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Can we produce enough sterile neutrino DM in the

early universe?  

2 Walter Tangarife



Sterile Neutrino as Dark Matter

Fourth mass eigenstate: ν4 = νs cos θ + νa sin θ ≈ νs

The mixing angle is small and the sterile neutrino never reaches 

thermal equilibrium with the primordial plasma
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Sterile Neutrino as Dark Matter

Fourth mass eigenstate: ν4 = νs cos θ + νa sin θ ≈ νs

The mixing angle is small and the sterile neutrino never reaches 

thermal equilibrium with the primordial plasma

e.g. Pal & Wolfenstein (1982),
Abazajian, Fuller & Tucker (2001), …

Sterile neutrinos as Dark Matter

• 4th mass eigenstate  

• Can be detected through 1-loop decay 
 into photons:  .


• Decay rate  .  
Radiative decay detectable.   
 
Pal and Wolfenstein, PRD1982  
Abazajian, Fuller and Patel, PRD2001 + many more…  

• Non-observation puts bound on  plane.  


• Radiative decay leads to line at . 
Hints of a line at ?— Bulbul et al.  Astro. 2014, Boyarski et 
al., PRL 2014


• But how do we produce these neutrinos?

ν4 = cosθ νs + sinθ νa

νs → νaγ

Γ ∝ m5
4 sin2 2 θ

m4 − sin 2 θ

Eγ = m4/2
m4 = 7.1 keV

νs νa l

W

γ

νa

It can be detected through decay into radiation

Γ ∼ 10−28s−1 ( sin2 2θ
7 × 10−11 ) ( ms

7 keV )
5
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For a review: Abazajian (2017)
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7 keV )
5

How to produce it?

Two (among several) proposals: Dodelson-Widrow (1994)

Shi-Fuller (1999)
Walter Tangarife

Dasgupta & Kopp (2021)
For a review: Abazajian (2017)
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Sterile Neutrino as Dark Matter

Fourth mass eigenstate: ν4 = νs cos θ + νa sin θ ≈ νs

The mixing angle is small and the sterile neutrino never reaches 

thermal equilibrium with the primordial plasma

How to produce it?

Walter Tangarife

oscillation e↵ects, i.e., is proportional to ✓
2. Namely, in the early universe, at temperatures before

the decoupling of weak interaction, active neutrinos are constantly produced and destroyed by

SM weak interactions, in the flavor eigenstate ⌫. Each time after an active neutrino ⌫ is born,

neutrino oscillation will occur because it is a linear combination of mass eigenstates ⌫1,4. Because

we are talking about early universe, the active neutrino feels a thermal potential thus its dispersion

relation di↵ers from the zero temperature case, so are the oscillation probabilities. By the time

another weak interaction occurs that only destroys active neutrino, the original ⌫ state has already

developed a ⌫s component, which survives such a “measurement”, and eventually contributes to

the relic density of ⌫4 dark matter. The above oscillation process can repeat for many times

until the weak interaction for active neutrino decouples. This is the well known Dodelson-Widrow

mechanism [1]. It has been shown that by properly choosing the mixing parameter ✓, correct dark

matter density can be produced.

The probability for each active neutrino ⌫ to oscillate into ⌫s (which will end up as dark

matter ⌫4) is dictated by the e↵ective mixing angle

sin2 2✓e↵ ' �2 sin2 2✓

�2 sin2 2✓ + (�/2)2 + (� cos 2✓ � VT )2
, (2.5)

which is obtained by take the thermal average of the time-dependent ⌫ ! ⌫s oscillation probability.

Here � ⌘ (m2
4 � m

2
1)/(2E) ' m

2
4/(2E) is the vacuum neutrino oscillation frequency, and E is

the energy of the oscillating neutrino state. If the active neutrinos participate only in the SM

weak interaction, as assumed in the original work by Dodelson and Widrow, the e↵ective thermal

potential VT results from the self-energy of the neutrino, as depicted by the diagrams in Fig. 1.

The resultant potential is given by [2] I think this formula is also flavor dependent. Can

we just write it numerically just like Eq. (2.7)?

VT,SM = �12
p
2⇡2

GF

45
E T

4

✓
1

M
2
W

+
1

M
2
Z

◆
, (2.6)

where GF is Fermi’s constant and T is the temperature of the universe. The label “SM” indicates

that this expression is only valid in the absence of any new neutrino interaction beyond the SM

(BSM).

The interaction or collision rate �, due to exchange of W and Z bosons, is given by

�SM '
(

1.27G2
F
E T

4 for ⌫e,

0.92G2
F
E T

4 for ⌫µ, ⌫⌧ .
(2.7)

We will derive new expressions of these quantities in BSM frameworks in the upcoming sections.

Assuming the initial dark matter abundance to be negligible, the amount dark matter produced

is given by the integration of active neutrino production rate times the above probability over the

cosmological time. Because the oscillation probability is neutrino energy dependent, we write down

2

In the early universe, an active neutrino can oscillate to a sterile 
neutrino, with probability

Dodelson-Widrow Mechanism
Dodelson & Widrow (1994)
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Thermal potential

W,Z

⌫ e, ⌫ ⌫ ⌫ ⌫

Z

f

FIG. 1. Self-energy diagrams contributing to VT in the Standard Model. In the absence of a lepton
asymmetry, only the left diagram contributes.

participate only in the Standard Model weak interaction, as assumed in the original work by
Dodelson and Widrow, the effective thermal potential VT results from the self-energy of the
neutrino, as depicted by the diagrams in Fig. 1. The resultant potential is given by [22, 40]

VT,SM = �3.72 GFE T
4

✓
2

M
2
W

+
1

M
2
Z

◆
, (2.6)

where GF is Fermi’s constant and T is the temperature of the universe. The label “SM”
indicates that this expression is only valid in the absence of any new neutrino interaction
beyond the Standard Model (BSM). This is the result in the absence of any lepton number
asymmetry.

The interaction or collision rate �, due to exchange of W and Z bosons, is given by
[22, 40]

�SM '
⇢

1.27 G
2
F
E T

4 for ⌫e,

0.92 G
2
F
E T

4 for ⌫µ, ⌫⌧ .
(2.7)

We will derive new expressions of these quantities in BSM frameworks in the upcoming
sections.

Assuming the initial dark matter abundance to be negligible, the amount dark matter
produced is given by the integration of active neutrino production rate times the oscillation
probability over the cosmological time. Because the oscillation probability is neutrino energy
dependent, we write down the equation that governs the phase-space density evolution for
the sterile neutrino with fixed energy E [23, 34, 40]

d f⌫4(x, z)

d ln z
=

�

4H
sin2 2✓e↵ f⌫(x) , (2.8)

where H is the Hubble parameter and the parameter z ⌘ µ/T is introduced to label the
cosmological time. Clearly, the choice of µ does not affect the result, and for convenience,
we choose µ ⌘ 1 MeV throughout this work. f⌫ is the Fermi-Dirac distribution for an
active neutrino or antineutrino, of the form f⌫(x) = 1/(1 + e

x), where x ⌘ E/T and it is
z-independent. Unlike the proposal of [29], we will not consider the presence of a lepton
asymmetry in the universe, thus the chemical potential for active neutrino is set to zero.

This is an elegant mechanism, given its simplicity and predictability. Indeed, sterile neu-
trino dark matter has been explored extensively, from the model building to its various as-
pects in detection (see e.g., [41, 42]), and strong tensions emerge from the indirect detection.
In particular, a nonzero ⌫ � ⌫s mixing ✓ makes the sterile neutrino dark matter ⌫4 unstable.
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Quantum Zeno effect (damping)

where
p

s is the center of mass energy. If the initial-state four-momenta are denoted as
(E, ~p) and (E 0

, ~p
0), we have s = 2EE

0 � 2~p · ~p
0 = 2EE

0(1 � cos #), where the tiny active
neutrino masses are neglected, and # is the relative angle between ~p and ~p

0.
These cross sections are used for calculating the thermal averaged reaction rates for a

neutrino with fixed energy E, by averaging over the phase space of the other neutrino (or
anti-neutrino) it scatters with,

�V (E, T ) = 2

Z
d
3
~p
0

(2⇡)3
f⌫(E

0
, T ) �tot(~p, ~p

0) vrel , (3.6)

where f⌫(E 0
, T ) = 1/[1 + exp(E 0

/T )] is the Fermi-Dirac distribution for active neutrino or
antineutrino, �tot is the sum of the two cross sections in Eq. (3.5), and the relative velocity
vrel is equal to

p
2(1 � cos #) for ultra-relativistic neutrinos.

Here, �V also includes the reaction rate of antineutrino, which occurs via the charge-
conjugate channels of those reported in Eq. (3.5). At high temperatures when helicity is
approximately equivalent to chirality, neutrinos are left-handed and antineutrinos are right-
handed. Both of them can contribute to the dark matter relic density via the mixing and
oscillation (in a helicity preserving way). Thus, the prefactor of 2 captures both helicity
states of the active neutrinos and antineutrinos.

