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links with seesaw???

determination of minimal DM models leading to observable   -lines

⌫ - line search: motivations and new IceCube results

2 examples of DM setups predicting seesaw induced   -lines⌫

from DM annihilation
⌫

from DM decay
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Neutrino line search: new IceCube results



Probing DM with neutrinos: neutrino telescopes

2 kinds of signals:

DM annihilation or decay in the galactic center and halo can produce neutrinos

⌫

⌫̄

- diffuse     flux ⌫
- primary     flux ⌫



The 5 motivations for the search of    -lines

DM DM ! ⌫ ⌫̄ DM ! ⌫ + X                or                      : monochromatic flux of    :  ‘’   -line’’⌫ ⌫

               no astrophysical background: DM smoking gun! 

                  -channel: most sensitive channel for   -telescopes⌫ ⌫
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Figure 2: The number of events as a function of the distance to the Galactic
Centre (crosses) in comparison to the background estimate (red line) for the
ΛFit reconstruction. For this plot a quality cut of Λ > −5.2 is used.
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Figure 3: 90% C.L. upper limits on the neutrino flux from WIMP annihilations
in the Milky Way as a function of the WIMP masses for the different channels
considered. For this plot the NFW profile was used.

From the limits on the neutrino flux, limits on 〈σv〉 can be
derived. The 90% C.L. upper limit on 〈σv〉 for the τ+τ− channel
as a function of the WIMP mass is shown in Figure 4, compared
with limits obtained by other indirect searches. Most of the
direct search experiments are not directly sensitive to 〈σv〉. The
limits for all annihilation channels for the NFW halo profile are
shown in Figure 5.

The IceCube results presented in Figure 4 (using tracks
only [32] and using cascades as well [33]) refer to the same
channel and the same halo model, therefore the difference be-
tween the limits is due to the detector performance, position and
integrated live time. The centre of the Milky Way is above the
horizon of the IceCube detector and consequently the neutrino
candidates correspond to downgoing events. To select neutrino
candidates in the analyses of IceCube a veto for tracks starting
outside the central part of the detector has to be used, which
reduces the acceptance. This, in addition to the better angular
resolution of ANTARES and the larger integrated live time in
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Figure 4: 90% C.L. limits on the thermally averaged annihilation cross–section,
〈σv〉, as a function of the WIMP mass in comparison to the limits from other
experiments [32, 33, 34, 35, 36]. The results from IceCube and ANTARES
were obtained with the NFW profile.

this analysis, explains the difference between the limits.
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Figure 5: 90% C.L. limits on the thermally averaged annihilation cross–section,
〈σv〉, as a function of the WIMP mass for all annihilation channels using the
NFW halo profile.

For the analysis by H.E.S.S. a different set of halo parameter
values is used, leading to a more extended source. The results
of FERMI and MAGIC are based on dwarf spheroidal galaxies
and use the bb̄ annihilation channel. Results from direct de-
tection experiments are not shown since these experiments are
typically not sensitive to 〈σv〉.

This result allows to partly constrain models where the
extraterrestrial neutrinos observed by IceCube are partly ex-
plained in terms of annihilating dark matter candidates [37].
For WIMP masses above 100 GeV

c2 the limitations from partial-
wave unitarity [38] will become relevant, although there is an
approach to overcome these limitations [39].

In order to illustrate the large effect of the choice of the halo
model and the profile parameters, a comparison between upper
limits derived using the NFW, the Burkert and the McMillan
results is shown in Figure 6 for the τ+τ− channel. As can be
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⌫ ⌫̄

⌧+⌧�

“primary’ neutrinos

               for the   -channel: neutrino telescopes have better sensitivity
than   -telescopes

DMDM ! ⌧+⌧�, µ+µ�, e+e�, W+W�, qq̄, ...

�

unlike for other channels: 

⌫

(secondary neutrinos)

(primary neutrinos)
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               a line can be very well distinguished from background: in neutrino
                                                                                                     energy spectrum

             

                   but so far all neutrino telescope limits on     
                 channel were not exploiting the energy  

            information of the neutrino events!!!

               well known for   -rays�

magnitude better than on channels with secondary photons
from    telescopes the limit on   -line channel is 2-3 orders of� �

               a   -line can be produced from a tree level annihilation unlike a   -line⌫ �

The 5 motivations for the search of    -lines<latexit sha1_base64="ZV7bKeLlePbBc0nxoIn9TzcIxjY="></latexit>⌫



First spectrum based search of a ‘   -line’ from IceCube data

                using a 2010-2012 public IceCube data sample: for DM decay: �DM!⌫+X

Lifetime lower limit exploiting the sharp spectral feature property:
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                Observational situation for an annihilation:

Annihilation cross section upper limit:

h� viDMDM!⌫⌫

⌫
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Figure 1: Upper bounds on �v, the total DM annihilation cross section into neutrinos, as a function
of the DM mass mDM. Given are the experimental 90% CL limits from IceCube 2014 [13], from
IceCube 2016 [7], from Antares 2015 [14], and those we derived at 95% CL from a 2-year public
data sample of IceCube [15] following the approach considered in section II.C of Ref. [5]. Also
given are the unitarity limit in our galaxy (excluding the shaded area) and the indirect “Hess (⌫⌧ )”
limit from the production of secondary gamma-rays through radiative corrections [16]. Here we
assume self-conjugate DM. For complex or Dirac DM, the limits are a factor of two weaker.

Fig. 1 presents a compendium of the existing upper limits on the annihilation cross section
�v, as a function of DM masses mDM ranging from 1 to 100 TeV. The cross section �v given
on the vertical axis is defined as the sum of the cross sections into the various neutrino flavor
final states, �v ⌘

P
↵,�=e,µ,⌧

�v⌫↵⌫� . This definition is convenient because it is directly linked
to the total neutrino flux, which does not depend on how neutrinos oscillate on their way to
Earth. All the limits in this figure are given assuming an equal production of ⌫e, ⌫µ and ⌫⌧

at the source, and thus in the detector too. Under this assumption, the limits on the total
cross section di↵er by a factor of 3 from those into a single neutrino flavor, often reported
in the literature.3 The dotted and dashed-dotted curves come from two di↵erent analyses of
di↵erent samples by the IceCube collaboration, respectively [13] and [7], at the 90 % CL.
To make the comparison as fair as possible with all the other limits, we have rescaled this
limits obtained with an Einasto profile to account for a NFW profile with a local density of
0.39 GeV/cm3. The Antares collaboration has also reported 90 % CL limits on the presence

3 Going from the limit on an individual flavor cross section to the one on the total cross section is model

dependent as it requires to know the flavor structure at production. However, in practice, it is a rather

good approximation to apply such a factor of 3 in between, because neutrino oscillations approximately

lead to a flavor-democratic flux in the detector, see Section VI.

           from line dedicated 
         search using same
         1-year data sample
         than for the decay

only illustrative: based on sample of only one year and with no angular information:

annihilation signal largely peaked on galactic center unlike for a decay 
n⌫ / ⇢2DM

n⌫ / ⇢DMdecay:

need also to see the galactic center with good angular resolution

crucial for annihilation:

h� viDMDM!⌫⌫

El Aisati, Garcia-Cely, T.H., Vanderheyden 17

Monochromatic flux of     from DM annihilation: experimental limits
<latexit sha1_base64="ZV7bKeLlePbBc0nxoIn9TzcIxjY="></latexit>⌫



Neutrino Line Searches 
with IceCube
J. A. Aguilar , Thomas Hambye, Michael Gustafsson 
on behalf of IceCube

Photo: Ian Reese

Dark Ghosts 2022

From J.-A. Aguilar talk,  31/03/2022



First neutrino telescope dedicated search for neutrino lines
IceCube collaboration + C. El Aisati, M. Gustafsson, T.H.: to appear

using the energy information of the neutrino events on top of angular information 
to look for a sharp spectral feature

Juan A. AguilarDark Ghosts 2022

Analysis:  Background PDFs

• Background built from scrambled data in RA. 

• Irregular (quantile) binning (https://github.com/janpipek/physt)
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IceCube Preliminary IceCube Preliminary

LE Sample HE Sample

Background pdf obtained from

 
in the background pdf

Double binning likelihood method

Irregular binning

scrambling data (in right ascension)

Signal Substraction Likelihood: to
correct for signal contamination

Juan A. AguilarDark Ghosts 2022

Analysis:  Signal PDFs

• Binning follows the same binning as the background PDF.

13

χχ → νeνe χχ → νeνe

mχ = 1 TeV mχ = 1 TeV

IceCube Preliminary IceCube Preliminary

Signal (HE sample) Scrambled Signal (HE sample)

Signal PDFs

Background PDFs

5-years data sample



First neutrino telescope dedicated search for neutrino lines

Results annihilation:                 channel: <latexit sha1_base64="vZODjItmdkWi7czs6I+aBROD468="></latexit>

�� ! ⌫⌫̄



First neutrino telescope dedicated search for neutrino lines

Results decay:             channel: <latexit sha1_base64="ipmipl3laQrfvA/1Em34x/u35xk="></latexit>

� ! ⌫⌫̄



Results : other channels: annihilation and decay

IceCube Preliminary IceCube Preliminary

IceCube PreliminaryIceCube Preliminary



                Given this exciting experimental situation:

could we expect on the theoretical side signals
at the level of present and future sensitivities??
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Minimal models leading to observable  
-line from DM annihilation
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Determination of minimal models leading to observable    -line
from DM annihilation 

for spin 0 or 1/2 DM

with DM out of single multiplet of  SU(3)c ⇥ SU(2)L ⇥ U(1)Y

with                       mediated by single mediator multipletDM DM ! ⌫⌫

DM

DM

⌫

⌫
M

DM

DM

⌫

⌫
M

which ones of these models can lead to an observable    -line???⌫

El Aisati, Garcia-Cely, TH, Vanderheyden 17

systematic study of these minimal models

<latexit sha1_base64="ZV7bKeLlePbBc0nxoIn9TzcIxjY="></latexit>⌫



20 models: surviving direct detection, s-wave annihil., … DM and mediator up to triplets
10

Annihilation
DM Mediator

m⌫ OK Suppressed
`
+
`
� Model

Channel at 1-loop? by vEW/mDM?

