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The Higgs boson mass of 125 GeV is suggestive of superpartners at the PeV scale. We show that
new physics at this scale can also explain the observed active neutrino masses via a modified, low
energy seesaw mechanism and provide a sterile neutrino dark matter candidate with keV-GeV scale
mass. These emerge in a straightforward manner if the right-handed neutrinos are charged under a
new symmetry broken by a scalar field vacuum expectation value at the PeV scale. The dark matter
relic abundance can be obtained through active-sterile oscillation, freeze-in through the decay of the
heavy scalar, or freeze-in via non-renormalizable interactions at high temperatures. The theory also
contains two heavier sterile neutrinos, which can decay before BBN and remain consistent with
cosmological observations.

MOTIVATION

A natural resolution of the hierarchy problem has long
pointed to the weak scale as the natural scale for super-
symmetry. Weak scale supersymmetry was additionally
motivated by the WIMP miracle, which o↵ered a natural
explanation of dark matter and its observed abundance.
However, the predictions of the most natural setups – a
light Higgs boson, weak scale superpartners (in particu-
lar stops and gluinos) within reach of the first run of the
LHC, and detection of dark matter at direct detection
experiments – have all failed to materialize, suggesting
that the electroweak scale may be fine-tuned after all,
and the scale of new physics may lie elsewhere.

Independent of such preconceived notions of natural-
ness, the measured mass of the Higgs boson at 125 GeV
now provides a direct probe of where this scale might lie.
The Higgs mass at one loop with no sfermion mixing in
the MSSM is

m2
h ⇡ m2

Z cos22� +
3m4

t

4⇡2v2
ln(m2

t̃/m
2
t ). (1)

For tan� ⇡ O(1), the observed Higgs mass is obtained for
sfermion masses at 1� 100 PeV [1–3]. Even prior to the
Higgs mass measurement, there were strong arguments
for supersymmetry at such high scales from flavor, CP,
and unification considerations [4–7].

This paper examines whether the neutrino sector and
a dark matter candidate can also emerge naturally from
the PeV scale. Since neutrino masses require physics be-
yond the Standard Model, a common origin of the Higgs
mass, dark matter, and neutrino masses is an extremely
attractive prospect.

The traditional explanation of neutrino masses is a see-
saw mechanism, involving right-handed, Standard Model
(SM)-singlet sterile neutrinos Ni that enable the follow-
ing terms in the Lagrangian

L � y↵iL̄↵H
†
uNi +MiN̄

c
i Ni. (2)

The first term leads to a Dirac mass between the left and
right handed neutrinos once Hu obtains a vacuum expec-
tation value (vev), and the second term is a Majorana

mass for the sterile neutrinos. If M � yhHui, the seesaw
mechanism gives active neutrino masses at (yhHui)2/M .
GUT scale seesaw models [8–12] employ y ⇠ O(1) and
M ⇠ 1010 � 1015 GeV, which can explain the small ac-
tive neutrino masses but does not shed any light on dark
matter. The low energy counterpart, with all masses be-
low the electroweak scale, has been extensively studied
in the e↵ective framework of the Neutrino Minimal Stan-
dard Model (⌫MSM) [13–15], which carries the additional
attractive feature of a keV scale sterile neutrino that is a
viable warm or cold dark matter candidate. A successful
realization of active neutrino masses in the ⌫MSM, how-
ever, requires y2 . 10�13. The purpose of this paper is
to explore a modified setup where both active neutrino
masses and a dark matter candidate can be realized with
O(1) couplings and the PeV scale, which is motivated by
the Higgs mass measurement as the scale of new physics.
Finally, while not the main motivation of this paper,

some recent observational hints add further relevance to
this study. A 7 keV sterile neutrino dark matter candi-
date can explain the recent observation of a monochro-
matic line signal at 3.5 keV in the X-ray spectrum of
galactic clusters [16]. The observation of neutrinos with
PeV scale energies at IceCube [14, 17] also hint at a pos-
sible connection between the neutrino sector and physics
at the PeV scale. These can be accommodated in our
framework, but are not necessary ingredients, hence we
leave this task to a later work.

THE MODEL

As in the ⌫MSM, the neutrino sector is extended by
three SM-singlet, sterile neutrinos Ni. While the Ni are
uncharged under the SM gauge group, it is unlikely that
they are uncharged under all symmetries of nature, as is
traditionally assumed in the seesaw mechanism. For con-
creteness, assume that the Ni are charged under a U(1)0,
which are ubiquitous in string-inspired models of nature.
This immediately forbids the terms in Equation 2, and
the traditional seesaw mechanism does not work. Higher
dimensional operators involving the SM and Ni fields can
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they are uncharged under all symmetries of nature, as is
traditionally assumed in the seesaw mechanism. For con-
creteness, assume that the Ni are charged under a U(1)0,
which are ubiquitous in string-inspired models of nature.
This immediately forbids the terms in Eq. ??, and the
traditional seesaw mechanism does not work. Higher di-
mensional operators involving the SM and Ni fields can
be obtained by coupling the Ni to other fields charged
under the U(1)0. Introducing an exotic field � that car-
ries the opposite charge under U(1)0, one is allowed the
following higher dimensional operators in the superpo-
tential:

W � y

M⇤
LHuN

c�+
x

M⇤
N cN c��. (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 the two heavier ac-
tive neutrino masses, but we note that it can provide
the dominant contribution to the lightest active neutrino
mass.

If the scalar component of � obtains a vev at the PeV
scale, presumably from the same mechanism that breaks
supersymmetry, 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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

xh�i . (7)

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

ui=155.6 GeV), and
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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 �m2

atm =
2.3⇥ 10�3 eV2.

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 �m2
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 Uni-
verse, 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 [? ], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density
approximately [? ? ? ? ? ? ]

⌦Ni ⇠ 0.2

✓
sin2✓

3⇥ 10�9

◆⇣ ms

3 keV

⌘1.8
. (8)

Compared to WIMP-motivated cold dark matter (CDM)
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MOTIVATION

A natural resolution of the hierarchy problem has long
pointed to the weak scale as the natural scale for super-
symmetry. Weak scale supersymmetry was additionally
motivated by the WIMP miracle, which o↵ered a natural
explanation of dark matter and its observed abundance.
However, the predictions of the most natural setups – a
light Higgs boson, weak scale superpartners (in particu-
lar stops and gluinos) within reach of the first run of the
LHC, and detection of dark matter at direct detection
experiments – have all failed to materialize, suggesting
that the electroweak scale may be fine-tuned after all,
and the scale of new physics may lie elsewhere.

Independent of such preconceived notions of natural-
ness, the measured mass of the Higgs boson at 125 GeV
now provides a direct probe of where this scale might lie.
The Higgs mass at one loop with no sfermion mixing in
the MSSM is

m2
h ⇡ m2

Z cos22� +
3m4

t

4⇡2v2
ln(m2

t̃/m
2
t ). (1)

For tan� ⇡ O(1), the observed Higgs mass is obtained
for sfermion masses at 1 � 100 PeV [? ? ? ]. Even
prior to the Higgs mass measurement, there were strong
arguments for supersymmetry at such high scales from
flavor, CP, and unification considerations [? ? ? ? ].

This paper examines whether the neutrino sector and
a dark matter candidate can also emerge naturally from
the PeV scale. Since neutrino masses require physics be-
yond the Standard Model, a common origin of the Higgs
mass, dark matter, and neutrino masses is an extremely
attractive prospect.

The traditional explanation of neutrino masses is a see-
saw mechanism, involving right-handed, Standard Model
(SM)-singlet sterile neutrinos Ni that enable the follow-
ing terms in the Lagrangian

L � y↵iL̄↵H
†
uNi +MiN̄

c
i Ni. (2)

The first term leads to a Dirac mass between the left
and right handed neutrinos once Hu obtains a vacuum
expectation value (vev), and the second term is a Ma-
jorana mass for the sterile neutrinos. If M � yhHui,
the seesaw mechanism gives active neutrino masses at
(yhHui)2/M . GUT scale seesaw models [? ? ? ? ?
] employ y ⇠ O(1) and M ⇠ 1010 � 1015 GeV, which
can explain the small active neutrino masses but does
not shed any light on dark matter. The low energy coun-
terpart, with all masses below the electroweak scale, has
been extensively studied in the e↵ective framework of
the Neutrino Minimal Standard Model (⌫MSM) [? ? ?
], which carries the additional attractive feature of a keV
scale sterile neutrino that is a viable warm or cold dark
matter candidate. A successful realization of active neu-
trino masses in the ⌫MSM, however, requires y2 . 10�13.
The purpose of this paper is to explore a modified setup
where both active neutrino masses and a dark matter
candidate can be realized with predominantly O(1) cou-
plings and the PeV scale, which is motivated by the Higgs
mass measurement as the scale of new physics.