It is useful to show the asymptotic forms of the cross sections and thermal rates in the
heavy or light V limits. For mV � T , we find

�⌫µ⌫̄µ!⌫µ⌫̄µ =
|�µµ|4 s

3⇡m
4
V

, �⌫µ⌫µ!⌫µ⌫µ =
|�µµ|4 s

2⇡m
4
V

, (3.7)

and

�low-T
V

(E, T ) =
7⇡|�µµ|4E T

4

45m4
V

. (3.8)

In contrast, for T � mV , the typical center-of-mass energy of the scattering is much higher
than mV . In this limit, the cross sections in Eq. (3.5) takes the forms

�⌫µ⌫̄µ!⌫µ⌫̄µ = �⌫µ⌫µ!⌫µ⌫µ =
|�µµ|4

4⇡m
2
V

. (3.9)

These cross section blow up in the mV ! 0 limit, similar to the case of Bhabha scattering
in QED. Here the scattering range is regularized by a non-zero V mass. Adding the two,
the corresponding thermal rate is

�high-T
V

(E, T ) =
⇣(3)|�µµ|4T 3

⇡3m2
V

. (3.10)

In addition, for T & mV , the process ⌫µ⌫̄µ ! ⌫µ⌫̄µ could also occur with an on-shell V

exchange. In the early universe, this can also be interpreted as the decay and inverse decay
of fully thermalized V particles. In the narrow width approximation,

�⌫µ⌫̄µ!⌫µ⌫̄µ ' |�µµ|4mV

12�V

�(s � m
2
V
) , (3.11)
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Production: the Dodelson-Widrow mechanism

  oscillates into  before decoupling. Creates  
 a non-thermal population of .   Dodelson and Widrow, PRL1994 
 
                  , 
 

 

νa νs
νs

T
∂

∂T
fνs

|p/T = Γa

2H
⟨P(νa → νs)⟩ fνa

⟨P(νa → νs)⟩ = 1
2

Δ2sin2 2 θ

Δ2sin2 2 θ + Γ2a
4 + (Δcos 2 θ − V )2

Quantum Zeno damping
Matter potential  
V = VT + VD

Δ = m2
s /2E

Averaged over  
one mean free path

Dodelson-Widrow Mechanism
Dodelson & Widrow (1994)
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Result: A non-thermal abundance of sterile neutrinos by solving the 
Boltzmann equation

Z

⌫ ⌫ ⌫ ⌫ ⌫

Z

f

W

⌫ e ⌫

Fig.1: Self-energy diagrams contributing to VT . Can we combine the first and third diagrams

into one?

the equation that governs the phase space density evolution for the sterile neutrino population [1–3]

d f⌫4(x, z)

d ln z
=

�

4H
sin2 2✓e↵ f⌫(x) , (2.8)

where H is the Hubble parameter and the parameter z ⌘ µ/T is introduced to label the cosmological

time. Clearly, the choice of µ does not a↵ect the result, and for convenience, we choose µ ⌘ 1MeV

throughout this work. f⌫ is the Fermi-Dirac distribution for an active neutrino or antineutrino,

of the form f⌫(x) = 1/(1 + e
x), where x ⌘ E/T and it is z independent. Unlike the proposal

of [4], we will not consider the presence of a lepton asymmetry in the universe, thus the chemical

potential for active neutrino is approximately zero.

This is a very elegant mechanism given its simplicity and predictivity. Indeed, sterile neutrino

dark matter has been explored extensively, from the model building to its various aspects in

detection (see e.g., [5]), and strong tensions emerge from the experimental side. In particular, a

nonzero ⌫ � ⌫s mixing ✓ make the sterile neutrino dark matter ⌫4 unstable. It could decay into

either ⌫1 plus a photon or three ⌫1. For the masses of ⌫4 considered, the former decay channel

could lead to an excess of X-ray radiation from regions of accumulating dark matter. However, for

sterile neutrino dark matter heavier than 2 keV, non-observation by X-ray telescopes disfavors the

mixing angle ✓ needed for the Dodelson-Widrow mechanism to work. Meanwhile, as a fermionic

dark matter, it is found di�cult to fill sterile neutrino lighter than 2 keV into the known dwarf

galaxies [6]. As a result, the parameter space that produces the correct relic density for sterile

neutrino dark matter via the Dodelson-Widrow mechanism has virtually been ruled out.

It is also worth noting that there have been claims of an unresolved ⇠ 3.5 keV X-ray line from

various nearby galaxy clusters [7], which is under thorough scrutinization nowadays [8]. While

dust has not settled whether this line exists, the bottomline relevant for this work is that if sterile

neutrino were behind it, the corresponding mixing angle ✓ would be too small to produce the relic

3

z = MeV/T
x = E/T

Walter Tangarife
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could lead to an excess of X-ray radiation from regions of accumulating dark matter. However, for

sterile neutrino dark matter heavier than 2 keV, non-observation by X-ray telescopes disfavors the

mixing angle ✓ needed for the Dodelson-Widrow mechanism to work. Meanwhile, as a fermionic

dark matter, it is found di�cult to fill sterile neutrino lighter than 2 keV into the known dwarf

galaxies [6]. As a result, the parameter space that produces the correct relic density for sterile

neutrino dark matter via the Dodelson-Widrow mechanism has virtually been ruled out.

It is also worth noting that there have been claims of an unresolved ⇠ 3.5 keV X-ray line from

various nearby galaxy clusters [7], which is under thorough scrutinization nowadays [8]. While

dust has not settled whether this line exists, the bottomline relevant for this work is that if sterile

neutrino were behind it, the corresponding mixing angle ✓ would be too small to produce the relic

3

z = MeV/T
x = E/T

Walter Tangarife

In SM: VT ∼ T5

Γ ∼ T5

Δ ∼ T−1

Production rate peaks at T ∼ 108 MeV ( ms

keV )
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Ruled out by X-ray experiments and phase-space considerations 

Dodelson-Widrow Mechanism

Walter Tangarife

Sterile neutrinos as Dark Matter

• 4th mass eigenstate  

• Can be detected through 1-loop decay 
 into photons:  .


• Decay rate  .  
Radiative decay detectable.   
 
Pal and Wolfenstein, PRD1982 
Abazajian, Fuller and Patel, PRD2001 + many more… 

• Non-observation puts bound on  plane.  


• Radiative decay leads to line at . 
Hints of a line at ?— Bulbul et al.  Astro. 2014, Boyarski et 
al., PRL 2014


• But how do we produce these neutrinos?

ν4 = cosθ νs + sinθ νa

νs → νaγ

Γ ∝ m5
4 sin2 2 θ

m4 − sin 2 θ

Eγ = m4/2
m4 = 7.1 keV

νs νa l

W

γ

νa

The Dodelson-Widrow mechanism…constrained

• Ruled out  by X-ray bounds and  
 phase-space considerations (Tremaine-Gunn, Lyman alpha, etc.). 

• A finite lepton asymmetry (Shi-Fuller Mechanism) can help. 
 Shi and Fuller, PRL 1999, Fuller, Abazajian and Patel PRD 2001  
 

• Can we open up parameter space without introducing a lepton 
asymmetry?


νs νa l

W

γ

νa

Ωsh2 = 0.12

Phase space restrictions (Tremaine– Gunn)
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Ruled out by X-ray experiments and phase-space considerations 

Dodelson-Widrow Mechanism

How to generate enough sterile neutrino DM within the allowed region? 

Walter Tangarife

The Dodelson-Widrow mechanism…constrained

• Ruled out  by X-ray bounds and  
 phase-space considerations (Tremaine-Gunn, Lyman alpha, etc.). 

• A finite lepton asymmetry (Shi-Fuller Mechanism) can help. 
 Shi and Fuller, PRL 1999, Fuller, Abazajian and Patel PRD 2001  
 

• Can we open up parameter space without introducing a lepton 
asymmetry?


νs νa l

W

γ

νa
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Add self-interactions!

How to generate enough sterile neutrino DM within the allowed region? 

Walter Tangarife8



Add self-interactions!

How to generate enough sterile neutrino DM within the allowed region? 

Active neutrino self-interactions! Sterile neutrino self-interactions!

•Enhancement in interaction rate

•Sterile sector remains out of 
equilibrium

•Self-interacting dark matter

•Sterile sector acquires a ``dark 
temperature’’

Walter Tangarife8



Dodelson-Widrow Mechanism + new neutrino self-interactions
De Gouvêa, Sen, Tangarife & Zhang PRL (2020)
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]

df⌫s

dz
=

� sin2 2✓e↵
4Hz

f⌫a , (3)

sin2 2✓e↵ ' �2 sin2 2✓

�2 sin2 2✓ + �2/4 + (� cos 2✓ � VT )2
.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form

�� =
7⇡�4

�E1T
4

1440m4
�

. (5)

In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
the decay and inverse-decay of �, with
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SM
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:
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where ! =
q

p2 +m
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�. This potential takes the asymp-

totic form V
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�) for m� � T , and
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form

�� =
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In contrast, a light � (T & m�) can be directly produced
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]

df⌫s

dz
=

� sin2 2✓e↵
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f⌫a , (3)

sin2 2✓e↵ ' �2 sin2 2✓

�2 sin2 2✓ + �2/4 + (� cos 2✓ � VT )2
.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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In contrast, a light � (T & m�) can be directly produced
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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=
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f⌫a , (3)
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�2 sin2 2✓ + �2/4 + (� cos 2✓ � VT )2
.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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keV-scale gauge-singlet fermions, allowed to mix with the active neutrinos, are elegant dark matter
(DM) candidates. They are produced in the early universe via the Dodelson-Widrow mechanism
and can be detected as they decay very slowly, emitting X-rays. In the absence of new physics, this
hypothesis is virtually ruled out by astrophysical observations. Here, we show that new interactions
among the active neutrinos allow these sterile neutrinos to make up all the DM while safely evading
all current experimental bounds. The existence of these new neutrino interactions may manifest
itself in next-generation experiments, including DUNE.