DMDM ! ⌫⌫ Dirac

T0 s-chann. vector S

Yes No =

F1

T0 t-chann. scalar D F2

S s-chann. vector S F3

S t-chann. scalar D F4

DMDM ! ⌫⌫

Real Scalar

D s-chann. scalar T2 ± No

/

S
r

1

S

t-chann. Majorana

D

No

Yes S
r

2

D S No S
r

3

D T0 No S
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4

D T2 Yes S
r

5

T0 D Yes S
r

6

T2 D Yes S
r

7

Majorana

D s-chann. scalar T2 ± No F
m

1

S

t-chann. scalar

D

No

Yes F
m

2

D S No F
m

3

D T0 No F
m

4

D T2 Yes F
m

5

T0 D Yes F
m

6

T2 D Yes F
m

7

Complex Scalar
S

t-chann. Majorana
D

Yes Yes
S1

T0 D S2

Dirac
S

t-chann. scalar
D

Yes Yes
F4

T0 D F2

Table I: DM models which pass the direct detection constraint and the requirement of s-wave
annihilation into neutrinos. S, D, T0 and T2 hold for a field which is a singlet, doublet, Y = 0
triplet and Y = 2 triplet, respectively. The models leading to too large neutrino masses have a
“No” in the column labeled m⌫ , whereas the two models which satisfy the one-loop neutrino mass-
constraint after fine tuning are indicated with “± ”. Those labeled as “Yes” in the column m⌫ do
not break lepton number and do not generate neutrino masses. The models whose annihilation into
neutrinos requires an electroweak vev insertion (with a rate suppressed by at least (vEW/mDM)4)
are indicated in the next column. These models cannot perturbatively lead to a large annihilation
cross section into neutrinos if mDM � vEW. The column `

+
`
� specifies whether the model leads

to annihilations into charged lepton pairs. The “=” sign means that electroweak symmetry leads
to equal rates in ⌫⌫̄ and in `

+
`
� (up to corrections proportional to the electroweak vev vEW). The

“/” sign holds for the case when associated charged lepton production is not present at tree level.

the real scalar or Majorona DM annihilating into ⌫⌫, except, as explained above, two models
proceeding in the s-channel (Sr

1 and F
r

1 ). Note that there is a one-to-one correspondence
between the list of models with the real scalar DM and that of Majorana DM. This is a
consequence of the fact that scalar or Majorana DM pairs always have total spin S = 0 and
therefore obey the various constraints in the same way.

Table I also displays which models involve an annihilation into neutrinos with a rate
proportional to powers of vEW/mDM. Notice that these models are those that violate hyper-
charge. The neutrino flux predicted by them is naturally suppressed above the electroweak
scale. One can show that for multi-TeV DM, and due to this suppression, these models do

only Dirac DM
for      channel⌫⌫̄

⌫⌫      channel 

El Aisati, Garcia-Cely, T.H., Vanderheyden ‘17
See also related table in Lindner, Merle, Niro ‘10

List of simple candidate models for an observable     flux
<latexit sha1_base64="ZV7bKeLlePbBc0nxoIn9TzcIxjY="></latexit>⌫



 mass constraint: kills many       channel possibilities⌫ ⌫⌫

example: inert doublet DM:
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Figure 2: Tree-level diagram leading to neutrino masses for models whose mediator is a scalar
triplet with Y = 2.
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Figure 3: Neutrino-mass diagrams at one loop induced by annihilations of doublet DM. The dia-
grams of the first row are finite. Those of the second row diverge and renormalize the tree-level
process of Fig. 2

.

non-vanishing hypercharge, this mass splitting can only be induced through non-
renormalizable interactions or from the adjunction of extra scalar multiplets. As
examples5, for a scalar triplet with Y = 2, a second scalar triplet with the same
hypercharge allows to write an interaction term similar to Eq. (1). For a fermionic
vector-like doublet or fermionic vector-like triplet with Y = 2, the chiral components
can be split into two Majorana fermions from higher dimensional operators involving
several SM scalar doublets (or by coupling pairs of these fermions to a scalar field with
Y = 2 or Y = 4). They lead, through electroweak symmetry breaking, to di↵erent
Majorana masses for the chiral components. Note that, in addition to assuming as
above a DM multiplet and a mediator multiplet, these cases require an extra multiplet
whose exchange or vev leads to the mass splittings.

For the ⌫⌫̄ channel, this criterion eliminates all Dirac DM candidates with non-
vanishing hypercharge because splitting the mass of the neutral components converts
DM into Majorana fermions, which annihilate into ⌫⌫̄ via its p-wave. Thus, for this
channel only hyperchargeless singlet or triplet Dirac candidates are viable.

Note that this direct-detection constraint also explains why at tree level one needs a
mediator beyond the SM to produce monochromatic neutrinos, as stated in assumption
(i). Without any new mediator, the annihilation into neutrinos at tree level can only

5 For other examples in the context of left-right symmetric DM models, see Ref. [18]
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non-vanishing hypercharge, this mass splitting can only be induced through non-
renormalizable interactions or from the adjunction of extra scalar multiplets. As
examples5, for a scalar triplet with Y = 2, a second scalar triplet with the same
hypercharge allows to write an interaction term similar to Eq. (1). For a fermionic
vector-like doublet or fermionic vector-like triplet with Y = 2, the chiral components
can be split into two Majorana fermions from higher dimensional operators involving
several SM scalar doublets (or by coupling pairs of these fermions to a scalar field with
Y = 2 or Y = 4). They lead, through electroweak symmetry breaking, to di↵erent
Majorana masses for the chiral components. Note that, in addition to assuming as
above a DM multiplet and a mediator multiplet, these cases require an extra multiplet
whose exchange or vev leads to the mass splittings.

For the ⌫⌫̄ channel, this criterion eliminates all Dirac DM candidates with non-
vanishing hypercharge because splitting the mass of the neutral components converts
DM into Majorana fermions, which annihilate into ⌫⌫̄ via its p-wave. Thus, for this
channel only hyperchargeless singlet or triplet Dirac candidates are viable.

Note that this direct-detection constraint also explains why at tree level one needs a
mediator beyond the SM to produce monochromatic neutrinos, as stated in assumption
(i). Without any new mediator, the annihilation into neutrinos at tree level can only

5 For other examples in the context of left-right symmetric DM models, see Ref. [18]

gg

�5
minimum value from 

         direct detection constraint

too large neutrino masses! m⌫ & 100 keV

El Aisati, Garcia-Cely, T.H., Vanderheyden ‘17

         minimum value to get 
       an observable   -line⌫



7 simple models leading to observable    flux at     telescopes 
 surviving neutrino mass constraint, other indirect detection limits, perturbativity….
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Complex Scalar
S

t-chann. Majorana
D

Yes Yes
S1

T0 D S2

Dirac
S

t-chann. scalar
D

Yes Yes
F4

T0 D F2

Table I: DM models which pass the direct detection constraint and the requirement of s-wave
annihilation into neutrinos. S, D, T0 and T2 hold for a field which is a singlet, doublet, Y = 0
triplet and Y = 2 triplet, respectively. The models leading to too large neutrino masses have a
“No” in the column labeled m⌫ , whereas the two models which satisfy the one-loop neutrino mass-
constraint after fine tuning are indicated with “± ”. Those labeled as “Yes” in the column m⌫ do
not break lepton number and do not generate neutrino masses. The models whose annihilation into
neutrinos requires an electroweak vev insertion (with a rate suppressed by at least (vEW/mDM)4)
are indicated in the next column. These models cannot perturbatively lead to a large annihilation
cross section into neutrinos if mDM � vEW. The column `

+
`
� specifies whether the model leads

to annihilations into charged lepton pairs. The “=” sign means that electroweak symmetry leads
to equal rates in ⌫⌫̄ and in `

+
`
� (up to corrections proportional to the electroweak vev vEW). The

“/” sign holds for the case when associated charged lepton production is not present at tree level.

the real scalar or Majorona DM annihilating into ⌫⌫, except, as explained above, two models
proceeding in the s-channel (Sr

1 and F
r

1 ). Note that there is a one-to-one correspondence
between the list of models with the real scalar DM and that of Majorana DM. This is a
consequence of the fact that scalar or Majorana DM pairs always have total spin S = 0 and
therefore obey the various constraints in the same way.

