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ABSTRACT: If the stability of the dark matter (DM) particle is due to an accidental symme-
try, nothing prevents UV physics from destabilising it by inducing DM decays suppressed
by powers of the UV scale. The seesaw physics, presumably at the origin of neutrino mass,
could induce such a decay. We show that if the seesaw scale lies around the usual Wein-
berg operator scale, the induced DM decay could generically lead to neutrino lines whose
intensity is of the order of the present sensitivity of neutrino telescopes. We illustrate this
possibility with models in which the DM is made of the gauge boson(s) of an abelian or
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1 Introduction

The four stable particles that exist in the Standard Model (SM) are all stable for a fun-
damental reason, related to Lorentz invariance, the gauge symmetries of the SM and the
quantum numbers of the SM particles under these gauge symmetries. The evidence for
a fifth (or more) stable particle, the dark matter (DM) particle(s), raises the question of
whether its stability hides a new fundamental symmetry /principle, for instance a new gauge
symmetry, rather than just an (often assumed) ad hoc discrete symmetry (see e.g. [1]).
Among various stabilisation mechanisms, the possibility that the DM particle(s) would be
stable due to an accidental symmetry is rather intriguing. Various frameworks of this type
can be considered. One option is simply to assume that DM belongs to a large enough
weak multiplet that no renormalisable interactions that could destabilise it can be written
down [2]. Another option consists of assuming a new gauge symmetry whose breaking
leaves an accidental symmetry which is not a subgroup of the gauge symmetry. This can
be done on the basis of an abelian [3, 4] or non-abelian gauge symmetry [3, 5-10]. Other
possibilities of course do exist.

If DM is accidentally stable, nothing forbids some UV physics, lying at the scale Ayy,
from destabilising it. This is similar to what is expected for the proton, for instance, in
GUT theories. The DM lifetime must obviously be longer than the age of the universe,

022729 sec, in order not to produce fluxes of

~ 10'8 sec, or in fact much longer, Ty > 1
cosmic rays larger than those observed (assuming decays into SM particles, depending on
the decay channel and DM mass, and considering here mpyr 2 1 GeV). If the UV physics
induces a decay amplitude which is suppressed by only one power of the UV scale, the DM
decay width induced is typically proportional to (1/8m) - m3,,/A%, and it is known that
this is many orders of magnitude too fast to fulfil these constraints (for A no larger than

the Planck scale). Tiny couplings are necessary in this case, so that A is an effective scale



quite different from the much lower fundamental scale Ayy, i.e. A = Ayv/g, where g < 1
is some combination of couplings. Instead, a decay amplitude suppressed by two powers of
the UV scale, A = Ayy, gives a decay width proportional to (1/87) - m3,;/Afy. For DM
mass of order the electroweak scale and Ayy of order the GUT scale, this nicely leads to
lifetimes of order the lower bound from cosmic rays.! In this case, there is the possibility
of a direct connection between the fundamental UV scale and the DM lifetime. Besides
neutrino mass and proton decay probes, this provides another nice avenue to study very
high scale physics, which we investigate in this letter.

The existence of non-vanishing neutrino masses is the most established (in particular
from laboratory experiments) evidence for beyond the standard model physics, and the
seesaw mechanism constitutes their most attractive explanation. Thus, invoking seesaw
physics to destabilise the DM particle is a well-motivated possibility. Although the seesaw
states, for instance right-handed neutrinos N; in the type-I seesaw model, could lie at a low
scale, clearly the smallness of the neutrino masses fits very well with these seesaw states
being at a much higher scale than the electroweak scale, not far from the GUT scale. For
seesaw Yukawa couplings of order unity, the seesaw scale is the scale of the LLH H/Aw
Weinberg operator, Ay ~ 105 GeV. The seesaw interactions are not necessarily expected
to cause relevant DM decays. For instance, adding right-handed neutrinos to the minimal
DM quintuplet @Z)gz/[ setup [2] doesn’t easily induce a decay of this quintuplet.? However,
there are other models where the seesaw is expected to cause such a decay, see [11-21] and
below. In particular, if the DM, and more generally its associated sector, is comprised of
SM singlet particles, the right-handed neutrinos can easily couple to this sector, also being
SM singlets. This allows the decay DM — N* 4 X, with a further conversion of the virtual
right-handed neutrino, N*, into a SM neutrino through seesaw mixing, thereby allowing
DM to decay into neutrinos. The seesaw interactions therefore not only offer the possibility
of inducing a slow DM decay, but also a way of easily producing SM neutrino(s) in the
final state, in particular a neutrino line if the decay is to a two-body final state. As is well
known, monochromatic vy [22-28] or neutrino [18, 29-32] signals are “DM smoking guns”
because there is basically no astrophysical background for such a signal.

