PHYSICAL REVIEW D 104, 083024 (2021)

Seesaw neutrino determination of the dark matter relic density
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In this article we show that in the usual type-I seesaw framework, augmented solely by a neutrino portal
interaction, the dark matter (DM) relic density can be created through freeze-in, in a manner fully
determined by the seesaw interactions and the DM particle mass. This simple freeze-in scenario, where
dark matter is not in a seesaw state, proceeds through slow, seesaw-induced decays of Higgs W and Z
bosons. We identify two scenarios, one of which predicts the existence of an observable neutrino line.
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I. INTRODUCTION

The nature of dark matter (DM) as a particle and the origin
of neutrino masses constitute two of the main conundrums of
particle physics today. Whether these two enigmas could be
closely related is a fascinating question. In the type-I seesaw
scenario, the right-handed Majorana neutrinos and their
Yukawa interactions allow for a particularly simple and
motivated explanation of neutrino masses [1-4]. In this
article, we are interested in the possibility that these inter-
actions could play an important role in the existence of DM
today. If the right-handed neutrinos lie around the electro-
weak scale or below, these seesaw interactions are expected
to be small, so that they induce sufficiently suppressed
neutrino masses. Thus, in this case, if these interactions
are to play an important role in the production of DM, one
would expect that it is through out-of-equilibrium freeze-in
production [5,6] rather than freeze-out production (i.e., exit
from thermal equilibrium). This possibility, where DM is
slowly produced out of equilibrium in the early Universe
thermal bath through processes where the small seesaw
Yukawa couplings are involved, has been considered in
several recent works [7—11]. Putting aside the possibility
of sterile neutrino DM (see e.g., [12—15] for studies of the
constraints on this scenario), this requires an interaction
between the right-handed neutrino(s) and DM. The most
minimal possibility is to assume a neutrino portal Yukawa
interaction where the right-handed neutrinos couple to new
scalar and fermion particles, one or both constituting the DM.
In this article, we point out that based on this simple seesaw/
neutrino portal structure, the DM relic density could be

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI. Funded by SCOAP’.

2470-0010/2021/104(8)/083024(6)

083024-1

produced from Higgs W and Z boson decays via freeze-in, in
a manner that depends only on the seesaw parameters and the
mass of the DM particle(s).

I. GENERAL SETUP

We begin by displaying the Lagrangian assumed. On top
of the usual type-I seesaw interactions,

o~ 1 —re | oE
‘Cseesaw = lNRaNR - EmN(NRNﬁe + N;QNR)
— (Y, NgH'L +H.c.), (1)
one assumes only a neutrino portal interaction,
8L =-Y,Npy +H.ec.. (2)

A sum over the various right-handed neutrinos is implicit.
We assume that y is a two-component Majorana spinor. The
generalization to a four-component Dirac spinor is straight-
forward. We do not assume any symmetry at this stage, i.e.,
y and ¢ are singlets of all existing symmetries. The
possibility that they are charged under a discrete, global,
or local symmetry will be discussed later.

As is well known, in the seesaw mechanism the neutrino
masses follow from the diagonalization of the induced
neutrino mass matrix, M, = =Y my'Y v?/2, where v =
246 GeV is the vacuum expectation value (VEV) of the
Standard Model (SM) scalar boson. Given the value of the
atmospheric and solar neutrino mass splittings, this implies
that two right-handed neutrinos, which we will call N, 3,
necessarily have Yukawa couplings much larger than the
typical 107'°—10"13 values one needs to produce the
observed relic density through freeze-in. However, one of
the three right-handed neutrinos, which we will call Ny, or
simply N, could nevertheless have smaller couplings as the
absolute neutrino mass scale is not known, 1.e., the value of
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the lightest neutrino mass could be very tiny or even
vanishing. If this right-handed neutrino is lighter than the
Higgs boson, the Higgs boson can decay to N +vu;
(i = e, u,7) with a decay width'

1 ) m%\ 2
Uhoiy g, = Emh|yui| I-—]. (3)

Similarly, in the electroweak broken phase, the decays of the
W= to N + [* and Z to Nv occur through N — v mixing, if
kinematically allowed,

