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Sterile Neutrino Dark Matter: 

X-ray + Lyman-alpha rule out DM 
from Dodelson-Widrow (DW) 

production  

need alternate mechanism, e.g. 
freeze-in, that does not need active-

sterile mixing
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PARAMETER SPACE FOR STERILE NEUTRINOS

from 1504.04855

Direct Searches 

rely on decay 
channels+lifetime dictated 

by active-sterile mixing
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NEED FOR “NEW” PHYSICS  
IN THE NEUTRINO SECTOR 

 (WITH LIGHT STERILE NEUTRINOS)

“unnatural” parameters in the (sterile) neutrino sector: 

• < GeV scale masses for sterile neutrinos 

• tiny Yukawa couplings ( y < 10-7 ) 

• production of sterile neutrino DM beyond DW

Hints of an underlying structure?
additional structure? new particles? new symmetries?

novel phenomenology?
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WHY ARE STERILE NEUTRINOS LIGHT?

1. symmetry protection 

2. mass partner is a singlet

N

Exotic Signals in the Sterile Neutrino Sector

Preliminary notes on the phenomenology associated with a light pseudo-Goldstone from a broken

global U(1)
0
(unrelated to lepton number) in the neutrino sector.

MOTIVATION

Light sterile neutrinos below the electroweak scale are
well motivated by many arguments (dark matter, lepto-
genesis etc) and are being searched for at a variety of
experiments. The searches are performed in the tradi-
tional decay channels induced by the mixing of the active
and sterile sectors as dictated by the seesaw mechanism.
However, the natural mass scale of Majorana neutrinos
is at the UV cuto↵ scale (GUT or Planck), so if they are
light, this is indicative of some deeper structure in the
sterile neutrino sectors, such as some protecting symme-
try that keeps their masses at a low scale. This structure
can also give rise to other light degrees of freedom in the
neutrino sector, and consequently new decay channels for
sterile neutrinos, which can completely change their phe-
nomenology. We would like to study this possibility.

Motivate from hidden sectors. Even if GUT scale see-
saw, if neutrino-like fields in hidden sectors exist, inte-
grating out the GUT scale neutrinos generates a low en-
ergy e↵ective seesaw! Plausible to have additional struc-
ture there.

FRAMEWORK

The operators traditionally associated with right-
handed, sterile neutrinos are the Dirac and Majorana
masses:

L � yijLihNj +MiN̄
c
i Ni. (1)

When M � yhhi, this setup give rise to the familiar
seesaw mechanism, resulting in active neutrino masses

ma ⇠ (y hhi)2
M . If the mass scale M is light enough to

be phenomenologically interesting, this is indicative of
a protective symmetry that prevents it from being at
the UV-cuto↵ scale of the theory (e.g. GUT or Planck
scale). We consider the case where the Ni are charged
under some BSM symmetry. Many papers have consid-
ered the case where this symmetry is related to lepton
number, e.g. a global or gauged U(1)B�L; in this case,
the allowed/phenomenologically relevant operators are

L � yijLihNj + xi�N̄
c
i Ni + �(H†

H)�2 + V (�). (2)

such that the Dirac mass term is unchanged, but the Ma-
jorana mass term is obtained after the new field � gets a
vev that breaks U(1)B�L, giving rise to the Goldstone of
the broken (global) symmetry, the Majoron. Several pa-
pers have been devoted to the study of the phenomenol-
ogy of such ”Majoron” models.

The U(1)B�L is appealing but by no means the only
possibility. We consider instead a global symmetry U(1)0

that the Ni (but none of the SM fields) are charged un-
der. This forbids the Dirac as well as Majorana mass
terms in the above equations. However, with an oppo-
sitely charged �, we can write down the higher dimen-
sional operator

L � 1

⇤
LhN� (3)

which, once � gets a vev, reproduces the Dirac mass term.
Here ⇤ is some UV-cuto↵ scale. To keep things general,
we do not explicitly write down a term that gives rise to
the Majorana mass term, and take the sterile neutrino
mass M to be a free parameter instead. Spontaneous
breaking of the U(1)0 with h�i gives rise to a light pseudo-
Goldstone ⇢, which inherits the couplings of �; its mass
depends on details of the underlying model (explicit soft
term, or from quantum gravity), but for generality we
also take this mass m⇢ to be a free parameter.

PHENOMENOLOGY

The phenomenology depends on four free parame-
ters: h�i, ⇤, m⇢,M (other phenomenologically relevant
parameters are m� and its mixing with the SM Higgs,
but these are only tangentially relevant to neutrino phe-
nomenology and we ignore these for now).
If m⇢ <M , we have a new, “exotic” decay channel for

the sterile neutrino into the pseudo-Goldstone and an
active neutrino, N ! ⇢⌫. This has a decay width (as-
suming m⇢ ⌧ M)

�(N ! ⇢⌫) =
1

16⇡

✓
hhi
⇤

◆2

M (4)

where hhi=174GeV is the SM Higgs vev. If this width is
su�ciently large, this exotic decay channel of the sterile
neutrino can compete with the traditional decay chan-
nels induced by active-sterile mixing. In Fig. 1, we plot
the value of the UV-cuto↵ ⇤ as a function of the sterile
neutrino mass M below which this decay channel domi-
nates (assuming the seesaw relation holds); this seems to
occur for a significant part of parameter space.
Likewise, if ⇢ is heavier than the active neutrinos, it

can decay into a pair of active neutrinos, ⇢ ! ⌫⌫. The
decay width for this process is

�(⇢ ! ⌫⌫) =
1

16⇡

✓
hhi
⇤

◆2
m⌫

M
m⇢, (5)
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ν<h> y

Why are the active (Standard Model) neutrinos  light?
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WHY ARE STERILE NEUTRINOS LIGHT?

N

What if the same thing happens with a “sterile neutrino” ν’ ?

ν’ charged under some additional 

symmetry (U(1)’) ,  broken by the 

vev of an exotic higgs φ  

ν ’<φ>
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number, e.g. a global or gauged U(1)B�L; in this case,
the allowed/phenomenologically relevant operators are

L � yijLihNj + xi�N̄
c
i Ni + �(H†

H)�2 + V (�). (2)

such that the Dirac mass term is unchanged, but the Ma-
jorana mass term is obtained after the new field � gets a
vev that breaks U(1)B�L, giving rise to the Goldstone of
the broken (global) symmetry, the Majoron. Several pa-
pers have been devoted to the study of the phenomenol-
ogy of such ”Majoron” models.

The U(1)B�L is appealing but by no means the only
possibility. We consider instead a global symmetry U(1)0

that the Ni (but none of the SM fields) are charged un-
der. This forbids the Dirac as well as Majorana mass
terms in the above equations. However, with an oppo-
sitely charged �, we can write down the higher dimen-
sional operator

L � 1

⇤
LhN� (3)

which, once � gets a vev, reproduces the Dirac mass term.
Here ⇤ is some UV-cuto↵ scale. To keep things general,
we do not explicitly write down a term that gives rise to
the Majorana mass term, and take the sterile neutrino
mass M to be a free parameter instead. Spontaneous
breaking of the U(1)0 with h�i gives rise to a light pseudo-
Goldstone ⇢, which inherits the couplings of �; its mass
depends on details of the underlying model (explicit soft
term, or from quantum gravity), but for generality we
also take this mass m⇢ to be a free parameter.

PHENOMENOLOGY

The phenomenology depends on four free parame-
ters: h�i, ⇤, m⇢,M (other phenomenologically relevant
parameters are m� and its mixing with the SM Higgs,
but these are only tangentially relevant to neutrino phe-
nomenology and we ignore these for now).
If m⇢ <M , we have a new, “exotic” decay channel for

the sterile neutrino into the pseudo-Goldstone and an
active neutrino, N ! ⇢⌫. This has a decay width (as-
suming m⇢ ⌧ M)

�(N ! ⇢⌫) =
1

16⇡

✓
hhi
⇤

◆2

M (4)

where hhi=174GeV is the SM Higgs vev. If this width is
su�ciently large, this exotic decay channel of the sterile
neutrino can compete with the traditional decay chan-
nels induced by active-sterile mixing. In Fig. 1, we plot
the value of the UV-cuto↵ ⇤ as a function of the sterile
neutrino mass M below which this decay channel domi-
nates (assuming the seesaw relation holds); this seems to
occur for a significant part of parameter space.
Likewise, if ⇢ is heavier than the active neutrinos, it

can decay into a pair of active neutrinos, ⇢ ! ⌫⌫. The
decay width for this process is

�(⇢ ! ⌫⌫) =
1

16⇡

✓
hhi
⇤

◆2
m⌫

M
m⇢, (5)

y’ν<h> y
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Exotic Signals in the Sterile Neutrino Sector

Preliminary notes on the phenomenology associated with a light pseudo-Goldstone from a broken

global U(1)
0
(unrelated to lepton number) in the neutrino sector.