A fourth neutrino ⌫4 with mass around the keV scale is
an attractive dark matter (DM) candidate. Other than
its mass m4, ⌫4 is characterized by a small active-neutrino
component, parameterized by a mixing angle ✓. Even in
the case where the new interaction eigenstate ⌫s has no
standard model (SM) quantum numbers and the mixing
angle is tiny, nonzero values of ✓ allow for the nonthermal
production of ⌫4 via neutrino oscillations in the early uni-
verse. Dodelson and Widrow showed that, with judicious
choices of m4 and ✓, ⌫4 can make up 100% of the DM
[1]. The same Physics – ✓ 6= 0 – allows the ⌫4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsifiable since one predicts the ex-
istence of an X-ray line from regions of the universe where
DM accumulates.

In more detail, ⌫4 is a linear combination of ⌫s and
⌫a (a for active), the latter a linear combination of the
standard model interaction-eigenstates ⌫e, ⌫µ, ⌫⌧ .

⌫4 = cos ✓ ⌫s + sin ✓ ⌫a . (1)

We will be interested in the limit ✓ ⌧ 1 and will refer to
⌫4 (and ⌫s) as the “sterile” neutrino whenever the usage
of the term does not lead to any confusion.

In a nutshell, the Dodelson-Widrow (DW) mechanism
works as follows. In the early universe, the active neu-
trinos are in thermal equilibrium with the other SM par-
ticles, whereas the sterile neutrino is out of equilibrium
and assumed to have negligible initial abundance. The
weak-interaction eigenstates ⌫a are constantly produced
and propagate freely in the plasma for a time interval t
before they are “measured” by another weak-interaction
reaction. If this interval is long enough for neutrino os-
cillations to occur, the state ⌫(t) is no longer identical to
its initial state and develops a ⌫s component. When a
“measurement” occurs, there is a small probability that
the neutrino will collapse into a sterile state and, for the
most part, remain in that state thereafter. This process
occurs until the active neutrinos decouple from the rest

of the universe and one is left with a relic population of
sterile neutrinos.

In the absence of new physics, this elegant mechanism
is in tension with various current astrophysical observa-
tions. A very light sterile-neutrino dark matter is incon-
sistent with various cosmological observations on small
scales. A conservative limit m4 & 2 keV arises from phase
space density derived for dwarf galaxies [3–6]. This lower
limit could be further improved by Lyman-↵ forest ob-
servations up to ⇠ 30 keV [7]. Moreover, for m4 & 2 keV,
the mixing angle ✓ required so that ⌫4 makes up all of
the DM leads to enough X-ray radiation from ⌫4 decays
that it should have been observed by X-ray telescopes in
the last decade [8–12]. On the other hand, the uniden-
tified 3.5 keV photon line [13, 14] might be interpreted
as evidence for decaying sterile-neutrino DM. This inter-
pretation, however, favors mixing angles that are small
enough that the ⌫4 does not make up all of the DM.

A popular new-physics solution to alleviate the tension
highlighted above is to postulate the existence of a large
lepton-number asymmetry in the universe [15]. This hy-
pothesis is, in general, difficult to test unless the asym-
metry is really large, while it does not explain why the
lepton asymmetry is much larger than the baryon asym-
metry. In this letter, we propose a new, experimentally
testable sterile-neutrino-dark-matter production mecha-
nism. We introduce a light scalar particle that mediates
self-interactions among the active neutrinos. These new
interactions enable the efficient production of sterile neu-
trinos in the early universe via the DW mechanism and
allow one to resolve all the tensions in a straightforward
way. The existence of the new interactions is testable;
part of the allowed parameter space will be probed at
future neutrino experiments, including DUNE [16].

Concretely, we add the following interaction term in-
volving SM neutrinos:

L � ��

2
⌫a⌫a�+ h.c. , (2)
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]

df⌫s

dz
=

� sin2 2✓e↵
4Hz

f⌫a , (3)

sin2 2✓e↵ ' �2 sin2 2✓

�2 sin2 2✓ + �2/4 + (� cos 2✓ � VT )2
.(4)

Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form

�� =
7⇡�4

�E1T
4

1440m4
�

. (5)

In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
the decay and inverse-decay of �, with
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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f⌫a , (3)
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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where GF is the Fermi constant, and from the new neu-
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that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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=
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
4/(2E)

is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].
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m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.
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in presence of a nonzero ✓, as depicted in Fig. 1. This
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
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keV-scale gauge-singlet fermions, allowed to mix with the active neutrinos, are elegant dark matter
(DM) candidates. They are produced in the early universe via the Dodelson-Widrow mechanism
and can be detected as they decay very slowly, emitting X-rays. In the absence of new physics, this
hypothesis is virtually ruled out by astrophysical observations. Here, we show that new interactions
among the active neutrinos allow these sterile neutrinos to make up all the DM while safely evading
all current experimental bounds. The existence of these new neutrino interactions may manifest
itself in next-generation experiments, including DUNE.

A fourth neutrino ⌫4 with mass around the keV scale is
an attractive dark matter (DM) candidate. Other than
its mass m4, ⌫4 is characterized by a small active-neutrino
component, parameterized by a mixing angle ✓. Even in
the case where the new interaction eigenstate ⌫s has no
standard model (SM) quantum numbers and the mixing
angle is tiny, nonzero values of ✓ allow for the nonthermal
production of ⌫4 via neutrino oscillations in the early uni-
verse. Dodelson and Widrow showed that, with judicious
choices of m4 and ✓, ⌫4 can make up 100% of the DM
[1]. The same Physics – ✓ 6= 0 – allows the ⌫4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsifiable since one predicts the ex-
istence of an X-ray line from regions of the universe where
DM accumulates.

In more detail, ⌫4 is a linear combination of ⌫s and
⌫a (a for active), the latter a linear combination of the
standard model interaction-eigenstates ⌫e, ⌫µ, ⌫⌧ .

⌫4 = cos ✓ ⌫s + sin ✓ ⌫a . (1)

We will be interested in the limit ✓ ⌧ 1 and will refer to
⌫4 (and ⌫s) as the “sterile” neutrino whenever the usage
of the term does not lead to any confusion.

In a nutshell, the Dodelson-Widrow (DW) mechanism
works as follows. In the early universe, the active neu-
trinos are in thermal equilibrium with the other SM par-
ticles, whereas the sterile neutrino is out of equilibrium
and assumed to have negligible initial abundance. The
weak-interaction eigenstates ⌫a are constantly produced
and propagate freely in the plasma for a time interval t
before they are “measured” by another weak-interaction
reaction. If this interval is long enough for neutrino os-
cillations to occur, the state ⌫(t) is no longer identical to
its initial state and develops a ⌫s component. When a
“measurement” occurs, there is a small probability that
the neutrino will collapse into a sterile state and, for the
most part, remain in that state thereafter. This process
occurs until the active neutrinos decouple from the rest

of the universe and one is left with a relic population of
sterile neutrinos.

In the absence of new physics, this elegant mechanism
is in tension with various current astrophysical observa-
tions. A very light sterile-neutrino dark matter is incon-
sistent with various cosmological observations on small
scales. A conservative limit m4 & 2 keV arises from phase
space density derived for dwarf galaxies [3–6]. This lower
limit could be further improved by Lyman-↵ forest ob-
servations up to ⇠ 30 keV [7]. Moreover, for m4 & 2 keV,
the mixing angle ✓ required so that ⌫4 makes up all of
the DM leads to enough X-ray radiation from ⌫4 decays
that it should have been observed by X-ray telescopes in
the last decade [8–12]. On the other hand, the uniden-
tified 3.5 keV photon line [13, 14] might be interpreted
as evidence for decaying sterile-neutrino DM. This inter-
pretation, however, favors mixing angles that are small
enough that the ⌫4 does not make up all of the DM.

A popular new-physics solution to alleviate the tension
highlighted above is to postulate the existence of a large
lepton-number asymmetry in the universe [15]. This hy-
pothesis is, in general, difficult to test unless the asym-
metry is really large, while it does not explain why the
lepton asymmetry is much larger than the baryon asym-
metry. In this letter, we propose a new, experimentally
testable sterile-neutrino-dark-matter production mecha-
nism. We introduce a light scalar particle that mediates
self-interactions among the active neutrinos. These new
interactions enable the efficient production of sterile neu-
trinos in the early universe via the DW mechanism and
allow one to resolve all the tensions in a straightforward
way. The existence of the new interactions is testable;
part of the allowed parameter space will be probed at
future neutrino experiments, including DUNE [16].

Concretely, we add the following interaction term in-
volving SM neutrinos:
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FIG. 3. Scattering diagrams contributing to �V . The top panel represents contribution to the
⌫⌫̄ ! ⌫⌫̄ channel, whereas the bottom panel shows the contribution to the ⌫⌫ ! ⌫⌫. For mV . T ,
the leading diagram is that of ⌫µ⌫̄µ ! ⌫µ⌫̄µ with an on-shell V exchange.
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It is worth noting that this potential changes sign as T passes mV . These asymptotic
expressions are useful for us to infer the parametric dependence in the final relic density. In
the numerical integration of the Boltzmann equation, we keep the most general form of the
thermal potential, Eq. (3.3).

The new interaction mediated by the V boson provides new scattering channels among
the neutrinos, including ⌫µ⌫µ ! ⌫µ⌫µ and ⌫µ⌫̄µ ! ⌫µ⌫̄µ, as shown by the Feynman diagrams
in Fig. 3. The corresponding cross sections are
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
the decay and inverse-decay of �, with
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
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where GF is the Fermi constant, and from the new neu-
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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m4 � m1,2,3 and VT is the thermal potential experienced
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The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
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100 keV; however these neutrinos are produced much ear-
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is given by the ratio n⌫s/s, where s is the entropy den-
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].
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Here, f⌫s(x, z) is the phase-space distribution function of
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our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
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in presence of a nonzero ✓, as depicted in Fig. 1. This
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
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FIG. 2. Loop contribution of the new interaction to the active-neutrino thermal potential VT .

where the cutoff scale ⇤↵� characterizes the interaction strength of V with different com-
binations of lepton flavors. After electroweak symmetry breaking, the vacuum expectation
value of the Higgs boson projects out the neutrino field from the lepton doublets. At low
energies, the V couplings are neutrinophilic.