1
Dys oy = Emw|ym|2f(m12v/m%v)v (4)
1
Uz funp, = @mzlYm\zf(m%v/m%), (5)

where f(x) = (1 —x)*(1 +2/x). Note the m3, ,/m3
enhancement (due to N — v; mixing) of the gauge boson
decay widths with respect to the & one. Given the neutrino
mass constraints, it is entirely possible that these decays
have never been in thermal equilibrium. For the Z decay,
which is the fastest, this requires T'z_ 5, x5,/ H|7am, < 1,
ie.,

2
Y 2<1x10-16. (" )" 6
ST 1ot (G ©

or
m,, <y <3x107* eV(my/10 GeV), (7)

where we have neglected m%/m% corrections and have
used the well-known seesaw inequality m, <=
S 1YulPv?/(2my), with m, the mass of the lightest
SM neutrino. As is also well known, the value of 7, is
experimentally allowed to be anywhere between m,,
and values much larger than the neutrino masses but,
barring cancellations between the Yukawa couplings
in the neutrino mass formula, it is expected below the
upper bound on neutrino masses ~1.1 eV [16], typically
of order m,,.

If N has never been in thermal equilibrium (and not
created at the end of cosmic inflation), then it can only be
created through freeze-in. For my < my, y z, the dominant
freeze-in production mechanism is from the above decay

'We will assume the two other right-handed neutrinos are
heavier, my,, > m,, and have negligible neutrino portal inter-
actions. These could, for instance, be responsible for successful
baryogenesis through leptogenesis (and without much washout of
the L asymmetry produced by N; interactions, given the small-
ness of the N, interactions and possible flavor effects). Alter-
natively, they could also never have been produced if the inflation
reheating temperature is smaller than their masses.

channel(s).” The resulting number of right-handed neutri-
nos from Z boson decays is given by

Yy = ny —cy VZ—Nv+Np ) (8)
S sH T=my

Here we have simply multiplied the number of decays per

unit time and volume, y;_ 5, nz. by the age of the universe

~1/H, everything taken at about the freeze-in production

peak temperature, T ~ m,, with

E
_ _ /[ ,ca _
YZ-Nu+No = <”lz | AN
mgz

m3T
= 2 Kama/ T)f 3 /) S IV, (9)
which depends on the Bessel function K, and where the
brackets refer to the thermal average. This is valid up to
a constant, ¢z, of order unity, cf. Eq. (8). Integrating
the corresponding Boltzmann equation gives c¢;=
37/[2K;(1)]=7.8. The same formula holds for W — NI,
and h — Ny;, and we find cyy = ¢, = ¢5.

Once produced this way, the right-handed neutrinos can
decay dominantly to y + ¢ through neutrino portal inter-
actions, provided my > m, + m (see below for possible
effects of three-body decays). This simply gives

Y,=Ys="Yy. (10)

Summing the contributions from Z, W, and h decays, one
finally obtains

10 GeV\ 2
QDMh2:1023Z|YW»|2<mZ+m¢>( ¢ ) .1

1 GCV my

Note that we have assumed here that both y and ¢ are
stable, so that both are DM components. If one of these
particles is unstable, one has to drop the corresponding
mass from this equation. Thus, one gets the observed value
Qpyh? = 0.12 if

2/ 1 GeV
Y, 210724 (N 12
Zl] il 0 (10 GeV m, +my ’ (12)

which implies

2Scattering processes involving two powers of Y, in the
amplitude clearly have a very suppressed contribution. Scattering
processes from SM fermions involving only one power, e.g.,
ff — NL, bring a smaller contribution (~20%) than the decays,
and for clarity we will limit ourselves to the contribution of the
decays. Three-body SM fermion decays, f — /LN, also give a

subleading contribution.
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10 GeV [ 1 GeV
m,, < i = 4x 10712 ey . 105 < Ge ) (13)

my m, + my

Again, m, ~7m; holds approximately, unless there are
cancellations between various Yukawa couplings in the
neutrino mass formula. Thus, the DM relic density is
determined only by its mass and the seesaw parameters.
In particular, one finds an interesting relation between the
value of the lightest neutrino mass and the DM relic
density. Such a tiny neutrino mass value would be very
difficult to probe, but is falsifiable from absolute neutrino
mass scale and neutrinoless double beta decay experiments
such as KATRIN and GERDA [17], as well as from
cosmology.