MOTIVATION
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experiments. The searches are performed in the tradi-
tional decay channels induced by the mixing of the active
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nomenology. We would like to study this possibility.

Motivate from hidden sectors. Even if GUT scale see-
saw, if neutrino-like fields in hidden sectors exist, inte-
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FRAMEWORK

The operators traditionally associated with right-
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masses:

L � yijLihNj +MiN̄
c
i Ni. (1)

When M � yhhi, this setup give rise to the familiar
seesaw mechanism, resulting in active neutrino masses

ma ⇠ (y hhi)2
M . If the mass scale M is light enough to

be phenomenologically interesting, this is indicative of
a protective symmetry that prevents it from being at
the UV-cuto↵ scale of the theory (e.g. GUT or Planck
scale). We consider the case where the Ni are charged
under some BSM symmetry. Many papers have consid-
ered the case where this symmetry is related to lepton
number, e.g. a global or gauged U(1)B�L; in this case,
the allowed/phenomenologically relevant operators are

L � yijLihNj + xi�N̄
c
i Ni + �(H†

H)�2 + V (�). (2)

such that the Dirac mass term is unchanged, but the Ma-
jorana mass term is obtained after the new field � gets a
vev that breaks U(1)B�L, giving rise to the Goldstone of
the broken (global) symmetry, the Majoron. Several pa-
pers have been devoted to the study of the phenomenol-
ogy of such ”Majoron” models.

The U(1)B�L is appealing but by no means the only
possibility. We consider instead a global symmetry U(1)0

that the Ni (but none of the SM fields) are charged un-
der. This forbids the Dirac as well as Majorana mass
terms in the above equations. However, with an oppo-
sitely charged �, we can write down the higher dimen-
sional operator

L � 1

⇤
LhN� (3)

which, once � gets a vev, reproduces the Dirac mass term.
Here ⇤ is some UV-cuto↵ scale. To keep things general,
we do not explicitly write down a term that gives rise to
the Majorana mass term, and take the sterile neutrino
mass M to be a free parameter instead. Spontaneous
breaking of the U(1)0 with h�i gives rise to a light pseudo-
Goldstone ⇢, which inherits the couplings of �; its mass
depends on details of the underlying model (explicit soft
term, or from quantum gravity), but for generality we
also take this mass m⇢ to be a free parameter.

PHENOMENOLOGY

The phenomenology depends on four free parame-
ters: h�i, ⇤, m⇢,M (other phenomenologically relevant
parameters are m� and its mixing with the SM Higgs,
but these are only tangentially relevant to neutrino phe-
nomenology and we ignore these for now).
If m⇢ <M , we have a new, “exotic” decay channel for

the sterile neutrino into the pseudo-Goldstone and an
active neutrino, N ! ⇢⌫. This has a decay width (as-
suming m⇢ ⌧ M)

�(N ! ⇢⌫) =
1

16⇡

✓
hhi
⇤

◆2

M (4)

where hhi=174GeV is the SM Higgs vev. If this width is
su�ciently large, this exotic decay channel of the sterile
neutrino can compete with the traditional decay chan-
nels induced by active-sterile mixing. In Fig. 1, we plot
the value of the UV-cuto↵ ⇤ as a function of the sterile
neutrino mass M below which this decay channel domi-
nates (assuming the seesaw relation holds); this seems to
occur for a significant part of parameter space.
Likewise, if ⇢ is heavier than the active neutrinos, it

can decay into a pair of active neutrinos, ⇢ ! ⌫⌫. The
decay width for this process is

�(⇢ ! ⌫⌫) =
1

16⇡

✓
hhi
⇤

◆2
m⌫

M
m⇢, (5)

y y’

Integrate out heavy portal N’s: 

 low energy effective seesaw between the hidden sector 
“sterile neutrinos” ν’ and SM neutrinos ν

HEAVY NEUTRINO PORTAL 
TO A HIDDEN SECTOR
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IMPLICATIONS

neutrino sector extended with additional 
symmetries, particles: 

• sterile neutrinos  (exotic fermions in a 
hidden sector, light because masses suppressed by 

the seesaw mechanism) 

• higgs boson  (responsible for breaking the 
symmetry the sterile neutrinos are charged under) 

• Goldstone boson  (if symmetry is global) 

• gauge boson(s)  (if gauge symmetry) 

Do these lead to interesting physics?

refer to these 
as N from 

hereon

in particular: 
N1=dark 
matter?
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WHAT IS THE SCALE OF U(1)’ BREAKING?

 M Motivation

keV-GeV GUT scale 100 TeV- 100 PeV Split 
Supersymmetry

eV GUT scale few hundred GeV twin Higgs

keV-GeV 10^10 GeV few hundred GeV 
-TeV

dark 
matter+collider 

signatures

+ more…

mν′ 
⟨ϕ⟩
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Above U(1)’ breaking scale, integrating out the GUT scale seesaw neutrinos (M*) gives 

3

dark matter abundance is consistent with all existing con-
straints [33].

Resonant production: The presence of a lepton chem-
ical potential in the plasma can lead to resonantly am-
plified production of N1 [34], producing a colder non-
thermal distribution that can help evade the Lyman-
alpha bounds, thereby accounting for all of dark mat-
ter. This, however, requires fine-tuning of the order of
1 in 1011 in the mass di↵erence between the two heav-
ier sterile neutrinos in order to generate the large lepton
asymmetry through CP-violating oscillations [35, 36].

If the scalar � has additional interactions (with the
Higgs or supersymmetric sector, for example) that keep
it in equilibrium with the thermal bath at high tempera-
tures, the additional “freeze-in” production mechanisms
can contribute to the present abundance of N1.

IR freeze-in: Once the scalar field obtains a vev h�i,
the decay channels � ! N1 N1 and Hu ! N1⌫a open
up with e↵ective couplings x1 = 2 x h�i

M⇤
and y1 = y h�i

M⇤
respectively, resulting in the accumulation of N1 through
the freeze-in mechanism [37–39] until the temperature
drops below the mass of the parent particle(s). Assuming
y <x, the abundance due to � ! N1 N1 is [38, 40]

⌦N1h
2
⇠ 0.1

✓
x1

1.4⇥ 10�8

◆3 ✓
h�i

m�

◆
. (9)

For h�i/m� ⇠ O(1), x ⇠ 1, and h�i ⇠ 1 � 100 PeV,
this can be a significant contribution to the dark matter
abundance. Indeed, IR freeze-in through decay of heavy
singlets is a widely used production mechanism for sterile
neutrino dark matter [38–43].

UV freeze-in: High temperatures in the early Uni-
verse can also overcome the 1/M⇤ suppression of non-
renormalizable interactions from the terms in Equation 3.
Dark matter can then be produced through the annihi-
lation processes �� ! N1 N1, �Hu ! ⌫a N1, � ⌫a !

Hu N1, and Hu, ⌫a ! �N1. Assuming x>y, so that
�� ! N1 N1 gives the dominant contribution, the dark
matter yield is approximately [44–46]

YN1 ⇠ 5⇥ 10�7
x
2

✓
TRH MP

M2
⇤

◆
. (10)

The corresponding relic density is [44–46]

⌦N1h
2
' 0.1x2

⇣
ms

10GeV

⌘✓
TRH MP

M2
⇤

◆
. (11)

If the reheat temperature TRH is su�ciently high, this
contribution can also be significant. This UV feeze-in
contribution is generally not considered in the ⌫MSM or
its singlet extensions and is a novel feature of our use of
non-renormalizable operators.

We emphasize that the above formulae for IR and UV
freeze-in are only approximate, and several O(1) factors
and e↵ects have been ignored. For instance, the dilution
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FIG. 2: Dark matter relic density and various constraints.
In the red region, the lifetime is shorter than the age of the
Universe. In the top right white region, the lifetime is shorter
than ⌧BBN = 1 s. The lifetime is calculated using several
decay channels, following [47]. Dark matter overcloses the
Universe in the dark green region, while the dark blue region
is ruled out by X-ray constraints. Cyan regions in top right
are constraints from direct searches. The light blue shaded
regions consist of parameter space where 10�3  ⌦h2  0.11:
the top left region corresponds to DW production, while the
bottom right corresponds to IR freeze-in (for h�i = m� =
100PeV). Red dots (blue squares) correspond to benchmark
point A (B ) from Table I.

of N1 abundance due to entropy production from the de-
cay of other sterile neutrinos [15] has not been accounted
for.