L⌫⌫̄V =
X

↵,�=e,µ,⌧

�↵� ⌫̄↵�
µ
⌫�Vµ , (3.2)

where the couplings are �↵� = v
2
/(2⇤2

↵�
).

Such a new interaction, if strong enough, could keep the neutrinos in thermal equilibrium
with themselves longer than the weak interaction, thus facilitating the production rate of
sterile neutrino dark matter in the early universe. The task of this section is to quantify this
statement and find the favored model parameter space for which the sterile neutrino has a
relic density that matches today’s observed amount. Meanwhile, the neutrinophilic vector
boson could also lead to observational effects in various processes in the laboratories where
neutrinos interact. In the following subsections, we derive a list of existing and near-future
experimental coverage on the model parameter space which have interesting interplay with
the relic density favored region. Up to subsection III G, we consider a representative case
where V couplings only to the muon neutrino ⌫µ, and the sterile neutrino also mixes with
⌫µ. The flavor dependence of our analysis will be commented afterwards, where it is pointed
out that the relic density results remain similar for other choices of flavors. Subsection III H
comments on the phenomenological implications of allowing V to couple to different flavors
of neutrinos. In subsection III I, we present a possible ultraviolet (UV) completion for the
effective operator introduced in Eq. (3.1).

A. The anatomy of sterile neutrino dark matter production

In the original Dodelson-Widrow mechanism, the relic density of sterile neutrino dark
matter depends on the neutrino weak interaction rate �, and the effective active-sterile
neutrino mixing angle that is also controlled by the weak interaction, through the thermal
potential VT . In the presence of the new neutrino self interaction mediated by V , both VT

and � are modified, although the relic density can still be calculated using Eq. (2.8).
The new contribution to the active-neutrino thermal potential is shown in Fig. 2, and
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keV-scale gauge-singlet fermions, allowed to mix with the active neutrinos, are elegant dark matter
(DM) candidates. They are produced in the early universe via the Dodelson-Widrow mechanism
and can be detected as they decay very slowly, emitting X-rays. In the absence of new physics, this
hypothesis is virtually ruled out by astrophysical observations. Here, we show that new interactions
among the active neutrinos allow these sterile neutrinos to make up all the DM while safely evading
all current experimental bounds. The existence of these new neutrino interactions may manifest
itself in next-generation experiments, including DUNE.

A fourth neutrino ⌫4 with mass around the keV scale is
an attractive dark matter (DM) candidate. Other than
its mass m4, ⌫4 is characterized by a small active-neutrino
component, parameterized by a mixing angle ✓. Even in
the case where the new interaction eigenstate ⌫s has no
standard model (SM) quantum numbers and the mixing
angle is tiny, nonzero values of ✓ allow for the nonthermal
production of ⌫4 via neutrino oscillations in the early uni-
verse. Dodelson and Widrow showed that, with judicious
choices of m4 and ✓, ⌫4 can make up 100% of the DM
[1]. The same Physics – ✓ 6= 0 – allows the ⌫4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsifiable since one predicts the ex-
istence of an X-ray line from regions of the universe where
DM accumulates.

In more detail, ⌫4 is a linear combination of ⌫s and
⌫a (a for active), the latter a linear combination of the
standard model interaction-eigenstates ⌫e, ⌫µ, ⌫⌧ .

⌫4 = cos ✓ ⌫s + sin ✓ ⌫a . (1)

We will be interested in the limit ✓ ⌧ 1 and will refer to
⌫4 (and ⌫s) as the “sterile” neutrino whenever the usage
of the term does not lead to any confusion.

In a nutshell, the Dodelson-Widrow (DW) mechanism
works as follows. In the early universe, the active neu-
trinos are in thermal equilibrium with the other SM par-
ticles, whereas the sterile neutrino is out of equilibrium
and assumed to have negligible initial abundance. The
weak-interaction eigenstates ⌫a are constantly produced
and propagate freely in the plasma for a time interval t
before they are “measured” by another weak-interaction
reaction. If this interval is long enough for neutrino os-
cillations to occur, the state ⌫(t) is no longer identical to
its initial state and develops a ⌫s component. When a
“measurement” occurs, there is a small probability that
the neutrino will collapse into a sterile state and, for the
most part, remain in that state thereafter. This process
occurs until the active neutrinos decouple from the rest

of the universe and one is left with a relic population of
sterile neutrinos.

In the absence of new physics, this elegant mechanism
is in tension with various current astrophysical observa-
tions. A very light sterile-neutrino dark matter is incon-
sistent with various cosmological observations on small
scales. A conservative limit m4 & 2 keV arises from phase
space density derived for dwarf galaxies [3–6]. This lower
limit could be further improved by Lyman-↵ forest ob-
servations up to ⇠ 30 keV [7]. Moreover, for m4 & 2 keV,
the mixing angle ✓ required so that ⌫4 makes up all of
the DM leads to enough X-ray radiation from ⌫4 decays
that it should have been observed by X-ray telescopes in
the last decade [8–12]. On the other hand, the uniden-
tified 3.5 keV photon line [13, 14] might be interpreted
as evidence for decaying sterile-neutrino DM. This inter-
pretation, however, favors mixing angles that are small
enough that the ⌫4 does not make up all of the DM.

A popular new-physics solution to alleviate the tension
highlighted above is to postulate the existence of a large
lepton-number asymmetry in the universe [15]. This hy-
pothesis is, in general, difficult to test unless the asym-
metry is really large, while it does not explain why the
lepton asymmetry is much larger than the baryon asym-
metry. In this letter, we propose a new, experimentally
testable sterile-neutrino-dark-matter production mecha-
nism. We introduce a light scalar particle that mediates
self-interactions among the active neutrinos. These new
interactions enable the efficient production of sterile neu-
trinos in the early universe via the DW mechanism and
allow one to resolve all the tensions in a straightforward
way. The existence of the new interactions is testable;
part of the allowed parameter space will be probed at
future neutrino experiments, including DUNE [16].

Concretely, we add the following interaction term in-
volving SM neutrinos:

L � ��

2
⌫a⌫a�+ h.c. , (2)

U′￼(1) neutrinophilic
U(1)Lμ−Lτ

U(1)B−L
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oscillation e↵ects, i.e., is proportional to ✓
2. Namely, in the early universe, at temperatures before

the decoupling of weak interaction, active neutrinos are constantly produced and destroyed by

SM weak interactions, in the flavor eigenstate ⌫. Each time after an active neutrino ⌫ is born,

neutrino oscillation will occur because it is a linear combination of mass eigenstates ⌫1,4. Because

we are talking about early universe, the active neutrino feels a thermal potential thus its dispersion

relation di↵ers from the zero temperature case, so are the oscillation probabilities. By the time

another weak interaction occurs that only destroys active neutrino, the original ⌫ state has already

developed a ⌫s component, which survives such a “measurement”, and eventually contributes to

the relic density of ⌫4 dark matter. The above oscillation process can repeat for many times

until the weak interaction for active neutrino decouples. This is the well known Dodelson-Widrow

mechanism [1]. It has been shown that by properly choosing the mixing parameter ✓, correct dark

matter density can be produced.

The probability for each active neutrino ⌫ to oscillate into ⌫s (which will end up as dark

matter ⌫4) is dictated by the e↵ective mixing angle

sin2 2✓e↵ ' �2 sin2 2✓

�2 sin2 2✓ + (�/2)2 + (� cos 2✓ � VT )2
, (2.5)

which is obtained by take the thermal average of the time-dependent ⌫ ! ⌫s oscillation probability.

Here � ⌘ (m2
4 � m

2
1)/(2E) ' m

2
4/(2E) is the vacuum neutrino oscillation frequency, and E is

the energy of the oscillating neutrino state. If the active neutrinos participate only in the SM

weak interaction, as assumed in the original work by Dodelson and Widrow, the e↵ective thermal

potential VT results from the self-energy of the neutrino, as depicted by the diagrams in Fig. 1.

The resultant potential is given by [2] I think this formula is also flavor dependent. Can

we just write it numerically just like Eq. (2.7)?

VT,SM = �12
p
2⇡2

GF

45
E T

4

✓
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M
2
W

+
1

M
2
Z

◆
, (2.6)

where GF is Fermi’s constant and T is the temperature of the universe. The label “SM” indicates

that this expression is only valid in the absence of any new neutrino interaction beyond the SM

(BSM).

The interaction or collision rate �, due to exchange of W and Z bosons, is given by

�SM '
(

1.27G2
F
E T

4 for ⌫e,

0.92G2
F
E T

4 for ⌫µ, ⌫⌧ .
(2.7)

We will derive new expressions of these quantities in BSM frameworks in the upcoming sections.

Assuming the initial dark matter abundance to be negligible, the amount dark matter produced

is given by the integration of active neutrino production rate times the above probability over the

cosmological time. Because the oscillation probability is neutrino energy dependent, we write down

2

Z

⌫ ⌫ ⌫ ⌫ ⌫

Z

f

W

⌫ e ⌫

Fig.1: Self-energy diagrams contributing to VT . Can we combine the first and third diagrams

into one?

the equation that governs the phase space density evolution for the sterile neutrino population [1–3]

d f⌫4(x, z)

d ln z
=

�

4H
sin2 2✓e↵ f⌫(x) , (2.8)

where H is the Hubble parameter and the parameter z ⌘ µ/T is introduced to label the cosmological

time. Clearly, the choice of µ does not a↵ect the result, and for convenience, we choose µ ⌘ 1MeV

throughout this work. f⌫ is the Fermi-Dirac distribution for an active neutrino or antineutrino,

of the form f⌫(x) = 1/(1 + e
x), where x ⌘ E/T and it is z independent. Unlike the proposal

of [4], we will not consider the presence of a lepton asymmetry in the universe, thus the chemical

potential for active neutrino is approximately zero.