Finally, while not the main motivation of this paper,
some recent observational hints add further relevance to
this study. A 7 keV sterile neutrino dark matter candi-
date can explain the recent observation of a monochro-
matic line signal at 3.5 keV in the X-ray spectrum of
galactic clusters [? ]. The observation of neutrinos with
PeV scale energies at IceCube [? ? ] also hint at a pos-
sible connection between the neutrino sector and physics
at the PeV scale. These can be accommodated in our
framework, but are not necessary ingredients, hence we
leave this task to a later work.

THE MODEL

As in the ⌫MSM, the neutrino sector is extended by
three SM-singlet, sterile neutrinos Ni. While the Ni are
uncharged under the SM gauge group, it is unlikely that
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However, the predictions of the most natural setups – a
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lar stops and gluinos) within reach of the first run of the
LHC, and detection of dark matter at direct detection
experiments – have all failed to materialize, suggesting
that the electroweak scale may be fine-tuned after all,
and the scale of new physics may lie elsewhere.

Independent of such preconceived notions of natural-
ness, the measured mass of the Higgs boson at 125 GeV
now provides a direct probe of where this scale might lie.
The Higgs mass at one loop with no sfermion mixing in
the MSSM is
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For tan� ⇡ O(1), the observed Higgs mass is obtained
for sfermion masses at 1 � 100 PeV [? ? ? ]. Even
prior to the Higgs mass measurement, there were strong
arguments for supersymmetry at such high scales from
flavor, CP, and unification considerations [? ? ? ? ].

This paper examines whether the neutrino sector and
a dark matter candidate can also emerge naturally from
the PeV scale. Since neutrino masses require physics be-
yond the Standard Model, a common origin of the Higgs
mass, dark matter, and neutrino masses is an extremely
attractive prospect.

The traditional explanation of neutrino masses is a see-
saw mechanism, involving right-handed, Standard Model
(SM)-singlet sterile neutrinos Ni that enable the follow-
ing terms in the Lagrangian

L � y↵iL̄↵H
†
uNi +MiN̄

c
i Ni. (2)

The first term leads to a Dirac mass between the left
and right handed neutrinos once Hu obtains a vacuum
expectation value (vev), and the second term is a Ma-
jorana mass for the sterile neutrinos. If M � yhHui,
the seesaw mechanism gives active neutrino masses at
(yhHui)2/M . GUT scale seesaw models [? ? ? ? ?
] employ y ⇠ O(1) and M ⇠ 1010 � 1015 GeV, which
can explain the small active neutrino masses but does
not shed any light on dark matter. The low energy coun-
terpart, with all masses below the electroweak scale, has
been extensively studied in the e↵ective framework of
the Neutrino Minimal Standard Model (⌫MSM) [? ? ?
], which carries the additional attractive feature of a keV
scale sterile neutrino that is a viable warm or cold dark
matter candidate. A successful realization of active neu-
trino masses in the ⌫MSM, however, requires y2 . 10�13.
The purpose of this paper is to explore a modified setup
where both active neutrino masses and a dark matter
candidate can be realized with predominantly O(1) cou-
plings and the PeV scale, which is motivated by the Higgs
mass measurement as the scale of new physics.

Finally, while not the main motivation of this paper,
some recent observational hints add further relevance to
this study. A 7 keV sterile neutrino dark matter candi-
date can explain the recent observation of a monochro-
matic line signal at 3.5 keV in the X-ray spectrum of
galactic clusters [? ]. The observation of neutrinos with
PeV scale energies at IceCube [? ? ] also hint at a pos-
sible connection between the neutrino sector and physics
at the PeV scale. These can be accommodated in our
framework, but are not necessary ingredients, hence we
leave this task to a later work.

THE MODEL

As in the ⌫MSM, the neutrino sector is extended by
three SM-singlet, sterile neutrinos Ni. While the Ni are
uncharged under the SM gauge group, it is unlikely that

2

they are uncharged under all symmetries of nature, as is
traditionally assumed in the seesaw mechanism. For con-
creteness, assume that the Ni are charged under a U(1)0,
which are ubiquitous in string-inspired models of nature.
This immediately forbids the terms in Eq. ??, and the
traditional seesaw mechanism does not work. Higher di-
mensional operators involving the SM and Ni fields can
be obtained by coupling the Ni to other fields charged
under the U(1)0. Introducing an exotic field � that car-
ries the opposite charge under U(1)0, one is allowed the
following higher dimensional operators in the superpo-
tential:

W � y

M⇤
LHuN

c�+
x

M⇤
N cN c��. (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 the two heavier ac-
tive neutrino masses, but we note that it can provide
the dominant contribution to the lightest active neutrino
mass.

If the scalar component of � obtains a vev at the PeV
scale, presumably from the same mechanism that breaks
supersymmetry, 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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

xh�i . (7)

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

ui=155.6 GeV), and
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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 �m2

atm =
2.3⇥ 10�3 eV2.

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 �m2
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 Uni-
verse, 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 [? ], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density
approximately [? ? ? ? ? ? ]

⌦Ni ⇠ 0.2

✓
sin2✓

3⇥ 10�9

◆⇣ ms

3 keV

⌘1.8
. (8)

Compared to WIMP-motivated cold dark matter (CDM)
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A natural resolution of the hierarchy problem has long
pointed to the weak scale as the natural scale for super-
symmetry. Weak scale supersymmetry was additionally
motivated by the WIMP miracle, which o↵ered a natural
explanation of dark matter and its observed abundance.
However, the predictions of the most natural setups – a
light Higgs boson, weak scale superpartners (in particu-
lar stops and gluinos) within reach of the first run of the
LHC, and detection of dark matter at direct detection
experiments – have all failed to materialize, suggesting
that the electroweak scale may be fine-tuned after all,
and the scale of new physics may lie elsewhere.

Independent of such preconceived notions of natural-
ness, the measured mass of the Higgs boson at 125 GeV
now provides a direct probe of where this scale might lie.
The Higgs mass at one loop with no sfermion mixing in
the MSSM is
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Z cos22� +
3m4
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4⇡2v2
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For tan� ⇡ O(1), the observed Higgs mass is obtained
for sfermion masses at 1 � 100 PeV [? ? ? ]. Even
prior to the Higgs mass measurement, there were strong
arguments for supersymmetry at such high scales from
flavor, CP, and unification considerations [? ? ? ? ].

This paper examines whether the neutrino sector and
a dark matter candidate can also emerge naturally from
the PeV scale. Since neutrino masses require physics be-
yond the Standard Model, a common origin of the Higgs
mass, dark matter, and neutrino masses is an extremely
attractive prospect.

The traditional explanation of neutrino masses is a see-
saw mechanism, involving right-handed, Standard Model
(SM)-singlet sterile neutrinos Ni that enable the follow-
ing terms in the Lagrangian

L � y↵iL̄↵H
†
uNi +MiN̄

c
i Ni. (2)

The first term leads to a Dirac mass between the left
and right handed neutrinos once Hu obtains a vacuum
expectation value (vev), and the second term is a Ma-
jorana mass for the sterile neutrinos. If M � yhHui,
the seesaw mechanism gives active neutrino masses at
(yhHui)2/M . GUT scale seesaw models [? ? ? ? ?
] employ y ⇠ O(1) and M ⇠ 1010 � 1015 GeV, which
can explain the small active neutrino masses but does
not shed any light on dark matter. The low energy coun-
terpart, with all masses below the electroweak scale, has
been extensively studied in the e↵ective framework of
the Neutrino Minimal Standard Model (⌫MSM) [? ? ?
], which carries the additional attractive feature of a keV
scale sterile neutrino that is a viable warm or cold dark
matter candidate. A successful realization of active neu-
trino masses in the ⌫MSM, however, requires y2 . 10�13.
The purpose of this paper is to explore a modified setup
where both active neutrino masses and a dark matter
candidate can be realized with predominantly O(1) cou-
plings and the PeV scale, which is motivated by the Higgs
mass measurement as the scale of new physics.

Finally, while not the main motivation of this paper,
some recent observational hints add further relevance to
this study. A 7 keV sterile neutrino dark matter candi-
date can explain the recent observation of a monochro-
matic line signal at 3.5 keV in the X-ray spectrum of
galactic clusters [? ]. The observation of neutrinos with
PeV scale energies at IceCube [? ? ] also hint at a pos-
sible connection between the neutrino sector and physics
at the PeV scale. These can be accommodated in our
framework, but are not necessary ingredients, hence we
leave this task to a later work.