Figure 2 explores the various masses and mixing an-
gles for N1 for which the correct relic density can be
obtained. In this figure, resonant production has been
ignored, and TRH is assumed to be su�ciently low that
UV freeze-in is negligible. The light blue shaded regions
represent parameter space where 10�3

 ⌦h2
 0.11;

two distinct regions occur, corresponding to two distinct
production mechanisms. In the top left region, dark
matter is produced through the DW mechanism thanks
to significant active sterile mixing sin2✓ ⇠ 10�10 for
ms ⇠ 1� 10 keV. In the bottom right region (plotted for
h�i = m� = 100PeV), N1 is produced via IR freeze-in of
�, where the extremely small mixing angle sin2✓ ⇠ 10�28

prevents N1 from decaying into SM fields. Other colored
regions denote various constraints; these are described in
the figure caption.

We note parenthetically here that since the connection
to the PeV scale was inspired by considerations of a su-
persymmetric sector, it is worth noting that the lightest
supersymmetric particle (LSP), if stable under R-parity,
can also account for an O(1) fraction of dark matter –
cold dark matter in this case – as could axions.

Coming back to the neutrino sector, there are two other
sterile neutrinos N2, N3 in the theory to consider. From

3

dark matter abundance is consistent with all existing con-
straints [33].

Resonant production: The presence of a lepton chem-
ical potential in the plasma can lead to resonantly am-
plified production of N1 [34], producing a colder non-
thermal distribution that can help evade the Lyman-
alpha bounds, thereby accounting for all of dark mat-
ter. This, however, requires fine-tuning of the order of
1 in 1011 in the mass di↵erence between the two heav-
ier sterile neutrinos in order to generate the large lepton
asymmetry through CP-violating oscillations [35, 36].

If the scalar � has additional interactions (with the
Higgs or supersymmetric sector, for example) that keep
it in equilibrium with the thermal bath at high tempera-
tures, the additional “freeze-in” production mechanisms
can contribute to the present abundance of N1.

IR freeze-in: Once the scalar field obtains a vev h�i,
the decay channels � ! N1 N1 and Hu ! N1⌫a open
up with e↵ective couplings x1 = 2 x h�i

M⇤
and y1 = y h�i

M⇤
respectively, resulting in the accumulation of N1 through
the freeze-in mechanism [37–39] until the temperature
drops below the mass of the parent particle(s). Assuming
y <x, the abundance due to � ! N1 N1 is [38, 40]

⌦N1h
2
⇠ 0.1

✓
x1

1.4⇥ 10�8

◆3 ✓
h�i

m�

◆
. (9)

For h�i/m� ⇠ O(1), x ⇠ 1, and h�i ⇠ 1 � 100 PeV,
this can be a significant contribution to the dark matter
abundance. Indeed, IR freeze-in through decay of heavy
singlets is a widely used production mechanism for sterile
neutrino dark matter [38–43].

UV freeze-in: High temperatures in the early Uni-
verse can also overcome the 1/M⇤ suppression of non-
renormalizable interactions from the terms in Equation 3.
Dark matter can then be produced through the annihi-
lation processes �� ! N1 N1, �Hu ! ⌫a N1, � ⌫a !

Hu N1, and Hu, ⌫a ! �N1. Assuming x>y, so that
�� ! N1 N1 gives the dominant contribution, the dark
matter yield is approximately [44–46]

YN1 ⇠ 5⇥ 10�7
x
2

✓
TRH MP

M2
⇤

◆
. (10)

The corresponding relic density is [44–46]
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If the reheat temperature TRH is su�ciently high, this
contribution can also be significant. This UV feeze-in
contribution is generally not considered in the ⌫MSM or
its singlet extensions and is a novel feature of our use of
non-renormalizable operators.

We emphasize that the above formulae for IR and UV
freeze-in are only approximate, and several O(1) factors
and e↵ects have been ignored. For instance, the dilution
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FIG. 2: Dark matter relic density and various constraints.
In the red region, the lifetime is shorter than the age of the
Universe. In the top right white region, the lifetime is shorter
than ⌧BBN = 1 s. The lifetime is calculated using several
decay channels, following [47]. Dark matter overcloses the
Universe in the dark green region, while the dark blue region
is ruled out by X-ray constraints. Cyan regions in top right
are constraints from direct searches. The light blue shaded
regions consist of parameter space where 10�3  ⌦h2  0.11:
the top left region corresponds to DW production, while the
bottom right corresponds to IR freeze-in (for h�i = m� =
100PeV). Red dots (blue squares) correspond to benchmark
point A (B ) from Table I.

of N1 abundance due to entropy production from the de-
cay of other sterile neutrinos [15] has not been accounted
for.

Figure 2 explores the various masses and mixing an-
gles for N1 for which the correct relic density can be
obtained. In this figure, resonant production has been
ignored, and TRH is assumed to be su�ciently low that
UV freeze-in is negligible. The light blue shaded regions
represent parameter space where 10�3

 ⌦h2
 0.11;

two distinct regions occur, corresponding to two distinct
production mechanisms. In the top left region, dark
matter is produced through the DW mechanism thanks
to significant active sterile mixing sin2✓ ⇠ 10�10 for
ms ⇠ 1� 10 keV. In the bottom right region (plotted for
h�i = m� = 100PeV), N1 is produced via IR freeze-in of
�, where the extremely small mixing angle sin2✓ ⇠ 10�28

prevents N1 from decaying into SM fields. Other colored
regions denote various constraints; these are described in
the figure caption.

We note parenthetically here that since the connection
to the PeV scale was inspired by considerations of a su-
persymmetric sector, it is worth noting that the lightest
supersymmetric particle (LSP), if stable under R-parity,
can also account for an O(1) fraction of dark matter –
cold dark matter in this case – as could axions.

Coming back to the neutrino sector, there are two other
sterile neutrinos N2, N3 in the theory to consider. From

Once φ obtains a vev, 

3

dark matter abundance is consistent with all existing con-
straints [33].

Resonant production: The presence of a lepton chem-
ical potential in the plasma can lead to resonantly am-
plified production of N1 [34], producing a colder non-
thermal distribution that can help evade the Lyman-
alpha bounds, thereby accounting for all of dark mat-
ter. This, however, requires fine-tuning of the order of
1 in 1011 in the mass di↵erence between the two heav-
ier sterile neutrinos in order to generate the large lepton
asymmetry through CP-violating oscillations [35, 36].

If the scalar � has additional interactions (with the
Higgs or supersymmetric sector, for example) that keep
it in equilibrium with the thermal bath at high tempera-
tures, the additional “freeze-in” production mechanisms
can contribute to the present abundance of N1.

IR freeze-in: Once the scalar field obtains a vev h�i,
the decay channels � ! N1 N1 and Hu ! N1⌫a open
up with e↵ective couplings x1 = 2 x h�i

M⇤
and y1 = y h�i

M⇤
respectively, resulting in the accumulation of N1 through
the freeze-in mechanism [37–39] until the temperature
drops below the mass of the parent particle(s). Assuming
y <x, the abundance due to � ! N1 N1 is [38, 40]

⌦N1h
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1.4⇥ 10�8

◆3 ✓
h�i

m�

◆
. (9)

For h�i/m� ⇠ O(1), x ⇠ 1, and h�i ⇠ 1 � 100 PeV,
this can be a significant contribution to the dark matter
abundance. Indeed, IR freeze-in through decay of heavy
singlets is a widely used production mechanism for sterile
neutrino dark matter [38–43].

UV freeze-in: High temperatures in the early Uni-
verse can also overcome the 1/M⇤ suppression of non-
renormalizable interactions from the terms in Equation 3.
Dark matter can then be produced through the annihi-
lation processes �� ! N1 N1, �Hu ! ⌫a N1, � ⌫a !

Hu N1, and Hu, ⌫a ! �N1. Assuming x>y, so that
�� ! N1 N1 gives the dominant contribution, the dark
matter yield is approximately [44–46]
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The corresponding relic density is [44–46]
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If the reheat temperature TRH is su�ciently high, this
contribution can also be significant. This UV feeze-in
contribution is generally not considered in the ⌫MSM or
its singlet extensions and is a novel feature of our use of
non-renormalizable operators.