This is a very elegant mechanism given its simplicity and predictivity. Indeed, sterile neutrino

dark matter has been explored extensively, from the model building to its various aspects in

detection (see e.g., [5]), and strong tensions emerge from the experimental side. In particular, a

nonzero ⌫ � ⌫s mixing ✓ make the sterile neutrino dark matter ⌫4 unstable. It could decay into

either ⌫1 plus a photon or three ⌫1. For the masses of ⌫4 considered, the former decay channel

could lead to an excess of X-ray radiation from regions of accumulating dark matter. However, for

sterile neutrino dark matter heavier than 2 keV, non-observation by X-ray telescopes disfavors the

mixing angle ✓ needed for the Dodelson-Widrow mechanism to work. Meanwhile, as a fermionic

dark matter, it is found di�cult to fill sterile neutrino lighter than 2 keV into the known dwarf

galaxies [6]. As a result, the parameter space that produces the correct relic density for sterile

neutrino dark matter via the Dodelson-Widrow mechanism has virtually been ruled out.

It is also worth noting that there have been claims of an unresolved ⇠ 3.5 keV X-ray line from

various nearby galaxy clusters [7], which is under thorough scrutinization nowadays [8]. While

dust has not settled whether this line exists, the bottomline relevant for this work is that if sterile

neutrino were behind it, the corresponding mixing angle ✓ would be too small to produce the relic

3
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The new interaction also contributes to the thermal potential VT
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
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neutrino energy E ⌘ xT , where T is the temperature of
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
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We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint

2

++

FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
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tion is no longer strictly valid for neutrinos heavier than
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is given by the ratio n⌫s/s, where s is the entropy den-
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the
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bution function for the active neutrinos. � ⌘ m
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
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keV-scale gauge-singlet fermions, allowed to mix with the active neutrinos, are elegant dark matter
(DM) candidates. They are produced in the early universe via the Dodelson-Widrow mechanism
and can be detected as they decay very slowly, emitting X-rays. In the absence of new physics, this
hypothesis is virtually ruled out by astrophysical observations. Here, we show that new interactions
among the active neutrinos allow these sterile neutrinos to make up all the DM while safely evading
all current experimental bounds. The existence of these new neutrino interactions may manifest
itself in next-generation experiments, including DUNE.

A fourth neutrino ⌫4 with mass around the keV scale is
an attractive dark matter (DM) candidate. Other than
its mass m4, ⌫4 is characterized by a small active-neutrino
component, parameterized by a mixing angle ✓. Even in
the case where the new interaction eigenstate ⌫s has no
standard model (SM) quantum numbers and the mixing
angle is tiny, nonzero values of ✓ allow for the nonthermal
production of ⌫4 via neutrino oscillations in the early uni-
verse. Dodelson and Widrow showed that, with judicious
choices of m4 and ✓, ⌫4 can make up 100% of the DM
[1]. The same Physics – ✓ 6= 0 – allows the ⌫4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsifiable since one predicts the ex-
istence of an X-ray line from regions of the universe where
DM accumulates.

In more detail, ⌫4 is a linear combination of ⌫s and
⌫a (a for active), the latter a linear combination of the
standard model interaction-eigenstates ⌫e, ⌫µ, ⌫⌧ .

⌫4 = cos ✓ ⌫s + sin ✓ ⌫a . (1)

We will be interested in the limit ✓ ⌧ 1 and will refer to
⌫4 (and ⌫s) as the “sterile” neutrino whenever the usage
of the term does not lead to any confusion.

In a nutshell, the Dodelson-Widrow (DW) mechanism
works as follows. In the early universe, the active neu-
trinos are in thermal equilibrium with the other SM par-
ticles, whereas the sterile neutrino is out of equilibrium
and assumed to have negligible initial abundance. The
weak-interaction eigenstates ⌫a are constantly produced
and propagate freely in the plasma for a time interval t
before they are “measured” by another weak-interaction
reaction. If this interval is long enough for neutrino os-
cillations to occur, the state ⌫(t) is no longer identical to
its initial state and develops a ⌫s component. When a
“measurement” occurs, there is a small probability that
the neutrino will collapse into a sterile state and, for the
most part, remain in that state thereafter. This process
occurs until the active neutrinos decouple from the rest

of the universe and one is left with a relic population of
sterile neutrinos.

In the absence of new physics, this elegant mechanism
is in tension with various current astrophysical observa-
tions. A very light sterile-neutrino dark matter is incon-
sistent with various cosmological observations on small
scales. A conservative limit m4 & 2 keV arises from phase
space density derived for dwarf galaxies [3–6]. This lower
limit could be further improved by Lyman-↵ forest ob-
servations up to ⇠ 30 keV [7]. Moreover, for m4 & 2 keV,
the mixing angle ✓ required so that ⌫4 makes up all of
the DM leads to enough X-ray radiation from ⌫4 decays
that it should have been observed by X-ray telescopes in
the last decade [8–12]. On the other hand, the uniden-
tified 3.5 keV photon line [13, 14] might be interpreted
as evidence for decaying sterile-neutrino DM. This inter-
pretation, however, favors mixing angles that are small
enough that the ⌫4 does not make up all of the DM.
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metry is really large, while it does not explain why the
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interactions enable the efficient production of sterile neu-
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Concretely, we add the following interaction term in-
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It is worth noting that this potential changes sign as T passes mV . These asymptotic
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
the decay and inverse-decay of �, with

�� '
�
2
�T

2

8E1


2w

⇡
e
�w +

r
w

⇡
Erfc (w)

�
, (6)

where w = m
2
�/(4E1T ); see the Supplemental Mate-

rial for details. The total rate � is the sum of ��, its
charge conjugate, and the SM interaction rate, �SM ⇠
G

2
FET

4 [20, 21].
The thermal potential VT receives contributions from

SM weak interactions, V
SM
T ⇠ GFET

4
/M

2
W [20, 21],

where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
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We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint

2

++

FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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In contrast, a light � (T & m�) can be directly produced
in the plasma and neutrinos mainly self-interact through
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where GF is the Fermi constant, and from the new neu-
trino interaction. For generic mass m�, the contribution
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that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m

2
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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In contrast, a light � (T & m�) can be directly produced
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where GF is the Fermi constant, and from the new neu-
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tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
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FIG. 1. Diagrams for sterile-neutrino production in the pres-
ence of the new neutrino interactions (Eq.(3)), in the case of
a heavy (left) or light (right) scalar mediator �.

where � is a complex scalar with mass m� and we are
only interested in the interactions with ⌫a, the linear
combination of active neutrinos that mix with ⌫s. For
the remainder of this letter, we only consider the effec-
tive two-neutrino ⌫a�⌫s system. SM gauge invariance of
the new interaction can be restored with the insertion of
the vacuum expectation value of the Higgs field. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17–19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for fixed
neutrino energy E ⌘ xT , where T is the temperature of
active neutrinos, is [1, 20, 21]
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Here, f⌫s(x, z) is the phase-space distribution function of
the sterile neutrino, and we define the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions to m4 . 1 MeV. � is the total interaction
rate for the active neutrino, ✓e↵ is the effective active-
sterile neutrino mixing in the early universe, and H is the

Hubble rate. f⌫a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. � ⌘ m
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is the neutrino oscillation frequency in vacuum, where
m4 � m1,2,3 and VT is the thermal potential experienced
by the active neutrino. Note that Eq. (3) is valid as long
as the number of relativistic degrees of freedom in the
universe is unchanged, which is a good approximation as
the dominant production occurs at temperatures below
the QCD phase transition.

The neutrino self-interaction mediated by �-exchange
introduces new production channels for sterile neutrinos
in presence of a nonzero ✓, as depicted in Fig. 1. This
is reflected in Eq. (3) through contributions to the inter-
action rate � and the thermal potential VT . On the one
hand, the contribution to �, in the very heavy � limit
(m� � T ), takes the form
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trino interaction. For generic mass m�, the contribution
from the new interaction is [22, 23]:

V
�
T (E, T ) =

�
2
�

16⇡2E2

Z 1

0
dp

" 
m

2
�p

2!
L
+
2 (E, p)� 4Ep

2

!

!
1

e!/T � 1
+

 
m

2
�

2
L
+
1 (E, p)� 4Ep

!
1

ep/T + 1

#
,

L
+
1 (E, p) = ln

4pE +m
2
�

4pE �m
2
�

, L
+
2 (E, p) = ln

⇣
2pE + 2E! +m

2
�

⌘⇣
2pE � 2E! +m

2
�

⌘

⇣
�2pE + 2E! +m

2
�

⌘⇣
�2pE � 2E! +m

2
�

⌘ ,

(7)

where ! =
q

p2 +m
2
�. This potential takes the asymp-

totic form V
�
T = �7⇡2

�
2
�ET

4
/(90m4

�) for m� � T , and
V

�
T = �

2
�T

2
/(16E) for m� ⌧ T [24, 25].