THE MODEL

As in the ⌫MSM, the neutrino sector is extended by
three SM-singlet, sterile neutrinos Ni. While the Ni are
uncharged under the SM gauge group, it is unlikely that
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TABLE I: The two benchmark scenarios. Both use M⇤ = MGUT = 1016 GeV and tan� = 2, corresponding to hH0
ui = 155.63

GeV. Benchmark A contains a keV scale warm dark matter candidate produced through the DW mechanism. Benchmark B
consists of a GeV scale candidate produced through freeze-in from � decay.
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keV, GeV mass scales put in by hand 
sterile neutrino cannot be all of dark matter (X-ray + Lyman-α bounds)
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Hints of an underlying structure?
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The Higgs boson mass of 125 GeV is suggestive of superpartners at the PeV scale. We show that
new physics at this scale can also explain the observed active neutrino masses via a modified, low
energy seesaw mechanism and provide a sterile neutrino dark matter candidate with keV-GeV scale
mass. These emerge in a straightforward manner if the right-handed neutrinos are charged under a
new symmetry broken by a scalar field vacuum expectation value at the PeV scale. The dark matter
relic abundance can be obtained through active-sterile oscillation, freeze-in through the decay of the
heavy scalar, or freeze-in via non-renormalizable interactions at high temperatures. The theory also
contains two heavier sterile neutrinos, which can decay before BBN and remain consistent with
cosmological observations.

MOTIVATION

A natural resolution of the hierarchy problem has long
pointed to the weak scale as the natural scale for super-
symmetry. Weak scale supersymmetry was additionally
motivated by the WIMP miracle, which o↵ered a natural
explanation of dark matter and its observed abundance.
However, the predictions of the most natural setups – a
light Higgs boson, weak scale superpartners (in particu-
lar stops and gluinos) within reach of the first run of the
LHC, and detection of dark matter at direct detection
experiments – have all failed to materialize, suggesting
that the electroweak scale may be fine-tuned after all,
and the scale of new physics may lie elsewhere.

Independent of such preconceived notions of natural-
ness, the measured mass of the Higgs boson at 125 GeV
now provides a direct probe of where this scale might lie.
The Higgs mass at one loop with no sfermion mixing in
the MSSM is

m2
h ⇡ m2

Z cos22� +
3m4

t

4⇡2v2
ln(m2

t̃/m
2
t ). (1)

For tan� ⇡ O(1), the observed Higgs mass is obtained for
sfermion masses at 1� 100 PeV [1–3]. Even prior to the
Higgs mass measurement, there were strong arguments
for supersymmetry at such high scales from flavor, CP,
and unification considerations [4–7].

This paper examines whether the neutrino sector and
a dark matter candidate can also emerge naturally from
the PeV scale. Since neutrino masses require physics be-
yond the Standard Model, a common origin of the Higgs
mass, dark matter, and neutrino masses is an extremely
attractive prospect.

The traditional explanation of neutrino masses is a see-
saw mechanism, involving right-handed, Standard Model
(SM)-singlet sterile neutrinos Ni that enable the follow-
ing terms in the Lagrangian

L � y↵iL̄↵H
†
uNi +MiN̄

c
i Ni. (2)

The first term leads to a Dirac mass between the left and
right handed neutrinos once Hu obtains a vacuum expec-
tation value (vev), and the second term is a Majorana

mass for the sterile neutrinos. If M � yhHui, the seesaw
mechanism gives active neutrino masses at (yhHui)2/M .
GUT scale seesaw models [8–12] employ y ⇠ O(1) and
M ⇠ 1010 � 1015 GeV, which can explain the small ac-
tive neutrino masses but does not shed any light on dark
matter. The low energy counterpart, with all masses be-
low the electroweak scale, has been extensively studied
in the e↵ective framework of the Neutrino Minimal Stan-
dard Model (⌫MSM) [13–15], which carries the additional
attractive feature of a keV scale sterile neutrino that is a
viable warm or cold dark matter candidate. A successful
realization of active neutrino masses in the ⌫MSM, how-
ever, requires y2 . 10�13. The purpose of this paper is
to explore a modified setup where both active neutrino
masses and a dark matter candidate can be realized with
O(1) couplings and the PeV scale, which is motivated by
the Higgs mass measurement as the scale of new physics.
Finally, while not the main motivation of this paper,

some recent observational hints add further relevance to
this study. A 7 keV sterile neutrino dark matter candi-
date can explain the recent observation of a monochro-
matic line signal at 3.5 keV in the X-ray spectrum of
galactic clusters [16]. The observation of neutrinos with
PeV scale energies at IceCube [14, 17] also hint at a pos-
sible connection between the neutrino sector and physics
at the PeV scale. These can be accommodated in our
framework, but are not necessary ingredients, hence we
leave this task to a later work.

THE MODEL

As in the ⌫MSM, the neutrino sector is extended by
three SM-singlet, sterile neutrinos Ni. While the Ni are
uncharged under the SM gauge group, it is unlikely that
they are uncharged under all symmetries of nature, as is
traditionally assumed in the seesaw mechanism. For con-
creteness, assume that the Ni are charged under a U(1)0,
which are ubiquitous in string-inspired models of nature.
This immediately forbids the terms in Equation 2, and
the traditional seesaw mechanism does not work. Higher
dimensional operators involving the SM and Ni fields can
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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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

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 �m2

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

ui=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 �m2
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
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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 Uni-
verse, 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 [18], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density
approximately [18–23]

⌦Ni ⇠ 0.2

✓
sin2✓

3⇥ 10�9

◆⇣ ms

3 keV

⌘1.8
. (8)

Compared to WIMP-motivated cold dark matter (CDM)
models, a warm dark matter component might be favor-
able for a resolution of recent puzzles such as the core vs.
cusp problem and the “too big to fail” problem [24, 25].
A combination of X-ray bounds [26–30] and Lyman-alpha
forest data [23, 31, 32] now rule out the prospect of all of
dark matter being made up of N1 produced in this man-
ner. However, N1 produced through the DW mechanism
can still constitute a significant fraction of the dark mat-
ter abundance; an analysis in [32] showed that ms � 5
keV warm component constituting  60% of the total
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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.
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by N1. As N1 couples extremely weakly to the SM fields
and is never in thermal equilibrium in the early Uni-
verse, 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-
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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.
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by N1. As N1 couples extremely weakly to the SM fields
and is never in thermal equilibrium in the early Uni-
verse, 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 [18], is an inevitable
consequence of mixing with the active neutrinos, and is
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Compared to WIMP-motivated cold dark matter (CDM)
models, a warm dark matter component might be favor-
able for a resolution of recent puzzles such as the core vs.
cusp problem and the “too big to fail” problem [24, 25].
A combination of X-ray bounds [26–30] and Lyman-alpha
forest data [23, 31, 32] now rule out the prospect of all of
dark matter being made up of N1 produced in this man-
ner. However, N1 produced through the DW mechanism
can still constitute a significant fraction of the dark mat-
ter abundance; an analysis in [32] showed that ms � 5
keV warm component constituting  60% of the total
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studies in the ⌫MSM, it is known that these mix with the
two heavier active neutrinos to provide their masses. In
contrast, the long lifetime requirement for the dark mat-
ter candidate N1 means that it cannot fully participate in
the seesaw, leaving the lightest neutrino essentially mass-
less. These generic features of the ⌫MSM are also present
in our framework. The decays of N2, N3 are constrained
by several recombination era observables [19, 48, 49, 49],
hence they are generally required to decay before Big
Bang Nucleosynthesis (BBN), which forces ⌧N2,N3 . 1s
and mN2,N3 & O(100) MeV. There are also several direct
searches for heavy neutral leptons with significant mix-
ing with active states, resulting in lower bounds on their
lifetimes [50–52]. The BBN and direct search regions are
shown in Figure 2.

The final ingredient in the theory is the scalar �. In the
early Universe, its annihilation and decay can contribute
to a frozen-in abundance of N1, as discussed earlier. Its
present day interactions are all suppressed by the high
scale M⇤ and should therefore be too small to probe ex-
perimentally, although production in high energy astro-
physical processes could lead to rare but possibly observ-
able signatures.

BENCHMARK SCENARIOS

As proof of principle, this section presents two bench-
mark scenarios in our framework that produce active neu-
trino masses as well as a sterile neutrino dark matter can-
didate. We have used the Casas-Ibarra parameterization
[53] with a normal hierarchy of active neutrino masses
to verify that the measured mass di↵erences and mixing
angles of the PMNS matrix can be reproduced.