We emphasize that the above formulae for IR and UV
freeze-in are only approximate, and several O(1) factors
and e↵ects have been ignored. For instance, the dilution
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FIG. 2: Dark matter relic density and various constraints.
In the red region, the lifetime is shorter than the age of the
Universe. In the top right white region, the lifetime is shorter
than ⌧BBN = 1 s. The lifetime is calculated using several
decay channels, following [47]. Dark matter overcloses the
Universe in the dark green region, while the dark blue region
is ruled out by X-ray constraints. Cyan regions in top right
are constraints from direct searches. The light blue shaded
regions consist of parameter space where 10�3  ⌦h2  0.11:
the top left region corresponds to DW production, while the
bottom right corresponds to IR freeze-in (for h�i = m� =
100PeV). Red dots (blue squares) correspond to benchmark
point A (B ) from Table I.

of N1 abundance due to entropy production from the de-
cay of other sterile neutrinos [15] has not been accounted
for.

Figure 2 explores the various masses and mixing an-
gles for N1 for which the correct relic density can be
obtained. In this figure, resonant production has been
ignored, and TRH is assumed to be su�ciently low that
UV freeze-in is negligible. The light blue shaded regions
represent parameter space where 10�3

 ⌦h2
 0.11;

two distinct regions occur, corresponding to two distinct
production mechanisms. In the top left region, dark
matter is produced through the DW mechanism thanks
to significant active sterile mixing sin2✓ ⇠ 10�10 for
ms ⇠ 1� 10 keV. In the bottom right region (plotted for
h�i = m� = 100PeV), N1 is produced via IR freeze-in of
�, where the extremely small mixing angle sin2✓ ⇠ 10�28

prevents N1 from decaying into SM fields. Other colored
regions denote various constraints; these are described in
the figure caption.

We note parenthetically here that since the connection
to the PeV scale was inspired by considerations of a su-
persymmetric sector, it is worth noting that the lightest
supersymmetric particle (LSP), if stable under R-parity,
can also account for an O(1) fraction of dark matter –
cold dark matter in this case – as could axions.

Coming back to the neutrino sector, there are two other
sterile neutrinos N2, N3 in the theory to consider. From

2

are charged under a U(1)0, which are ubiquitous in string-
inspired models of nature. This immediately forbids the
terms in Eq. 2, and the traditional seesaw mechanism
does not work. Higher dimensional operators involving
the SM and Ni fields can be obtained by coupling the Ni

to other fields charged under the U(1)0. We introduce
an exotic field � that carries the opposite charge under
U(1)0.

As motivated in the previous section, we are interested
in a supersymmetric framework, motivated by a possible
common origin of the supersymmetry breaking scale and
the mass scale that sets the neutrino masses (however,
this connection to supersymmetry is by no means nec-
essary). We thus introduce three chiral supermultiplets
Ni for the sterile neutrinos and a chiral supermultiplet �,
whose spin (0, 1/2) components are labelled (Ñi, Ni) and
(�, �) respectively. With these fields and charge assign-
ments, one is allowed the following higher dimensional
operators in the superpotential:

W �
y

M⇤
LHuN�+

x

M⇤
NN��. (3)

Here x and y are dimensionless O(1) couplings (neglect-
ing possible flavor structure for now), and M⇤ is the scale
at which this e↵ective theory needs to be UV completed
with new physics, such as the scale of grand unification
MGUT or the Planck scale MP . Here we have ignored
the (LHu)2/M⇤ term, which is of the same dimension,
as it is not large enough to produce all active neutrino
masses, but we note that it can provide the dominant
contribution to the lightest active neutrino mass.

If the scalar � obtains a vev at the PeV scale, presum-
ably from the same mechanism that breaks supersymme-
try, this breaks the U(1)0 and (after Hu also acquires a
vev) leads to the following active-sterile Dirac mass and
sterile Majorana mass scales

mD =
yh�ihH

0
u
i

M⇤
, mM =

xh�i
2

M⇤
. (4)

This results in a modified seesaw mechanism, arising en-
tirely from higher dimensional operators. Below the elec-
troweak scale, the e↵ective theory maps onto the ⌫MSM
with the following sterile and active neutrino mass scales:

ms = mM =
xh�i

2

M⇤
,

ma =
m

2
D

mM

=
y
2
hH

0
u
i
2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH

0
u
i

M⇤

◆2

. (6)

Fixing the parameters of the theory also determines the
mixing angle between the active and sterile sectors:

✓ ⇡

r
ma

ms

=
yhH

0
u
i

xh�i
. (7)
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FIG. 1: Active and sterile neutrino mass scales for various
choices of yh�i, with M⇤ = MGUT , tan� = 2 (hH0

ui =
155.6 GeV), and 0.001<x< 2. The dashed vertical line at
ma = 0.05 eV is the active neutrino mass scale necessary
for consistency with atmospheric oscillation data �m

2
atm =

2.3⇥ 10�3 eV2.

Figure 1 shows possible active-sterile mass scale com-
binations that result from this framework with M⇤ =
MGUT (=1016 GeV), tan� =2 (hH0

u
i=155.6 GeV), and

0.001<x< 2 for various values of yh�i. This exer-
cise suggests that both an active neutrino mass scale
of

p
2.3⇥ 10�3 eV2 ⇠ 0.05 eV, necessary for consis-

tency with atmospheric oscillation data �m
2
atm

= 2.3 ⇥
10�3 eV2, and a sterile neutrino mass scale of O(keV-
GeV), necessary for consistency with dark matter and
cosmological observations, can emerge naturally in this
framework.

DARK MATTER AND COSMOLOGICAL
CONSTRAINTS

Sterile neutrinos are constrained by several cosmolog-
ical and direct observations, which require careful treat-
ment. This section provides a brief overview to demon-
strate consistency with these constraints and the viabil-
ity of dark matter; a more extensive and comprehensive
study will be presented in a forthcoming paper.
We denote the sterile neutrino dark matter candidate

by N1. As N1 couples extremely weakly to the SM fields
and is never in thermal equilibrium in the early Universe
(we have assumed that possible additional interactions
due to the U(1)0 are negligible), its relic abundance is
not set by thermal freeze-out. Under various conditions,
our framework allows multiple production mechanisms
for N1.
Active-sterile mixing: Production through active-

sterile oscillation at low temperatures, known as the
Dodelson-Widrow (DW) mechanism [20], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density

2

A vev for the exotic Higgs field �, appropriately charged
under the lepton or B � L symmetry, breaks the sym-
metry and produces sterile neutrino masses Mi ⇠ xh�i.
If the symmetry is global, a physical light degree of
freedom, the Goldstone boson, known as the majoron,
emerges [15, 16].

In this paper, we consider instead a global symmetry,
for instance a U(1)0, that is confined to the sterile neutri-
nos and does not extend to any SM field. Such a symme-
try forbids both terms in Eq. 1. However, a scalar field
� carrying the opposite U(1)0 charge to Ni enables the
higher dimensional operator 1

⇤LhN�, where ⇤ is a UV-
cuto↵ scale. 1 A � vev breaks the U(1)0 and produces
the Yukawa interaction term from Eq. 1 with the e↵ec-
tive Yukawa coupling y ⇠ �1h�i/⇤; thus such an operator
also provides a natural explanation for the tiny Yukawas
in terms of the hierarchy between the two scales h�i and
⇤. Next, we discuss a UV completion of this setup in
terms of singlet fermions from a hidden sector that cou-
ple to heavy right-handed seesaw neutrinos.

“Sterile neutrinos” from a hidden sector with a
heavy right-handed neutrino portal

We start with the original seesaw motivation of pure
singlet, heavy (scale M , possibly close to the GUT
scale) right-handed neutrinos that couple to SM neutri-
nos through Yukawa terms yijLihNj . If the Nj also act
as portals to a hidden sector 2, this invokes the generic
prospect of an analogous Yukawa term y

0
ijL

0
ih

0
Nj , where

L
0
ih

0 is a singlet combination of hidden sector fields anal-
ogous to Lih. Integrating out the Ni produces the fol-
lowing dimension-5 operators connecting the visible and
hidden sectors 3 :

L �
1

M
y
2(Lh)2 +

1

M
yy

0(Lh)(L0
h
0) +

1

M
y
02(L0

h
0)2. (3)

In the above we have ignored flavor structure and
dropped indices for simplicity, assuming all yij(yij) are
roughly the same, so that the above terms should only
be taken as approximate. If the hidden sector scalar ac-
quires a vev v

0, the above can be rewritten as

L �
1

⇤e↵
(Lh)2 + ye↵LhL

0 +Me↵L
0
L
0 (4)

1 Such operators have been studied in the context of supersymme-
try [28–32], including the freeze-in production of sterile neutrino
DM [33–35].

