Cold Dark Matter from heavy right-handed neutrino mixing
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We show that, within the see-saw me hanism, an almost de oupled right-handed (RH) neutrino
spe ies NDM with mass MDM & 100 GeV an play the role of Dark Matter (DM). The NDM 's an
be produ ed from non-adiabati onversions of thermalized (sour e) RH neutrinos with mass MS
lower than MDM . This is possible if a non-renormalizable operator is added to the minimal type I
see-saw lagrangian. The observed DM abundan e an be reprodu ed for MDM δ 1/4 ∼ 10−13 Λeff ξ ,
where Λeff is a very high energy new physi s s ale, δ ≡ (MDM −MS )/MDM and ξ . 1 is a parameter
determined by the RH neutrino ouplings.

PACS numbers: 14.60.St, 95.35.+d
I.

INTRODUCTION

The results from neutrino os illation experiments represent a su ess for the seesaw me hanism [1℄, the simplest way to understand why neutrinos are massive, yet
so light ompared to all other massive parti les in the
Standard Model (SM). Indeed, within the seesaw, the
atmospheri and the solar neutrino mass s ales point to
a high energy s ale ∼ 1015 GeV ompatible with grand
uni ation and at the same time one an understand the
observed large mixing angles. Moreover, neutrino os illations support leptogenesis [2℄, an attra tive way to explain the observed baryon asymmetry of the Universe and
a dire t onsequen e of the seesaw me hanism.
Despite the great progress made in the last years in
deriving, espe ially from leptogenesis [3℄, interesting onstraints on those seesaw parameters that es ape the low
energy experiments investigation, we still la k a way to
probe the seesaw me hanism. The main obsta le is that,
for natural hoi es of the seesaw parameters, the heavy
RH neutrinos, predi ted by the seesaw, are not expe ted
to be dete ted at olliders, be ause they would be either
too heavy or too weakly oupled. Moreover they usually
de ay very fast disappearing from the osmologi al lore.
If leptogenesis is the right explanation of the observed
matter-antimatter asymmetry of the Universe, produ ed
from the CP violating de ays of the RH neutrinos, this
would be the only reli tra e left over at present.
However, in this paper, we show that a weakly oupled RH neutrino spe ies an play the role of old DM.
The s enario we present diers signi antly from that
one proposed in [5℄, where the lightest RH neutrino with
a O(KeV) mass plays the role of warm DM, and neutrino
Yukawa ouplings are mu h smaller ompared to harged
leptons and quarks Yukawa ouplings. In our model, we
assume that all RH neutrinos are heavy, with the lightest
RH neutrino mass not lower than the ele troweak s ale.
In this way, the neutrino Yukawa ouplings an be of the
same order as for the other massive fermions.

II.

FAILURE OF THE MINIMAL PICTURE

The (type I) seesaw me hanism [1℄ is a minimal way
to explain neutrino masses. The SM Lagrangian is extended adding a Yukawa intera tion term between three
RH neutrinos νR and the three left-handed doublets l via
a Higgs doublet φ and a Majorana mass term M ,
−LY +M = ¯lL φ h νR −

1 c
ν M νR + h.c. ,
2 R

(1)

where h is the matrix of the neutrino Yukawa ouplings.
After ele troweak symmetry breaking, indu ed by the
Higgs VEV v, the Yukawa intera tion generates a Dira
mass term mD = h v. In the seesaw limit, M ≫ mD ,
the spe trum of mass eigenstates splits into three light
neutrinos νi with masses given by the seesaw formula,
diag(m1 , m2 , m3 ) = −U † mD

1 T ⋆
m U ,
M D

(2)

where U is the leptoni mixing matrix, and into three
heavy neutrinos Ni with masses M1 ≤ M2 ≤ M3 . These
oin ide, with very good approximation, with the eigenvalues of the Majorana mass matrix.
Neutrino os illations experiments measure two neutrino mass-squared dieren es. For normal s hemes one
has m32 − m22 = ∆m2atm and m22 − m12 = ∆m2sol , whereas
2
2
2
for inverted s hemes one has m32 −mp
2 = ∆msol and m2 −
2
2
m1 = ∆matm . For m1 ≫ matm ≡ ∆m2atm + ∆m2sol =
(0.050 ± 0.001) eV [6℄ the
p spe trum is quasi-degenerate,
while for m1 ≪ msol ≡ ∆m2sol = (0.00875±0.00012) eV
[6℄ it is fully hierar hi al (normal or inverted). For deniteness we will refer to the ase of normal s hemes but
all the dis ussion applies to inverted s hemes as well.
The RH neutrino de ays an be onveniently des ribed
e Di /H(T = Mi ),
in terms of the de ay parameters Ki ≡ Γ
e Di are the de ay widths. These an be related
where Γ
to the neutrino masses introdu ing the ee tive neutrino
masses, dened as m
e i ≡ (m†D mD )ii /Mi , su h that Ki =
m
e i /m⋆ , where m⋆ ≃ 1.08 × 10−3 eV. Assuming N1 to

