11), we get the DM to baryon abundance:

ΩDM
1 mN4
=
ΩB
0.55 m p

L4
L

ηL4
,
ηL

(12)

where m p ∼ 1 GeV is the proton mass and η L 4 , L represent the
wash-out effect. The details of the numerics can be found in
Refs. [50,51], where a phenomenological analysis of the parameter space satisfying ΩDM ∼ 5Ω B has been realized. Here we plot
in Fig. 1 a particular solution for the co-genesis mechanism: we
observe that the asymmetry generated in the DM sector (Y DM =
1.0 × 10−10 ) is of the same order of the asymmetry in the leptons
(Y L = 1.6 × 10−10 ) and hence in the baryonic sector. The eﬃciency
in the dark matter channel is although larger than the eﬃciency in
the leptonic channel because it should compensate the effect of a
large DM mass (see Eq. (12)) and a small CP asymmetry; the fast
channel is the Higgs one. The parameters used for the solution of
the Boltzmann equations as well as the absolute yields are given in
the caption and are representative of a large portion of the allowed
parameter space (see Ref. [50]). Viable solutions can be found for
dark matter masses running up to TeV scale, even though they are
disfavored with respect to solutions at lower dark matter mass because of the naturalness principle: since the ratio of DM to baryon
abundance is close to unit it is more natural to have light dark
matter with the same eﬃciency and CP asymmetries than the visible matter. Larger dark matter masses are allowed because of the
compensation effect between asymmetries and eﬃciency factors,
as described by Eq. (12).
We wish to point out that it is possible to construct theories
where the two Higgs triplets couple to the different set of leptons
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(one to familiar ones and the other to L 4 ) due to the existence
of some symmetry but mix with each other with a small mixing
after symmetry breaking. In this case, the hierarchy between f H
and f L can be of order 10−2 or so, so that the ratio between 4
L
is much less than in the model described above. There can be a
larger range of parameters where current dark matter abundance
can be ﬁtted. However, in this case the concept of co-genesis has
to be sacriﬁced at the leading order.
L

3.2. Cosmological evolution of dark matter below electroweak phase
transition
As emphasized in the previous section, even though the primordial L 4 (DM) asymmetry is much larger than the familiar lepton
asymmetry, strong wash-out effective above the electroweak phase
transition epoch T = T wk , brings them to be of similar magnitude.
An important issue arises after electroweak phase transition, when
there is the small Majorana mass for L 4 which turns on below T wk .
This splits the L 4 into two Majorana eigenstates N 1 and N 2 by
100 keV mass. The question to be addressed now is: can the two
states annihilate to reduce ΩDM ? As it has been noted in [50], if
the DM mass is  2 TeV, L 4 L̄ 4 annihilation freezes out before T wk
and no further reduction of ΩDM takes place. However, what happens for lower masses needs to be discussed, i.e. do we lose the L 4
asymmetry via weak annihilation processes below T wk .
There are two possible things that can happen: the two Majorana eigenstates can annihilate each other via both the lepton
number conserving and the lepton number violating processes,
where the latter involves the Majorana mass δ/2. The dominant
lepton number conserving annihilation only reduces the symmetric
component but not the asymmetric part which would require the
intervention of the small Majorana mass δ/2. Since relic density of
DM is due to the asymmetric part, if the L 4 violating reaction rates
are out of equilibrium, in this range, the “turning on” of δ/2 will
not affect the relic density. We therefore give a heuristic discussion of whether this is the case. We expect the L 4 violating part of
the annihilation to be proportional to the parameter δ/2.
In order to give a qualitative “feel” for the above argument,
we note that the rate for the lepton number depleting process,
Γ ( L 4 L 4 → f f̄ ) via Z -exchange is expected to be given by

Γ ( L 4 L 4 → f f̄ )

G 2F M 2D
2π


c θW

δ
2T

2

nL4
nγ

T 3,

(13)

where G F is the Fermi coupling constant, c θW the cosine of the
Weinberg angle and we have used the Boltzmann distribution to
account for the non-relativistic number density of N 4 particles. As
a result below T wk , we ﬁnd that this lepton number depletion rate
suffers an exponential suppression and therefore it is slower than
the expansion rate of the universe for the range of masses we are
interested in. Hence this process is not very effective in reducing
the dark matter asymmetry, as shown in Fig. 2. We therefore believe that once the dark matter asymmetry has been created above
T wk , it will survive till the present epoch.
Another issue is the possible oscillation of N 4 → N̄ 4 via the
δ/2 [50,61–63] below the temperature when triplet vev turns on.
Note that if the Majorana mass turns on below the freeze-out temperature for N 4 N̄ 4 annihilation, the oscillations simply redistribute
the relic density between N 1 and N 2 and when N 2 decays to N 1 ,
the net relic density remains unchanged. This is for example the
case when M DM  2 TeV. If M DM  2 TeV, there are two possibilities:
(i) Unlike generic DM, our DM candidate has weak as well as
magnetic moment interactions with the hot plasma of the