2 For recent studies of right-handed neutrinos acting as portals to
a hidden/dark sector, see [36–43].

3 We assume that the Ni sector is su�ciently extended and general
that one cannot rotate the L,L0 system to suppress couplings of
any particular L,L0 to the Ni sector.

where we have defined ⇤�1
e↵ ⌘ y

2
/M , ye↵ ⌘ yy

0
v
0
/M , and

Me↵ ⌘ y
02
v
02
/M . Here, the first term accounts for the

active neutrino masses y2v2/M from the primary seesaw
involving integrating out the pure singlet neutrinos Ni.
The latter two terms give a similar contribution to the ac-
tive neutrino masses from the secondary seesaw resulting
from integrating out the L

0
i fermions (note the analogy

between Eq. 4 and Eq. 1).
The mixing angle between the active neutrinos and

these hidden sector singlets L0 is approximately

sin ✓0 ⇠
ye↵ v

Me↵
=

yv

y0v0
=

r
ma

Me↵
, (5)

which is the relation expected from a seesaw framework.
Therefore, light sterile neutrinos that appear to satisfy
the seesaw relation could have exotic origins in a hid-
den sector connected via a high scale neutrino portal,
with symmetries unrelated to the SM, and themselves
obtain light masses via the seesaw mechanism. 4 We will
henceforth ignore the integrated out “true” right-handed
seesaw neutrinos and work with the e↵ective field the-
ory (EFT) in Eq. 4, switching the notation Ni to refer
to these light sterile states L0, whose phenomenology we
will pursue in this paper.

Pseudo-Goldstone Boson

The spontaneous breaking of the global U(1)0 by h�i ⌘

f gives rise to a massless Goldstone boson, which we will
call the ⌘-boson. It is conjectured that non-perturbative
gravitational e↵ects explicitly break global symmetries,
leading to a pseudo-Goldstone boson mass of order m2

⌘ ⇠

f
3
/MPl via an operator of the form �5

MPl
[49, 50]. 5 For

generality, we treat m⌘ as a free parameter, but this ap-
proximate mass scale should be kept in mind.
Next, we draw the distinction between the ⌘-boson and

the more familiar majoron [15–21]. For both, couplings
to (both active and sterile) neutrinos are proportional to
the neutrino mass suppressed by the scale of symmetry
breaking, as expected for Goldstone bosons, hence sev-
eral phenomenological bounds on the majoron symmetry
breaking scale [11, 19, 52–55] are also applicable to ⌘.
However, the majoron is associated with the breaking of
lepton number — a symmetry shared by the SM leptons
as well as the sterile neutrinos — and the sterile neutrino
mass scale approximately coincides with the scale of lep-
ton number breaking. This results in the majoron being

4 This setup holds similarities with extended seesaw models [44–
48], which also employ a seesaw suppression for sterile neutrino
masses to naturally accommodate an eV scale sterile neutrino.

5 An explicit U(1)0 breaking Goldstone mass term is also possible.
A small ⌘ mass is also generated from the Yukawa coupling [51],
but is negligible for the parameters we are interested in.

Tiny Yukawa in Dirac mass 
explained by the suppression 
factor v’/M

“feeble” coupling: (IR) 
freeze in of FIMP DM

from S. Roland, B. Shakya, 1609.06739 

DARK MATTER FREEZE-IN  
FROM HEAVY SCALAR DECAYS

S. Roland, B. Shakya, J. Wells, 1412.4791 [hep-ph] 
S. Roland, B. Shakya, J. Wells, 1506.08195 [hep-ph] 
S. Roland, B. Shakya, 1609.06739 [hep-ph] 

For M* = MGUT=1016 GeV

suppression of an intermediate (symmetry 
breaking) scale by a large (cutoff, e.g. GUT) scale

UV freeze-in from suppressed 
interaction LH -> N
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• e.g. in SUSY, sterile neutrino DM has a heavy superpartner: sterile sneutrino 
• sterile sneutrino decays must produce DM (effective Z_2 stabilizing DM): secondary DM 

production mechanism  
• the two populations don't talk to each other! [Freeze-in: DM never “thermalizes”] 
• second population is hotter  (sterile sneutrino is long-lived and decays out of equilibrium) 
• single species mimics cold+hot DM setup

S. Roland, B. Shakya, 1609.06739 [hep-ph]

extremely nontrivial momentum 
distribution possible!

from phi decay

from sterile 
sneutrino decay

subdominant hot component can 
mimic dark radiation at BBN!

4

FIG. 2: Parameter space with cold, warm, and hot dark mat-
ter (black, blue, and red regions respectively). For all points
in the plot, ⌦h2 = 0.12, m� = 1011 GeV, A�/m� = 10.

FIG. 3: Cold, warm, hot dark matter (black, blue, and red
regions respectively) for mN1 = 1 MeV and mÑ1

= 106 GeV.

more energetic, resulting in larger free streaming lengths.
It should be clarified that regions where the full dark
matter relic density can be achieved extend beyond the
boundaries of this plot. The demarcation of cold, warm,
and hot regions depends not only on mÑ1

and mN1 but
also on the other parameters (in particular, the ones that
determine Ñ1 lifetime); this point is illustrated in Fig. 3,
where we show that all three possibilities can be realized
for the same choice of mÑ1

and mN1 (fixed to 106 GeV
and 1 MeV respectively) by varying m� and A�.

Dark radiation: Next, we consider scenarios where
extremely energetic N1 can contribute to �Ne↵ dur-
ing BBN. Here we choose mÑ1

<m so that Ñ1 decays

through the 3-body channel Ñ1 ! N1H̃h with a long
lifetime, producing a relativistic population of N1. As
discussed in the previous section, these can only com-
prise a subdominant component of dark matter, and we
fix its abundance to 1% of the total dark matter abun-
dance by choosing A� = 0.1m�, with � ! N1N1 the
dominant source of the dark matter abundance.

In Fig. 4 we plot �Ne↵ at BBN as a function of N1

and Ñ1 masses from a scan over parameter space. Red,

FIG. 4: �Ne↵ for di↵erent N1 and Ñ1 masses. Red, green,
blue, and black points denote �Ne↵ in the ranges > 0.3, 0.1�
0.3, 0.01 � 0.1, and < 0.01 respectively. For all points, Ñ1

decays account for 1% of the dark matter abundance, while
� decays produce the rest of dark matter.

green, blue, and black points represent �Ne↵ in the
ranges > 0.3, 0.1 � 0.3, 0.01 � 0.1, and < 0.01 respec-
tively. Large contributions to �Ne↵ comparable to cur-
rent bounds are found to be possible while satisfying all
the enforced constraints. The largest values are realized
for mN1 ⇠ 0.01� 1 MeV and mÑ1

⇠ 109 � 1012 GeV: for

lighter Ñ1 or heavier N1, the dark matter particles are
not su�ciently relativistic at BBN, whereas heavier Ñ1

(which forces � to be heavier) or lighter N1 both require
larger x to maintain the correct dark matter abundance
(see Eq.6), which reduces the lifetime of Ñ1.
We emphasize that Figures 2, 3, and 4 are based on

specific assumptions and values of parameters, and the
various regions in these plots can shift around as they are
varied (such as having � freeze in instead of maintaining
equilibrium, a di↵erent mass hierarchy, or allowing rela-
tivistic N1 to form more or less than 1% of dark matter.)

DISCUSSION

In this paper, we have demonstrated that a supersym-
metric extension of the widely studied sterile neutrino
dark matter framework with the basic features of dark
matter freeze-in, namely an underlying symmetry that
protects the dark matter candidate and a feeble coupling
that facilitates dark matter production, can introduce
several qualitatively new cosmological features that are
not possible in the non-supersymmetric scenario.
The most generic feature is the presence of multiple

production mechanisms for dark matter, in particular the
decay of the superpartner, the sterile sneutrino. In addi-
tion to extending the allowed parameter space for sterile
neutrino dark matter, this makes possible the scenario
of multiple-component dark matter with a single con-

IMPRINTS OF HEAVY STATES
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+ GOLDSTONE

Broken global symmetry -> massless Goldstone η .   
Not the Majoron!  The symmetry broken is not lepton number… 

coupled to neutrinos (both active and sterile) with strength proportional to the 
neutrino masses (similar to the Majoron) 

explicit breaking of global symmetry from nonperturbative gravitational effects: 

a pseudo-Goldstone boson 

Recall that “sterile neutrinos” themselves are light (m~ f2/M) because of a seesaw 
mechanism 

Pseudo-Golstone and sterile neutrinos at the same mass scale  if  
  

B. Shakya, J. Wells,  1801.02640 [hep-ph]

2

A vev for the exotic Higgs field �, appropriately charged
under the lepton or B � L symmetry, breaks the sym-
metry and produces sterile neutrino masses Mi ⇠ xh�i.
If the symmetry is global, a physical light degree of
freedom, the Goldstone boson, known as the majoron,
emerges [15, 16].