From the discussion above, it is clear that if, through the exchange of a heavy seesaw
state, an operator (that is, a decay amplitude) suppressed by only one power of the seesaw
scale is generated, the decay will naturally be far too fast, unless the DM mass scale is
quite low (well below the GeV scale) and/or this seesaw exchange diagram involves small
couplings or extra tiny mass ratios. In all these ways out, the direct connection between
the Weinberg operator scale and the DM lifetime is lost. This situation occurs for instance
in Majoron DM models [11-17, 19, 20, 33, 34], in which the decay amplitude into a pair
of charged leptons, suppressed by only one power of the seesaw scale, is induced at the
one-loop level. Another example of this situation was recently considered in [21]. However,

IFor instance, for mpy = 100 GeV and A = 10%° GeV, one gets 7oy ~ 1077 sec. More generally, this
holds replacing m2,, in the decay width with any dimension-5 combination of masses around the electroweak
scale.

2The lowest-dimensional operator involving both fermions is NH 41#](35131 /A, which from the exchange of

a right-handed neutrino leads to the dimension-8 operator, EH51/’1(35131 (A3mN).



if a model manages to not induce any decay amplitude suppressed by one power of the
seesaw scale, but does induce an amplitude suppressed by two powers of this scale, the
direct connection between neutrino mass and the DM lifetime can hold. This moreover
leads to a neutrino line with intensity of the order of the sensitivity of present indirect
detection experiments. This is the possibility we consider in this work.

2 A simple setup

The example model we will consider in detail assumes an extra U(1)x gauge symmetry
spontaneously broken by the vacuum expectation value of a scalar boson, ¢, with the
addition of a vector-like fermion charged under it, x.? The associated Lagrangian is

1 iy
L= Low = P £ XD = my)x + Dud'D'é = And'6HH = V(),  (2.1)

where D, = 0, —igxQx A, V(¢) = 12T+ Ny (679)?, and F;fi is the U(1) x field strength
tensor. Here we assume that there is no kinetic mixing interaction between the U(1)x
and hypercharge gauge bosons. We parameterise the scalar by ¢ = (' + vs)/V/2, with
vy = \/—2p%/Ag, the NGB from the spontaneously broken U(1)x being eaten by the
A’. Without the fermion x, this is the DM model of refs. [3, 4], where the U(1)x gauge
boson, A’, is the DM candidate. It is stable because after spontaneous breaking, the model
displays an accidental Zo symmetry under which the gauge boson is odd.* Adding the
extra fermion, X, leads to two possible DM patterns. If my = gxvg > 2m,, the vector
boson decays into a pair of fermions and is not stable anymore, thanks to the fact that the
fermion-gauge boson interaction breaks the Zo symmetry. But the y is stable because a
Zy symmetry under which x is odd remains, due to Lorentz invariance and the fact that
it is charged under U(1)x. If instead ma < 2m,, a multi-component DM setup arises
wherein both the A" and  are stable, even though the remnant Zsy, under which A’ is odd,
is broken. Here we focus on how DM can be destabilised in the latter framework by extra
right-handed neutrinos.® Adding these seesaw states opens up the possibility of neutrino
portal interactions,

oL = — (YLNiRéf)XL + YrNgoxR + h.c.) , (2.2)

on top of the usual seesaw interactions,

. 1 . . .
Locesaw = iNgINR = Smy (NRNI% + NI%NR> - (YVNRHT L+ h.c.) . (2.3)

3 A more involved chiral fermion structure in which the fermions acquire their mass from the spontaneous
breaking of a gauge symmetry could also be considered.