Table I also displays which models involve an annihilation into neutrinos with a rate
proportional to powers of vEW/mDM. Notice that these models are those that violate hyper-
charge. The neutrino flux predicted by them is naturally suppressed above the electroweak
scale. One can show that for multi-TeV DM, and due to this suppression, these models do

⌫

            possible only 
for

                not to induce
         too large 

              flux because 
                these models 

       predict

mDM & TeV

l+l�

�⌫⌫̄ = �l+l�

                     possible only 
           for

                due to 
                           perturbativity:

mDM . TeV

                   excluded: give too
                 many diffuse

                            or too intense   -line
W+W�

�

El Aisati, Garcia-Cely, T.H., Vanderheyden ‘17

there exist simple models leading to observable neutrino flux at neutrino telescopes

⌫



-line cross section results including Sommerfeld effect⌫

example: model     : a          fermion DM triplet  + a scalar doublet mediatorF2 Y = 0

Sommerfeld for free and known: E-W interactions
as models  
F1, S

r
1 , F

m
1

                   -line is predicted as a function of 
                          and                     coupling

⌫
mDM DM �Med� ⌫ g

can be fixed by 
  DM relic density

>
DM

>

>

> >

>

DM DM

DM
⌫

⌫̄

W,Z M….

g

g

⌫present    -line sensitivity                                            doesn’t reach the
thermal freeze out total cross section value

h�viDM DM!⌫⌫ ⇠ few 10�25

h�viTot ⇠ 3 · 10�26

need for a boost of the cross section from freeze out epoch to today

astrophysical boost particle physics boost: Sommerfeld effect
non relativistic DM particles
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Figure 4: The DM annihilation cross section into neutrinos of all flavors (black) for models F1 (top)
and F2 (bottom) as a function of the DM mass. For these models, the cross sections into charged
lepton are given by the same curves. For model F1, we also show the cross section into only one
flavor (gray). The parameters indicated in the upper left corners have been used to calculate the
coupling (top axis) that leads to the observed relic density according to Eq. (A20) or (A19). The
purple region corresponds to Q↵D > 1 or y

2
> 4⇡. Left panel: annihilations in the Milky Way,

assuming a DM relative velocity of v ⇡ 2⇥10�3
c. We show the most stringent limits from IceCube

and Antares data (see Fig. 1). The limits for charged leptons are from HESS [4] and correspond to
ten years of observation of the galactic center. All the cross sections and experimental limits are
given for a NFW profile. The unitarity limit is the classical result from Ref. [26]. Right panel: Same
as the left panel, but for dwarf galaxies for which we assume v ⇡ 10�5

c. The limits on charged
leptons consist of a combination of MAGIC and Fermi-LAT observations of dwarf galaxies [27] .
All the limits in this figure have been rescaled to account for the fact that we are considering Dirac
DM instead of the usual self-conjugate DM.

Unless one lies around a peak, the cross sections reported in Fig. 4 are typically below
the present neutrino-telescope limits. In fact, these cross sections could reasonably be
probed in the future by them.

However, one must still check whether these two models do not lead to too large
fluxes of cosmic rays. The strongest cosmic-ray constraint is associated to charged

�⌫⌫̄ = �l+l�

charged lepton 
flux constraint

all fluxes predicted:   -line and associated charged lepton flux around the corner⌫

discrimination of the models

El Aisati, Garcia-Cely,
   T.H., Vanderheyden ‘17



-line cross section results including Sommerfeld effect⌫

example: model     : a          fermion DM triplet  + a scalar doublet mediatorF2 Y = 0

�⌫⌫̄ = �l+l�

charged lepton 
flux constraint

El Aisati, Garcia-Cely,
   T.H., Vanderheyden ‘17

various multi-TeV models with electroweak interactions are in fact already excluded: give a too
 large Sommerfeld boost       neutrino telescopes are already excluding thermal scenarios!
 but still allowed at lower scale or if annihilation channel to neutrinos subleading in freeze-out
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Figure 4: The DM annihilation cross section into neutrinos of all flavors (black) for models F1 (top)
and F2 (bottom) as a function of the DM mass. For these models, the cross sections into charged
lepton are given by the same curves. For model F1, we also show the cross section into only one
flavor (gray). The parameters indicated in the upper left corners have been used to calculate the
coupling (top axis) that leads to the observed relic density according to Eq. (A20) or (A19). The
purple region corresponds to Q↵D > 1 or y

2
> 4⇡. Left panel: annihilations in the Milky Way,

assuming a DM relative velocity of v ⇡ 2⇥10�3
c. We show the most stringent limits from IceCube

and Antares data (see Fig. 1). The limits for charged leptons are from HESS [4] and correspond to
ten years of observation of the galactic center. All the cross sections and experimental limits are
given for a NFW profile. The unitarity limit is the classical result from Ref. [26]. Right panel: Same
as the left panel, but for dwarf galaxies for which we assume v ⇡ 10�5

c. The limits on charged
leptons consist of a combination of MAGIC and Fermi-LAT observations of dwarf galaxies [27] .
All the limits in this figure have been rescaled to account for the fact that we are considering Dirac
DM instead of the usual self-conjugate DM.

Unless one lies around a peak, the cross sections reported in Fig. 4 are typically below
the present neutrino-telescope limits. In fact, these cross sections could reasonably be
probed in the future by them.

However, one must still check whether these two models do not lead to too large
fluxes of cosmic rays. The strongest cosmic-ray constraint is associated to charged
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one surviving model involve the type-II seesaw scalar triplet state

model      : real scalar DM from doublet + scalar            triplet mediatorSr
1 Y = 2
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Probing the seesaw??? 

neutrinos are produced as mass eigenstates
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Figure 9: Flavor composition of the neutrino lines in the detector for the di↵erent models under
consideration in this work. In the case of model Sr

1 , the flavor composition depends on the neutrino
parameters that we take from Ref. [35] at 3� (1�) in blue (green). In addition, the blue-color
gradient refers to the mass of the lightest neutrino (the darker the color, the lighter the mass).

detector that neutrinos of astrophysical origin can also give. On the contrary, in the case
of normal hierarchy, the flavor composition does not mimic astrophysical neutrinos in most
cases. All this discussion is completely analogous to the case of a majoron decaying into
neutrinos, as recently studied in Ref. [36].

VII. BEYOND THE BASIC PICTURE

So far, to determine the list of models that could lead to a large emission of monochromatic
neutrinos today, we have made a series of standard minimal assumptions on the structure
of the DM model, see (i)–(iii) in Section III. In this section we discuss how, by relaxing
these assumptions—that is to say by complicating the DM scenario—one could enlarge the
possibilities of having an observable flux.

A. Beyond triplets

In the basic setup considered above, assumption (ii) allows for DM and mediator multi-
plets up to triplets. It is not di�cult to generalize this to higher representations. In Table I,
any DM or mediator that transforms as a doublet can be replaced by a 4-plet, 6-plet, etc.

flavour flux composition outside oscillation region

El Aisati, Garcia-Cely, TH, Vanderheyden ‘17
Garcia-Cely, Heeck ‘16

one surviving model involve the type-II seesaw scalar triplet state

model      : real scalar DM from doublet + scalar            triplet mediator
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Figure 4: Neutrino-mass diagrams at one loop induced by annihilations of doublet DM. The dia-
grams of the first row are finite. Those of the second row diverge and renormalize the tree-level
process of Fig. 3

.

3. Neutrino masses. One issue which is fully relevant for the ⌫⌫ channel concerns the
possibility that the same diagrams leading to annihilation into neutrinos could give rise
to neutrino-mass Weinberg operators with too large coe�cients. This is not necessarily
a problem at tree level7 but it is a matter of concern at the loop level and actually
excludes quite a number of models. For instance, the models involving a DM scalar
doublet annihilating into the ⌫⌫ final state in the t-channel are excluded because if
they satisfy the direct detection constraint, they necessarily induce too large neutrino
masses through the first diagram of Fig. 4. This stems from the fact that, in this
case and as said above, the direct detection constraint requires a minimum value for
the coupling responsible for splitting the CP-even and CP-odd neutral scalars in the
doublet. In the presence of such an interaction, from the annihilation channel into
⌫⌫, one can directly form a loop by attaching both DM particles together. Given the

7 A priori, this tree-level concern only applies to the case of a scalar triplet with Y = 2 in the s-channel (the

models we will call Sr
1 and F

m
1 in Table I below). In this case, the neutrino-mass constraint requires the

vev of this mediator to be small, implying that its coupling to two SM Higgs doublets is small as well, see

Fig. 3. However, since this vev does not enter in the annihilation process, both issues are parametrically

separated. Note that to assume a flavour setup with large Yukawa couplings whose contributions cancel

each other in the neutrino mass matrix (such as the ones based on an approximatly conserving lepton

number U(1)L symmetry, see Refs. [23],[24] and [25]) does not help here. This will not boost the ⌫⌫

annihilation channel, only the ⌫⌫̄ one which remains p-wave suppressed.
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possibility that the same diagrams leading to annihilation into neutrinos could give rise
to neutrino-mass Weinberg operators with too large coe�cients. This is not necessarily
a problem at tree level7 but it is a matter of concern at the loop level and actually
excludes quite a number of models. For instance, the models involving a DM scalar
doublet annihilating into the ⌫⌫ final state in the t-channel are excluded because if
they satisfy the direct detection constraint, they necessarily induce too large neutrino
masses through the first diagram of Fig. 4. This stems from the fact that, in this
case and as said above, the direct detection constraint requires a minimum value for
the coupling responsible for splitting the CP-even and CP-odd neutral scalars in the
doublet. In the presence of such an interaction, from the annihilation channel into
⌫⌫, one can directly form a loop by attaching both DM particles together. Given the
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1 and F
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vev of this mediator to be small, implying that its coupling to two SM Higgs doublets is small as well, see

Fig. 3. However, since this vev does not enter in the annihilation process, both issues are parametrically

separated. Note that to assume a flavour setup with large Yukawa couplings whose contributions cancel

each other in the neutrino mass matrix (such as the ones based on an approximatly conserving lepton

number U(1)L symmetry, see Refs. [23],[24] and [25]) does not help here. This will not boost the ⌫⌫
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but some tuning is necessary between tree level and loop contribution not to induce
not to induce too large neutrino masses:
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DM slow decay?
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a massive QED structure on top of the SM:             gauge structure with SSB J
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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, φ, with the
addition of a vector-like fermion charged under it, χ.3 The associated Lagrangian is