Restoring the full flavor structure, the neutrino mass
matrix is a 6⇥ 6 entity, with x and y in Equation 3 now
promoted to 3⇥3 matrices X and Y. The neutrino mass
matrix reads

M⌫ =

 
0 h�ihH0

ui
M⇤

Y
h�ihH0

ui
M⇤

Y† h�i2
M⇤

X

!
. (12)

The Ni basis can be chosen such that X is diagonal.
The two benchmark scenarios are listed in Table I.

Both use M⇤ = MGUT = 1016 GeV and tan� = 2, corre-
sponding to hH0

ui = 155.63 GeV.
Benchmark A: This scenario has a warm dark matter

candidate with mass 8.7 keV, with DW production giving
54% of the observed dark matter abundance. Note that
since x ⇡ 10�5, both IR and UV freeze-in are ine↵ec-
tive, but the LSP from the supersymmetric sector or the
axion could account for the remaining fraction of dark
matter. The two heavier steriles are at 1 GeV and decay
before BBN; the three steriles are plotted as red dots in
Figure 2. The hierarchy of five orders of magnitude in
the entries of X is necessitated by the hierarchy between

the keV mass of the dark matter candidate and the GeV
scale mass of the heavier steriles, which need to be heavy
enough to decay before BBN. The entries of Y contain
a similar hierarchy to ensure that the dark matter can-
didate has no significant mixing with the active sector.
While a coupling of O(10�5) appears unnatural, recall
that such a small coupling already appears in nature in
the form of the electron Yukawa, and is therefore perhaps
not unrealistic. The lightest active neutrino is essentially
massless, as is characteristic in the ⌫MSM with a keV
scale sterile neutrino dark matter candidate.

Benchmark B: This scenario assumes that the scalar
� has additional interactions that keep it in equilibrium
with the thermal bath in the early Universe. The cor-
rect dark matter relic density is achieved through (IR)
freeze-in. In contrast to Benchmark A, all entries in X
are O(1), and all sterile neutrinos have ⇠ 1 GeV mass
(represented by blue squares in Figure 2). In order to
make the dark matter candidate su�ciently long-lived,
its mixing with the active neutrinos must be suppressed
to essentially zero; this is reflected in the extremely small
entries ⇠ 10�10 in the third column of Y. The necessity
of such small numbers suggests that the freeze-in mech-
anism is perhaps not as natural in this framework. How-
ever, note that it is admissible to set these numbers to
exactly zero, hence this structure could be invoked due
to an underlying symmetry, rendering it technically nat-
ural. Such considerations are only necessary if we insist
on promoting N1 to a long-lived dark matter candidate;
otherwise, O(1) couplings are allowed.

In summary, this paper has presented a new framework
that constitutes a realistic description of active neutrino
masses and keV-GeV scale sterile neutrino dark matter
emerging naturally from new physics at the PeV scale. A
more extensive study of the dark matter and cosmological
aspects, leptogenesis, and observable signatures will be
presented in forthcoming work.
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be obtained by coupling the Ni to other fields charged
under the U(1)0. Introducing an exotic field � that car-
ries the opposite charge under U(1)0, one is allowed the
following higher dimensional operators in the superpo-
tential:

W � y

M⇤
LHuN

c�+
x

M⇤
N cN c�� (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 that is of the same order as it is not
large enough to produce the active neutrino mass scale,
but we note that it can provide the dominant contribu-
tion to the mass of the lightest active neutrino.

If the scalar component of � obtains a vev at the PeV
scale, presumably from the same mechanism that breaks
supersymmetry, 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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

xh�i . (7)

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

ui = 155.6 GeV), and 0.001<x< 2
for various values of yh�i. This exercise suggests that
both an active neutrino mass scale of

p
2.3⇥ 10�3 eV2 ⇠

0.05 eV, necessary for consistency with atmospheric os-
cillation data �m2

atm = 2.3 ⇥ 10�3 eV2, and a sterile
neutrino mass scale of O(keV-GeV), necessary for con-
sistency with dark matter and cosmological observations,
can emerge naturally in this framework.
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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 �m2

atm =
2.3⇥ 10�3 eV2.

DARK MATTER AND COSMOLOGICAL
CONSTRAINTS

Sterile neutrinos are constrained by several cosmolog-
ical and direct observations, which require a more care-
ful treatment. This section provides a brief overview to
demonstrate consistency with these constraints and the
viability of dark matter; a more extensive and compre-
hensive 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 Uni-
verse, 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 [18], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density
approximately [18–23]

⌦Ni ⇠ 0.2

✓
sin2✓

3⇥ 10�9

◆⇣ ms

3 keV

⌘1.8
. (8)

Compared to WIMP-motivated cold dark matter (CDM)
models, a warm dark matter component might be favor-
able for a resolution of recent puzzles such as the core vs
cusp problem and the “too big to fail” problem [24, 25].
A combination of X-ray bounds [26–30] and Lyman-alpha
forest data [23, 31, 32] now rule out the prospect of all of
dark matter being made up of N1 produced in this man-
ner. However, N1 produced through the DW mechanism
can still constitute a significant fraction of the dark mat-
ter abundance; an analysis in [32] showed that ms � 5
keV warm component constituting  60% of the total

A MODIFIED NEUTRINO SECTOR
• Introduce an exotic field φ, equal and opposite U(1)’ charge to N

• This allows the following terms
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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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

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 �m2

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

ui=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 �m2
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
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they are uncharged under all symmetries of nature, as is
traditionally assumed in the seesaw mechanism. For con-
creteness, assume that the Ni are charged under a U(1)0,
which are ubiquitous in string-inspired models of nature.
This immediately forbids the terms in Eq. ??, and the
traditional seesaw mechanism does not work. Higher di-
mensional operators involving the SM and Ni fields can
be obtained by coupling the Ni to other fields charged
under the U(1)0. Introducing an exotic field � that car-
ries the opposite charge under U(1)0, one is allowed the
following higher dimensional operators in the superpo-
tential:

W � y

M⇤
LHuN

c�+
x

M⇤
N cN c��. (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 the two heavier ac-
tive neutrino masses, but we note that it can provide
the dominant contribution to the lightest active neutrino
mass.

If the scalar component of � obtains a vev at the PeV
scale, presumably from the same mechanism that breaks
supersymmetry, 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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

xh�i . (7)

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

ui=155.6 GeV), and
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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 �m2

atm =
2.3⇥ 10�3 eV2.

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 �m2
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 Uni-
verse, 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 [? ], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density
approximately [? ? ? ? ? ? ]

⌦Ni ⇠ 0.2

✓
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3⇥ 10�9
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3 keV

⌘1.8
. (8)

Compared to WIMP-motivated cold dark matter (CDM)
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they are uncharged under all symmetries of nature, as is
traditionally assumed in the seesaw mechanism. For con-
creteness, assume that the Ni are charged under a U(1)0,
which are ubiquitous in string-inspired models of nature.
This immediately forbids the terms in Eq. ??, and the
traditional seesaw mechanism does not work. Higher di-
mensional operators involving the SM and Ni fields can
be obtained by coupling the Ni to other fields charged
under the U(1)0. Introducing an exotic field � that car-
ries the opposite charge under U(1)0, one is allowed the
following higher dimensional operators in the superpo-
tential:

W � y

M⇤
LHuN

c�+
x

M⇤
N cN c��. (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 the two heavier ac-
tive neutrino masses, but we note that it can provide
the dominant contribution to the lightest active neutrino
mass.

If the scalar component of � obtains a vev at the PeV
scale, presumably from the same mechanism that breaks
supersymmetry, 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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

xh�i . (7)

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

ui=155.6 GeV), and
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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 �m2

atm =
2.3⇥ 10�3 eV2.

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 �m2
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 Uni-
verse, 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 [? ], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density
approximately [? ? ? ? ? ? ]
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Compared to WIMP-motivated cold dark matter (CDM)
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they are uncharged under all symmetries of nature, as is
traditionally assumed in the seesaw mechanism. For con-
creteness, assume that the Ni are charged under a U(1)0,
which are ubiquitous in string-inspired models of nature.
This immediately forbids the terms in Eq. ??, and the
traditional seesaw mechanism does not work. Higher di-
mensional operators involving the SM and Ni fields can
be obtained by coupling the Ni to other fields charged
under the U(1)0. Introducing an exotic field � that car-
ries the opposite charge under U(1)0, one is allowed the
following higher dimensional operators in the superpo-
tential:

W � y

M⇤
LHuN

c�+
x

M⇤
N cN c��. (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 the two heavier ac-
tive neutrino masses, but we note that it can provide
the dominant contribution to the lightest active neutrino
mass.