4 Actually, this charge conjugation symmetry of the abelian case is not fully accidental here since it holds
only if one assumes no kinetic mixing, which somewhat goes against the general spirit of our introduction
above. To avoid that, one can go to the non-abelian case, which has very similar phenomenology to what
we are interested in for this work. For simplicity, we will first stick to the abelian case and will comment
on the non-abelian one later.

5The vector DM relic density production can proceed in a thermal or non-thermal way, in particular
through the Higgs portal and U(1)x interactions, see [3—6, 35]. As for the x particles, they are produced
by U(1)x interactions, but at the end of the day this will not turn out to be important since these particles
are destabilised by seesaw interactions and are not part of DM today, see below.



Here we consider only one right-handed neutrino and one SM lepton doublet, L. The
generalisation to several flavours is straightforward. In eq. (2.2), the Y7, g neutrino portal
interactions are allowed if the ¢x field combination is neutral under U(1)y, so in the
following we will assume Q, = —Qy = 1.5 Note that Yz, Yg, and Y, can all be made
real and positive by rephasing appropriately the xr, xr, and L fields. Note also that the
vectorlike character of the new xr g fermions ensures that the model is free of SM and
U(1)x gauge anomalies.

For a heavy right-handed neutrino, where my > mas, m,, the x — N¢ decays are
kinematically forbidden, but Y7 g induces x — vr¢ decays through seesaw mixing. Sim-
ilarly, the Y7 p interactions and seesaw mixing induce A" — vivy decays, see figure 1.
The amplitude of the first process is suppressed by one power of my because it involves
one seesaw mixing. The second process instead involves two seesaw mixings and hence is
suppressed by two powers of my. Thus, the second process can generically lead to neutrino
lines with an intensity of order the present experimental sensitivity, whereas the first one
gives a lifetime much smaller than the age of the Universe unless Y p are tiny.

To compute the decay amplitudes of both processes it is necessary to go to the mass
eigenstate basis for the four neutral leptons, vy, Nr, X1, Xr, and the scalar bosons. The

neutral lepton mass Lagrangian is

00 0 m v,

0 0 my m, X

1,
Linass = —3 (1/,? X¢ X NH) 0m, 0 m, v + h.c., (2.4)

m m, m, my N¢

T
where m = vY,/v/2 and mrL.r = U¢YL7R/\/§. The mass eigenstates, n; = (y X1 X2 N) ,
are related to the gauge eigenstates by

vr, +vf v
c
XR+ XRr X2
Ng + N§ N
with O given by
i __m(mp+mpg) im(mg—mp) m_
\/imgmN \/ﬁmeN mn
immp 1 4 mp—my i, i r—m7) mr
mymyn \/5 4\/§me1\; \/i 4\/§meN my (2 6)
immp 1 m?{fm% i i(myp—m7) mgr |’ '
mymny +/2 4\/§meN NG) 4\/§me1\7 my
—im __mp+mpg __i(mrp—mg) 1
mn ﬂmN \/imN

at O(1/my). The mass eigenvalues are ~ m?/my, m, F (mr = mg)?/(2my), and my,
respectively.

5Any Yukawa interaction, including the SM ones, always requires that the U(1) charges of the particles
involved “miraculously” sum up to 0.



Figure 1. The A’ — vv decay at tree-level.