L = LSM − 1
4F

X
µνF

Xµν + χ̄(iD/ − mχ)χ+Dµφ
†Dµφ− λmφ

†φH†H − V (φ) , (2.1)

where Dµ = ∂µ − igXQXA′
µ, V (φ) = µ2φ†φ+λφ(φ†φ)2, and FX

µν 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 φ = (η′ + vφ)/

√
2, with

vφ =
√

−2µ2/λφ, the NGB from the spontaneously broken U(1)X being eaten by the
A′. Without the fermion χ, 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 Z2 symmetry under which the gauge boson is odd.4 Adding the
extra fermion, χ, leads to two possible DM patterns. If mA′ = gXvφ > 2mχ, 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 Z2 symmetry. But the χ is stable because a
Z2 symmetry under which χ is odd remains, due to Lorentz invariance and the fact that
it is charged under U(1)X . If instead mA′ < 2mχ, a multi-component DM setup arises
wherein both the A′ and χ are stable, even though the remnant Z2, 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.5 Adding these seesaw states opens up the possibility of neutrino
portal interactions,

δL = −
(
YLNRφχL + YRN c

RφχR + h.c.
)
, (2.2)

on top of the usual seesaw interactions,

Lseesaw = iNR /∂NR − 1
2mN

(
NRN

c
R +N c

RNR

)
−
(
YνNRH̃

†L+ h.c.
)
. (2.3)

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

4Actually, 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 χ 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.
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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, φ, with the
addition of a vector-like fermion charged under it, χ.3 The associated Lagrangian is

L = LSM − 1
4F

X
µνF

Xµν + χ̄(iD/ − mχ)χ+Dµφ
†Dµφ− λmφ

†φH†H − V (φ) , (2.1)

where Dµ = ∂µ − igXQXA′
µ, V (φ) = µ2φ†φ+λφ(φ†φ)2, and FX

µν 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 φ = (η′ + vφ)/

√
2, with

vφ =
√

−2µ2/λφ, the NGB from the spontaneously broken U(1)X being eaten by the
A′. Without the fermion χ, 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 Z2 symmetry under which the gauge boson is odd.4 Adding the
extra fermion, χ, leads to two possible DM patterns. If mA′ = gXvφ > 2mχ, 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 Z2 symmetry. But the χ is stable because a
Z2 symmetry under which χ is odd remains, due to Lorentz invariance and the fact that
it is charged under U(1)X . If instead mA′ < 2mχ, a multi-component DM setup arises
wherein both the A′ and χ are stable, even though the remnant Z2, 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.5 Adding these seesaw states opens up the possibility of neutrino
portal interactions,

δL = −
(
YLNRφχL + YRN c

RφχR + h.c.
)
, (2.2)

on top of the usual seesaw interactions,

Lseesaw = iNR /∂NR − 1
2mN

(
NRN

c
R +N c

RNR

)
−
(
YνNRH̃

†L+ h.c.
)
. (2.3)

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

4Actually, 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 χ 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.
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Destabilization of the fermion DM component by the neutrino portal interactions
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Figure 1. The A′ → νν̄ decay at tree-level.

For the scalar bosons, after SSB the real scalar of the SM Higgs doublet, h′, and
hidden sector scalar boson, η′, mix through the Higgs portal interaction, leading to mass
eigenstates, (

h

η

)

=
(
cosϕ − sinϕ
sinϕ cosϕ

)(
h′

η′

)

, (2.7)

where the mixing angle is
tan 2ϕ = λmvvφ

λφv2φ − λv2
. (2.8)

The mass eigenvalues are

m2
h,η = λv2 + λφv

2
φ ±

√
(λv2 − λφv2φ)2 + λ2mv2v2φ , (2.9)

which in the limit of λm # 1 reduce to m2
h $ 2λv2 and m2

η $ 2λφv2φ.
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

Γ(A′ → νν̄)tree $
g2XY 4

ν (Y 2
L − Y 2

R)2v4v4φmA′

96πm4
χm

4
N

. (2.10)

This process is, as we anticipated, suppressed by four powers of the seesaw scale, more
precisely by four powers of (YL,Rvφ/mχ)(Yνv/mN ), as it requires two χ → NR → νL
transitions, see figure 1. Note that when YL = YR, the decay width of eq. (2.10) vanishes
at O(1/m4

N ) as the diagrams with intermediate χL and χR involve a relative negative sign.
When mA′ 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′ → νν̄h, A′ → νν̄Z, and A′ → ν'±W∓. The allowed four-body
decays can easily be deduced. Neglecting the final state masses, the rates are

ΓA′,three-body $
3g2XY 4

ν (Y 2
L − Y 2

R)2v2v4φm3
A′

64(4π)3m4
χm

4
N

(2.11)

ΓA′,four-body $
g2XY 4

ν (Y 2
L − Y 2

R)2v4φm5
A′

320(4π)5m4
χm

4
N

. (2.12)
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Seesaw induced slow decay of the gauge boson DM component
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N ) as the diagrams with intermediate χL and χR involve a relative negative sign.
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by replacing Higgs vev insertions with physical particles in the final state. The possible
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Figure 2. The one-loop diagrams giving A′ → νν̄ decay. Here n = ν,χ1,2, N are mass eigenstates.

We see that the phase space suppression compared to the two-body decay is compensated
by additional powers of mA′/v, so that the three-body rate is larger than the two-body rate
for mA′ ! 2.9TeV and the four-body rate becomes dominant for mA′ ! 12TeV. On the
other hand, replacing φ vev insertions gives factors of mA′/vφ " 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 t-channel or through one-
loop A′ − Z mixing. The Z exchange diagram dominates, and for mA′,χ # mh, we have

M $
gXY 2

ν (Y 2
L − Y 2

R)v2φ
128π2m2

N

log m2
N

m2
χ
u(pν)γµγ5v(pν̄)εµ(pA′) , (2.13)

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

Γ(A′ → νν)loop $
g2XY 4

ν (Y 2
L − Y 2

R)2v4φmA′

96(4π)5m4
N

log2 m
2
N

m2
χ
, (2.14)

when the tree-level contribution can be neglected.7 This rate is suppressed by four powers
of the χ−νL mixing and there are no extra powers of mN in the numerator coming from the
fermionic trace or loop integral. Thus, it is of the same order in 1/mN as the contributions
of eqs. (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 m4

χ/v
4. For instance, formA′ = mχ,

the rate in eq. (2.14) is larger than the tree-level width given in eq. (2.10) for mA′ !
7We 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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fermionic trace or loop integral. Thus, it is of the same order in 1/mN as the contributions
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is proportional to powers of vacuum expectations values, then for DM masses well beyond
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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 m4
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Figure 3. The one-loop diagrams giving A′ → !−!+ decay. Here n = ν,χ1,2, N are mass eigen-
states.

1.6TeV. Comparing with the four-body decays, we have Γ(A′ → νν̄)loop/ΓA′,four-body "
(10/3)(mχ/mA′)4 log2(m2

N/m2
A′), 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)L 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
Γ(A′ → !+!−) 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′ → W+W−, also exist for sufficiently heavy A′, with comparable rates to A′ → !+!−.
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 χ is suppressed by only
two powers of mN since it involves only one χ → N → ν transition. There are many
possible decay channels. In the limit of ϕ " 0, the decay widths to ην and hν are

Γ(χ1,2 → ην) " Y 2
ν (YL ∓ YR)2v2mχ

64πm2
N

(

1 −
m2

η

m2
χ

)2
(2.15)

and

Γ(χ1,2 → hν) "
Y 2

ν (YL ± YR)2v2φmχ

64πm2
N

(

1 − m2
h

m2
χ

)2
. (2.16)

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

Γ(χ1,2 → W±!∓) "
Y 2

ν (YL ± YR)2v2φmχ

64πm2
N

f(m2
W /m2

χ) , (2.17)

Γ(χ1,2 → Zν) "
Y 2

ν (YL ± YR)2v2φmχ

64πm2
N

f(m2
Z/m

2
χ) , (2.18)

where f(x) = (1 − x)2(1 + 2x). Finally, the χ also decays to A′ν, with partial width

Γ(χ1,2 → A′ν) " Y 2
ν (YL ∓ YR)2v2mχ

64πm2
N

f(m2
A′/m2

χ) . (2.19)

If mχ < mη,mA′ ,mW the leading decays are to three SM fermions, mediated by the W or
Z boson, which are also suppressed by two powers of mN .
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Seesaw induced slow decay of the gauge boson DM component
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Figure 5. Lower bounds on the heavy sterile neutrino mass, mN , from constraints on the lifetime
of DM which decays as A′ → νν̄ and A′ → "+"−. 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 mχ = mA′ , and that the
DM couples universally to the three flavours.

and small mA′ , such that the tree-level part of the A′ → νν̄ amplitude dominates, the
bounds on mN have to be simply rescaled by one power of the vφ/mχ ratio (assuming
still mA′ < 2mχ). For larger mA′ , when the one-loop contribution dominates, the bound
on mN depends only logarithmically on vφ/mχ. Also, considering couplings smaller than
unity clearly leads to a less stringent lower bound on mN than in figure 5.