Fig. 2. The scattering rate of the process L 4 L 4 → f f̄ as a function of the temperature is compared with the Hubble expansion rate. For illustration purpose we have
assumed the Majorana mass splitting to be 100 keV and we have considered three
values for the mass of the fourth generation neutrino as labelled.

early universe. Discussion of such oscillations in the presence
of dense medium as the early Universe is not very simple [64]
and it is not clear how to estimate the oscillation rate in such
a situation. We therefore assume that such oscillations do not
play an important role in depleting the N 4 asymmetry for
M DM  2 TeV.
(ii) Second possibility is to modify the model such that the Majorana mass arises due to a triplet vev “turning on” at a much
lower temperature than T wk . For example, we could consider
multi-Higgs doublet models with the Higgs ﬁelds that couple
to  to induce triplet vevs themselves have vevs of order of
a few GeVs (as in high tan β two Higgs models). This would
require μ
M  (e.g. μ ∼ 1013 GeV and M  ∼ 109 GeV).
In such models, the Majorana mass δ/2 will turn on around
5 GeV so that we could allow M DM  100 GeV and for such
masses, by the time δ/2 turns on, the N 4 freeze-out would
have taken place and as we argued before, the relic density
will not be reduced further.
3.3. Fourth generation neutrino and DM direct searches
We now make a few comments on the implications of our
model for dark matter search. As noted, the coupling between N 4
and  provides a small Majorana mass to the fourth generation
of neutrinos. In the mass basis, N 1 has an off diagonal coupling
with the Z boson, preventing it to be excluded by direct detection searches. If the mass splitting is of the order of several keV,
the DM N 1 actually has enough energy to scatter off nuclei and
to go into its excited state N 2 , which is the deﬁnition of inelastic
scattering [49].
The state of art for a fourth generation inelastic neutrino is
given by Fig. 3 in the {δ, m N 4 }-plane, where the cross-section is
ﬁxed by the model, while the Majorana mass is allowed to vary
in a reasonable range of values, in order for the scattering to occur. A Majorana mass of the order of 100 keV accounts for the
DAMA [66] annual modulated signal (shaded region), while a much
wider range accounts for the event excess seen in CRESST-II [54]
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which gives m N 4 > 45 GeV. The bound on the mass cannot be
lowered for the Majorana case [73] because it relies on the process Z → N 4 N̄ 4 which contributes only to the invisible width of
the Z boson. However, the charged partner E 4± can be searched
for in the collider and is required to be heavier than N 4 . In particular, the pair production of E 4− E 4+ at LEP with subsequent decay to
SM particles and missing energy (in the form of neutrino and DM)
puts a lower limit on its mass scale to be [48]:

and m E 4 − m N 4 ≡ m > 15 GeV.

m E 4 > 101.9 GeV

(14)

The effects of new physics, which does not necessarily couples
to SM fermions, manifest in the W and Z boson self-energies and
are measured by the corrections to oblique parameters S, T and U .
Those parameters are well constrained by electroweak precision
data and the allowed deviations from the SM model are [48]:

 S = 0.04 ± 0.09 and  T = 0.07 ± 0.08

(15)

with U = 0, which is a good assumption because the oblique
contribution from a fourth generation to U is negligible.
For a fourth generation of vector-like leptonic doublet the
oblique corrections are given by
Fig. 3. 2D marginal posterior pdf in the {δ, m N 4 }-plane. The shaded (blue solid) contours denote the 90% and 99% credible regions for DAMA (CRESST-II) respectively.
The magenta dot-dashed line is the XENON100 exclusion limit, while the green
dashed line is the upper bound of KIMS experiment, at 90 S % conﬁdence level [65].
All the astrophysical uncertainties and nuisance parameters have been marginalized
over. The light gray region is excluded by LEP. (For interpretation of the references
to color in this ﬁgure legend, the reader is referred to the web version of this Letter.)