For the scalar bosons, after SSB the real scalar of the SM Higgs doublet, i/, and
hidden sector scalar boson, 7/, mix through the Higgs portal interaction, leading to mass

h\  (cosg —sing) (A 27)
n)  \sing cose n)’ '

eigenstates,

where the mixing angle is

Am Vg
tan2p = ———— . 2.8
g Apv — Av? (2:8)
The mass eigenvalues are
m%m =\ + )\¢U(% + \/()\’UQ — /\¢U§))2 + )\3,121211(%, (2.9)

which in the limit of \,,, < 1 reduce to m,% ~ 2 \v? and m% ~ 2)\(,5113).
The only two-body final state into which the hidden vector DM particle can decay at

tree-level is a pair of neutrinos. We find

gg(Yf(YLQ — Y}%)Qv%émA/

4

F(A, — Vlj)t ~
ree 967Tm;1(mN

(2.10)

This process is, as we anticipated, suppressed by four powers of the seesaw scale, more
precisely by four powers of (Y7 rvg/my)(Y,v/my), as it requires two x — Nr — vg
transitions, see figure 1. Note that when Y7, = YR, the decay width of eq. (2.10) vanishes
at O(1/m%) as the diagrams with intermediate yz, and yg involve a relative negative sign.

When mys is above the EW scale, many three-body and four-body decays open up
by replacing Higgs vev insertions with physical particles in the final state. The possible
three-body decays are A’ — vish, A" — viZ, and A’ — v0*WT. The allowed four-body
decays can easily be deduced. Neglecting the final state masses, the rates are

395 Y HYE — Yﬁ)%%émi,

L' 4’ three-body = (2.11)
reehoty 64(4m)3mimy,

T 4’ four-body ™ oYy (Vi — Vi) oy (2.12)
romhody 320(4m)>mimy,
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Figure 2. The one-loop diagrams giving A" — vv decay. Here n = v, x1,2, N are mass eigenstates.

We see that the phase space suppression compared to the two-body decay is compensated
by additional powers of m 4/ /v, so that the three-body rate is larger than the two-body rate
for my 2 2.9TeV and the four-body rate becomes dominant for my 2 12TeV. On the
other hand, replacing ¢ vev insertions gives factors of ma//vg < 1 while paying the price
of the phase space suppression, so these decays are subdominant and can be neglected.
One-loop decay processes also have to be considered. The decay to neutrinos, figure 2,
proceeds through the exchange of a scalar or vector boson in the ¢-channel or through one-
loop A’ — Z mixing. The Z exchange diagram dominates, and for m4s, > my,, we have

gxY2(YE - YI%)U(% m%,
= 128r2md log m*i“(l’v)’m’%v(pa)e“(mf) : (2.13)

plus terms not enhanced by the large log. This leads to

gx Yo (V2 = Yi)*vimar
96(47)>mY,

2
T(A' = U7)100p ~ og? % : (2.14)
X
when the tree-level contribution can be neglected.” This rate is suppressed by four powers
of the x —v, mixing and there are no extra powers of my in the numerator coming from the
fermionic trace or loop integral. Thus, it is of the same order in 1/my as the contributions
of egs. (2.10)—(2.12). Similarly to the point emphasised in [21], since the two-body decay
is proportional to powers of vacuum expectations values, then for DM masses well beyond
the values of these vevs, the one-loop contribution can be greater than the tree-level one.
This stems from the fact that the loop contribution involves the propagators of the scalar
fields, rather than their vevs. As a result, with respect to the tree-level contributions of
eq. (2.10), the loop factor is compensated by a factor of mi /vt. For instance, for mar = my,
the rate in eq. (2.14) is larger than the tree-level width given in eq. (2.10) for ma 2

"We will not give here the explicit form of the (constructive) tree-level and one-loop interference term
but take it into account in our results below.
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Figure 3. The one-loop diagrams giving A’ — ¢~ ¢ decay. Here n = v, x1,2, N are mass eigen-
states.

1.6 TeV. Comparing with the four-body decays, we have T'(A" — v¥)io0p/T 4 four-body =
(10/3)(my /mar)*log?(m3;/m?,), hence the two-body decay dominates. Thus the four-
body contribution can always be neglected, as can the three-body one.