Figure 5 also shows the lower bound we get on mN from A′ → "+"− (with l = e, µ, τ),
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 mDM ! 10GeV 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 mDM ! 1.6TeV 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 χ lifetime is expected to be much smaller than the age of the Universe,
since the corresponding decay width of χ is only singly suppressed by the seesaw scale. In
figure 6 the dark blue line gives the lifetime of χ1,2 we get assuming the same benchmark
set of parameters as for figure 5. We restrict ourselves to mχ > 100GeV, so that the χ has
kinematically allowed two-body decays. As the figure shows, its lifetime is around the age
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Figure 4. Bounds on the lifetime of dark matter assuming it decays only into νν̄. 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 τDM > τU , CMB data gives τDM > 4.6 τU [46]. In ref. [20], many
of these constraints were compiled and translated into an upper bound on the U(1)B−L

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. Γ(A′ → ναν̄α) is the same for α = e, µ, τ (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 = Yν = |Y 2

L − Y 2
R| = 1, and mχ = mA′ . This implies

mDM = vφ and gives Γ(A′ → νν̄) = (1/96π) · v4mA′/m4
N at tree-level. Figure 5 gives, for

this straightforward case, the lower bound on mN 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 mDM is
of order the electroweak scale. Of course, nothing guarentees that mχ must necessarily be
of order vφ, since these two scales are independent in the setup we consider. For vφ #= mχ
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A low scale seesaw induced decaying DM setup

a  simple question: could the seesaw interactions set the DM relic density,
even though DM is not a sterile neutrino??

from a thermal bath the 2 most straightforward ways to account for the 
observed DM relic density are the freeze-out and freeze-in 

      slow out-of-equilibrium 
production of DM:
requires tiny coupling

a framework which involve small couplings is the low scale seesaw:
could low scale seesaw be responsible for DM relic density through freeze-in???

�DM

Fr
ee
ze
in Freezeout

 Mc Donald 02’
Hall, Jedamzik, 

              March-Russell, West 09’

thermalization point of 

� � 10�10 � � 1
⇥(SMSM � DMDM) ⇥ �2

26%

SMSM $ DMDM

freeze-out: YDM / 1

h�viSMSM!DMDMYDM / h�viSMSM!DMDM



A simple DM setup whose relic density is determined by seesaw interactions
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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 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.

The nature of DM as a particle and the origin of neu-
trino 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 interactions could play an important role in
the existence of DM today. If the right-handed neutrinos
lie around the electroweak scale or below, these seesaw
interactions are expected to be small, so that they in-
duce su�ciently 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 pro-
duced 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 interac-
tion between the right-handed neutrino(s) and DM. The
most minimal possibility is to assume a neutrino por-
tal 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 produced from Higgs, W
and Z boson decays via freeze-in in a manner that de-
pends 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,

Lseesaw = iNR@/NR �
1

2
mN (NRN

c

R +N
c

RNR)

�(Y⌫NRH̃
†
L+ h.c.) , (1)

one assumes only a neutrino portal interaction,

�L = �Y�N��+ h.c. . (2)

A sum over the various right-handed neutrinos is implicit.
We assume that � is a two-component Majorana spinor.
The generalisation to a four-component Dirac spinor is
straightforward. We do not assume any symmetry at this
stage, i.e. � 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 neu-
trino masses follow from the diagonalisation of the in-
duced neutrino mass matrix, M⌫ = �Y

T

⌫ m
�1
N Y⌫v

2
/2,

where v = 246 GeV is the vev of the SM scalar boson.
Given the value of the atmospheric and solar neutrino
mass splittings, this implies that two right-handed neutri-
nos, which we will callN2,3, necessarily have Yukawa cou-

plings much larger than the typical 10�10-10�13 values
one needs to produce the observed relic density through
freeze-in. However, one of the three right-handed neu-
trinos, which we will call N1, or simply “N”, could nev-
ertheless have smaller couplings as the absolute neutrino
mass scale is not known, i.e. the value of the lightest
neutrino mass could be very tiny or even vanishing. If
this right-handed neutrino is lighter than the Higgs bo-
son, the Higgs boson can decay to N + ⌫i (i=e,µ,⌧) with
a decay width1

�
h!N ⌫i+N ⌫̄i

=
1

16⇡
mh|Y⌫i|

2
⇣
1�

m
2
N

m
2
h

⌘2
. (3)

Similarly, in the electroweak broken phase, the decays
of the W

± to N + l
± and Z to N⌫ occur through N -⌫

1
We will assume the two other right-handed neutrinos are heavier,
mN2,3

> mh, and have negligible neutrino portal interactions.

These could, for instance, be responsible for successful baryoge-
nesis through leptogenesis (and without much washout of the L
asymmetry produced by N1 interactions, given the smallness of
the N1 interactions and possible flavour e↵ects). Alternatively,
they could also never have been produced if the inflation reheat-
ing temperature is smaller than their masses.

ar
X

iv
:2

10
4.

00
04

2v
2 

 [h
ep

-p
h]

  2
5 

O
ct

 2
02

1

ULB-TH/21-04

Seesaw determination of the dark matter relic density

Rupert Coy,1 Aritra Gupta,1 and Thomas Hambye1
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The nature of DM as a particle and the origin of neu-
trino 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 interactions could play an important role in
the existence of DM today. If the right-handed neutrinos
lie around the electroweak scale or below, these seesaw
interactions are expected to be small, so that they in-
duce su�ciently 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 pro-
duced 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 interac-
tion between the right-handed neutrino(s) and DM. The
most minimal possibility is to assume a neutrino por-
tal 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 produced from Higgs, W
and Z boson decays via freeze-in in a manner that de-
pends 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,

Lseesaw = iNR@/NR �
1

2
mN (NRN

c

R +N
c

RNR)

�(Y⌫NRH̃
†
L+ h.c.) , (1)

one assumes only a neutrino portal interaction,

�L = �Y�N��+ h.c. . (2)

A sum over the various right-handed neutrinos is implicit.
We assume that � is a two-component Majorana spinor.
The generalisation to a four-component Dirac spinor is
straightforward. We do not assume any symmetry at this
stage, i.e. � 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 neu-
trino masses follow from the diagonalisation of the in-
duced neutrino mass matrix, M⌫ = �Y

T

⌫ m
�1
N Y⌫v

2
/2,

where v = 246 GeV is the vev of the SM scalar boson.
Given the value of the atmospheric and solar neutrino
mass splittings, this implies that two right-handed neutri-
nos, which we will callN2,3, necessarily have Yukawa cou-

plings much larger than the typical 10�10-10�13 values
one needs to produce the observed relic density through
freeze-in. However, one of the three right-handed neu-
trinos, which we will call N1, or simply “N”, could nev-
ertheless have smaller couplings as the absolute neutrino
mass scale is not known, i.e. the value of the lightest
neutrino mass could be very tiny or even vanishing. If
this right-handed neutrino is lighter than the Higgs bo-
son, the Higgs boson can decay to N + ⌫i (i=e,µ,⌧) with
a decay width1

�
h!N ⌫i+N ⌫̄i

=
1

16⇡
mh|Y⌫i|

2
⇣
1�

m
2
N

m
2
h

⌘2
. (3)

Similarly, in the electroweak broken phase, the decays
of the W

± to N + l
± and Z to N⌫ occur through N -⌫

1
We will assume the two other right-handed neutrinos are heavier,
mN2,3

> mh, and have negligible neutrino portal interactions.

These could, for instance, be responsible for successful baryoge-
nesis through leptogenesis (and without much washout of the L
asymmetry produced by N1 interactions, given the smallness of
the N1 interactions and possible flavour e↵ects). Alternatively,
they could also never have been produced if the inflation reheat-
ing temperature is smaller than their masses.
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The nature of DM as a particle and the origin of neu-
trino 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 interactions could play an important role in
the existence of DM today. If the right-handed neutrinos
lie around the electroweak scale or below, these seesaw
interactions are expected to be small, so that they in-
duce su�ciently 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 pro-
duced 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 interac-
tion between the right-handed neutrino(s) and DM. The
most minimal possibility is to assume a neutrino por-
tal 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 produced from Higgs, W
and Z boson decays via freeze-in in a manner that de-
pends 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,

Lseesaw = iNR@/NR �
1

2
mN (NRN

c

R +N
c

RNR)

�(Y⌫NRH̃
†
L+ h.c.) , (1)

one assumes only a neutrino portal interaction,

�L = �Y�N��+ h.c. . (2)

A sum over the various right-handed neutrinos is implicit.
We assume that � is a two-component Majorana spinor.
The generalisation to a four-component Dirac spinor is
straightforward. We do not assume any symmetry at this
stage, i.e. � 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 neu-
trino masses follow from the diagonalisation of the in-
duced neutrino mass matrix, M⌫ = �Y

T

⌫ m
�1
N Y⌫v

2
/2,

where v = 246 GeV is the vev of the SM scalar boson.
Given the value of the atmospheric and solar neutrino
mass splittings, this implies that two right-handed neutri-
nos, which we will callN2,3, necessarily have Yukawa cou-

plings much larger than the typical 10�10-10�13 values
one needs to produce the observed relic density through
freeze-in. However, one of the three right-handed neu-
trinos, which we will call N1, or simply “N”, could nev-
ertheless have smaller couplings as the absolute neutrino
mass scale is not known, i.e. the value of the lightest
neutrino mass could be very tiny or even vanishing. If
this right-handed neutrino is lighter than the Higgs bo-
son, the Higgs boson can decay to N + ⌫i (i=e,µ,⌧) with
a decay width1

�
h!N ⌫i+N ⌫̄i

=
1

16⇡
mh|Y⌫i|

2
⇣
1�

m
2
N

m
2
h

⌘2
. (3)

Similarly, in the electroweak broken phase, the decays
of the W

± to N + l
± and Z to N⌫ occur through N -⌫

1
We will assume the two other right-handed neutrinos are heavier,
mN2,3

> mh, and have negligible neutrino portal interactions.