(blue non-ﬁlled region). However those regions are severely constrained by XENON100 [53] and KIMS [55]. KIMS is very constraining being a scintillator with Iodine crystals as DAMA. Our
dark matter candidate can explain simultaneously the DAMA and
CRESST-II detection, with a marginal compatibility at 90 S % with
XENON100 and KIMS, for a mass range that goes from 45 GeV
up to ∼ 250 GeV. If we give up the DAMA explanation, then it
could account for the CRESST-II excess up to masses of the order
of ∼ 500 GeV.
The details on the model cross-section are given in [50], while
for the numerical analysis of the latest experimental results we
refer to [65].
4. Electroweak precision tests and direct limits on fourth
generation leptons
Nowadays a fourth family of fermions, in particular chiral and
whose mass is related to electroweak symmetry breaking, is very
severely constrained by LHC with the Higgs-like signal at 125 GeV,
ﬂavor violating processes and electroweak precision tests [67–71],
perhaps almost ruled out. One of the reasons is that the fourth
generation of quarks modiﬁes the production of the Higgs boson
and depletes the h → γ γ decay channel, which goes into contradiction with the experimental data. However the constraints on a
fourth generation of fermions strongly depend on the assumptions
of the model [47]. For example it has been shown that vector-like
families can provide the measured branching ratio for h → γ γ and
be compatible with electroweak precision measurements [42].
If really the Yukawa couplings between L 4 and H are zero as
well, as in our model, the only constraints come from the oblique
parameters S and T [72] and from direct measurements at LEP.
These latter are as follows: the N 4 are pseudo-Dirac neutrinos and
are stable, hence lower bounded by the invisible Z -decay width,

S =

1

22 y 1 + 14 y 2 1

π
+

T =



9
7 y2 − 1
8

f ( y2) −

ln

√

y1
y2

2

8π s θ W c θ W

11 y 1 + 1

+


18

y1 y2 4 +



1
2

9

y1 + y2 −

2 y1 y2
y1 − y2

f ( y1)

f ( y1) f ( y2 )
2
ln



√
y1
y1 + y2
+ 2 y1 y2
ln
−2 ,
y1 − y2
y2


,

y1
y2
(16)

having deﬁned y i = m2i /m2Z while s2θW is the sine square of the
Weinberg angle. The mass term mi refers to the mass of the fourth
generation of leptons. The function f ( y i ) is deﬁned as

f ( yi )

⎧ √
√ 1
√ −1
⎪
⎨ −2 ( y i )(arctan ( y i ) − arctan ( y i ) ), ( y i ) > 0,
( y i ) = 0,
≡ 0,
√
⎪
⎩ √−( y ) ln −1+√−( y i ) ,
( y i ) < 0,
i
−1− −( y )
i

with ( y i ) = −1 + 4 y i . These results are derived from [74] and
agree well with the zero Yukawa limit in [42].
In Fig. 4 we show the oblique corrections to S as a function of
m N 4 and m: they are negligibly small in all the considered mass
range and for a broad spectrum of mass splittings. On the contrary, note from Fig. 5 that  T is sensitive to the mass splitting
between E 4 and N 4 only, and tends to zero for a degenerate doublet. We conclude that electroweak precision data do not constrain
the mass range for m E 4 , while they severely restrict the mass splitting between the neutral and charged component, which can be at
most 65 GeV at 3σ .
4.1. Fourth generation leptons and collider searches
The nature of the vector-like doublet L 4 makes it loosely constrained by colliders; the drawback, however, is that it is elusive
as far as it concerns its detection as well. The imposed Z 2 symmetry implies that in a collider the fourth generation leptons are
produced always in an even number. The most probable processes
are (i) pair of charged fermions (E 4− E 4+ ) through the exchange of
γ , Z bosons, (ii) combination of charged fermions plus its neutral partner E 4± N 4 via the exchange of a W boson. At LHC the W
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1. one lepton + di-jet and missing energy,
2. two oppositely charged leptons and missing energy,
3. 4 di-jet + missing energy,
depending on whether the W s decay hadronically (most probable)
or not.
In case the charged particles are produced along with its neutral partner the complete process at LHC is pp → E 4 N 4 → N 4 N 4 W .
This results in
1. di-jets + missing energy,
2. single lepton + missing energy.