2
be heavier than the Higgs boson, from the LEP bound
[7℄ one has M1 & 115 GeV and the Ni life-times are then
given by
2

τi =

8πv
5
≃
m
e i Mi2
Ki



TeV
Mi

2

× 10−13 sec .

(3)

Let us now impose that one among the three RH neutrinos spe ies Ni , plays the role of DM parti le whi h we indi ate with NDM . This implies τDM ≥ t0 ≃ 4 × 1017 sec,
where t0 is the age of the Universe. However, sin e the
NDM -de ays would produ e ordinary neutrinos, a mu h
more stringent lower bound omes from neutrino teles opes,
τDM
& α ≫ 1.
t0

(4)

In the range MDM ∼ 105÷9 GeV, the AMANDA limits
on neutrino ux implies α ∼ 109 [8, 9℄, while in the range
MDM ∼ 102÷5 GeV, where the atmospheri neutrino ux
is observed, the lower bound is more relaxed. In any
ase, sin e strong future improvements are expe ted from
the ICE-CUBE experiment, we will leave indi ated the
dependen e on α in the following dis ussion. From the
relation (3), this translates into an upper bound on the
de ay parameter KDM (or equivalently on the ee tive
neutrino mass m
e DM ) given by
KDM (m
e DM /eV) .

10−30(33)
α



TeV
Mi

2

.

(5)

Moreover, imposing that the NDM -abundan e explains
the measured DM ontribution to the energy density
of the Universe, one nds a ondition on rDM ≡
(NNDM /Nγ )prod , the ratio of the number of NDM to
the photon number at the time of the NDM -produ tion,
o urring at temperatures higher than the ele tro-weak
phase transition,
rDM ∼ 10

−9

TeV
TeV
(ΩDM h )
∼ 10−10
.
MDM
MDM
2

(6)

Assuming that the orre t value of rDM is produ ed by
some external me hanism, for example from inaton deays, a trivial DM model is obtained if the ondition
Eq. (5) is satised. Within su h a s enario one an indierently identify either N1 or N2 or N3 with NDM .
The orthogonal seesaw matrix Ω [10℄, is a useful tool to
parameterize the Dira mass matrix mD , su h that
1/2

1/2
mD = U D m
Ω DM ,

(7)

with Dm
≡
diag(m1 , m2 , m3 ) and DM
≡
diag(M1 , M2 , M3 ).
The ee tive neutrino masses

an then be expressed
P as linear ombinations of the neutrino masses m
e i = h mh |Ωhi |2 and one easily obtains
m
e i ≥ m1 . Therefore, the upper bound Eq. (5) applies to
m1 as well, implying hierar hi al light neutrinos. It also

implies that Ω has to be lose to the spe ial form



1
0
0
 0 cos ω sin ω  ,
0 − sin ω cos ω

(8)

√

1 − ε2 √ −ε
0
Ω′ = 
ε
1 − ε2 0  ,
0
0
1

(9)

or to those other two obtained by olumn y li permutation. Therefore, assuming exa tly one of these three
forms for the orthogonal matrix, the ondition Eq. (6)
is fullled only assuming some me hanism for the NDM produ tion based on physi s beyond the type I seesaw
SM extension. Even allowing small deviations from these
spe ial forms, one undergoes a severe obsta le within the
type I seesaw. Indeed one an think of dierent pro esses
produ ing the NDM -abundan e, su h as inverse de ays
or s atterings involving the top quark or gauge bosons.
However, in all ases one has approximately rDM ∼ KDM
and it would be then impossible to satisfy simultaneously
the two requirements Eq. (5) and Eq. (6).
Let us onsider a parti ular example that learly shows
su h a di ulty but that at the same time, as we will see,
will suggest a solution relying on a simple and reasonable
extension of the type I seesaw lagrangian.
We investigate the possibility that the NDM produ tion is indu ed by the mixing of NDM with one of
the other two RH neutrinos a ting as a sour e, and that
we indi ate with NS . Noti e that NS has ne essarily a
thermal abundan e if the reheat temperature is approximately higher than MS . This is be ause there annot be
more than one RH neutrino spe ies with m
e i . m⋆ .
For deniteness we an assume that NDM and NS are
the two lightest RH neutrinos and hen e there are only
two possibilities: either MDM = M1 and MS = M2
or vi e-versa. In this ase N3 does not play any role
in the NDM -produ tion but it is ne essary to reprodu e
orre tly the neutrino masses. This s enario is realized
hoosing the following form for the orthogonal matrix