These could, for instance, be responsible for successful baryoge-
nesis through leptogenesis (and without much washout of the L
asymmetry produced by N1 interactions, given the smallness of
the N1 interactions and possible flavour e↵ects). Alternatively,
they could also never have been produced if the inflation reheat-
ing temperature is smaller than their masses.
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W, Z, h

2

mixing, if kinematically allowed,

�
W

±!N l
±
i

=
1

48⇡
mW |Y⌫i|

2
f(m2

N/m
2
W ) , (4)

�
Z!N ⌫i+N ⌫̄i

=
1

48⇡
mZ |Y⌫i|

2
f(m2

N/m
2
Z) , (5)

where f(x) = (1 � x)2(1 + 2/x). Note the m
2
W,Z/m

2
N

enhancement (due to N -⌫i mixing) of the gauge bo-
son decay widths with respect to the h one. Given
the neutrino mass constraints, it is perfectly possible
that these decays have never been in thermal equilib-
rium. For the Z decay, which is the fastest, this requires
�
Z!N ⌫+N ⌫̄i

/H|T'mZ
. 1, i.e.

X

i

|Y⌫i|
2 . 1 · 10�16

·

⇣
mN

10GeV

⌘2
, (6)

or

m⌫1
 m̃1 < 3 · 10�4 eV (mN/10GeV) , (7)

where we have neglected m
2
N/m

2
Z corrections and have

used the well-known seesaw inequality m⌫1
 m̃1 ⌘P

i
|Y⌫i|

2
v
2
/(2mN ), with m⌫1

the mass of the lightest
SM neutrino. As is also well known, the value of m̃1 is
experimentally allowed to be anywhere between m⌫1

and
values much larger than the neutrino masses but, barring
cancellations between the Yukawa couplings in the neu-
trino mass formula, it is expected below the upper bound
on neutrino masses ⇠ 1.1 eV [16], typically of order m⌫1

.

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 mN . mh,W,Z , the dom-
inant freeze-in production mechanism is from the above
decay channel(s).2 The resulting number of right-handed
neutrinos from Z boson decays is given by

YN ⌘
nN

s
= cZ ·

�
Z!N⌫+N ⌫̄

sH

���
T=mZ

. (8)

Here we have simply multiplied the number of decays
per unit time and volume, �

Z!N⌫+N ⌫̄
, by the age of the

universe ⇠ 1/H, everything taken at about the freeze-in

2
Scattering 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. ff̄ ! 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 ! f

0
L̄N , also give a sublead-

ing contribution.

production peak temperature, T ⇠ mZ , with

�
Z!N⌫+N ⌫̄

= hn
eq

Z
�
Z!N⌫+N ⌫̄

E

mZ

i

=
m

3
ZT

32⇡3 K1(mZ/T )f(m
2
N/m

2
Z)

X

i

|Y⌫i|
2
,

(9)

which depends on the Bessel function K1, and where
the brackets refer to the thermal average. This is valid
up to a constant, cZ , of order unity, cf. Eq. (8). In-
tegrating the corresponding Boltzmann equation gives
cZ = 3⇡/[2K1(1)] = 7.8. The same formula holds for
W ! Nli and h ! N⌫i, and we find cW = ch = cZ .
Once produced this way, the right-handed neutrinos

can decay dominantly to � + � through neutrino portal
interactions, provided mN > m� + m� (see below for
possible e↵ects of three-body decays). This simply gives

Y� = Y� = YN . (10)

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

⌦DMh
2
' 1023

X

i

|Y⌫i|
2
⇣
m� +m�

1GeV

⌘⇣10GeV

mN

⌘2
.

(11)
Note that we have assumed here that both � 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 ⌦DMh

2 = 0.12 if

X

i

|Y⌫i|
2
' 10�24

·

⇣
mN

10GeV

⌘2⇣ 1GeV

m� +m�

⌘
, (12)

which implies

m⌫1
< m̃1 = 4 · 10�12 eV ·

10 GeV

mN

·

✓
1GeV

m� +m�

◆
. (13)

Again, m⌫1
' m̃1 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
di�cult to probe, but is falsifiable from absolute neu-
trino mass scale and neutrinoless double beta decay ex-
periments such as KATRIN and GERDA [17], as well as
from cosmology.

II. DM STABILITY

This very simple mechanism above has to be con-
fronted with several constraints, which we will now dis-
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the DM relic density could be produced from Higgs, W
and Z boson decays via freeze-in in a manner that de-
pends 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,

Lseesaw = iNR@/NR �
1

2
mN (NRN

c

R +N
c

RNR)

�(Y⌫NRH̃
†
L+ h.c.) , (1)

one assumes only a neutrino portal interaction,

�L = �Y�N��+ h.c. . (2)

A sum over the various right-handed neutrinos is implicit.
We assume that � is a two-component Majorana spinor.
The generalisation to a four-component Dirac spinor is
straightforward. We do not assume any symmetry at this
stage, i.e. � 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 neu-
trino masses follow from the diagonalisation of the in-
duced neutrino mass matrix, M⌫ = �Y

T

⌫ m
�1
N Y⌫v

2
/2,

where v = 246 GeV is the vev of the SM scalar boson.
Given the value of the atmospheric and solar neutrino
mass splittings, this implies that two right-handed neutri-
nos, which we will callN2,3, necessarily have Yukawa cou-

plings much larger than the typical 10�10-10�13 values
one needs to produce the observed relic density through
freeze-in. However, one of the three right-handed neu-
trinos, which we will call N1, or simply “N”, could nev-
ertheless have smaller couplings as the absolute neutrino
mass scale is not known, i.e. the value of the lightest
neutrino mass could be very tiny or even vanishing. If
this right-handed neutrino is lighter than the Higgs bo-
son, the Higgs boson can decay to N + ⌫i (i=e,µ,⌧) with
a decay width1

�
h!N ⌫i+N ⌫̄i

=
1

16⇡
mh|Y⌫i|

2
⇣
1�

m
2
N

m
2
h

⌘2
. (3)

Similarly, in the electroweak broken phase, the decays
of the W

± to N + l
± and Z to N⌫ occur through N -⌫

1
We will assume the two other right-handed neutrinos are heavier,
mN2,3

> mh, and have negligible neutrino portal interactions.

These could, for instance, be responsible for successful baryoge-
nesis through leptogenesis (and without much washout of the L
asymmetry produced by N1 interactions, given the smallness of
the N1 interactions and possible flavour e↵ects). Alternatively,
they could also never have been produced if the inflation reheat-
ing temperature is smaller than their masses.
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f(m2

N/m
2
Z) , (5)

where f(x) = (1 � x)2(1 + 2/x). Note the m
2
W,Z/m

2
N

enhancement (due to N -⌫i mixing) of the gauge bo-
son decay widths with respect to the h one. Given
the neutrino mass constraints, it is perfectly possible
that these decays have never been in thermal equilib-
rium. For the Z decay, which is the fastest, this requires
�
Z!N ⌫+N ⌫̄i

/H|T'mZ
. 1, i.e.

X

i

|Y⌫i|
2 . 1 · 10�16

·

⇣
mN

10GeV

⌘2
, (6)

or

m⌫1
 m̃1 < 3 · 10�4 eV (mN/10GeV) , (7)

where we have neglected m
2
N/m

2
Z corrections and have

used the well-known seesaw inequality m⌫1
 m̃1 ⌘P

i
|Y⌫i|

2
v
2
/(2mN ), with m⌫1

the mass of the lightest
SM neutrino. As is also well known, the value of m̃1 is
experimentally allowed to be anywhere between m⌫1

and
values much larger than the neutrino masses but, barring
cancellations between the Yukawa couplings in the neu-
trino mass formula, it is expected below the upper bound
on neutrino masses ⇠ 1.1 eV [16], typically of order m⌫1

.

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 mN . mh,W,Z , the dom-
inant freeze-in production mechanism is from the above
decay channel(s).2 The resulting number of right-handed
neutrinos from Z boson decays is given by

YN ⌘
nN

s
= cZ ·

�
Z!N⌫+N ⌫̄

sH

���
T=mZ

. (8)

Here we have simply multiplied the number of decays
per unit time and volume, �

Z!N⌫+N ⌫̄
, by the age of the

universe ⇠ 1/H, everything taken at about the freeze-in

2
Scattering 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. ff̄ ! 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 ! f

0
L̄N , also give a sublead-

ing contribution.

production peak temperature, T ⇠ mZ , with

�
Z!N⌫+N ⌫̄

= hn
eq

Z
�
Z!N⌫+N ⌫̄

E

mZ

i

=
m

3
ZT

32⇡3 K1(mZ/T )f(m
2
N/m

2
Z)

X

i

|Y⌫i|
2
,

(9)

which depends on the Bessel function K1, and where
the brackets refer to the thermal average. This is valid
up to a constant, cZ , of order unity, cf. Eq. (8). In-
tegrating the corresponding Boltzmann equation gives
cZ = 3⇡/[2K1(1)] = 7.8. The same formula holds for
W ! Nli and h ! N⌫i, and we find cW = ch = cZ .
Once produced this way, the right-handed neutrinos

can decay dominantly to � + � through neutrino portal
interactions, provided mN > m� + m� (see below for
possible e↵ects of three-body decays). This simply gives

Y� = Y� = YN . (10)

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

⌦DMh
2
' 1023

X

i

|Y⌫i|
2
⇣
m� +m�

1GeV

⌘⇣10GeV

mN

⌘2
.