II. DM STABILITY

This very simple mechanism above has to be confronted
with several constraints, which we will now discuss. First,
one has to check that the interactions assumed above do not
lead to too fast a DM decay. There are different possibilities
depending on the existence of various possible symmetries.
Before discussing these, we will first limit ourselves to the
decay which must occur simply as a result of the interaction
assumed above, irrespective of the symmetry assumed.

If m, > my, the y particle can decay in several ways. At
energies of order or below the electroweak scale, as is the
case here, the dominant decay is into v+ q’z via the Y,
interaction and v — N seesaw-induced mlxmg,

Y ‘2 m2\ 2
T, = 2 2ilVul?” (TN gy
x—¢v 32”| )(| N )(< m}% ( )

Here there are two options, depending on whether the y
lifetime is larger or smaller than the age of the universe. We
will mainly consider the former option (A), and also briefly
discuss the latter option (B). Option A has the nice feature
of producing a monochromatic flux of neutrinos, i.e., a DM
smoking gun neutrino line. Note that since we consider m,
up to the electroweak scale, this neutrino line can be much
more energetic than, for instance, the case of keV sterile
neutrino DM [12-15]. The current lower bound on the
lifetime of DM decays producing a neutrino line is given in
Fig. 1. For mpy ~ GeV, it is of order 10?* sec. Such a long
lifetime requires, on top of the large |Y,|*> suppression of
the decay width [see Eq. (12)], an approximately equal
suppression from [Y,|?,

The mg < m, case is very similar to the m, < my case,
just inverting y and ¢. The relevant decay width is
Ly = 16y > |V, [21Y,i[*0? /m3;, leading to the same pos-
sibility of indirect detection and about the same constraint on
the Y, coupling.
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FIG. 1. Constraints on neutrino line production [18-22]. For
various values of my, experimental lower bounds (see [23,24])
are contrasted with the theoretical upper bound on the lifetime of
x — ¢v decay, assuming that m, > my, SO that the neutrino line
occurs at an energy equal to m, /2. The black lines denote the
value of the lifetime below which the two-body decay channel is
dominant, so that the seesaw/DM relic density correspondence
holds. The red lines give the upper bound from structure
formation constraints, Eq. (18).

(15)

obsv
X

st (0 )

Approximately saturating this bound leads to an observable
neutrino line. This small value of Y, implies that the decay
of N is quite slow,

1 ) 2m,
FN_,Z¢_16 mN‘Y| 1+—N

1 24
7 eV

where in the inequality we neglected corrections of order
(my, 4/my). Note, importantly, that even if suppressed in this
way, the N — y¢ decay width driven by Y, can still easily
dominate over the various three-body decays that are induced
by the Y, couplings, N — vffand N — £f f’ . Thus, there is
indeed a whole range of parameter space for which the one-
to-one seesaw/DM relic density relation, Eq. (11), holds. To
see this, one has to compare the two-body decay width with
the three-body one, which for the neutrino channel is

<3x1072 sec™

’;
r 2 Ty 17
N-uff 15367[3 | m| Cos 02 gi % ( )

and similarly for N — fff’. As usual, g g=T73— Qsin’ 0y,
with g, and @y the SU(2); gauge coupling and Weinberg
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mixing angle, and T3, Q, and N, the weak isospin, electric
charge, and number of colors of the SM fermion considered.
Summing the three-body decays over all quarks and leptons
allowed in the final state, the two-body decay width
dominates when |Y,|> 2 107* Y, |Y,;[*(my/10 GeV)2.
This lower bound must be compared with the upper bound
on Y,, so that it does not induce too intense a neutrino
line, Eq. (15).

The black lines in Fig. 1 display for various values of my
the value of i, o m, /my; below which the two-body
decay dominates, and hence for which there is the one-to-
one correspondence. To a large extent, the region where the
correspondence holds predicts a neutrino line that we may
hope to detect soon (except for m, well below GeV, where
the experimental lower bound on the lifetime is less
stringent). Note, importantly, that if my > my ;,, one
can show that unless m, is below ~O(10) MeV, the one-to-
one correspondence between the seesaw parameters and the
DM relic density is lost, because in this case N decays
much faster through two-body decays into a SM lepton and
a SM boson. In this case, freeze-in works through scattering
processes [8,9,11,25,26].