Fig. 4. Contour plot for the oblique corrections to  S in the plane {m N 4 , m}. The
black solid lines indicate some reference values for  S as a function of the fourth
generation neutrino mass and of the lepton doublet mass splitting, as labelled.

These ﬁnal states do not rely on a particular signature rather it will
be lost in the huge W background at LHC. Usually a fourth generation of leptons is supposed to produce like sign di-lepton signals,
which can be well separated from the background with the opportune cuts, however this holds only if the neutrino is unstable and
decays into the detector [76,77]. Although N 4 escapes undetected
at colliders, it can be probed by DM direct searches. Constraints
on a fourth generation of lepton from LHC data are beyond the
scope of this Letter, however we remark that these might be carried out in a similar way as constraints on extra dimension have
been sets by means of searches of exotic decays of W bosons, see
e.g. [78,79].
5. Conclusions
In summary, we presented a simple extension of the standard
model by the addition of a vector-like massive lepton doublet,
where the neutral member of the doublet N 4 can play the role of a
dark matter, if it has a small Majorana mass. Both the asymmetry
in the lepton and dark matter sector are generated simultaneously
via out-of-equilibrium decay of triplet scalars via type-II leptogenesis. The model seems to satisfy all cosmological as well as
laboratory constraints and has the potential to explain the current
dark matter search results. Such models could also be theoretically
motivated by grand uniﬁed theories such as E 6 .
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production is larger than the production of Z bosons and the pair
creation via the process qq̄ → Z → N 4 N̄ 4 is reduced by almost two
orders of magnitude with respect to the production of a charged
lepton plus its companion neutrino [75]. Therefore the dominant
production rate of L 4 particles is through W boson, namely via the
process qq → W → E 4 N 4 . Because there is no mixing with the SM
fermionic families, E 4 will decay through the process E 4 → N 4 W ;
on the other hand we recall that the fourth generation neutrino is
stable.
In case of pair production the whole process is pp → E 4+ E 4− →
N 4 N̄ 4 W + W − ; subsequently the possible ﬁnal states are

[1] Gianfranco Bertone, Particle Dark Matter: Observations, Models and Searches,
Cambridge University Press, UK, 2010.
[2] E. Komatsu, et al., Astrophys. J. Suppl. 192 (2011) 18, arXiv:1001.4538.
[3] E.W. Kolb, M.S. Turner, Front. Phys. 69 (1990).
[4] S. Dodelson, B.R. Greene, L.M. Widrow, Nucl. Phys. B 372 (1992) 467.
[5] D.B. Kaplan, Phys. Rev. Lett. 68 (1992) 741.
[6] V.A. Kuzmin, Phys. Part. Nucl. 29 (1998) 257, arXiv:hep-ph/9701269.
[7] M. Fujii, T. Yanagida, Phys. Lett. B 542 (2002) 80, arXiv:hep-ph/0206066.
[8] D.H. Oaknin, A. Zhitnitsky, Phys. Rev. D 71 (2005) 023519, arXiv:hep-ph/
0309086.
[9] D. Hooper, J. March-Russell, S.M. West, Phys. Lett. B 605 (2005) 228, arXiv:
hep-ph/0410114.
[10] R. Kitano, I. Low, Phys. Rev. D 71 (2005) 023510, arXiv:hep-ph/0411133.
[11] N. Cosme, L. Lopez Honorez, M.H. Tytgat, Phys. Rev. D 72 (2005) 043505, arXiv:
hep-ph/0506320.
[12] G.R. Farrar, G. Zaharijas, Phys. Rev. Lett. 96 (2006) 041302, arXiv:hep-ph/
0510079.
[13] L. Roszkowski, O. Seto, Phys. Rev. Lett. 98 (2007) 161304, arXiv:hep-ph/
0608013.