We numerically integrate Eq. (3) up to z ⇠ 10. Note
that, at this temperature, the relativistic approxima-
tion is no longer strictly valid for neutrinos heavier than
100 keV; however these neutrinos are produced much ear-
lier, and hence our calculation still holds. The yield Y⌫s

is given by the ratio n⌫s/s, where s is the entropy den-
sity of the universe at z = 10. The sterile neutrino relic
density today can then be written as ⌦ = Y⌫ss0m4/⇢0,
where s0 = 2891.2 cm�3 is the entropy density today,
and ⇢0 = 1.05⇥10�5

h
�2 GeV/cm3 is the critical density.

We identify the points in the parameter space where ⌫4

account for all of the DM. These are depicted in Fig. 2,
for fixed m4 = 7.1 keV, ✓ = 4 ⇥ 10�6, and a = muon-
flavor. Fig. 2 reveals that the DM-abundance constraint

V

⌫ ⌫ ⌫

FIG. 2. Loop contribution of the new interaction to the active-neutrino thermal potential VT .

where the cutoff scale ⇤↵� characterizes the interaction strength of V with different com-
binations of lepton flavors. After electroweak symmetry breaking, the vacuum expectation
value of the Higgs boson projects out the neutrino field from the lepton doublets. At low
energies, the V couplings are neutrinophilic.

L⌫⌫̄V =
X

↵,�=e,µ,⌧

�↵� ⌫̄↵�
µ
⌫�Vµ , (3.2)

where the couplings are �↵� = v
2
/(2⇤2

↵�
).

Such a new interaction, if strong enough, could keep the neutrinos in thermal equilibrium
with themselves longer than the weak interaction, thus facilitating the production rate of
sterile neutrino dark matter in the early universe. The task of this section is to quantify this
statement and find the favored model parameter space for which the sterile neutrino has a
relic density that matches today’s observed amount. Meanwhile, the neutrinophilic vector
boson could also lead to observational effects in various processes in the laboratories where
neutrinos interact. In the following subsections, we derive a list of existing and near-future
experimental coverage on the model parameter space which have interesting interplay with
the relic density favored region. Up to subsection III G, we consider a representative case
where V couplings only to the muon neutrino ⌫µ, and the sterile neutrino also mixes with
⌫µ. The flavor dependence of our analysis will be commented afterwards, where it is pointed
out that the relic density results remain similar for other choices of flavors. Subsection III H
comments on the phenomenological implications of allowing V to couple to different flavors
of neutrinos. In subsection III I, we present a possible ultraviolet (UV) completion for the
effective operator introduced in Eq. (3.1).

A. The anatomy of sterile neutrino dark matter production

In the original Dodelson-Widrow mechanism, the relic density of sterile neutrino dark
matter depends on the neutrino weak interaction rate �, and the effective active-sterile
neutrino mixing angle that is also controlled by the weak interaction, through the thermal
potential VT . In the presence of the new neutrino self interaction mediated by V , both VT

and � are modified, although the relic density can still be calculated using Eq. (2.8).
The new contribution to the active-neutrino thermal potential is shown in Fig. 2, and
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keV-scale gauge-singlet fermions, allowed to mix with the active neutrinos, are elegant dark matter
(DM) candidates. They are produced in the early universe via the Dodelson-Widrow mechanism
and can be detected as they decay very slowly, emitting X-rays. In the absence of new physics, this
hypothesis is virtually ruled out by astrophysical observations. Here, we show that new interactions
among the active neutrinos allow these sterile neutrinos to make up all the DM while safely evading
all current experimental bounds. The existence of these new neutrino interactions may manifest
itself in next-generation experiments, including DUNE.

A fourth neutrino ⌫4 with mass around the keV scale is
an attractive dark matter (DM) candidate. Other than
its mass m4, ⌫4 is characterized by a small active-neutrino
component, parameterized by a mixing angle ✓. Even in
the case where the new interaction eigenstate ⌫s has no
standard model (SM) quantum numbers and the mixing
angle is tiny, nonzero values of ✓ allow for the nonthermal
production of ⌫4 via neutrino oscillations in the early uni-
verse. Dodelson and Widrow showed that, with judicious
choices of m4 and ✓, ⌫4 can make up 100% of the DM
[1]. The same Physics – ✓ 6= 0 – allows the ⌫4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsifiable since one predicts the ex-
istence of an X-ray line from regions of the universe where
DM accumulates.

In more detail, ⌫4 is a linear combination of ⌫s and
⌫a (a for active), the latter a linear combination of the
standard model interaction-eigenstates ⌫e, ⌫µ, ⌫⌧ .

⌫4 = cos ✓ ⌫s + sin ✓ ⌫a . (1)

We will be interested in the limit ✓ ⌧ 1 and will refer to
⌫4 (and ⌫s) as the “sterile” neutrino whenever the usage
of the term does not lead to any confusion.

In a nutshell, the Dodelson-Widrow (DW) mechanism
works as follows. In the early universe, the active neu-
trinos are in thermal equilibrium with the other SM par-
ticles, whereas the sterile neutrino is out of equilibrium
and assumed to have negligible initial abundance. The
weak-interaction eigenstates ⌫a are constantly produced
and propagate freely in the plasma for a time interval t
before they are “measured” by another weak-interaction
reaction. If this interval is long enough for neutrino os-
cillations to occur, the state ⌫(t) is no longer identical to
its initial state and develops a ⌫s component. When a
“measurement” occurs, there is a small probability that
the neutrino will collapse into a sterile state and, for the
most part, remain in that state thereafter. This process
occurs until the active neutrinos decouple from the rest

of the universe and one is left with a relic population of
sterile neutrinos.

In the absence of new physics, this elegant mechanism
is in tension with various current astrophysical observa-
tions. A very light sterile-neutrino dark matter is incon-
sistent with various cosmological observations on small
scales. A conservative limit m4 & 2 keV arises from phase
space density derived for dwarf galaxies [3–6]. This lower
limit could be further improved by Lyman-↵ forest ob-
servations up to ⇠ 30 keV [7]. Moreover, for m4 & 2 keV,
the mixing angle ✓ required so that ⌫4 makes up all of
the DM leads to enough X-ray radiation from ⌫4 decays
that it should have been observed by X-ray telescopes in
the last decade [8–12]. On the other hand, the uniden-
tified 3.5 keV photon line [13, 14] might be interpreted
as evidence for decaying sterile-neutrino DM. This inter-
pretation, however, favors mixing angles that are small
enough that the ⌫4 does not make up all of the DM.

A popular new-physics solution to alleviate the tension
highlighted above is to postulate the existence of a large
lepton-number asymmetry in the universe [15]. This hy-
pothesis is, in general, difficult to test unless the asym-
metry is really large, while it does not explain why the
lepton asymmetry is much larger than the baryon asym-
metry. In this letter, we propose a new, experimentally
testable sterile-neutrino-dark-matter production mecha-
nism. We introduce a light scalar particle that mediates
self-interactions among the active neutrinos. These new
interactions enable the efficient production of sterile neu-
trinos in the early universe via the DW mechanism and
allow one to resolve all the tensions in a straightforward
way. The existence of the new interactions is testable;
part of the allowed parameter space will be probed at
future neutrino experiments, including DUNE [16].

Concretely, we add the following interaction term in-
volving SM neutrinos:

L � ��

2
⌫a⌫a�+ h.c. , (2)

U′￼(1) neutrinophilic
U(1)Lμ−Lτ

U(1)B−L
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FIG. 2. Region in the �� versus m� plane where the new neutrino interaction allows for the sterile neutrino to make up all
the DM (orange curve). All other model parameters are fixed: sin2 2✓ = 7 ⇥ 10�11 and m4 = 7.1 keV. In the left panel, the
dotted lines represent the expected qualitative behavior of constant ⌦-contours when different approximations, discussed in the
text, apply. In the right panel, the colored-shaded regions are excluded by imposing that the sterile neutrino DM candidate
live longer than the age of our universe (brown), by constraints from searches for rare charged kaon decays (green), and by
BBN (blue). DUNE is sensitive, via the mono-neutrino channel, to the region above the green curve. The purple dashed curve
indicates points where Ge↵ ⌘ �2

�/m
2
� = GF .

is satisfied along the “S-shaped” orange curve.

To understand the shape of the orange curve in Fig. 2,
we zoom into three specific points, labeled by A (green), B
(red), C (blue). It is possible to derive the dependence of
⌦ on the model parameters by exploiting the behavior of
the right-hand side of Eq. (3) in some limiting cases. We
define z0 as the time when � ' |VT |,�a, after which the
effective mixing angle ✓e↵ for ⌫s production is no longer
suppressed relative to the vacuum angle ✓. We also define
z1 ⌘ µ/m� as the time when � becomes heavy relative to
the temperature of the universe. For case A, sterile neutri-
nos are mainly produced through the scattering of active
neutrinos [Fig. 1 (left)]. In this case, df⌫s/dz / z

8 for
z < z0, and df⌫s/dz / z

�4 for z > z0, which implies ⌫s is
mainly produced around the time z ⇠ z0. The resulting
relic density is ⌦ / �
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2
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2
�. This behavior is de-

picted by the dotted green line in Fig. 2 (left). For cases
B and C, where �� ⌧ 1, ⌫s is mainly produced through
the decay of on-shell � [Fig. 1 (right)] while it is still light
and well populated in the thermal plasma (z < z1). One
can estimate that z0 ⇠ 10�2(��/10�5)(keV/m4). For
case C, z0 < z1 and ⌫s is dominantly produced during
the epoch z0 < z < z1, where df⌫s/dz / z

2. The result-
ing ⌦ / �

2
�✓

2
/m� corresponds to the blue dotted line in

Fig. 2 (left). In this case, the effective mixing angle ✓e↵

is close to the vacuum one, ✓. In contrast, case B has a
relatively larger ��, thus z0 > z1, and ⌫s is mostly pro-
duced while the effective mixing angle is still suppressed
due to thermal effects (✓e↵ ⌧ ✓), leading to df⌫s/dz / z

6

during the epoch z < z1. As a result, ⌦ / m
4
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corresponds to the red dotted line in Fig. 2 (left).