In this paper, we consider instead a global symmetry,
for instance a U(1)0, that is confined to the sterile neutri-
nos and does not extend to any SM field. Such a symme-
try forbids both terms in Eq. 1. However, a scalar field
� carrying the opposite U(1)0 charge to Ni enables the
higher dimensional operator 1

⇤LhN�, where ⇤ is a UV-
cuto↵ scale. 1 A � vev breaks the U(1)0 and produces
the Yukawa interaction term from Eq. 1 with the e↵ec-
tive Yukawa coupling y ⇠ �1h�i/⇤; thus such an operator
also provides a natural explanation for the tiny Yukawas
in terms of the hierarchy between the two scales h�i and
⇤. Next, we discuss a UV completion of this setup in
terms of singlet fermions from a hidden sector that cou-
ple to heavy right-handed seesaw neutrinos.

“Sterile neutrinos” from a hidden sector with a
heavy right-handed neutrino portal

We start with the original seesaw motivation of pure
singlet, heavy (scale M , possibly close to the GUT
scale) right-handed neutrinos that couple to SM neutri-
nos through Yukawa terms yijLihNj . If the Nj also act
as portals to a hidden sector 2, this invokes the generic
prospect of an analogous Yukawa term y

0
ijL

0
ih

0
Nj , where

L
0
ih

0 is a singlet combination of hidden sector fields anal-
ogous to Lih. Integrating out the Ni produces the fol-
lowing dimension-5 operators connecting the visible and
hidden sectors 3 :

L �
1

M
y
2(Lh)2 +

1

M
yy

0(Lh)(L0
h
0) +

1

M
y
02(L0

h
0)2. (3)

In the above we have ignored flavor structure and
dropped indices for simplicity, assuming all yij(yij) are
roughly the same, so that the above terms should only
be taken as approximate. If the hidden sector scalar ac-
quires a vev v

0, the above can be rewritten as

L �
1

⇤e↵
(Lh)2 + ye↵LhL

0 +Me↵L
0
L
0 (4)

1 Such operators have been studied in the context of supersymme-
try [28–32], including the freeze-in production of sterile neutrino
DM [33–35].

2 For recent studies of right-handed neutrinos acting as portals to
a hidden/dark sector, see [36–43].

3 We assume that the Ni sector is su�ciently extended and general
that one cannot rotate the L,L0 system to suppress couplings of
any particular L,L0 to the Ni sector.

where we have defined ⇤�1
e↵ ⌘ y

2
/M , ye↵ ⌘ yy

0
v
0
/M , and

Me↵ ⌘ y
02
v
02
/M . Here, the first term accounts for the

active neutrino masses y2v2/M from the primary seesaw
involving integrating out the pure singlet neutrinos Ni.
The latter two terms give a similar contribution to the ac-
tive neutrino masses from the secondary seesaw resulting
from integrating out the L

0
i fermions (note the analogy

between Eq. 4 and Eq. 1).
The mixing angle between the active neutrinos and

these hidden sector singlets L0 is approximately

sin ✓0 ⇠
ye↵ v

Me↵
=

yv

y0v0
=

r
ma

Me↵
, (5)

which is the relation expected from a seesaw framework.
Therefore, light sterile neutrinos that appear to satisfy
the seesaw relation could have exotic origins in a hid-
den sector connected via a high scale neutrino portal,
with symmetries unrelated to the SM, and themselves
obtain light masses via the seesaw mechanism. 4 We will
henceforth ignore the integrated out “true” right-handed
seesaw neutrinos and work with the e↵ective field the-
ory (EFT) in Eq. 4, switching the notation Ni to refer
to these light sterile states L0, whose phenomenology we
will pursue in this paper.

Pseudo-Goldstone Boson

The spontaneous breaking of the global U(1)0 by h�i ⌘

f gives rise to a massless Goldstone boson, which we will
call the ⌘-boson. It is conjectured that non-perturbative
gravitational e↵ects explicitly break global symmetries,
leading to a pseudo-Goldstone boson mass of order m2

⌘ ⇠

f
3
/MPl via an operator of the form �5

MPl
[49, 50]. 5 For

generality, we treat m⌘ as a free parameter, but this ap-
proximate mass scale should be kept in mind.
Next, we draw the distinction between the ⌘-boson and

the more familiar majoron [15–21]. For both, couplings
to (both active and sterile) neutrinos are proportional to
the neutrino mass suppressed by the scale of symmetry
breaking, as expected for Goldstone bosons, hence sev-
eral phenomenological bounds on the majoron symmetry
breaking scale [11, 19, 52–55] are also applicable to ⌘.
However, the majoron is associated with the breaking of
lepton number — a symmetry shared by the SM leptons
as well as the sterile neutrinos — and the sterile neutrino
mass scale approximately coincides with the scale of lep-
ton number breaking. This results in the majoron being

4 This setup holds similarities with extended seesaw models [44–
48], which also employ a seesaw suppression for sterile neutrino
masses to naturally accommodate an eV scale sterile neutrino.

5 An explicit U(1)0 breaking Goldstone mass term is also possible.
A small ⌘ mass is also generated from the Yukawa coupling [51],
but is negligible for the parameters we are interested in.
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A vev for the exotic Higgs field �, appropriately charged
under the lepton or B � L symmetry, breaks the sym-
metry and produces sterile neutrino masses Mi ⇠ xh�i.
If the symmetry is global, a physical light degree of
freedom, the Goldstone boson, known as the majoron,
emerges [15, 16].

In this paper, we consider instead a global symmetry,
for instance a U(1)0, that is confined to the sterile neutri-
nos and does not extend to any SM field. Such a symme-
try forbids both terms in Eq. 1. However, a scalar field
� carrying the opposite U(1)0 charge to Ni enables the
higher dimensional operator 1

⇤LhN�, where ⇤ is a UV-
cuto↵ scale. 1 A � vev breaks the U(1)0 and produces
the Yukawa interaction term from Eq. 1 with the e↵ec-
tive Yukawa coupling y ⇠ �1h�i/⇤; thus such an operator
also provides a natural explanation for the tiny Yukawas
in terms of the hierarchy between the two scales h�i and
⇤. Next, we discuss a UV completion of this setup in
terms of singlet fermions from a hidden sector that cou-
ple to heavy right-handed seesaw neutrinos.

“Sterile neutrinos” from a hidden sector with a
heavy right-handed neutrino portal

We start with the original seesaw motivation of pure
singlet, heavy (scale M , possibly close to the GUT
scale) right-handed neutrinos that couple to SM neutri-
nos through Yukawa terms yijLihNj . If the Nj also act
as portals to a hidden sector 2, this invokes the generic
prospect of an analogous Yukawa term y

0
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Nj , where
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0 is a singlet combination of hidden sector fields anal-
ogous to Lih. Integrating out the Ni produces the fol-
lowing dimension-5 operators connecting the visible and
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In the above we have ignored flavor structure and
dropped indices for simplicity, assuming all yij(yij) are
roughly the same, so that the above terms should only
be taken as approximate. If the hidden sector scalar ac-
quires a vev v

0, the above can be rewritten as

L �
1

⇤e↵
(Lh)2 + ye↵LhL

0 +Me↵L
0
L
0 (4)

1 Such operators have been studied in the context of supersymme-
try [28–32], including the freeze-in production of sterile neutrino
DM [33–35].

2 For recent studies of right-handed neutrinos acting as portals to
a hidden/dark sector, see [36–43].

3 We assume that the Ni sector is su�ciently extended and general
that one cannot rotate the L,L0 system to suppress couplings of
any particular L,L0 to the Ni sector.
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/M . Here, the first term accounts for the

active neutrino masses y2v2/M from the primary seesaw
involving integrating out the pure singlet neutrinos Ni.
The latter two terms give a similar contribution to the ac-
tive neutrino masses from the secondary seesaw resulting
from integrating out the L

0
i fermions (note the analogy

between Eq. 4 and Eq. 1).
The mixing angle between the active neutrinos and

these hidden sector singlets L0 is approximately
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=
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, (5)

which is the relation expected from a seesaw framework.
Therefore, light sterile neutrinos that appear to satisfy
the seesaw relation could have exotic origins in a hid-
den sector connected via a high scale neutrino portal,
with symmetries unrelated to the SM, and themselves
obtain light masses via the seesaw mechanism. 4 We will
henceforth ignore the integrated out “true” right-handed
seesaw neutrinos and work with the e↵ective field the-
ory (EFT) in Eq. 4, switching the notation Ni to refer
to these light sterile states L0, whose phenomenology we
will pursue in this paper.