136

C. Arina et al. / Physics Letters B 720 (2013) 130–136

[14] J. McDonald, JCAP 0701 (2007) 001, arXiv:hep-ph/0609126.
[15] D.E. Kaplan, M.A. Luty, K.M. Zurek, Phys. Rev. D 79 (2009) 115016, arXiv:
0901.4117.
[16] K. Kohri, A. Mazumdar, N. Sahu, P. Stephens, Phys. Rev. D 80 (2009) 061302,
arXiv:0907.0622.
[17] H. An, S.-L. Chen, R.N. Mohapatra, Y. Zhang, JHEP 1003 (2010) 124, arXiv:
0911.4463.
[18] M.T. Frandsen, S. Sarkar, Phys. Rev. Lett. 105 (2010) 011301, arXiv:1003.4505.
[19] B. Feldstein, A. Fitzpatrick, JCAP 1009 (2010) 005, arXiv:1003.5662.
[20] H. An, S.-L. Chen, R.N. Mohapatra, S. Nussinov, Y. Zhang, Phys. Rev. D 82 (2010)
023533, arXiv:1004.3296.
[21] T. Cohen, D.J. Phalen, A. Pierce, K.M. Zurek, Phys. Rev. D 82 (2010) 056001,
arXiv:1005.1655.
[22] J. Shelton, K.M. Zurek, Phys. Rev. D 82 (2010) 123512, arXiv:1008.1997.
[23] H. Davoudiasl, D.E. Morrissey, K. Sigurdson, S. Tulin, Phys. Rev. Lett. 105 (2010)
211304, arXiv:1008.2399.
[24] N. Haba, S. Matsumoto, Baryogenesis from dark sector, arXiv:1008.2487.
[25] P.-H. Gu, M. Lindner, U. Sarkar, X. Zhang, WIMP dark matter and baryogenesis,
arXiv:1009.2690.
[26] M. Blennow, B. Dasgupta, E. Fernandez-Martinez, N. Rius, JHEP 1103 (2011)
014, arXiv:1009.3159.
[27] J. McDonald, Phys. Rev. D 83 (2011) 083509, arXiv:1009.3227.
[28] B. Dutta, J. Kumar, Phys. Lett. B 699 (2011) 364, arXiv:1012.1341.
[29] N. Haba, S. Matsumoto, R. Sato, Phys. Rev. D 84 (2011) 055016, arXiv:1101.
5679.
[30] A. Falkowski, J.T. Ruderman, T. Volansky, JHEP 1105 (2011) 106, arXiv:1101.
4936.
[31] E.J. Chun, JHEP 1103 (2011) 098, arXiv:1102.3455.
[32] M.R. Buckley, Phys. Rev. D 84 (2011) 043510, arXiv:1104.1429.
[33] M.L. Graesser, I.M. Shoemaker, L. Vecchi, JHEP 1110 (2011) 110, arXiv:1103.
2771.
[34] H. Iminniyaz, M. Drees, X. Chen, JCAP 1107 (2011) 003, arXiv:1104.5548.
[35] J.J. Heckman, S.-J. Rey, JHEP 1106 (2011), arXiv:1102.5346.
[36] J. March-Russell, M. McCullough, JCAP 1203 (2012) 019, arXiv:1106.4319.
[37] H. Davoudiasl, R.N. Mohapatra, New J. Phys. 14 (2012) 095011, arXiv:1203.
1247.
[38] J. March-Russell, J. Unwin, S.M. West, JHEP 1208 (2012) 029, arXiv:1203.4854.
[39] P.-H. Gu, From Dirac neutrino masses to baryonic and dark matter asymmetries, arXiv:1209.4579.
[40] R. Mohapatra, X. Zhang, Phys. Lett. B 305 (1993) 106, arXiv:hep-ph/9301286.
[41] B. Holdom, W. Hou, T. Hurth, M. Mangano, S. Sultansoy, et al., PMC Phys. A 3
(2009) 4, arXiv:0904.4698.
[42] A. Joglekar, P. Schwaller, C.E. Wagner, Dark matter and enhanced Higgs to diphoton rate from vector-like leptons, arXiv:1207.4235.
[43] H.-S. Lee, A. Soni, Fourth generation parity, arXiv:1206.6110.
[44] P.H. Frampton, P. Hung, M. Sher, Phys. Rept. 330 (2000) 263, arXiv:hep-ph/
9903387.
[45] M. Geller, S. Bar-Shalom, G. Eilam, A. Soni, Phys. Rev. D 86 (2012) 115008,
arXiv:1209.4081.
[46] H. An, T. Liu, L.-T. Wang, Phys. Rev. D 86 (2012) 075030, arXiv:1207.2473.