If the scalar component of � obtains a vev at the PeV
scale, presumably from the same mechanism that breaks
supersymmetry, 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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as
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Fixing the parameters of the theory also determines the
mixing angle between the active and sterile sectors:
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Figure ?? shows possible active-sterile mass scale com-
binations that result from this framework with M⇤ =
MGUT (=1016 GeV), tan� =2 (hH0

ui=155.6 GeV), and
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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 �m2

atm =
2.3⇥ 10�3 eV2.

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 �m2
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 Uni-
verse, 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 [? ], is an inevitable
consequence of mixing with the active neutrinos, and is
known to produce warm dark matter with relic density
approximately [? ? ? ? ? ? ]
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Compared to WIMP-motivated cold dark matter (CDM)

Can get desired active and sterile masses with 
O(1) couplings and  <φ>~O(1)-O(100) PeV                                                                     

Maps onto νMSM
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For tanβ ≈ O(1), mh=126 GeV implies 
the scale for supersymmetry 
(superpartners) is 1-100 PeV
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Suggests the vev of φ and the 
breaking of U(1)’ might be 
related to SUSY breaking.  
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TABLE I: The two benchmark scenarios. Both use M⇤ = MGUT = 1016 GeV and tan� = 2, corresponding to hH0
ui = 155.63

GeV. Benchmark A contains a keV scale warm dark matter candidate produced through the DW mechanism. Benchmark B
consists of a GeV scale candidate produced through freeze-in from � decay.

and evade gamma-ray constraints [60], its mixing with
the active neutrinos must be suppressed to essentially
zero, reflected in the third column of Y. While this ap-
pears unnatural, note that it is admissible to set these
numbers to exactly zero, hence this structure could be in-
voked due to an underlying symmetry, rendering it tech-
nically natural. Such considerations are only necessary
if we insist on promoting N1 to a long-lived dark matter
candidate; otherwise, O(1) couplings are allowed.

In summary, this paper has presented a new framework
that constitutes a realistic description of active neutrino
masses and keV-GeV scale sterile neutrino dark matter
emerging naturally from new physics at the PeV scale,
which maps on to the widely studied ⌫MSM at low ener-
gies. A more extensive study of the details of this frame-
work, including dark matter, cosmological aspects, and
observable signatures, will be presented in forthcoming
work.
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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�7x2

✓
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
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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.
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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.
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TABLE I: The two benchmark scenarios. Both use M⇤ = MGUT = 1016 GeV and tan� = 2, corresponding to hH0
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GeV. Benchmark A contains a keV scale warm dark matter candidate produced through the DW mechanism. Benchmark B
consists of a GeV scale candidate produced through freeze-in from � decay.
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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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

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 �m2

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

ui=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 �m2
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

(If additional interactions keep φ in equilibrium with thermal bath)
(Doesn’t need φ to 
be in equilibrium)
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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�7x2

✓
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
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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]
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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
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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]
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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
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to the PeV scale was inspired by considerations of a su-
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can also account for an O(1) fraction of dark matter –
cold dark matter in this case – as could axions.
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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
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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]
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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
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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.
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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
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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.
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gles for N1 for which the correct relic density can be
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ignored, and TRH is assumed to be su�ciently low that
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matter is produced through the DW mechanism thanks
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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
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◆3 ✓ h�i
m�

◆
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For h�i/m� ⇠ O(1), x ⇠ 1, and h�i ⇠ 1 � 100 PeV,
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◆
. (10)

The corresponding relic density is [44–46]
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2 ' 0.1x2

⇣ ms
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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.
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point A (B ) from Table I.
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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�ihH0

ui
M⇤

, mM =
xh�i2
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�i2
M⇤

,

ma =
m2

D

mM
=

y2hH0
ui2

xM⇤
. (5)

Note that the two scales are related as

ms =
1

ma

✓
yh�ihH0

ui
M⇤

◆2

. (6)

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

✓ ⇡
r

ma

ms
=

yhH0
ui

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 �m2

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

ui=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 �m2
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
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Neutrino Masses and Sterile Neutrino Dark Matter from the PeV Scale

Samuel B. Roland, Bibhushan Shakya, and James D. Wells
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Michigan Center for Theoretical Physics, University of Michigan, Ann Arbor MI 48109, USA

The Higgs boson mass of 125 GeV is suggestive of superpartners at the PeV scale. We show
that new physics at this scale can also produce active neutrino masses via a modified, low energy
seesaw mechanism and provide a sterile neutrino dark matter candidate with keV-GeV scale mass.
These emerge in a straightforward manner if the right-handed neutrinos are charged under a new
symmetry broken by a scalar field vacuum expectation value at the PeV scale. The dark matter
relic abundance can be obtained through active-sterile oscillation, freeze-in through the decay of
the heavy scalar, or freeze-in via non-renormalizable interactions at high temperatures. The theory
also contains two heavier sterile neutrinos, which can decay before BBN and remain consistent with
cosmological observations. The low energy e↵ective theory maps onto the widely studied ⌫MSM
framework.

MOTIVATION

A natural resolution of the hierarchy problem has long
pointed to the weak scale as the natural scale for super-
symmetry. Weak scale supersymmetry was additionally
motivated by the WIMP miracle, which o↵ered a natural
explanation of dark matter and its observed abundance.
However, the predictions of the most natural setups – a
light Higgs boson, weak scale superpartners (in particu-
lar stops and gluinos) within reach of the first run of the
LHC, and detection of dark matter at direct detection
experiments – have all failed to materialize, suggesting
that the electroweak scale may be fine-tuned after all,
and the scale of new physics may lie elsewhere.

Independent of such preconceived notions of natural-
ness, the measured mass of the Higgs boson at 125 GeV
now provides a direct probe of where this scale might lie.
The Higgs mass at one loop with no sfermion mixing in
the MSSM is

m2
h ⇡ m2

Z cos22� +
3m4

t

4⇡2v2
ln(m2

t̃/m
2
t ). (1)

For tan� ⇡ O(1), the observed Higgs mass is obtained for
sfermion masses at 1� 100 PeV [1–3]. Even prior to the
Higgs mass measurement, there were strong arguments
for supersymmetry at such high scales from flavor, CP,
and unification considerations [4–7].

⇠ h�i
MGUT

(2)

⇠ h�i2
MGUT

(3)

h�i ⇠ PeV This paper examines whether the neutrino
sector and a dark matter candidate can also emerge nat-
urally from the PeV scale. Since neutrino masses require
physics beyond the Standard Model, a common origin of
the Higgs mass, dark matter, and neutrino masses is an
extremely attractive prospect.

The traditional explanation of neutrino masses is a see-
saw mechanism, involving right-handed, Standard Model
(SM)-singlet sterile neutrinos Ni that enable the follow-
ing terms in the Lagrangian

L � y↵iL̄↵H
†
uNi +MiN̄

c
i Ni. (4)

The first term leads to a Dirac mass between the left and
right handed neutrinos once Hu obtains a vacuum expec-
tation value (vev), and the second term is a Majorana
mass for the sterile neutrinos. If M � yhHui, the seesaw
mechanism gives active neutrino masses at (yhHui)2/M .
GUT scale seesaw models [8–12] employ y ⇠ O(1) and
M ⇠ 1010 � 1015 GeV, which can explain the small ac-
tive neutrino masses but does not shed any light on dark
matter. The low energy counterpart, with all masses be-
low the electroweak scale, has been extensively studied
in the e↵ective framework of the Neutrino Minimal Stan-
dard Model (⌫MSM) [13–15], which carries the additional
attractive feature of a keV scale sterile neutrino that is a
viable warm or cold dark matter candidate. A successful
realization of active neutrino masses in the ⌫MSM, how-
ever, requires y2 . 10�13. The purpose of this paper is
to explore a modified setup where both active neutrino
masses and a dark matter candidate can be realized with
predominantly O(1) couplings and the PeV scale, which
is motivated by the Higgs mass measurement as the scale
of new physics.