FIG. 3. Differential sterile neutrino production rate in the
early universe, for the points A, B, C, labeled in Fig. 2. DW
is the case of no neutrino interactions other than the ones in
the SM.

The z dependence of df⌫s/dz for cases A, B, C, de-
fined above, is depicted in Fig. 3. The values of ✓ and
m4 are identical to the ones in Fig. 2 and we concen-
trate on x = 1 (E = T ). Fig. 3 allows one to iden-
tify the dominant sterile-neutrino-production epoch for
each case. The black curve, labeled DW for the origi-
nal Dodelson-Widrow scenario, is the result obtained in
the absence of new neutrino interactions. In cases A and
B, the effective Fermi constant Ge↵ = �
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FIG. 5. Plot showing the variation of the new thermal scattering rate as compared to the Hubble
parameter (top), the ratio of the effective mixing angle to the vacuum angle (middle), and the
differential sterile neutrino production rate (bottom) as a function of z for the three benchmark
points A, B and C, as chosen in Fig. 4.
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FIG. 2. Region in the �� versus m� plane where the new neutrino interaction allows for the sterile neutrino to make up all
the DM (orange curve). All other model parameters are fixed: sin2 2✓ = 7 ⇥ 10�11 and m4 = 7.1 keV. In the left panel, the
dotted lines represent the expected qualitative behavior of constant ⌦-contours when different approximations, discussed in the
text, apply. In the right panel, the colored-shaded regions are excluded by imposing that the sterile neutrino DM candidate
live longer than the age of our universe (brown), by constraints from searches for rare charged kaon decays (green), and by
BBN (blue). DUNE is sensitive, via the mono-neutrino channel, to the region above the green curve. The purple dashed curve
indicates points where Ge↵ ⌘ �2

�/m
2
� = GF .

is satisfied along the “S-shaped” orange curve.

To understand the shape of the orange curve in Fig. 2,
we zoom into three specific points, labeled by A (green), B
(red), C (blue). It is possible to derive the dependence of
⌦ on the model parameters by exploiting the behavior of
the right-hand side of Eq. (3) in some limiting cases. We
define z0 as the time when � ' |VT |,�a, after which the
effective mixing angle ✓e↵ for ⌫s production is no longer
suppressed relative to the vacuum angle ✓. We also define
z1 ⌘ µ/m� as the time when � becomes heavy relative to
the temperature of the universe. For case A, sterile neutri-
nos are mainly produced through the scattering of active
neutrinos [Fig. 1 (left)]. In this case, df⌫s/dz / z

8 for
z < z0, and df⌫s/dz / z

�4 for z > z0, which implies ⌫s is
mainly produced around the time z ⇠ z0. The resulting
relic density is ⌦ / �

3
�✓

2
m4/m

2
�. This behavior is de-

picted by the dotted green line in Fig. 2 (left). For cases
B and C, where �� ⌧ 1, ⌫s is mainly produced through
the decay of on-shell � [Fig. 1 (right)] while it is still light
and well populated in the thermal plasma (z < z1). One
can estimate that z0 ⇠ 10�2(��/10�5)(keV/m4). For
case C, z0 < z1 and ⌫s is dominantly produced during
the epoch z0 < z < z1, where df⌫s/dz / z

2. The result-
ing ⌦ / �

2
�✓

2
/m� corresponds to the blue dotted line in

Fig. 2 (left). In this case, the effective mixing angle ✓e↵

is close to the vacuum one, ✓. In contrast, case B has a
relatively larger ��, thus z0 > z1, and ⌫s is mostly pro-
duced while the effective mixing angle is still suppressed
due to thermal effects (✓e↵ ⌧ ✓), leading to df⌫s/dz / z

6

during the epoch z < z1. As a result, ⌦ / m
4
4✓

2
/(�2

�m
5
�)

corresponds to the red dotted line in Fig. 2 (left).

FIG. 3. Differential sterile neutrino production rate in the
early universe, for the points A, B, C, labeled in Fig. 2. DW
is the case of no neutrino interactions other than the ones in
the SM.

The z dependence of df⌫s/dz for cases A, B, C, de-
fined above, is depicted in Fig. 3. The values of ✓ and
m4 are identical to the ones in Fig. 2 and we concen-
trate on x = 1 (E = T ). Fig. 3 allows one to iden-
tify the dominant sterile-neutrino-production epoch for
each case. The black curve, labeled DW for the origi-
nal Dodelson-Widrow scenario, is the result obtained in
the absence of new neutrino interactions. In cases A and
B, the effective Fermi constant Ge↵ = �

2
�/m

2
� is much
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Bounds from K− → μ−νμϕ, ϕ → νν
Br(K− → μ− + 3ν) < 10−6

BBN bounds on light d.o.f.s

Expected sensitivity of DUNE:

Look for the “wrong-sign muon”
νμN → μ+N′￼ϕ .

Berryman, de Gouvêa, Kelly & Zhang (2018)
Blinov, Kelly, Krnjaic & McDermott (2019)
Kelly & Zhang (2019)

Experimental tests
• Interested in range 

 

•  
Bounds from  . 

• BBN bounds on . 

• DUNE can look for “wrong sign muon” in  
. 

 
Berryman, de Gouvêa, Kelly and Zhang PRD2018  
Blinov, Kelly, Krnjaic and McDermott, 1905.02727  
Kelly and Zhang PRD 2019

1 MeV ≤ mφ ≤ 10 GeV

K− → μ−νμφ, φ → νν .
Br(K− → μ−3ν) < 10−6

mφ

νμN → μ+N′ �φ

de Gouvêa, MS, Tangarife and Zhang

The vertex: ℒ = νaνaφ

Walter Tangarife12



Constraints from supernovae
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FIG. 1. The same Feynman diagram that governs the production of S⌫DM from early universe and
core-collapse supernova. The blue cross represents the actual active-sterile neutrino mixing in the
corresponding epoch.

B. Active-Sterile Neutrino Mixing in Matter

The active-sterile neutrino mixing angle inside supernova is given by [21]

sin2 2✓e↵(E, r) =
�2 sin2 2✓

�2 sin2 2✓ + �(E, r)2 + (� cos 2✓ � V (E, r))2
, (2.3)

where � = �weak + �� and V = Vweak + V� are the interaction rate and effective potential
seen by an active neutrino, respectively.

The neutrino interaction rate through weak interaction is dominated by its scattering
with the ambient neutron. For neutrino energy E well below the neutron mass,

�weak(E, r) =
(1 + 3g2A)G

2
FE

2
nn(r)

4⇡
, (2.4)

where gA ' 1.3 is the low-energy nucleon axial coupling, and ni(r) is the number density
of particle i. We neglect the mass of electron and proton-neutron mass difference which are
much smaller than the supernova temperature. Hereafter, we assume the supernova is a
spherical symmetric object.

The neutrino interaction rate through S-channel �-exchange is [6]

��(E, r) =
|�|

2
m

2
�T (r)

8⇡E2


log

✓
e

µ⌫ (r)
T (r) + e

m2
�

4ET (r)

◆
�

m
2
�

4ET (r)

�
, (2.5)

where µ⌫ is the neutrino chemical potential inside supernova. It is nonzero for ⌫e but
negligible for ⌫µ and ⌫⌧ . We drop the flavor indices of �. In the following analysis, we will
assume one such coupling is around each time.

Because supernova is made of asymmetry matter, the leading contribution to matter
potential through weak interaction occurs at O(GF ) order [22]

Vweak(E, r) =

⇢ p
2GF

⇥
2(n⌫e � n⌫̄e) + (ne� � ne+)�

1
2(nn � nn̄)

⇤
, for ⌫ep

2GF

⇥
(n⌫e � n⌫̄e)�

1
2(nn � nn̄)

⇤
, for ⌫µ,⌧

(2.6)

where the number densities depend on r. The corresponding temperature dependent terms
occurs at O(G2

F ) order and are negligible for supernova temperatures.
We employ the hydrodynamical simulation results reported by the ... group []. The r

dependences in temperature T , chemical potential µ⌫e , mass density ⇢ and electron fraction
Ye are plotted in Fig. ??. Our calculation is based on the profiles at time t = 1 sec.
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~99% of the binding energy of the SN is released 
in neutrinos

The outgoing neutrino burst should carry 
enough energy from the collapsed core ti re-
energize the shockwave. This sets a bound on 
the energy carried away by sterile neutrinos

Supernova cooling bounds from sterile neutrinos

•  can be produced inside the SN core due to these new 
interactions, and lead to additional cooling channels. 

• Bound :  . 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Chen, MS, Tuckler, Tangarife and Zhang, to appear
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Numerical estimates

de Gouvêa, MS, Tangarife and 
Zhang

Over-ab
undance

Under-a
bundanc

e

, mνs
= 7.1 keV, sin2 2 θ = 7 × 10−11

T
∂

∂T
fνs

|p/T = Γa

4H
Δ2sin2 2 θ

Δ2sin2 2 θ + Γ2a
4 + (Δcos 2 θ − V )2

fνa

Not a monotonic  
dependence!