Pseudo-Goldstone Boson

The spontaneous breaking of the global U(1)0 by h�i ⌘

f gives rise to a massless Goldstone boson, which we will
call the ⌘-boson. It is conjectured that non-perturbative
gravitational e↵ects explicitly break global symmetries,
leading to a pseudo-Goldstone boson mass of order m2

⌘ ⇠

f
3
/MPl via an operator of the form �5

MPl
[49, 50]. 5 For

generality, we treat m⌘ as a free parameter, but this ap-
proximate mass scale should be kept in mind.
Next, we draw the distinction between the ⌘-boson and

the more familiar majoron [15–21]. For both, couplings
to (both active and sterile) neutrinos are proportional to
the neutrino mass suppressed by the scale of symmetry
breaking, as expected for Goldstone bosons, hence sev-
eral phenomenological bounds on the majoron symmetry
breaking scale [11, 19, 52–55] are also applicable to ⌘.
However, the majoron is associated with the breaking of
lepton number — a symmetry shared by the SM leptons
as well as the sterile neutrinos — and the sterile neutrino
mass scale approximately coincides with the scale of lep-
ton number breaking. This results in the majoron being

4 This setup holds similarities with extended seesaw models [44–
48], which also employ a seesaw suppression for sterile neutrino
masses to naturally accommodate an eV scale sterile neutrino.

5 An explicit U(1)0 breaking Goldstone mass term is also possible.
A small ⌘ mass is also generated from the Yukawa coupling [51],
but is negligible for the parameters we are interested in.
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FIG. 1: Contours of lifetime Log10(⌧⌘/s) with MN2,3 =
1GeV, MN1 = 7keV for f = 109 GeV (blue solid) and
f = 103 GeV (red dotted). The horizontal lines represent
the age of the Universe (top) and the time of BBN (bottom).

much lighter that the sterile neutrinos. Furthermore, this
scaling leads to specific relations between majoron cou-
plings and sterile neutrino masses, which drives many of
the constraints on majorons [11, 19, 52–55].

In contrast, these energy scales are distinct in the ⌘

framework: the symmetry breaking scale f (i.e., the scale
of U(1)0 breaking) is independent of the breaking of lep-
ton number (at the much higher real seesaw scale M)
and is also distinct from the sterile neutrino mass scale
(Me↵ ⇠ f

2
/M), which, as discussed above, is suppressed

by a seesaw mechanism. The ability to vary them in-
dependently opens up phenomenologically interesting re-
gions of parameter space. Furthermore, the sterile neu-
trino masses Me↵ ⇠ f

2
/M can be comparable to the

⌘-boson mass m2
⌘ ⇠ f

3
/MPl (if f ⇠ M

2
/MPl); this coin-

cidence of mass scales can carry important implications
for cosmology and DM, as we will see later.

FRAMEWORK AND PHENOMENOLOGY

We focus on the low-energy e↵ective theory containing
three sterile neutrinos (which we have reset to the la-
bel Ni rather than L

0), and the pseudo-Goldstone boson
⌘. We treat mNi , f , and m⌘ as independent parameters.
We assume mNi ⇠ GeV scale, and yij are correspond-
ingly small in a natural way that matches the measured
�m

2
⌫ and mixings among the light active neutrinos. We

will consider the interesting and widely studied possibil-
ity that the lightest sterile neutrino N1 is DM, which is
especially appealing given recent claims of a 3.5 keV X-
ray line [56, 57] compatible with decays of a 7 keV sterile
neutrino DM particle. We also assume f � v; the U(1)0

breaking singlet scalar is then decoupled and irrelevant
for phenomenology.

Lifetime: The ⌘ lifetime is controlled by decay rates

into (both active and sterile) neutrinos. For instance,

�(⌘ ! ⌫⌫) ⇡
1

8⇡

✓
m⌫

f

◆2

m⌘, (6)

where m⌫ ⇠ 0.1 eV is the active neutrino mass scale. For
the decay channels ⌘ ! Ni⌫ and ⌘ ! NiNi involving
the sterile neutrinos, m⌫ is replaced by

p
mNim⌫ and

mNi respectively. Fig. 1 shows the ⌘ lifetime as a func-
tion of m⌘, with MN2,N3 = 1GeV and MN1 = 7keV,
for two di↵erent values of f . Depending on the scale f

and the available decay channels, a range of interesting
lifetimes are possible: ⌘ can decay before or after BBN
(and before/after Cosmic Microwave Background (CMB)
decoupling), or live longer than the age of the Universe,
providing a potential DM candidate (for studies of ma-
joron DM, see [48, 49, 51, 58–63]).
A pseudo-Goldstone coupling to neutrinos faces several

constraints [64–68]. However, many of these constraints
weaken/become inapplicable if the pseudo-Goldstone is
heavy or can decay into sterile neutrinos. We remark
that these constraints are generally not very stringent in
the parameter space of interest in our framework.
Cosmology: In the early Universe, GeV scale sterile

neutrinos N2,3 (but not the DM candidate N1, which
has suppressed couplings to neutrinos) are in equilibrium
with the thermal bath due to their mixing with active
neutrinos, decouple while relativistic at T ⇠ 20 GeV [27],
can grow to dominate the energy density of the Universe,
and decay before BBN [27, 69, 70].
⌘ couples appreciably only to the sterile neutrinos, and

is produced via sterile neutrino annihilation NiNi ! ⌘⌘

(see Fig.2 (a)) or decay (if kinematically open). The an-
nihilation process, despite p-wave suppression, is e�cient
at high temperatures T & mN2,3 . The magnitude of f for
such annihilations to be rapid can be estimated by com-
paring the annihilation cross section [71, 72] with the
Hubble rate at T ⇠ mN2,3

nNi�v ⇠ H )
m

4
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f4
mNi ⇠

m
2
Ni

MPl
) f ⇠ m

3/4
Ni

M
1/4
Pl .

(7)
For mN2,3 ⇠ GeV, this process is e�cient for f . 105

GeV, and produces an ⌘ abundance comparable to the
N2,3 abundance. For f > 105 GeV, the annihilation pro-
cess is feeble, and a small ⌘ abundance will accumulate
via the freeze-in process instead [73, 74].
Dark Matter Production: ⌘ can also mediate

NiNi ! NjNj interactions between the sterile neutri-
nos (Fig.2 (b)), which enables a novel DM production
mechanism NiNi ! N1N1. One can analogously esti-
mate the scale f below which this process [75] is e�-
cient: f ⇠

p
mN1(MPlmN2,3)

1/4
. This would generate an

N1 abundance comparable to relativistic freezeout, which
generally overcloses the Universe, hence this scenario is
best avoided. Likewise, ⌘ decays can also produce DM

interesting for cosmology?
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FIG. 2: Sterile neutrino annihilation processes involving the
pseudo-Goldstone boson ⌘.

if m⌘ > 2mN1 . By comparing rates, we find that produc-
tion from such decays dominates over the annihilation
process provided m⌘ >m

3
N2,3

/f
2, which generally holds

over most of our parameter space. Additional DM pro-
duction processes, such as ⌘ annihilation and N2,3 decays
via an o↵-shell ⌘, are always subdominant and therefore
neglected. The novel production processes discussed here
do not rely on N1 mixing with active neutrinos, which
is particularly appealing since this canonical (Dodelson-
Widrow) production mechanism [76] is now ruled out by
various constraints [9, 77–84].

Next, we discuss various cosmological histories that are
possible within this framework. Our purpose is not to
provide a comprehensive survey of all possibilities, but
simply to highlight some novel and interesting features
that can be realized. Since available decay channels and
lifetimes are crucial to the cosmological history, we find it
useful to organize our discussion into the following three
di↵erent regimes.

Heavy regime: m⌘ >mNi

All ⌘ decay channels to sterile neutrinos are open, and
⌘ decays rapidly, long before BBN. If NiNi ! ⌘⌘ is rapid,
⌘ maintains an equilibrium distribution at T & m⌘, and
the decay ⌘ ! N1N1 generates a freeze-in abundance of
N1, estimated to be [33, 35, 74, 85–90]

Yeq ⇠ 0.1
MPl

m⌘

✓
mN1

f

◆2

. (8)

The observed DM abundance is produced, for instance,
with f ⇠ 105 GeV, m⌘ ⇠ 10 GeV, and mN1 ⇠ 10 keV.