Finally, while not the main motivation of this paper,
some recent observational hints add further relevance to
this study. A 7 keV sterile neutrino dark matter candi-
date can explain the recent observation of a monochro-
matic line signal at 3.5 keV in the X-ray spectrum of
galactic clusters [16]. The observation of neutrinos with
PeV scale energies at IceCube [14, 17] also hint at a pos-
sible connection between the neutrino sector and physics
at the PeV scale. These can be accommodated in our
framework, but are not necessary ingredients, hence we
leave this task to a later work.
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mass for the sterile neutrinos. If M � yhHui, the seesaw
mechanism gives active neutrino masses at (yhHui)2/M .
GUT scale seesaw models [8–12] employ y ⇠ O(1) and
M ⇠ 1010 � 1015 GeV, which can explain the small ac-
tive neutrino masses but does not shed any light on dark
matter. The low energy counterpart, with all masses be-
low the electroweak scale, has been extensively studied
in the e↵ective framework of the Neutrino Minimal Stan-
dard Model (⌫MSM) [13–15], which carries the additional
attractive feature of a keV scale sterile neutrino that is a
viable warm or cold dark matter candidate. A successful
realization of active neutrino masses in the ⌫MSM, how-
ever, requires y2 . 10�13. The purpose of this paper is
to explore a modified setup where both active neutrino
masses and a dark matter candidate can be realized with
predominantly O(1) couplings and the PeV scale, which
is motivated by the Higgs mass measurement as the scale
of new physics.

Finally, while not the main motivation of this paper,
some recent observational hints add further relevance to
this study. A 7 keV sterile neutrino dark matter candi-
date can explain the recent observation of a monochro-
matic line signal at 3.5 keV in the X-ray spectrum of
galactic clusters [16]. The observation of neutrinos with
PeV scale energies at IceCube [14, 17] also hint at a pos-
sible connection between the neutrino sector and physics
at the PeV scale. These can be accommodated in our
framework, but are not necessary ingredients, hence we
leave this task to a later work.
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3.5 KEV X-RAY LINE
• unidentified emission line at ~3.5 keV in stacked XMM-Newton 

observations of 73 galaxy clusters, Perseus cluster, Andromeda 
(Bulbul et.al (2014), Boyarsky et. al.(2014)) 

• many papers fitting to ~7 keV sterile neutrino dark matter

�19

• potential mismodeling of background (Jeltema and Profumo 
(2014)), situation unclear

• ~7 keV sterile neutrino that is 25-50% of dark matter, with 
mixing sin2(2θ) ~ 4.0× 10-10 can fit the signal (Harada, Kamada, 
Yoshida, 1412.1592) 

• sterile neutrino being only a fraction of dark matter might help 
evade some constraints



PEV NEUTRINOS AT ICECUBE: 
A HINT OF PEV DARK MATTER? 

37 high energy neutrinos between 30 TeV and 2 PeV

�20

Several papers fitting to decaying dark matter, lifetime ~1028 s

Fong et al, 1411.5318 
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• So far :

A PEV DARK MATTER CANDIDATE (X)

Supermultiplet spin 0, 1/2 U(1)0 Remarks

Ni Ñi, Ni +1 Ni sterile neutrinos

� �, � -1 h�i ⇠PeV breaks U(1)0

X X,  X +5 mX ⇠PeV, dark matter

Y Y,  Y -5 U(1)0 partner of X

TABLE I. Field content, notation, and U(1)0 charge assignments for the new multiplets introduced in

the model. These lead to the higher-dimensional operators in Eq. 1.

terms in the superpotential that are relevant to our study:

W � ⇣ij
M⇤

LiHu Nj�+
⌘i
M⇤

NiNi��+
↵i

M⇤
LiHuXY +

�1

M⇤
XXYY +

�i

M⇤
Ni�XY

+
1

5!

�2

M3
⇤
X�5 +

1

5!

�3

M3
⇤
YN 5

i . (1)

All couplings are written as dimensionless numbers and expected to be O(1). The Ni basis is

chosen such that the third term in Eq. 1 is diagonal. M⇤ is the scale at which this e↵ective

theory of non-renormalizable operators needs to be UV completed with new physics, such as

the scale of grand unification MGUT or the Planck scale MP .

We assume that the the scalar component � obtains a PeV scale vev from the supersymmetry

breaking sector, thereby breaking the U(1)0 symmetry. In addition, we also assume that the

fields in the X ,Y and � multiplets all get PeV scale masses. This setup has the following

phenomenological consequences:

A. Neutrino Masses

With � obtaining a vev at the PeV scale and Hu also acquiring a vev from electroweak

symmetry breaking, the first and third terms in the superpotential in Eq. 1 lead to the following

active-sterile Dirac mass and sterile Majorana mass scales in the neutrino sector (suppressing

flavor indices for simplicity):

mD =
⇣h�ihH0

ui
M⇤

, mM =
⌘h�i2
M⇤

. (2)

5
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RELIC DENSITY :

singlet, is the term ↵i
M⇤

LiHuXY (see Eq. 1), which leads to the following production processes

for X:

l h ! X  Y , l H̃ ! X Y, l̃ H̃ ! X  Y . (5)

Here l denotes both charged leptons and neutrinos, and h denotes both neutral and charged

higgses, and likewise for their superpartners l̃ and H̃. We have assumed that the SM super-

partners are also produced and thermalize with the bath. The above processes are suppressed

by M⇤ and therefore not strong enough to bring the abundance of X into equilibrium. Rather,

since these interactions are extremely feeble, the abundance of X gradually builds up via the

process of freeze-in [38] as long as the processes remain kinematically feasible. Given the non-

renormalizable operator that leads to these interactions, the interaction cross sections must

scale as ⇠ s/M2

⇤ , hence the production rate must be proportional to the temperature of the

Universe, being the greatest at the earliest times.

The abundances of Y,  X , and  Y likewise freeze-in via the same processes as X. Assuming

m X >mY >m
˜H ,mX and m Y >mX , these particles then decay via the following processes:

 X ! Y l h, Y ! X l H̃,  Y ! X l h, (6)

Due to the above decay processes, the frozen-in abundances of Y ,  Y , and �X are all converted

to X abundance. Taking all these contributions into account, the relic abundance of X in the

Universe is calculated to be approximately [39–42] (see Appendix A for details of the derivation)

⌦Xh
2 ⇠ 0.12

✓
mX

10 PeV

◆⇣ ↵

10�4

⌘
2

✓
TRH

1.5⇥ 1010 GeV

◆
(7)

where we have set M⇤ = MGUT (= 1016 GeV) and taken ↵ = ↵i for simplicity. Therefore, with

a su�ciently high reheat temperature TRH and appropriate values of ↵i, the PeV scale particle

X could compose a significant part of dark matter.

2. Decay of X

Next, we must ensure that X has a lifetime much longer than the age of the Universe, and

the correct decay rate and channel to produce the neutrinos observed at IceCube. We have

already chosen m Y ,mY >mX , hence the only term in the superpotential Eq. 1 that can cause

X to decay is 1

5!

�2
M3

⇤
X�5 . Assuming h�i>m�, the leading decay process is X !  �  �, coming

8
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• Produce via annihilation processes

• X abundance accumulates via UV freeze-in

5

Benchmark h�i Y diag (X ) ma (eV) ms ⌦sh
2

A 79.4 PeV

0

@
�1.70 �0.20 9⇥ 10�5

1.49 �3.96 �3⇥ 10�5

3.91 �2.21 5⇥ 10�5

1

A
1.91
1.58

0.000013

0.049
0.0087

2.4⇥ 10�6

1.2 GeV
1.0 GeV
8.5 keV

0.058

B 85.1 PeV

0

@
�1.31 0.73 9⇥ 10�10

�1.25 �3.71 �3⇥ 10�10

1.45 �3.65 5⇥ 10�10

1

A
1.46
1.38
0.85

0.049
0.0087

3⇥ 10�21

1.1 GeV
1.0 GeV
617 MeV

0.11

TABLE I: The two benchmark scenarios. Both use M⇤ = MGUT = 1016 GeV and tan� = 2, corresponding to hH0
ui = 155.63

GeV. Benchmark A contains a keV scale warm dark matter candidate produced through the DW mechanism. Benchmark B
consists of a GeV scale candidate produced through freeze-in from � decay.
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A PEV DARK MATTER CANDIDATE (X)
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Supermultiplet spin 0, 1/2 U(1)0 Remarks

Ni Ñi, Ni +1 Ni sterile neutrinos

� �, � -1 h�i ⇠PeV breaks U(1)0

X X,  X +5 mX ⇠PeV, dark matter

Y Y,  Y -5 U(1)0 partner of X

TABLE I. Field content, notation, and U(1)0 charge assignments for the new multiplets introduced in

the model. These lead to the higher-dimensional operators in Eq. 1.

terms in the superpotential that are relevant to our study:

W � ⇣ij
M⇤

LiHu Nj�+
⌘i
M⇤

NiNi��+
↵i

M⇤
LiHuXY +

�1

M⇤
XXYY +

�i

M⇤
Ni�XY

+
1

5!