(11)
Note that we have assumed here that both � 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 ⌦DMh

2 = 0.12 if

X

i

|Y⌫i|
2
' 10�24

·

⇣
mN

10GeV

⌘2⇣ 1GeV

m� +m�

⌘
, (12)

which implies

m⌫1
< m̃1 = 4 · 10�12 eV ·

10 GeV

mN

·

✓
1GeV

m� +m�

◆
. (13)

Again, m⌫1
' m̃1 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
di�cult to probe, but is falsifiable from absolute neu-
trino mass scale and neutrinoless double beta decay ex-
periments such as KATRIN and GERDA [17], as well as
from cosmology.

II. DM STABILITY

This very simple mechanism above has to be con-
fronted with several constraints, which we will now dis-
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In particular, one finds an interesting relation between
the value of the lightest neutrino mass and the DM relic
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experimentally allowed to be anywhere between m⌫1

and
values much larger than the neutrino masses but, barring
cancellations between the Yukawa couplings in the neu-
trino mass formula, it is expected below the upper bound
on neutrino masses ⇠ 1.1 eV [16], typically of order m⌫1

.

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 mN . mh,W,Z , the dom-
inant freeze-in production mechanism is from the above
decay channel(s).2 The resulting number of right-handed
neutrinos from Z boson decays is given by

YN ⌘
nN

s
= cZ ·

�
Z!N⌫+N ⌫̄

sH

���
T=mZ

. (8)

Here we have simply multiplied the number of decays
per unit time and volume, �

Z!N⌫+N ⌫̄
, by the age of the

universe ⇠ 1/H, everything taken at about the freeze-in

2
Scattering 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. ff̄ ! 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 ! f

0
L̄N , also give a sublead-

ing contribution.

production peak temperature, T ⇠ mZ , with

�
Z!N⌫+N ⌫̄

= hn
eq

Z
�
Z!N⌫+N ⌫̄

E

mZ

i

=
m

3
ZT

32⇡3 K1(mZ/T )f(m
2
N/m

2
Z)

X

i

|Y⌫i|
2
,

(9)

which depends on the Bessel function K1, and where
the brackets refer to the thermal average. This is valid
up to a constant, cZ , of order unity, cf. Eq. (8). In-
tegrating the corresponding Boltzmann equation gives
cZ = 3⇡/[2K1(1)] = 7.8. The same formula holds for
W ! Nli and h ! N⌫i, and we find cW = ch = cZ .
Once produced this way, the right-handed neutrinos

can decay dominantly to � + � through neutrino portal
interactions, provided mN > m� + m� (see below for
possible e↵ects of three-body decays). This simply gives

Y� = Y� = YN . (10)

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

⌦DMh
2
' 1023

X

i

|Y⌫i|
2
⇣
m� +m�

1GeV

⌘⇣10GeV

mN

⌘2
.

(11)
Note that we have assumed here that both � 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 ⌦DMh

2 = 0.12 if

X

i

|Y⌫i|
2
' 10�24

·

⇣
mN

10GeV

⌘2⇣ 1GeV

m� +m�

⌘
, (12)

which implies

m⌫1
< m̃1 = 4 · 10�12 eV ·

10 GeV

mN

·

✓
1GeV

m� +m�

◆
. (13)

Again, m⌫1
' m̃1 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
di�cult to probe, but is falsifiable from absolute neu-
trino mass scale and neutrinoless double beta decay ex-
periments such as KATRIN and GERDA [17], as well as
from cosmology.

II. DM STABILITY

This very simple mechanism above has to be con-
fronted with several constraints, which we will now dis-

Testability of the framework

lightest neutrino mass prediction: cannot be established but can be falsified

observable neutrino line prediction:
for instance if               ,   DM is dominated by    component:<latexit sha1_base64="JJGqQKpJYftBf5bb4GFO7QJz1Ik="></latexit>
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Figure 1: Constraints on neutrino line production [18–22].
For various values of mN , experimental lower bounds (see
[23, 24]) are contrasted with the theoretical upper bound on
the lifetime of � ! �⌫ decay, assuming that m� � m�, 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).

cuss. Firstly, one has to check that the interactions as-
sumed above do not lead to too fast a DM decay. There
are di↵erent 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, irre-
spective of the symmetry assumed.

If m� > m�, the � 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 ⌫ + � via the
Y� interaction and ⌫ �N seesaw-induced mixing,3

��!�⌫ =
1

32⇡
|Y�|

2

P
i
|Y⌫i|

2
v
2

m
2
N

m�

⇣
1�

m
2
�

m
2
�

⌘2
. (14)

Here there are two options, depending on whether the �

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 neu-
trinos, i.e. a DM smoking gun neutrino line. Note that

3
The m� < m� case is very similar to the m� < m� case,
just inverting � and �. The relevant decay width is ��!�⌫ =
1

16⇡m�
P

i |Y�|
2|Y⌫i|

2
v
2
/m

2
N , leading to the same possibility of

indirect detection and about the same constraint on the Y� cou-
pling.

since we consider m� up to the EW 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 mDM ⇠ GeV, it is of
order 1024 sec. Such a long lifetime requires, on top of the
large |Y⌫ |

2 suppression of the decay width (see Eq. (12)),
an approximately equal suppression from |Y�|

2,

|Y�|
2 . 10�25

⇣1024 sec
⌧
obsv
�

⌘
. (15)

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

�N!�� '
1

16⇡
mN |Y�|

2
✓
1 +

2m�

mN

◆
(16)

. 3 · 10�2 sec�1
·

⇣1024 sec
⌧
obsv
�

⌘⇣
mN

10GeV

⌘
,

where in the inequality we neglected corrections of order
(m�,�/mN ). Note, importantly, that even if suppressed
in this way, the N ! �� decay width driven by Y� can
still easily dominate over the various three-body decays
that are induced by the Y⌫ couplings, N ! ⌫ff̄ and
N ! `ff̄

0. Thus, there is indeed a whole range of pa-
rameter 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

�
N!⌫ff̄

=
Nc

1536⇡3 |Y⌫i|
2 g

2
2

cos ✓2W
(g2L + g

2
R)

m
3
N

m
2
Z

, (17)

and similarly for N ! `ff̄
0. As usual, gL,R = T3 �

Q sin2 ✓W , with g2 and ✓W the SU(2)L gauge coupling
and Weinberg mixing angle, and T3, Q, Nc the weak
isospin, electric charge, and number of colours of the
SM fermion considered. Summing the three-body de-
cays over all quarks and leptons allowed in the final
state, the two-body decay width dominates when |Y�|

2 &
10�4 P

i
|Y⌫i|

2 (mN/10GeV)2. This lower bound must
be compared with the upper bound on Y� such that it
doesn’t induce too intense a neutrino line, Eq. (15).

The black lines in Fig. 1 display for various values of
mN the value of ��1

min,�!�⌫
/ m�/m

4
N 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 neu-
trino 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 mN > mW,Z,h, one can show that unless m� is be-
low ⇠ O(10)MeV, the one-to-one correspondence be-
tween the seesaw parameters and the DM relic density

-line if on top of tiny       coupling, the       coupling is also tiny
<latexit sha1_base64="Eqitrw9GOxeCN65FBiwa+ix8GRY="></latexit>
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<latexit sha1_base64="0pjBP51H62L/GNFFm5X7qdeD6qg="></latexit>

Y�
<latexit sha1_base64="spJftn48YOYadU+s7JzcslkwGzc="></latexit>⌫

Coy, Gupta, TH, ’21  



-line constraints
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Figure 1: Constraints on neutrino line production [18–22].
For various values of mN , experimental lower bounds (see
[23, 24]) are contrasted with the theoretical upper bound on
the lifetime of � ! �⌫ decay, assuming that m� � m�, 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).

cuss. Firstly, one has to check that the interactions as-
sumed above do not lead to too fast a DM decay. There
are di↵erent 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, irre-
spective of the symmetry assumed.

If m� > m�, the � 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 ⌫ + � via the
Y� interaction and ⌫ �N seesaw-induced mixing,3

��!�⌫ =
1

32⇡
|Y�|

2

P
i
|Y⌫i|

2
v
2

m
2
N

m�

⇣
1�

m
2
�

m
2
�

⌘2
. (14)

Here there are two options, depending on whether the �

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 neu-
trinos, i.e. a DM smoking gun neutrino line. Note that

3
The m� < m� case is very similar to the m� < m� case,
just inverting � and �. The relevant decay width is ��!�⌫ =
1

16⇡m�
P

i |Y�|
2|Y⌫i|

2
v
2
/m

2
N , leading to the same possibility of

indirect detection and about the same constraint on the Y� cou-
pling.

since we consider m� up to the EW 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 mDM ⇠ GeV, it is of
order 1024 sec. Such a long lifetime requires, on top of the
large |Y⌫ |

2 suppression of the decay width (see Eq. (12)),
an approximately equal suppression from |Y�|

2,

|Y�|
2 . 10�25

⇣1024 sec
⌧
obsv
�

⌘
. (15)

Approximately saturating this bound leads to an observ-
able neutrino line. This small value of Y� implies that
the decay of N is quite slow,
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16⇡
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✓
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2m�
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. 3 · 10�2 sec�1
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⇣1024 sec
⌧
obsv
�
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⌘
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where in the inequality we neglected corrections of order
(m�,�/mN ). Note, importantly, that even if suppressed
in this way, the N ! �� decay width driven by Y� can
still easily dominate over the various three-body decays
that are induced by the Y⌫ couplings, N ! ⌫ff̄ and
N ! `ff̄

0. Thus, there is indeed a whole range of pa-
rameter 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

�
N!⌫ff̄

=
Nc

1536⇡3 |Y⌫i|
2 g

2
2

cos ✓2W
(g2L + g

2
R)

m
3
N

m
2
Z

, (17)

and similarly for N ! `ff̄
0. As usual, gL,R = T3 �

Q sin2 ✓W , with g2 and ✓W the SU(2)L gauge coupling
and Weinberg mixing angle, and T3, Q, Nc the weak
isospin, electric charge, and number of colours of the
SM fermion considered. Summing the three-body de-
cays over all quarks and leptons allowed in the final
state, the two-body decay width dominates when |Y�|

2 &
10�4 P

i
|Y⌫i|

2 (mN/10GeV)2. This lower bound must
be compared with the upper bound on Y� such that it
doesn’t induce too intense a neutrino line, Eq. (15).