representing a perturbation, with cos ω = 1, of the spe ial
form in Eq. (8). Here the prime index indi ates that we
are re-expressing Ω into a basis where the RH neutrino
mass term is still diagonal but in a way that MDM is
always the rst eigenvalue and MS the se ond eigenvalue.
Noti e that we an hoose ε real and for onvenien e
positive. Moreover noti e that the hoi e cos ω = 1 is
not restri tive. Indeed, in any ase a value cos ω 6= 1
would not be relevant for the DM produ tion but noti e
that it would be important if one simultaneously imposes
su essful leptogenesis from NS de ays, a possibility that
will be dis ussed elsewhere [11℄.
In order to des ribe the RH neutrino mixing, it is
onvenient to work in the `Yukawa basis', where the
Yukawa intera tion term is diagonal. This an be diagonalized by mean of a bi-unitary transformation, Dh ≡
diag(hA , hB , hC ) = VL† h UR . The RH neutrino mixing

3
matrix UR an be found onsidering that it diagonalizes
h† h, namely UR† (h† h) UR = diag(hA2 , hB2 , hC2 ). Then,
from the expression Eq. (7), one an see that our hoi e
for Ω′ simply results into


cos θ − sin θ
UR =  sin θ cos θ
0
0
p
with sin θ ≃ ε MS /MDM and into
√
√
m1 MDM
msol MS
, hB ≃
hA ≃
v
v



0
0,
1
, hC ≃

only if ∆M 2 < 0, i.e. only if M1 = MS < MDM = M2 .
Using the Eq. (11), Tres an be onveniently re ast as
7

Tres ≃ 10 MDM

(10)

(12)

and therefore the upper bound Eq. (5) translates into the
upper bounds [20℄


TeV
MDM

2

,

10−16
|ε| . √
α



TeV
MDM



.

(13)
This implies a hierar hi al light neutrino spe trum and
a tiny mixing angle between the two lightest RH neutrinos. The des ription of the produ tion of the NDM abundan e pro eeds very similarly to the ase of light
a tive-sterile neutrino os illations [12℄ and in parti ular
to the ase des ribed in [13℄, where transitions o ur in
the non-adiabati regime as it will prove to be in our ase.
Let us write down the hamiltonian for the two lightest
RH neutrinos in the Yukawa basis. This will be the sum
of two terms: a pure kineti term and a se ond term a ounting for matter ee ts des ribed by a potential that
in the Yukawa basis is diagonal and given by [14℄
VI ∼

h2I

2

T /(8 k)

(I = A, B) ,

∆H =

∆M 2
12 T



− cos 2θ + (vA − vB )
sin 2θ
sin 2θ
cos 2θ − (vA − vB )

(15)
where we dened vI ≡ T 2 h2I /(4 ∆M 2 ) and ∆M 2 ≡ MS2 −
2
MDM
. Approximating cos 2θ ≃ 1, one an see that there
is a resonan e at a temperature
Tres ≃ 2

s

∆M 2
≃2
2
hA − h2B

√
−∆M 2
,
hB

γres ≡

(16)

(17)

1
2 θ̇m ℓm

= sin2 2θ
res

|∆M 2 |
.
6 Tres Hres

(18)

√

2
Here Hres ≃ 1.66 g⋆ Tres
/MPl is the value of the expansion rate at the resonan e. Using the onditions
Eq. (13) and Eq. (4), one obtains the upper bound
2
γres . 10−26 (TeV/MDM ) . The NDM -abundan e rDM
an then be al ulated as the fra tion of NS 's that is
onverted into NDM . This is approximately given by the
Landau-Zener formula,

rNDM ∼

(14)

in the approximation of ultra-relativisti neutrinos, implying E ∼ k and T ≫ MS /3. Noti e that in any ase for
T . MS the NS -abundan e is exponentially suppressed
and the NDM -produ tion would stop anyway. In order to
further simplify the problem, we also employ a mono hromati approximation where all neutrinos have the same
mean energy value k ∼ 3 T . As usual, we an subtra t
from the hamiltonian a term proportional to the identity, irrelevant in neutrino os illations. Therefore, in the
Yukawa basis, the relevant hamiltonian an be re ast as