�2

M3
⇤
X�5 +

1

5!

�3

M3
⇤
YN 5

i . (1)

All couplings are written as dimensionless numbers and expected to be O(1). The Ni basis is

chosen such that the third term in Eq. 1 is diagonal. M⇤ is the scale at which this e↵ective

theory of non-renormalizable operators needs to be UV completed with new physics, such as

the scale of grand unification MGUT or the Planck scale MP .

We assume that the the scalar component � obtains a PeV scale vev from the supersymmetry

breaking sector, thereby breaking the U(1)0 symmetry. In addition, we also assume that the

fields in the X ,Y and � multiplets all get PeV scale masses. This setup has the following

phenomenological consequences:

A. Neutrino Masses

With � obtaining a vev at the PeV scale and Hu also acquiring a vev from electroweak

symmetry breaking, the first and third terms in the superpotential in Eq. 1 lead to the following

active-sterile Dirac mass and sterile Majorana mass scales in the neutrino sector (suppressing

flavor indices for simplicity):

mD =
⇣h�ihH0

ui
M⇤

, mM =
⌘h�i2
M⇤

. (2)
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DECAY INTO NEUTRINOS:

• Decays via

• Lifetime for X :

from the Lagrangian term

L � ��2
12

✓h�i
M⇤

◆
3

X  �  � . (8)

Here we assume that the decay X ! �� or the decays from mixing with � induced by the

corresponding soft term AX
M3

⇤
X�5 that appears after supersymmety breaking is subdominant.

Assuming m �/mX ⌧ 1, this decay process has a lifetime

⌧X ⇡ 1027 s

✓
1.5⇥ 10�3

�
2

◆
2

✓
M⇤

108h�i
◆

6

✓
PeV

mX

◆
. (9)

The  � further decays as  � ! NH̃⌫ , � ! NH̃±l⌥ through an o↵-shell sterile sneutrino as

a consequence of the LiHu Nj� and NiNi�� terms in the superpotential. The sterile neutrinos

N then further decay through the standard sterile neutrino decay channels to produce additional

active neutrinos.

Recall that the decay lifetime required to fit the IceCube data is ⌧ ⇠ 1027 s. Hence for

reasonable parameter choices one can obtain the lifetime necessary to reproduce the IceCube

signal (see section IIIA below). Note the role of the 1/M3

⇤ suppression in obtaining such a long

lifetime; this was the motivation behind the choice of the U(1)’ charge of +5 for X .

III. COMPATIBILITY WITH SIGNALS

In this section we demonstrate the compatibility of the IceCube neutrino and 3.5 keV X-ray

line signals with the framework described in the previous section. As mentioned in the intro-

duction, one could incorporate neither, one, or both of these into the model with appropriate

parameter choices. In this section we choose to include both, as a proof of principle that both

can be incorporated simultaneously into the framework. To demonstrate this, we work with a

specific choice of parameters, which are listed in Table II; the active and sterile neutrino masses

and relic abundances of various dark matter components that result from these choices are also

listed. As stressed in the Introduction, these are not best-fit points resulting from some scan

but simply a judicious choice of parameters to achieve the desired results.

The choice tan� = 2 is compatible with the correct Higgs mass mh = 125 GeV with PeV

scale superpartners. The cuto↵ scale M⇤ is chosen to be the scale of grand unification MGUT , so

the framework is expected to be embedded in a grand unified theory. With h�i = 110 GeV, the
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singlet, is the term ↵i
M⇤

LiHuXY (see Eq. 1), which leads to the following production processes

for X:

l h ! X  Y , l H̃ ! X Y, l̃ H̃ ! X  Y . (5)

Here l denotes both charged leptons and neutrinos, and h denotes both neutral and charged

higgses, and likewise for their superpartners l̃ and H̃. We have assumed that the SM super-

partners are also produced and thermalize with the bath. The above processes are suppressed

by M⇤ and therefore not strong enough to bring the abundance of X into equilibrium. Rather,

since these interactions are extremely feeble, the abundance of X gradually builds up via the

process of freeze-in [38] as long as the processes remain kinematically feasible. Given the non-

renormalizable operator that leads to these interactions, the interaction cross sections must

scale as ⇠ s/M2

⇤ , hence the production rate must be proportional to the temperature of the

Universe, being the greatest at the earliest times.

The abundances of Y,  X , and  Y likewise freeze-in via the same processes as X. Assuming

m X >mY >m
˜H ,mX and m Y >mX , these particles then decay via the following processes:

 X ! Y l h, Y ! X l H̃,  Y ! X l h, (6)

Due to the above decay processes, the frozen-in abundances of Y ,  Y , and �X are all converted

to X abundance. Taking all these contributions into account, the relic abundance of X in the

Universe is calculated to be approximately [39–42] (see Appendix A for details of the derivation)

⌦Xh
2 ⇠ 0.12

✓
mX

10 PeV

◆⇣ ↵

10�4

⌘
2

✓
TRH

1.5⇥ 1010 GeV

◆
(7)

where we have set M⇤ = MGUT (= 1016 GeV) and taken ↵ = ↵i for simplicity. Therefore, with

a su�ciently high reheat temperature TRH and appropriate values of ↵i, the PeV scale particle

X could compose a significant part of dark matter.

2. Decay of X

Next, we must ensure that X has a lifetime much longer than the age of the Universe, and

the correct decay rate and channel to produce the neutrinos observed at IceCube. We have

already chosen m Y ,mY >mX , hence the only term in the superpotential Eq. 1 that can cause

X to decay is 1

5!

�2
M3

⇤
X�5 . Assuming h�i>m�, the leading decay process is X !  �  �, coming
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tion to the PeV scale was inspired by considerations of a
supersymmetric sector, the lightest supersymmetric par-
ticle (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
studies in the ⌫MSM, it is known that these mix with
the two heavier active neutrinos to provide their masses.
In contrast, the dark matter candidate N1 cannot fully
participate in the seesaw as its long lifetime requirement
forces a suppression of its mixing with the active neu-
trinos, leaving the lightest neutrino essentially massless.
These generic features of the ⌫MSM are also present in
our framework. The decays of N2, N3 are constrained
by several recombination era observables [19, 48, 49, 49],
hence they are generally required to decay before Big
Bang Nucleosynthesis (BBN), which forces ⌧N2,N3 . 1s
and mN2,N3 & O(100) MeV. There are also several direct
searches for heavy neutral leptons with significant mix-
ing with active states, resulting in lower bounds on their
lifetimes [50–52]. The BBN and direct search regions are
shown in Figure 2.

The final ingredient in the theory is the scalar �. In the
early Universe, its annihilation and decay can contribute
to a frozen-in abundance of N1, as discussed earlier. Its
present day interactions are all suppressed by the high
scale M⇤ and should therefore be too small to probe ex-
perimentally, although production in high energy astro-
physical processes could lead to rare but possibly observ-
able signatures.

BENCHMARK SCENARIOS

As proof of principle, this section presents two bench-
mark scenarios in our framework that produce active neu-
trino masses as well as a sterile neutrino dark matter can-
didate. We have used the Casas-Ibarra parameterization
[53] with a normal hierarchy of active neutrino masses
to verify that the measured mass di↵erences and mixing
angles of the PMNS matrix can be reproduced.

Restoring the full flavor structure, the neutrino mass
matrix is a 6 ⇥ 6 entity, with x and y in Eq. 3 now pro-
moted to 3 ⇥ 3 matrices X and Y. The neutrino mass
matrix reads

M⌫ =

 
0 h�ihH0

ui
M⇤

Y
h�ihH0

ui
M⇤

Y† h�i2
M⇤

X

!
. (12)

The Ni basis can be chosen such that X is diagonal.
The two benchmark scenarios are listed in Table I.

Both use M⇤ = MGUT = 1016 GeV and tan� = 2, corre-
sponding to hH0

ui = 155.63 GeV.

Ni ! 3⌫ (13)

Benchmark A: This scenario has a warm dark matter
candidate with mass 8.5 keV, with DW production giving
53% of the observed dark matter abundance. Note that
since x ⇡ 10�5, both IR and UV freeze-in are ine↵ec-
tive, but the LSP from the supersymmetric sector or the
axion could account for the remaining fraction of dark
matter. The two heavier steriles are at 1 GeV and decay
before BBN; the three steriles are plotted as red dots in
Figure 2. The hierarchy of five orders of magnitude in
the entries of X is necessitated by the hierarchy between
the keV mass of the dark matter candidate and the GeV
scale mass of the heavier steriles, which need to be heavy
enough to decay before BBN. The entries of Y contain
a similar hierarchy to ensure that the dark matter can-
didate has no significant mixing with the active sector.
While a coupling of O(10�5) appears unnatural, recall
that such a small coupling already appears in nature in
the form of the electron Yukawa, and is therefore perhaps
not unrealistic. The lightest active neutrino is essentially
massless, as is characteristic in the ⌫MSM with a keV
scale sterile neutrino dark matter candidate.