The decay to charged leptons, shown in figure 3, proceeds either from the exchange
of a W in the t-channel or through A" — Z one-loop mixing. Due to SU(2); symmetry,
the leading order amplitude for this process is the same as the amplitude for the loop-level
decay to neutrinos, (neglecting the final state lepton masses), and hence the partial width
(A" — ¢1¢7) is the same as the width in eq. (2.14).

Finally, we note that one-loop decays to bosonic final states, such as A’ — Zh and
A — WHW~, also exist for sufficiently heavy A’, with comparable rates to A" — £T¢~.
We will not consider their contributions as they do not bring any spectral features and do
not change by much the constraints one can obtain from diffuse fluxes of cosmic rays.

Unlike for the hidden vector decay, the decay of the fermion y is suppressed by only
two powers of my since it involves only one x — N — v transition. There are many
possible decay channels. In the limit of ¢ ~ 0, the decay widths to nv and hv are

2 2\ 2
Yo FYR) my () (2.15)
647TmN

I'(x12 = nv) >~

and

I(x12 — hv) ~

Y2(Yy + Yg)202m 2\ ?
(Ve £ Yr)*vg X<1 mh) . (2.16)

64wm3 N

There are also decays to SM gauge bosons, when kinematically allowed, with partial
widths

Y (YL + YR) v¢mx

+F\ 2 2

T(x12 — WEF) ~ e iy /m?), (2.17)
Y2(Yr £ Yg)? v¢mx 5 o

I'(x12 = Zv) ~ 6Irm2, (mZ/mX) , (2.18)

where f(z) = (1 — x)2(1 + 2z). Finally, the x also decays to A’v, with partial width

Y2(YL :FYR) 1) mxf

T Av
(Xl 27 ) = 647rmN

(3 /m?). (2.19)

If m, < my, ma, my the leading decays are to three SM fermions, mediated by the W or
Z boson, which are also suppressed by two powers of my.
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Figure 4. Bounds on the lifetime of dark matter assuming it decays only into vv. Here we assume
that the DM couples universally to the three neutrinos flavours.

3 Results

Experimental constraints on the lifetime of DM decaying into a pair of neutrinos can be
found in refs. [20, 30, 36—40]. The best bounds from DM indirect detection observations are
from direct searches of a flux of neutrinos, including those by Borexino [41], KamLAND [42],
IceCube [30, 39, 40] and Super-Kamiokande [36, 38, 43, 44|, or from the search of a diffuse
flux of cosmic rays emitted by the neutrinos [45]. Cosmological constraints also exist.
Besides the condition that Ty > 77, CMB data gives oy > 4.6 77 [46]. In ref. [20], many
of these constraints were compiled and translated into an upper bound on the U(1)p_p,
breaking scale as a function of the Majoron mass. Translating them back into constraints
on the DM lifetime, and adding the dedicated search for neutrino lines from IceCube
data [30], recent IceCube collaboration limits [39, 40] and an analysis of Fermi-LAT gamma-
ray data [45], figure 4 shows the various constraints on the DM lifetime. The result shown
assumes flavour universality, i.e. ['(A" — v47,) is the same for a = e, u, 7 (in this case the
neutrino mass hierarchy plays no role). Modifying the branching ratios to each flavour or
the neutrino mass hierarchy only mildly affects the results.

In the following, to present the results, we will take a simple benchmark case where
the couplings are equal to unity, gx = Y, = |[Y? — Y}%| =1, and m, = mys. This implies
mpm = vg and gives ['(A' — vi) = (1/967) - vimar/m}; at tree-level. Figure 5 gives, for
this straightforward case, the lower bound on my we get from the various constraints on
the lifetime in figure 4. Again, it is assumed that the DM decays in a flavour-universal way.
As expected, the values are typically of order the Weinberg operator scale when mpy is
of order the electroweak scale. Of course, nothing guarentees that m, must necessarily be
of order vy, since these two scales are independent in the setup we consider. For vy # m,,
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Figure 5. Lower bounds on the heavy sterile neutrino mass, my, from constraints on the lifetime
of DM which decays as A’ — vz and A’ — £T¢~. Limits on the former are shown in figure 4, while
the brown, mustard and grey lines correspond to constraints on the latter from refs. [45, 47, 48],
respectively. Here we assume that the couplings are of order unity and m, = myus, and that the
DM couples universally to the three flavours.