M2
1 − 2S
.
MDM
p

(11)
This learly shows that though N3 does not mix, it is
ne essary to reprodu e the atmospheri neutrino mass
s ale. Imposing the ondition (5), one an see that ε has
to be tiny. Indeed one has

m1
10−33
.
eV
α

v
MS

If MDM & 2 MS one has Tres ≃ 107 MDM v/M
p S . In
−7
MS /v ,
this ase, introdu ing zres ≡ MDM /Tres ≃ 10
one an envisage a problem. The NS 's thermalize for
zeq ≃ (6/KS )1/3 ≃ 0.8 [4℄. Imposing zres > zeq leads to
an una eptably large values of MS , MD and of the reheat
temperature. Therefore, unless one assumes an initial
thermal abundan e, one is for ed to onsider the degenerate limit, for δ ≡ (MDM −MS )/MDM ≪p1. In this limit
one now obtains p
Tres ≃ 107 MDM δ 1/2 v/MDM and
zres ≃ 10−7 δ −1/2 MDM /v. For δ . 10−13 MDM /TeV,
this time one an have zres & zeq . Therefore, the degenerate limit has to be onsidered as a more attra tive
option.
Be ause of the tiny mixing angle the transitions at the
resonan e o ur in the non-adiabati regime. Indeed let
us al ulate the adiabati ity parameter at the resonan e,

√
matm M3
.
v

m
e 1 ≃ m1 + msol |ε|2 ,

s

π
π
NDM
∼ (1 − e− 2 γres ) ≃ γres .
NS
2

(19)

Comparing with the ondition Eq. (6), it is evident that
neutrino mixing between heavy RH neutrinos annot produ e the right NDM -abundan e, not at least within a
minimal type I seesaw extension of the SM. This on lusion is onrmed by more pre ise al ulations beyond the
Landau-Zener approximation.
III.

A WAY-OUT FROM

NON-RENORMALIZABLE OPERATORS



,

Let us onsider the possibility that adding higher dimensional ee tive operators to the minimal type I seesaw Lagrangian Eq. (1), while not ae ting neutrino
masses and mixing, enhan es the NDM -produ tion from
neutrino mixing. In parti ular let us onsider the following dim-ve ee tive operator[21℄
Leff ∝

λAB 2 c
|Φ| N̄A NB ,
Λeff

(20)

4
where Φ is the usual Higgs eld, λ is a dimensionless oupling matrix and Λeff is an unspe ied very high energy
new physi s s ale that we treat as a free parameter.
This operator yields a new ontribution to `matter effe ts' into the hamiltonian [11℄, that in the Yukawa basis
an be written as
2

Heff ≃

T
λIJ .
12 Λeff

Re[ΣN (T )] =

λIJ
Λ

4

d q
δ(q 2 − m2Φ )nb (q),
(2π)3

∆H eff ≃

2

∆M
12 T



AB
−vB
sin 2θ + veff
AB
sin 2θ + veff
vB



, (23)

IJ
where we introdu ed veff
≡ T 3 λIJ /(2 ∆M 2 Λeff ). Noti e that the resonan e ondition on the temperature,
Eq. (16), does not hange. However, now the mixing
angle is dierent and re eives a ontribution from the
AB
o-diagonal terms in Heff , su h that sin 2θeff ≃ veff
.
Imposing again that mixing is responsible for the DM
produ tion, sin e we know that the mixing angle θ indu ed by the Yukawa oupling hA is by far too small to
play any role, it an be assumed to be exa tly zero. This
is a good feature sin e otherwise one ould have obje ted
that radiative orre tions ould indu e a large value anyway, spoiling the stability of NDM on osmologi al s ales.
However, if it is exa tly zero, one an invoke some symmetry that prote ts it from radiative orre tions.
Therefore, the adiabati ity parameter an be now written as
eff
γres

2

≃ sin 2θeff

|∆M 2 |
≃
6 Tres Hres

p
|∆M 2 | MPl
,
5 Λ2eff ξ 2

1

It

h2B

is

≫

easy

to

Tres /Λeff ,



Λeff
1013 TeV

4 

10−9
λAB

4

TeV ,

(26)

showing that in order not to satisfy MS & 100 GeV the
ouplings annot be too large. On the other hand in the
more interesting degenerate limit (δ ≪ 1) one nds
MDM ≫