Benchmark B: This scenario assumes that the scalar
� has additional interactions that keep it in equilibrium
with the thermal bath in the early Universe. The cor-
rect dark matter relic density is achieved through (IR)
freeze-in. In contrast to Benchmark A, all entries in X
are O(1), and all sterile neutrinos have ⇠ 1 GeV mass
(represented by blue squares in Figure 2). In order to
make the dark matter candidate su�ciently long-lived,
its mixing with the active neutrinos must be suppressed
to essentially zero; this is reflected in the extremely small
entries ⇠ 10�10 in the third column of Y. The necessity
of such small numbers suggests that the freeze-in mech-
anism is perhaps not as natural in this framework. How-
ever, note that it is admissible to set these numbers to
exactly zero, hence this structure could be invoked due
to an underlying symmetry, rendering it technically nat-
ural. Such considerations are only necessary if we insist
on promoting N1 to a long-lived dark matter candidate;
otherwise, O(1) couplings are allowed.

In summary, this paper has presented a new framework
that constitutes a realistic description of active neutrino
masses and keV-GeV scale sterile neutrino dark matter
emerging naturally from new physics at the PeV scale.
A more extensive study of the details of this framework,
including dark matter, cosmological aspects, and observ-
able signatures, will be presented in forthcoming work.
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FITTING TO ICECUBE
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Couplings

⇣ij ⌘i0

BBBB@

3.53 �2.28 �1.19⇥ 10�5

1.02 �3.54 �1.99⇥ 10�5

�0.65 �1.28 3.38⇥ 10�5

1

CCCCA

5.82⇥ 10�6

1.26

1.67

↵ = 0.007

�
2

= 0.0002

Masses

ma (eV) ms

7.75⇥ 10�7

0.0087

0.049

7.00 keV

1.50 GeV

2.00 GeV

mX = 7 PeV

m �
= 2 PeV

m
˜H0, ˜H± = 800 GeV

Dark Matter Properties

mN1 = 7 keV mX = 7 PeV m
˜H0 = 800 GeV

⌦N1h
2 = 0.03 (= 25%) ⌦Xh2 = 0.03 (= 25%) ⌦

˜H0h2 = 0.06 (= 50%)

⌧X = 3⇥ 1027 s

TABLE II. Our choice of couplings in the superpotential (defined in Eq 1) and the resulting neutrino

masses and dark matter properties. ma and ms denote the three active and sterile neutrino masses

respectively. Along with these choices, we have set h�i = 110 PeV, M⇤ = M
GUT

(= 1016 GeV),

tan� = 2, and TRH = 1010 GeV.

MGUT (= 1016 GeV), so the framework is expected to be embedded in a grand unified theory.

With h�i = 110 PeV, the specified values of ⇣ij and ⌘i set the masses of sterile and active

neutrinos (ms and ma respectively) via the see-saw mechanism. It can be seen that the entries

are mostly O(1), except for the third column of ⇣ij and the first entry in ⌘i, which are O(10�5);

as mentioned in Section II B, this hierarchy is made inevitable by the need for N
1

to be at the

keV scale and N
2,3 to be at the GeV scale for consistency with cosmology. It is worth noting

that although O(10�5) seems unnaturally small, such a small number is already realized in

nature in the form of the electron Yukawa coupling. With these choices, the lightest sterile

neutrino N
1

has a mixing angle of sin2(2✓) ⇠ 4 ⇥ 10�10 and accounts for ⇠ 25% of the dark

matter abundance.
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the neutrino sector of the model. These lead to the higher-dimensional operators in the superpotential

in Eq. 1.

Since the theory is supersymmetric, each of these fields resides in a chiral supermultiplet;

the field content and notation are summarized in Table I. These lead to the following non-

renormalizable terms in the superpotential that are relevant to our study:
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All couplings are written as dimensionless numbers and expected to be O(1). The Ni basis is

chosen such that the third term in Eq. 1 is diagonal. M⇤ is the scale at which this e↵ective

theory of non-renormalizable operators needs to be UV completed with new physics, such as

the scale of grand unification MGUT or the Planck scale MP .

Obtaining Dirac and Majorana masses for the sterile neutrinos Ni in order to recover the

seesaw mechanism requires the scalar component � of � to obtain a vev, thereby breaking the

U(1)0 symmetry. We assume that � obtains a PeV scale vev from the supersymmetry breaking

sector (without delving into details of how exactly this might be realized, which is tangential

to the main purpose of this paper). In addition, we also assume that the fields in the X ,Y
and � multiplets all get PeV scale masses. This setup has the following phenomenological

consequences:

5

Supermultiplet spin 0, 1/2 U(1)0 Remarks

Ni Ñi, Ni +1 Ni sterile neutrinos

� �, � -1 h�i ⇠PeV, breaks U(1)0

X X,  X +5 mX ⇠PeV, dark matter

Y Y,  Y -5 U(1)0 partner of X

TABLE I. Field content, notation, and U(1)0 charge assignments for the new multiplets introduced in

the neutrino sector of the model. These lead to the higher-dimensional operators in the superpotential

in Eq. 1.

Since the theory is supersymmetric, each of these fields resides in a chiral supermultiplet;

the field content and notation are summarized in Table I. These lead to the following non-

renormalizable terms in the superpotential that are relevant to our study:
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⇤
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All couplings are written as dimensionless numbers and expected to be O(1). The Ni basis is

chosen such that the third term in Eq. 1 is diagonal. M⇤ is the scale at which this e↵ective

theory of non-renormalizable operators needs to be UV completed with new physics, such as

the scale of grand unification MGUT or the Planck scale MP .

Obtaining Dirac and Majorana masses for the sterile neutrinos Ni in order to recover the

seesaw mechanism requires the scalar component � of � to obtain a vev, thereby breaking the

U(1)0 symmetry. We assume that � obtains a PeV scale vev from the supersymmetry breaking

sector (without delving into details of how exactly this might be realized, which is tangential

to the main purpose of this paper). In addition, we also assume that the fields in the X ,Y
and � multiplets all get PeV scale masses. This setup has the following phenomenological

consequences:

5

Couplings

⇣ij ⌘i0

BBBB@

3.53 �2.28 �1.19⇥ 10�5

1.02 �3.54 �1.99⇥ 10�5

�0.65 �1.28 3.38⇥ 10�5

1

CCCCA

5.82⇥ 10�6

1.26

1.67

↵ = 0.007

�
2

= 0.0002

Masses

ma (eV) ms

7.75⇥ 10�7

0.0087

0.049

7.00 keV

1.50 GeV

2.00 GeV

mX = 7 PeV

m �
= 2 PeV

m
˜H0, ˜H± = 800 GeV

Dark Matter Properties

mN1 = 7 keV mX = 7 PeV m
˜H0 = 800 GeV

⌦N1h
2 = 0.03 (= 25%) ⌦Xh2 = 0.03 (= 25%) ⌦

˜H0h2 = 0.06 (= 50%)

⌧X = 3⇥ 1027 s

TABLE II. Our choice of couplings in the superpotential (defined in Eq 1) and the resulting neutrino

masses and dark matter properties. ma and ms denote the three active and sterile neutrino masses

respectively. Along with these choices, we have set h�i = 110 PeV, M⇤ = M
GUT

(= 1016 GeV),

tan� = 2, and TRH = 1010 GeV.

MGUT (= 1016 GeV), so the framework is expected to be embedded in a grand unified theory.

With h�i = 110 PeV, the specified values of ⇣ij and ⌘i set the masses of sterile and active

neutrinos (ms and ma respectively) via the see-saw mechanism. It can be seen that the entries

are mostly O(1), except for the third column of ⇣ij and the first entry in ⌘i, which are O(10�5);

as mentioned in Section II B, this hierarchy is made inevitable by the need for N
1

to be at the

keV scale and N
2,3 to be at the GeV scale for consistency with cosmology. It is worth noting

that although O(10�5) seems unnaturally small, such a small number is already realized in

nature in the form of the electron Yukawa coupling. With these choices, the lightest sterile

neutrino N
1

has a mixing angle of sin2(2✓) ⇠ 4 ⇥ 10�10 and accounts for ⇠ 25% of the dark

matter abundance.
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neutrinos, 
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