and small m 4/, such that the tree-level part of the A’ — v amplitude dominates, the
bounds on my have to be simply rescaled by one power of the vy/m, ratio (assuming
still mas < 2m,). For larger mys, when the one-loop contribution dominates, the bound
on my depends only logarithmically on vg/m,. Also, considering couplings smaller than
unity clearly leads to a less stringent lower bound on my than in figure 5.

Figure 5 also shows the lower bound we get on my from A’ — (70~ (with | = e, p,T),
using the results of [45, 47, 48] obtained from IceCube data [49] and Fermi-LAT data [50-
52] of the inner-Galaxy gamma-ray spectrum and the isotropic gamma-ray background
(IGRB). Comparing this bound with the ones from the neutrino channel, one observes
that at the moment charged lepton limits are more stringent for mpy; 2 10 GeV by a factor
of a few (although this relative factor depends somewhat on the flavour composition of the
DM decays and the neutrino mass hierarchy). This is interesting because it means that
improving the limits for the neutrino channel by a factor of a few would open the possibility
of seeing both an associated flux of neutrinos and charged leptons. As mentioned above,
for mpyn 2 1.6 TeV the loop contribution dominates and predicts an equal decay width for
both channels (similarly to the setup of [21]).

If the doubly seesaw-suppressed decay width of the A’ is of order the experimental
sensitivity, the y lifetime is expected to be much smaller than the age of the Universe,
since the corresponding decay width of x is only singly suppressed by the seesaw scale. In
figure 6 the dark blue line gives the lifetime of x12 we get assuming the same benchmark
set of parameters as for figure 5. We restrict ourselves to m, > 100 GeV, so that the x has
kinematically allowed two-body decays. As the figure shows, its lifetime is around the age



of the Universe at the beginning of the BBN epoch, 7, ~ 1 sec. Since the x decay produces
electromagnetically coupled SM particles, BBN typically requires that the lifetime must be
smaller than 1 sec.

It is interesting to note that the ratio of the lifetime of DM allowed by indirect de-

0%6=29 sec, and the age of the Universe at BBN time, tppy ~ 1 sec, is

tection, Ty 2= 1
rather similar to the ratio of the neutrino mass scale, m, ~ 0.1eV, and the seesaw scale,
A ~ 10" GeV, which is m,, /A ~ 10725, This means that if the decay width of the hidden
vector is of order the experimental sensitivity for neutrino lines, being suppressed by four
powers of the seesaw scale, particles whose decay is suppressed by two powers of the seesaw
scale can have already disappeared by the time of BBN. The ratio of the lifetimes (when the
tree-level A’ decay dominates) scales as 7y /Ta4r ~ (Y, 0/mn)?(gx Y1, Rove /M2 ) (Mmar /my) ~
(my/mp) - C with C = (gXYL,Rv%/mi)Q(mA//mX). To illustrate the above, one can also
write down the lifetime of the x from x12 — SM channels, in the m, > v limit, as®

3
1 sec 1.5 TeV ( my )2 (3.1)
Tyt o .
X027 Y2(Yy 4 YR)2 m)l(/%;/fﬂ 1016 GeV

As figure 6 shows, if m, = mys, the lifetime of x is smaller than one second only if
ma 2 20 TeV. However the C factor above can easily be reduced by decreasing couplings
and/or increasing m, with respect to m4/. As an example, figure 6 also gives the lifetimes
keeping couplings equal to unity but taking m, > my and still taking the lowest value
of my allowed by indirect detection experiments. It shows that in this case values of m 4/
of order the electroweak scale or below quickly become compatible both with observable
neutrino and ~ fluxes and with BBN.?