Λeff
13
10 TeV

4 

10−9
λAB

4

TeV ,

(27)

showing, onversely, that in order not to have too large
values of MDM the ouplings annot be too small. Noti e that too large values log(MDM /TeV) . 5 ÷ 8 would
spoil the osmologi ally stability of NDM , leading to unobserved neutrino uxes at neutrino teles opes. Indeed
in this ase the non-renormalizable operator and the mixing with MS would indu e too fast de ays of the NDM 's
into Higgs and leptons[22℄. For Λeff ∼ MGUT ÷ MP l
one has then λAB & 10−13÷−10 . The smallness of

an be explained in two ways. In the ase
when Λeff ∼ MGUT the operator (20) an be generated radiatively from the oupling to the GUT
s ale parti les. For example, one an assume
the Yukawa oupling (with the strength h) between RH neutrino, Higgs and heavy (m ∼ MGUT )
fermion. This oupling generates at one loop the
operator (20) after heavy fermion is integrated
out. The values of λAB are, therefore, given by
h2 (Tres ) and, if h(Tres ) & 10−4÷5 , they ome out
naturally in the desired region. Alternatively,
if the operator (20) is generated gravitationally
(Λeff ∼ MP l ) the smallness of the oe ients λAB
an be explained in the models where the ee tive
value of MP l in the early universe is dierent from
its present value (e.g. see Refs.[19℄). However,
the onsequent de ay hannels at present should
be estimated with λAB ∼ 1. A detailed analysis of the
λAB

onstraints from de ays will be presented elsewhere [11℄,
however, it is remarkable that the me hanism is viable
for reasonable values of the involved parameters.

(24)
IV.

where we used the Eq. (16) for Tres and dened ξ ≡
1/4 3/2
g⋆ hB /λAB .
Using again the Landau-Zener approximation for an estimation of the NDM -abundan e,
rNDM ∼ γres , and imposing again the ondition Eq. (6),
we obtain the ondition
MDM δ 4 ∼ 10−13 Λeff ξ .

MS .

(22)

where nb (q) = e|q·u|1 −1 is the Bose-Einstein distribution
with u being the four-velo ity of the thermal bath. Assuming zero Higgs mass one then immediately dedu e
orresponding orre tion to the Hamiltonian (21).
We an reasonably assume that h2B ≫ Tres/Λeff . In
this way in the Yukawa basis the total intera tion term
is approximately still diagonal and with the same eigenvalues. The relevant hamiltonian des ribing neutrino osillations an then be written as

4/3

From the ondition Eq. (25), one then nds in the
hierar hi al ase, i.e. MDM & 2 MS ,

(21)

This result follows from the omputation of the temperature dependent nite real part of the RH neutrino selfenergy [14℄:
Z

δ /λAB , easily veried exept for tiny values of λAB . Noti e also that using the
Eq. (11), one an re ast ξ ∼ (10−9 /λAB ) (MS /TeV)3/4 .
1/3 2/3

MS ≫ 10−2 GeV g⋆

(25)

verify that the assumption
translates into a ondition

CONCLUSIONS

We presented a new s enario where the role of DM is
played by heavy RH neutrinos. The s enario is based on
a me hanism where the DM RH neutrinos are produ ed
through mixing enhan ed by the additional presen e of
higher dimensional ee tive operators into the usual type
I seesaw Lagrangian. The me hanism relies ru ially on
the fa t that is ne essary to onvert just a very small
fra tion of the sour e RH neutrinos into the DM RH neutrinos. In this way the additional operator has the ee t

5
of enhan ing the mixing without spoiling any other su essful feature of the type I seesaw me hanism and at
the same time preserving the DM RH neutrinos stability
on osmologi al times. A straightforward predi tion of
the me hanism is that the lightest neutrino mass has to
vanish. It also seems quite general that the DM RH neutrinos de ay and this ould lead to signatures in osmi
rays. The re ent dete ted ex ess of positrons in

the HEAT and PAMELA experiments have been
interpreted as due to de aying DM parti les with
a mass higher than 300 GeV and a lifetime of approximately τDM ∼ 1026 sec [15℄. Therefore, our
me hanism seems to have the right features to
explain this ex ess. These results are quite interest-

ing sin e not only they are fully ompatible with our
model but also be ause the value for the life time orre-
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