[47] J. Erler, P. Langacker, Phys. Rev. Lett. 105 (2010) 031801, arXiv:1003.3211.
[48] J. Beringer, et al., Phys. Rev. D 86 (2012) 010001.
[49] D. Tucker-Smith, N. Weiner, Phys. Rev. D 64 (2001) 043502, arXiv:hep-ph/
0101138.
[50] C. Arina, N. Sahu, Nucl. Phys. B 854 (2012) 666, arXiv:1108.3967.
[51] C. Arina, J.-O. Gong, N. Sahu, Nucl. Phys. B 865 (2012) 430, arXiv:1206.0009.
[52] J.A. Harvey, M.S. Turner, Phys. Rev. D 42 (1990) 3344.
[53] E. Aprile, et al., Phys. Rev. Lett. 109 (2012) 181301, arXiv:1207.5988.
[54] G. Angloher, M. Bauer, I. Bavykina, A. Bento, C. Bucci, et al., Eur. Phys. J. C 72
(2012) 1971, arXiv:1109.0702.
[55] S. Kim, H. Bhang, J. Choi, W. Kang, B. Kim, et al., Phys. Rev. Lett. 108 (2012)
181301, arXiv:1204.2646.
[56] H.-S. Lee, Z. Liu, A. Soni, Phys. Lett. B 704 (2011) 30, arXiv:1105.3490.
[57] Y.-F. Zhou, Phys. Rev. D 85 (2012) 053005, arXiv:1110.2930.
[58] S. Fukuda, et al., Phys. Rev. Lett. 86 (2001) 5656, arXiv:hep-ex/0103033.
[59] Q. Ahmad, et al., Phys. Rev. Lett. 89 (2002) 011302, arXiv:nucl-ex/0204009.
[60] K. Eguchi, et al., Phys. Rev. Lett. 92 (2004) 071301, arXiv:hep-ex/0310047.
[61] M.R. Buckley, S. Profumo, Phys. Rev. Lett. 108 (2012) 011301, arXiv:1109.2164.
[62] M. Cirelli, P. Panci, G. Servant, G. Zaharijas, JCAP 1203 (2012) 015, arXiv:
1110.3809.
[63] Y. Cui, D.E. Morrissey, D. Poland, L. Randall, JHEP 0905 (2009) 076, arXiv:
0901.0557.
[64] E.K. Akhmedov, A. Wilhelm, Quantum ﬁeld theoretic approach to neutrino oscillations in matter, arXiv:1205.6231.
[65] C. Arina, Phys. Rev. D 86 (2012) 123527, arXiv:1210.4011.
[66] R. Bernabei, P. Belli, F. Cappella, R. Cerulli, C. Dai, et al., Eur. Phys. J. C 67 (2010)
39, arXiv:1002.1028.
[67] M. Buchkremer, J.-M. Gerard, F. Maltoni, JHEP 1206 (2012) 135, arXiv:1204.
5403.
[68] O. Eberhardt, G. Herbert, H. Lacker, A. Lenz, A. Menzel, et al., Impact of a
Higgs boson at a mass of 126 GeV on the standard model with three and four
fermion generations, arXiv:1209.1101.
[69] S. Bar-Shalom, M. Geller, S. Nandi, A. Soni, Two Higgs doublets, a 4th generation and a 125 GeV Higgs, arXiv:1208.3195.
[70] L. Bellantoni, J. Erler, J.J. Heckman, E. Ramirez-Homs, Phys. Rev. D 86 (2012)
034022, arXiv:1205.5580.
[71] A. Djouadi, A. Lenz, Phys. Lett. B 715 (2012) 310, arXiv:1204.1252.
[72] M.E. Peskin, T. Takeuchi, Phys. Rev. D 46 (1992) 381.
[73] L.M. Carpenter, A. Rajaraman, Phys. Rev. D 82 (2010) 114019, arXiv:1005.0628.
[74] L. Lavoura, J.P. Silva, Phys. Rev. D 47 (1993) 2046.
[75] L.M. Carpenter, A. Rajaraman, D. Whiteson, Searches for fourth generation
charged leptons, arXiv:1010.1011.
[76] L.M. Carpenter, Fourth generation lepton sectors with stable Majorana neutrinos: From LEP, to LHC, arXiv:1010.5502.
[77] A. Rajaraman, D. Whiteson, Phys. Rev. D 82 (2010) 051702, arXiv:1005.4407.
[78] G. Aad, et al., Search for new phenomena in the WW to l nu l nu ﬁnal
state in pp collisions at sqrt(s) = 7 TeV with the ATLAS detector, arXiv:1208.
2880.
[79] CMS, Search for Randall–Sundrum gravitons decaying into a jet plus missing ET
at CMS, CMS exotica public physics results, 2011 run, CMS-PAS-EXO-11-061.