The black lines in Fig. 1 display for various values of
mN the value of ��1

min,�!�⌫
/ m�/m

4
N 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 neu-
trino 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 mN > mW,Z,h, one can show that unless m� is be-
low ⇠ O(10)MeV, the one-to-one correspondence be-
tween the seesaw parameters and the DM relic density

      upper bound to have 1-to-1 
   correspondance between     

and seesaw parameters
        (2-body N decay dominance)

      upper bound from large 
        scale structure formation

4

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 uni-
verse at the BBN epoch, ⌧BBN ⇠ 1� 100 sec. One could
therefore wonder if BBN is a matter of concern. How-
ever, it is not the case because the number of N particles
decaying is very limited, and they negligibly contribute
to the total energy density at this time (hence to the
Hubble expansion rate), even if N decays into two par-
ticles which are relativistic. Moreover, the decay is into
� and �, which do not cause any photo-disintegration of
nuclei since they do not produce any electromagnetic or
hadronic material, (unless the � scalar has a vev and de-
cays through a Higgs portal). The late N decay, produc-
ing relativistic DM, is nevertheless a matter of concern
for structure formation. Imposing that DM, which has
kinetic energy ⇠ mN/2 when produced from N decays,
Eq. (16), redshifts enough so that it is non-relativistic
when T ⇠ keV (so that it doesn’t a↵ect structure for-
mation too much [27]) gives an upper bound on the �

lifetime,

⌧� . 1028 sec
⇣
mDM

mN

⌘2⇣ mN

10GeV

⌘
. (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 or-
der that the one-to-one relationship above holds is that
the � particle, if still stable today and without a vev, is
negligibly produced by a possible Higgs portal H†

H�
2

interaction. Note that if it has a sizable vev, even a very
tiny Higgs portal interaction would largely destabilise 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 mN > m� +m� > 3.6 MeV, since
Borexino detects ⌫̄e 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 ⌧� > ⌧U gives m⌫1

. 3 ⇥ 10�6

eV, still much lighter than the neutrino mass scale be-
ing probed by present experiments. Moreover, since Fig.
1 typically bounds ⌧� to be several orders of magnitude
above ⌧U , the upper bound on m⌫1

would be correspond-
ingly 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 su�ciently small m�, m� and mN .

As already mentioned above, an alternative “option B”
is to consider that the heaviest particle among � 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 thermalisation of N , � and
�. Then the thermalised hidden sector (HS) is character-
ized by a temperature, T 0, smaller than the visible SM
sector temperature, T . 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 pro-
cesses (for instance �� $ ��, NN $ �� or NN $ ��)
will in general not decouple when DM is non-relativistic
but rather when DM is still relativistic. In this case, the
relic density doesn’t depend on the annihilation cross sec-
tion but only on T

0
/T (along the T

0
/T relativistic floor

scenario, see details in [30]). Thus, since T
0
/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 pa-
rameters and DM relic density.
The value of T 0

/T can be estimated by considering that
at the peak of N freeze-in production, when T ' mZ ,
each N has an energy ' mZ , so that the HS energy
density is

⇢HS |T'mZ
' nN |T'mZ

mZ = (⇡2
/30)g?HST

04
, (19)

with nN given by Eq. (8), and g
?

HS = 9/2 the number
of HS degrees of freedom (from N , � and �). Plugging
T

0
/T in the relativistic floor equation for the relic density

(Eq. 2 of [30], see also Eq. 9 of [31]) gives

⌦DMh
2

' c · 1018
⇣X

i

|Y⌫i|
2
⌘3/4

· gDM

⇣1GeV

mN

⌘3/2⇣ mDM

100 MeV

⌘
, (20)

where c is equal to 2.5 when determined from Eq. (19)
and 9.5 when properly determined from the en-
ergy transfer Boltzmann equation setting ⇢HS , see
Eq. (49) of [29]. This requires slightly smaller val-
ues of Y⌫ couplings than in Eq. (11), because the
HS thermalisation process increases the number
of DM particles. This also implies m⌫1

. 8.8 ⇥

10�14 eV (mN/1GeV) (100MeV/mDM )4/3 (1/g4/3
DM

).
Further details, including the fact that relativistic
decoupling in this case requires mN . mZ/100 and
mDM . mN/10, are left for another publication.

III. SYMMETRIES

The setup assumed above is compatible with various
types of symmetries. All symmetry patterns we will con-
sider below assume new symmetries under which both �

Coy, Gupta, TH, ’21  

<latexit sha1_base64="ZV7bKeLlePbBc0nxoIn9TzcIxjY="></latexit>⌫

<latexit sha1_base64="fYqW2ibfHbbldtB96iegG9QrOfE="></latexit>

⌦DM



Other option leading to 1-to-1        -seesaw correspondance

relativistic decoupling of DM in the hidden sector thermal bath
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Summary

 

Short Summary

   high energy    -line search : - large recent improvements

   -line from DM annihilation: - several possibilities at level of present sensitivity
- possible links with seesaw

  high seesaw scale option (order unity couplings):

⌫
- more in near future

⌫

even if neutrino masses constraints kill in many 
cases the possibility of an intense    -line

   -line from DM decay: - many possibilities at level of present sensitivity⌫
- can be induced by seesaw interactions

low seesaw scale option (tiny couplings)

allow to test GUT scale

<latexit sha1_base64="CRnRPNOEAqbyVmP0q2hwKYU8FYQ="></latexit>⌫







Lifetime lower limit:

102 103 104 105 106 107 108
1025

1026

1027

1028

1029

1030

mDM !GeV"

Τ
!s"

This Work
IceCube
H.E.S.S.
Fermi

ElA
isati,G

ustafsson,H
am
bye#2015$

102 103 104 105 106 107 108
1025

1026

1027

1028

1029

1030

mDM !GeV"

Τ
!s"

This Work
IceCube
H.E.S.S.
Fermi

ElA
isati,G

ustafsson,H
am
bye#2015$

                    between few TeV and 50 TeV,     and     line sensitivities are similar!        � ⌫ within a factor 1 to 20

⌫First spectrum based search of a ‘   -line’ from IceCube data

                using a 2010-2012 public IceCube data sample: for DM decay: �DM!⌫+X

Lifetime lower limit exploiting the sharp spectral feature property:
El Aisati, Gustafsson, TH 15’



IceCube new analysis: Most significant result



More details about minimal models for nu-lines



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

many constraints:

constraint 1: annihilation must proceed through s-wave    not to be suppressed by 
velocity powers today 

for the                          channel this excludes all scalar andDM DM ! ⌫ ⌫̄

DM DM ! ⌫ ⌫

Majorana DM models
but leaves open many possibilities in the                         channel



Determination of minimal models leading to observable    -line⌫
from DM annihilation 

many constraints:

constraint 2: direct detection constraint:

big issue for DM multiplet >

>>

>

N N

DM DM

Zwith non-zero hypercharge far too large

need to split in mass the neutral
 components of the DM multiplet
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Figure 7: DM annihilation cross section into neutrinos of all flavors for model F4 as a function of
the DM mass and the coupling inducing the Sommerfeld e↵ect. For these models, this cross section
also gives the total annihilation cross section into charged leptons. This cross section is here given
for an annihilations in the Milky Way, assuming a DM relative velocity of v ⇡ 2 ⇥ 10�3

c. The
blue dotted (dashed) lines are the limits for µ

+
µ
� (⌧+⌧�) final states from HESS [4] under the

assumption of a NFW profile and correspond to ten years of observation of the galactic center. All
the limits in this figure have been rescaled to account for the fact that we are considering Dirac
DM.

B. Models S1 and S2

As discussed in Section III, models S1 and S2 lead to annihilation cross sections that are
suppressed by powers of vEW/mDM. Therefore, they are viable models for neutrino lines
only below the TeV scale. These models, as S

r

1 and F
m

1 , have the interesting property of
not leading to an equal production of charged leptons and neutrinos. For models S1 and S2,
this is in in fact a necessary condition because, as already said above, charged-lepton limits
at low scales reach sensitivities that neutrino telescopes will not reach before long.

At such low masses, the electroweak Sommerfeld e↵ect does not take place, even for
model S2 whose DM candidate belongs to a SU(2)L triplet. Thus, as for models F3,4, an
additional light mediator is required to induce the Sommerfeld e↵ect. Such a mediator can
be a scalar or a vector boson. In both cases, DM annihilations into the mediator proceed via
the s-wave and they must therefore be considered at freeze-out and in DM halos. Moreover,
if the mediator dominantly decayed into charged fermions or photons, the annihilation into
monochromatic neutrinos would not be the prime signature of these scenarios.
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