If the NiNi ! ⌘⌘ annihilation process is feeble, a
freeze-in abundance of ⌘ is generated instead, and its de-
cays produce a small abundance of N1. The N1 yield is
suppressed by the branching fraction BR(⌘ ! N1N1) =
�(⌘!N1N1)

�(⌘!N2,3N2,3)
=

m2
N1

mN2,3
. The resulting abundance is much

smaller than Yeq from Eq. 8 and cannot account for all of
DM unless mN1 ⇠ mN2,N3 .

Intermediate regime: mN2,3 >m⌘ >mN1

In addition to annihilation processes, ⌘ can now also
be produced directly from heavy sterile neutrino decay.
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FIG. 3: Solid blue: Symmetry breaking scale f below which
the exotic decay N ! ⌘⌫ dominates over the standard sterile
neutrino decay channels imposed by seesaw relations. Be-
low the dashed red line, this decay channel causes the ster-
ile neutrinos to decay before BBN. Below the dotted green
line, sterile neutrino - pseudo-Goldstone interactions are suf-
ficiently rapid to thermalize the two populations in the early
Universe.

Ignoring phase space suppression, the decay rate is

�(Ni ! ⌘⌫) ⇡
1

16⇡

mNim⌫

f2
mNi . (9)

If su�ciently large, this exotic decay channel can com-
pete with the standard sterile neutrino decay channels
induced by active-sterile mixing [91]. In Fig. 3, we plot
(blue curve) the scale f below which this channel dom-
inates (assuming standard seesaw relations). In this re-
gion, the traditionally searched-for decay modes are sup-
pressed, rendering the sterile neutrinos invisible at detec-
tors such as at DUNE [92] and SHiP [93] (unless N1 also
decays in the detector, as can occur if it is not DM).
N2,3 are generally required to decay before BBN due

to constraints from several recombination era observables
[94–96], necessitating ⌧N2,N3 . 1 s and consequently
mN2,N3 & O(100) MeV in the standard seesaw formal-
ism. The new decay channel Ni ! ⌘⌫, if dominant,
can reduce the sterile neutrino lifetime, allowing lighter
masses to be compatible with BBN. In Fig. 3, the red
dashed line shows the scale f below which the sterile neu-
trino decays before BBN. For f . 106 GeV, even lighter
(MeV scale) sterile neutrinos are compatible with the see-
saw as well as BBN constraints, in stark contrast to the
standard seesaw requirements.
Depending on parameters, ⌘ can decay before or after

BBN (Fig. 1), but its dominant decay channel is to the
DM candidate ⌘ ! N1N1. If N2,3 decay dominantly into
⌘, or if N1 thermalizes with N2,3, the N1 relic density is
overabundant for DM. Viable regions of parameter space
instead involve a small fraction of N2,3 decaying into ⌘,
which subsequently decays to N1. In this case, N1 ac-
counts for the observed DM abundance (for mN2,3 = 1

GeV) for f ⇡ 109 GeV
q

mN1
GeV . For instance, mN1 = 7

keV requires f ⇠ 106 GeV.

• Presence of Goldstone introduces new interactions.

New production 
mechanism for sterile 
neutrino dark matter
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tors such as at DUNE [92] and SHiP [93] (unless N1 also
decays in the detector, as can occur if it is not DM).
N2,3 are generally required to decay before BBN due

to constraints from several recombination era observables
[94–96], necessitating ⌧N2,N3 . 1 s and consequently
mN2,N3 & O(100) MeV in the standard seesaw formal-
ism. The new decay channel Ni ! ⌘⌫, if dominant,
can reduce the sterile neutrino lifetime, allowing lighter
masses to be compatible with BBN. In Fig. 3, the red
dashed line shows the scale f below which the sterile neu-
trino decays before BBN. For f . 106 GeV, even lighter
(MeV scale) sterile neutrinos are compatible with the see-
saw as well as BBN constraints, in stark contrast to the
standard seesaw requirements.
Depending on parameters, ⌘ can decay before or after

BBN (Fig. 1), but its dominant decay channel is to the
DM candidate ⌘ ! N1N1. If N2,3 decay dominantly into
⌘, or if N1 thermalizes with N2,3, the N1 relic density is
overabundant for DM. Viable regions of parameter space
instead involve a small fraction of N2,3 decaying into ⌘,
which subsequently decays to N1. In this case, N1 ac-
counts for the observed DM abundance (for mN2,3 = 1
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Goldstone decay can be a viable source of sterile neutrino dark matter 

B. Shakya, J. Wells,  1801.02640 [hep-ph]
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Here, DM (N1) is produced from late decays of heavier
particles (⌘ and N2,3) and can be warm. Such late pro-
duction of warm DM can carry interesting cosmological
signatures and structure formation implications, which
lie beyond the scope of this paper.

Light regime: mNi >m⌘ >m⌫

All sterile neutrinos can now decay into ⌘. In particu-
lar, a new, very long-lived DM decay channel N1 ! ⌘⌫

emerges. Since ⌘ subsequently decays into two neutrinos,
this can provide distinct signatures at neutrino detec-
tors such as IceCube, Borexino, KamLAND, and Super-
Kamiokande. Note that, unlike the standard N1 ! �⌫

decay channel, this has no gamma ray counterpart.
Unlike previous scenarios, ⌘ is extremely long-lived,

and if su�ciently light, can contribute measurably to
dark radiation at BBN or CMB [71, 97, 98]. A Gold-
stone that freezes out above 100 MeV contributes ⇠ 0.39
to Ne↵ at CMB [99]; this is the case if the sterile neutrino
annihilation to ⌘ is e�cient or if sterile neutrinos decay
dominantly to ⌘. If ⌘ decays after neutrino decoupling,
neutrinos from its decays provide additional radiation en-
ergy density in the CMB [75].

Finally, if ⌘ is su�ciently long-lived and heavy, it can
also account for part or all of DM. The phenomenology in
this case is similar to that of the majoron [48, 49, 51, 58–
63], with neutrino lines as an interesting signal [55].

DISCUSSION

We studied the phenomenology of a pseudo-Goldstone
boson ⌘ associated with a spontaneously broken global
symmetry in a light (GeV scale) sterile neutrino sector.
The presence of sterile neutrinos and ⌘ at similar mass
scales gives rise to several novel possibilities for cosmol-
ogy, DM, and direct searches. Primary among these are
novel sterile neutrino DM production mechanisms from
⌘-mediated scattering or decay, and new decay chan-
nels for heavy sterile neutrinos, which can alleviate BBN
bounds and suppress standard search channels at direct
search experiments, or provide distinct DM signals at
neutrino detectors. Likewise, ⌘ can contribute measur-
ably to dark radiation at BBN or CMB, inject a late
population of SM neutrinos from its late decays, or ac-
count for DM. We have only touched upon a few inter-
esting phenomenological possibilities in this framework,
and several directions, such as the e↵ect of ⌘ on leptoge-
nesis [7–9, 72, 100], or di↵erences in the flavor structure
and mixing angles from the hidden sector interpretation
compared to the canonical seesaw mechanism, could be
worthy of further detailed study.
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New sterile neutrino decay channel N -> ην, giving a 3ν state with no gamma ray 
counterpart; interesting for neutrino telescopes? 

Will also affect heavy sterile neutrino lifetime and decay channel: affects bounds/
prospects from past (BBN) and present (direct) searches for HNLs

+ GOLDSTONE



16

DARK MATTER/COSMOLOGY

• light sterile neutrinos likely part of extended sectors  with additional 
symmetries, particles (higgs, Goldstone/gauge bosons) 

• additional structure can be much heavier; sterile neutrinos can be the lightest in 
the new sector (seesaw mechanism in the hidden sector) 

• freeze-in production of sterile neutrino dark matter 
• nonthermal population can have nontrivial momtum distributions carrying 

imprints of heavy states, contribute to Neff

LIGHT EXTENDED NEUTRINO SECTORS: 
FOUNDATIONS AND PHENOMENOLOGY

SUMMARY

DIRECT SEARCHES
• new decay modes of light sterile neutrinos,  signatures different from 

expectations from active-sterile mixing 
• modifies constraints on light sterile neutrinos from BBN/cosmology

• heavier states (Higgs, gauge bosons) can be within reach of higher energy 
experiments (LHC) 

• colliders can probe sterile neutrino final states for both SM and exotic Higgs decays
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