The lower bound on the lifetime of N, Eq. (16), may be
a few orders of magnitude larger than the age of the universe
at the Big Bang Nucleosynthesis (BBN) epoch, 7y ~
1-100 sec. One could therefore wonder if BBN is a matter
of concern. However, it is not the case, because the number of
N particles decaying is very limited, and so they negligibly
contribute to the total energy density at this time (hence to the
Hubble expansion rate), even if N decays into two particles
which are relativistic. Moreover, the decay is into y and ¢,
which do not cause any photodisintegration of nuclei since
they do not produce any electromagnetic or hadronic material
(unless the ¢ scalar has a VEV and decays through a Higgs
portal). The late N decay, producing relativistic DM, is
nevertheless a matter of concern for structure formation.
Imposing that DM, which has kinetic energy ~my /2 when
produced from N decays, Eq. (16), redshifts enough so that it
is nonrelativistic when T ~ keV (so that it does not affect
structure formation too much [27]) gives an upper bound on
the y lifetime,

2 m
<108 oM v, 18
T~ sec( my ) \10 Gev (18)

We show the corresponding constraint in red in Fig. 1. For
most of the parameter space (i.e., wherever the red lines are
below the black lines in Fig. 1) this constraint implies that the
one-to-one correspondence holds.

Another related constraint that must be fulfilled in order
for the one-to-one relationship above to hold is that the ¢
particle, if still stable today and without a VEV, is
negligibly produced by a possible Higgs portal H'H¢?
interaction. Note that if it has a sizable VEV, even a very
tiny Higgs portal interaction would largely destabilize it.

At this point, let us revisit the bound on the lightest
neutrino mass, Eq. (13). If we insist on the presence of a
neutrino line, then my > m, + my > 3.6 MeV, since the
Borexino experiment detects 7, via inverse beta decay, for
which the kinematic threshold is E; > 1.8 MeV (see e.g.,
[23]). Combining this with the bound on the DM lifetime
from Eq. (18) and enforcing 7, > 7y gives m, <
3 x 107® eV, still much lighter than the neutrino mass
scale being probed by present experiments. Moreover,
since Fig. 1 typically bounds 7, to be several orders of
magnitude above 7y, the upper bound on m, would be
correspondingly strengthened. Thus, a neutrino line in this
model would imply an extremely light neutrino. If, on the
other hand, we do not insist on the possibility of a neutrino
line signal, then a very small neutrino mass could be
avoided by taking sufficiently small m,, m,, and my.

As already mentioned above, an alternative “option B” is
to consider that the heaviest particle among y and ¢ has a
lifetime shorter than the age of the universe, i.e., to consider
much larger values of Y, . In this case, DM is made of only
the lightest species and no neutrino line can be observed. A
large Y, coupling can change the scenario greatly because it
can lead to thermalization of N, y, and ¢. Then the
thermalized hidden sector (HS) is characterized by a
temperature, 7', smaller than the visible SM sector temper-
ature, 7. Thus, one could believe that the one-to-one
connection between DM and neutrino mass is lost. This
would be the case if later on DM undergoes a non-
relativistic, secluded freeze-out in the hidden sector, see
[28,29], because in this case, the relic density would
depend on the annihilation cross section and thus on Y.
However, since DM is lighter than the two other particles in
the hidden sector, the neutrino portal annihilation processes
(for instance ¢p¢p <> yy, NN < yy, or NN < ¢¢) will in
general not decouple when DM is nonrelativistic, but rather
when DM is still relativistic. In this case, the relic density
does not depend on the annihilation cross section, but only
on T'/T (along the T'/T relativistic floor scenario, see
details in [30]). Thus, since T'/T is set by the SM — N
freeze-in induced by the Y, coupling, here one also finds a
one-to-one relation between seesaw parameters and DM
relic density.

The value of 7’/T can be estimated by considering
that at the peak of N freeze-in production, when T ~ m,
each N has an energy ~m, so that the HS energy density is

pHS|T:mZ = anszZmZ = (”2/30)9ﬁsT/4v (19)

with ny given by Eq. (8), and gf;g = 9/2 the number of HS
degrees of freedom (from N, y and ¢). Plugging 7/T in the
relativistic floor equation for the relic density (Eq. 2 of [30],
see also Eq. 9 of [31]) gives
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QDMh2 ~c- 1018(Z|YW|2)3/4
Mpm

1 GeV\3/2
: . (20
gDM< iy > <100 MeV) (20)

where ¢ is equal to 2.5 when determined from Eq. (19),
and 9.5 when properly determined from the energy transfer
Boltzmann equation setting pys, see Eq. (49) of [29]. This
requires slightly smaller values of Y, couplings than in
Eq. (11), because the HS thermalization process increases
the number of DM particles. This also implies m, <
8.8 x 10~1* eV (my/1 GeV)(100 MeV/mDM)4/3(1/g4Dﬁ).
Further details, including the fact that relativistic decoupling

in this case requires my < m,/100 and mpy < my /10, are
left for another publication.