4 Comparison with other seesaw induced DM decay setups

Concerning the decays, the main difference between the setup we consider and other sce-
narios where a DM decay is also induced through the seesaw interactions is that the decay
width into a pair of charged lepton is suppressed by four powers of the seesaw scale rather
than by two. As is well known, the Majoron, i.e. the pseudoscalar DM candidate coupling
to NN¢, not only decays into a pair of neutrinos with a width suppressed by four pow-
ers of the heavy my scale, but also into a pair of charged leptons, £T¢~, at the one-loop
level with a width suppressed by only two powers of my (from s-channel Z exchange and
t-channel W-exchange diagrams, similar to those in figure 3) [15, 20, 54]. This is the result

8 Another option is to assume tiny values of Y7 and Yz, so that the lifetime of x is larger than the age
of the Universe and also larger than indirect detection lower bounds on the lifetime. In this case the direct
connection between the seesaw scale and DM lifetime is lost (and moreover this renders the lifetime of A’
unobservably long).

9 Actually, the 7,
be the case if, for instance, they decouple from the thermal bath relativistically. However, we would instead

< 1 sec BBN constraint ought to be applied if the x particles are numerous, as would
expect the y abundance to be of the same order as the A’ one, as annihilations of both particles can be
dominantly driven (and Boltzmann suppressed) by the same U(1)x gauge interactions. In this case, BBN
allows for y lifetimes a few orders of magnitude larger than 1 sec [53], and the BBN constraint is very easily
satisfied, see figure 6.

~10 -
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Figure 6. Lifetime of the x; 2 for different ratios of m, /mas, given couplings equal to unity and
the lowest value of my allowed by experiments.

of the chirality flip required in the Majoron case, bringing an extra m?m?\, /m%v , factor
in the decay width. Although the width is greatly suppressed by the loop factor and the
square of the small charged lepton mass, it still leads to much too fast a decay unless
one takes the Majoron to be rather light (below ~ 100 MeV) and/or we assume that the
Yukawa coupling, Yy, which leads to the masses of the right-handed neutrinos, is tiny,
which implies my < 1015 GeV.!? Here, instead, all decays are suppressed by four powers
of the large scale my and are therefore naturally enough suppressed, even for much larger
DM masses.'! Thus, the production of observable energetic neutrino lines is achieved in a
more straigthforward manner than for the Majoron case. For an analysis of neutrino line
searches from Majoron decay, see [20].

The possibility of having a slow, seesaw-induced decay of a vector gauge boson was
also studied recently in ref. [21]. The model also considers an extra U(1)" gauge structure,
spontaneously broken by the vev of an extra scalar, with the U(1)" gauge boson being
the DM particle. It also involves a neutrino portal interaction involving a singlet right-
handed neutrino and an extra scalar and fermion, both charged under the U(1)’. As

10The interaction coupling the Majoron to a pair of right-handed neutrinos also leads to the right-handed
neutrino masses, £ 3 —Yn¢N°N > —YnfN°N with ¢ = (f + n)e’?’!, (|¢|) = f, and 6 the Majoron.
As a result, the decay width of the Majoron into a pair of charged leptons, which typically scales as
(mo Jv)2(mu/ f)*(my /v)*me, doesn’t decrease when my increases for fixed neutrino masses. Conversely,
in our setup the width of A’ decreases when my increases, for fixed neutrino masses.