III. SYMMETRIES

The setup assumed above is compatible with various
types of symmetries. All symmetry patterns we will
consider below assume new symmetries under which both
x and ¢ have nontrivial charges, while all SM particles, as
well as the right-handed neutrinos, are singlets. Thus, the
general structure is one of two well-defined sectors, the SM
visible sector and a dark sector, each containing particles
that are singlets of the symmetries of the other. Both sectors
communicate through the right-handed neutrinos, which
are natural particles to couple to both sectors, being singlets
of each. The dark sector may of course contain more than
just y and ¢. The assumption that DM is created from SM
particles through freeze-in can be easily justified on the
basis of such a general pattern. One need just assume that
the inflaton “belongs” to the visible sector, so that reheating
proceeds into this sector.

Z, discrete symmetry: The simplest possibility to justify
the existence of a neutrino portal interaction, without other
interactions that could induce DM decays that are too fast,
is to assume a discrete Z, symmetry under which y and ¢
are odd, with all other particles being even. In this case, if ¢
does not develop any VEV (so that a possible Higgs portal
interaction doesn’t destabilize it), the heavier particle of y
and ¢ slowly decays to the lighter one through seesaw
interactions, as discussed above in both scenarios A and B.

Global symmetry: Assuming a global U(1)" symmetry
under which y and ¢ have opposite charge does not result in
any important difference with respect to the discrete
symmetry case, as long as ¢, which is for this case a
complex scalar, doesn’t develop any VEV.

Local symmetry: Considering a local U(1)" symmetry
under which y and ¢ have opposite charge potentially
induces a number of new phenomena. This will be the case
in particular if the scalar ¢ breaks this U(1)’ symmetry by

acquiring a VEV, so that the associated gauge boson is
massive (as it generally must be). In this case, new extra
decay channels for both y and ¢ arise, which could in
particular easily destabilize the ¢ state (for instance by a
Higgs portal interaction H'H¢'¢, even if it is extremely
tiny). The y DM particle can also be destabilized by
new decay channels, in particular from the fact that it
mixes with the SM neutrinos proportionally to both the ¥,
and Y, couplings and to both VEVs, v and v, with
sinf,_, ~Y,Y,vv,/(mym,). The existence of a dark
photon, y/, implies a possible y — vy’ decay with width
proportional to sin*6,_, and the U(1)" fine structure
constant, . It can make the y too unstable unless the
couplings are small enough or the dark photon is heavy
enough. A y — vete™ decay is also possible if there
is kinetic mixing between the new U(1)" and the SM
hypercharge U(1), group. Thus, the seesaw/DM relic
density correspondence is viable but requires that quite a
number of interactions are tiny.

No symmetries: If “just so” there are no symmetries
beyond the SM ones, a number of a priori allowed
couplings must necessarily be extremely tiny [so as not
to destabilise the y or ¢ DM component(s)], such as yLH or
¢H'H interactions. While possible, this appears more
ad hoc than with a symmetry.

In summary, seesaw-induced W, Z, and h decays could
be at the origin of the DM relic density, even though DM
is not a seesaw sterile neutrino. Given the current neutrino
mass and mixing constraints, the usual type-I seesaw
model turns out to have sufficient flexibility to allow
freeze-in production of DM from these decays in a way
which is determined only by the seesaw parameters and
the mass(es) of the DM particle(s). Two scenarios have
been proposed above. As always for freeze-in, these
scenarios are not easily testable because they are based
upon the existence of tiny interactions, here the seesaw
Yukawa couplings of at least one of the right-handed
neutrinos, and possibly also the neutrino portal inter-
actions. However, for a whole range of DM masses,
scenario A predicts a neutrino line within reach of existing
or near-future neutrino telescopes. Moreover, both sce-
narios A and B are falsifiable as they predict a small mass
for the lightest neutrino.
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