Gimilarly, this is different from the decay of a Z into a bb pair with a heavy top quark pair and a
W in the loop [55], which displays two powers of the top quark masses in the amplitude, due to the fact
that for large momentum in the loop, the longitudinal W exchange implies two powers of the top Yukawa
couplings. In the model we consider, the W-exchange diagram of figure 3 in the large momentum limit
instead implies two powers of m4/. This explains why the loop decay width is enhanced by m; / v? relative
to the tree-level width.
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mentioned above, in [21] it was emphasised that the loop contributions to the DM decay
width dominate for large DM masses. This setup therefore also leads to characteristic
neutrino lines from DM decays into a pair of neutrinos. The model nevertheless differs
from the one we studied above in various ways. Firstly, it assumes two sets of right-handed
neutrinos rather than one, a “visible” set coupling to the SM doublet of leptons (in the usual
seesaw Yukawa way) and a “hidden sector” set coupling to the extra charged fermion and
charged scalar. The two sets mix through tiny off-diagonal Majorana mass terms. Secondly,
the extra charged fermion is chiral, rather than vector-like, and acquires its mass through a
seesaw mechanism in the hidden sector. The seesaw-induced extra fermion mass is assumed
not to be tiny, thereby requiring right-handed neutrinos with masses much below the
Weinberg operator scale. Since the extra fermion obtains its mass via a seesaw mechanism,
the one-loop induced widths of DM decays into pairs of neutrinos or charged leptons is
suppressed by only two powers of the right-handed neutrino masses (rather than four as
above). All this leads to too rapid a decay of the DM unless there is some tiny parameter
entering into play. This is achieved by assuming that the mass mixing between the sets
of right-handed neutrinos is very small. Thirdly, the chiral structure assumed requires the
existence of extra fermions charged under the U(1)" in order to cancel gauge anomalies.

5 Non-abelian case

Instead of the abelian hidden sector gauge structure above, one could have considered a
non-abelian symmetry as well. The simplest possibility is a SU(2)x gauge structure, as
in [3]. In this case, this gauge symmetry is broken by a complex scalar doublet and one
is left with a degenerate triplet of DM gauge bosons protected by the remnant custodial
symmetry. The Lagrangian is the same as for the abelian case, eq. (2.1), provided that
now ¢ is the doublet and the F),, field strength and covariant derivative stand for the
SU(2)x ones. Such a structure can also couple to the seesaw states provided that the
vectorlike fermion, ¥, is now a doublet, in which case eq. (2.2) also holds. The DM decay
phenomenology is essentially the same as for the abelian case. If m, > mpy/2, the non-
abelian gauge bosons do not decay to a pair of y fermions and are destabilised only by
seesaw-suppressed interactions, just as in the abelian case (up to SU(2)x combinatorial
factors of order unity). In the non-abelian case there is no possibility of kinetic mixing,
so that one does not need to assume that this mixing doesn’t exist in order to avoid the
associated fast decay.

6 Summary

If in a new sector a fermion singlet combination of dimension 5/2 can be written down, i.e. a
“x@” singlet bilinear, this sector can couple to the SM through a neutrino portal interaction,
Nx¢. This induces a x — v mixing mediated by a right-handed neutrino, N. If the DM
particle in this new sector couples to the y fermion, it can eventually decay into a final state
containing ordinary neutrinos. This can lead to the emission of a striking neutrino line that
can be searched for. The decay width in this case is necessarily suppressed by powers of the
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seesaw scale, i.e. by powers of the most experimentally motivated UV physical scale that
we know of at the moment. This nevertheless involves the non-trivial requirement that the
finite DM lifetime induced in this way is not too short, and in particular is of the order
of the present experimental sensitivity. To this end, known setups of this kind typically
require an additional large, ad hoc (coupling) suppression of the DM width. In this letter,
we have presented examples of setups where this can be avoided, so that a DM lifetime
of order the experimental sensitivity can be entirely associated with the largeness of the
Weinberg operator scale, and nothing else. Given the similarity between the Weinberg
operator and GUT scales, this offers the interesting possibility of probing UV physics at
scales as high as the GUT scale. These results are characteristic of spin-1 DM scenarios, as
considered above. Instead, a scalar or fermion DM particle gives in the simplest realisations
(such as in the Majoron model or the example of the x decay above) a lifetime suppressed
by only two powers of the seesaw scale. Besides predicting neutrino lines, the spin-1 setups
also predict, for large DM masses, an equal production of pairs of charged leptons.
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