B
B
N

SN

10-2 10-1 1 10
10-5

10-4

10-3

10-2

10-1

1

mϕ (GeV)

λϕ

We need L ≲ 1053 erg/s
Raffelt (1996)



Current and future constraints

4

larger than GF and the new self-interaction at high tem-
peratures enhances – relative to the SM – the thermal
potential VT , suppressing the effective mixing angle ✓e↵ .
As a result, the onset of sterile-neutrino production in
cases A, B is delayed relative to that in the to the SM.
Meanwhile, the new interaction is able to keep the ac-
tive neutrino in thermal equilibrium for a longer period
of time, relative to the SM case.1

Some of the new-physics parameter space can be ex-
plored in the laboratory. For example, Fig. 2 (right)
depicts (green shaded region) the region of parame-
ter space ruled out by searches for K

+ ! µ
+
⌫̄µ +

(� ! ⌫⌫) [26], assuming a is the muon-flavor. If
m� is below a few MeV (blue shade region in Fig. 2
(right)), �-production will significantly modify the ex-
pansion rate of the universe and affect the success of
big-bang-nucleosynthesis (BBN) [27]. Cosmological ob-
servations sensitive to the neutrino free-streaming length
can be inferred from the CMB and translate into weaker
bounds (�� & m�/30MeV) on the parameter space [17].
A light mediator �, as discussed in [17, 18], will be radi-
ated during neutrino–matter interactions and will mani-
fest itself as missing transverse momentum in fixed-target
neutrino-scattering experiments. DUNE is expected to
be sensitive to the parameter space above the thick green
curve in Fig. 2 (right). Hence, for this value of m4 and ✓,
DUNE will be able to directly test some of the parameter
space (�� & 10�2) where the sterile neutrinos account for
all of the DM. Other neutrino beam experiments sensi-
tive to such � emission have been discussed at length in
[17].

FIG. 4. Energy spectra of the sterile-neutrino dark-matter
for cases A, B, C, labeled in Fig. 2. DW is the case of no
neutrino interactions other than the ones in the SM.

Another imprint of the new neutrino interaction lies in
the energy spectrum of the sterile-neutrino dark-matter,

1 The extra peak around z ⇠ 0.007 on the red curve (case B) is
due to an accidental resonant effect when � cos 2✓ = VT in the
denominator of Eq. (3).

depicted in Fig. 4 for cases A, B, C. Case B yields the
hardest spectrum and hence the warmest DM while in
case C the DM energy spectrum is the coolest. Dif-
ferent dark-matter spectra correspond to different free-
streaming lengths in the early universe and may lead to
identifiable features in small-scale structure observables
such as the Lyman-↵ forest [28, 29].

X raysdw
ar
fs

KATRIN reach overproduction

underproduction

DW
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FIG. 5. Region of the m4 versus sin2 2✓–parameter space
where one can find values of (��, m�) such that the sterile
neutrino, produced via the DW mechanism, accounts for all
the DM. In the absence of new neutrino interactions, one
is confined to the black line. The solid, shaded regions of
parameter space are excluded by X-ray (blue) and small-scale
scale (green) observations, while the purple region indicates
the expected sensitivity of KATRIN. In the hatched regions
(red) there are no allowed values of (��, m�) where the sterile
neutrino makes up all the DM. The point with error bars
corresponds to assigning the unidentified 3.5 keV X-ray line
to DM sterile-neutrino decay [13].

Fig. 5 depicts the region of the sin2 2✓ versus m4 pa-
rameter space where one can find values of (��, m�) such
that the sterile neutrino, produced via the DW mecha-
nism, accounts for all the DM. The colored-shaded region
has been excluded by searches for an excess of X-rays
from DM rich-regions (blue) [8–12] and small-scale struc-
ture observations (green) [3, 4]. The small-scale structure
bounds are also consistent with the bounds arising out of
free-streaming considerations of the sterile neutrinos [30].
The reach of the KATRIN experiment [31] is shaded in
purple. The solid, black line labeled DW corresponds
to the region of parameter space where sterile neutrinos
account for all the DM in the absence of new neutrino in-
teractions. It is, for the most part, in severe tension with
existing astrophysical constraints. In contrast, when we
“turn on” the new neutrino interactions in Eq. (2), the vi-
able parameter space expands into the region between the
two hatch-shaded regions (red). Some of the region above
the DW line is now allowed, which is due to destructive
interference between the SM and the new-interaction con-
tributions to the thermal potential. After imposing the
existing constraints from X-ray and dwarf galaxy obser-
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Move the self-interaction to the sterile neutrino sector (light mediator)

So that I can go back to Pollica! 

The self-interaction will lead to a thermalized hidden sector. We want to 
explore the effect of this new interaction on the sterile neutrino DM 
production.
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Move the self-interaction to the sterile neutrino sector (light mediator)

Dodelson-Widrow From Density Matrix Equations

Consider the two-state system of active and sterile neutrinos. The Liouville’s equa-

tion for the phase space density matrix takes the form

✓
@

@t
�HE1

@

@E1

◆
F(E1, t) = �i[H0,F ]

�
1

2E1

Z
d⇧2

Z
d⇧3

Z
d⇧4(2⇡)

4
�
4
(p1 + p2 � p3 � p4)[M, [M,F ]]f(p2)

(1)

where the scattering term takes into account of the standard model weak interaction

processes ⌫a(p1)+f(p2) ! f
0
(p3)+f

00
(p4) that act on active neutrino. The functionf(p2)

is the phase space density for the other initial state particle (with momentum p2) that

interact with the coherent neutrino state we are interested in, and the phase space factor

is d⇧ =
d3p

(2⇡)32E . The corresponding 2⇥ 2 matrix is

M =

✓
Ma 0

0 0

◆
, (2)

where Ma is the matrix element. They do not interfere with each other.

The zeroth order Hamiltonian is

H0 =

✓
� sin

2
✓ + VT cos

2
✓ (�� VT ) sin ✓ cos ✓

(�� VT ) sin ✓ cos ✓ � cos
2
✓ + VT sin

2
✓

◆
, (3)

where � = m
2
4/(2E1) and VT is the thermal potential for active neutrinos due to weak

interaction, ✓ is the active-sterile mixing angle.

The density matrix F is also a 2⇥ 2 matrix

F =

✓
f11 f12

f21 f22

◆
. (4)

⇢ ⌘ h |⇢̂| i =

✓
f11 f12

f21 f22

◆
. (5)

First simplify the left-hand side. Assuming the universe is radiation dominated,

t = 1/(2H) / 1/T
2
, where T is the temperature. This leads to

@

@t
= �HT

@

@T
. (6)

This simplifies the left-hand side of Eq. (1) to

�H

✓
T
@

@T
+ E1

@

@E1

◆
F(E1, t) (7)

1

We need to use the density-matrix formalism

The matrix element squares are

|M⌫⌫!⌫⌫ |
2
=

�
4
(p · q)(p1 · q1)

(s�m
2
�)

2
.

|M⌫⌫̄!⌫⌫̄ |
2
=

�
4
(p · q1)(p1 · q)

(t�m
2
�)

2
.

(28)

Nicely, the density matrix in the integrand does not depend on p and q. We can do these

two integrals and get the scattering cross section for ⌫(p1),

Z
d
3
~p

(2⇡)32p0

Z
d
3
~q

(2⇡)32q0
(2⇡)

4
�
4
(p+q�p1�q1)(|M⌫⌫!⌫⌫ |

2
+|M⌫⌫̄!⌫⌫̄ |

2
) = (2p

0
1)(2q

0
1)�svm ,

(29)

Here �svm is a function of the center of mass energy sCM = (p1 + q1)
2
.

As a result,

Cs(p1) =

Z
d
3
~q1

(2⇡)3
�svm

✓
0 �f12(p1)f22(q1)

�f12(p1)f22(q1) 0

◆
⌘ �

�s

2

✓
0 f12(p1)

f12(p1) 0

◆
,

(30)

where

�s = 2⇥

Z
d
3
~q1

(2⇡)3
�svmf22(q1) . (31)

Clearly, Eq. (30) has the same form as Eq. (15). We can rewrite the coupled

di↵erential equations Eq. (16) by adding the sterile neutrino self interaction term

H
@f11

@ log z
=

i

2
� sin(2✓)(f12 � f21) ,

H
@f12

@ log z
=

i

2
[� sin(2✓)(f11 � f22) + 2(� cos(2✓)� VT )f12]� (�a + �s)f12/2 ,

H
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@ log z
= �

i

2
[� sin(2✓)(f11 � f22) + 2(� cos(2✓)� VT )f21]� (�a + �s)f21/2 ,

H
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@ log z
= �

i

2
� sin(2✓)(f12 � f21) .

(32)

These are now coupled integro-di↵erential equations, because �s depends on f22 via

Eq. (31).

By comparing m� and T , we can further simplify the rate equation (31).

• For T & m�, the neutrino self-scattering is dominated by the left Feynman diagram

in the previous page with on-shell s-channel �-exchange. For this to be true, we

must assume m� > m4. Repeating what we did in previous works, the ⌫⌫ ! ⌫⌫

cross section in the narrow width approximation takes the form

�⌫⌫!⌫⌫ ' ⇡�
2
�(sCM �m

2
�) =

⇡�
2

2p
0
1q

0
1

�(cos ✓ � cos ✓⇤) , (33)
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Here �svm is a function of the center of mass energy sCM = (p1 + q1)2.
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where
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Clearly, Eq. (29) has the same form as Eq. (14). We can rewrite the coupled
di↵erential equations Eq. (15) by adding the sterile neutrino self interaction term
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(31)

These are now coupled integro-di↵erential equations, because �s depends on f22 via
Eq. (30).

By comparing m� and T , we can further simplify the rate equation (30).

• For T & m�, the neutrino self-scattering is dominated by the left Feynman diagram
in the previous page with on-shell s-channel �-exchange. For this to be true, we
must assume m� > m4. Repeating what we did in previous works, the ⌫⌫ ! ⌫⌫

cross section in the narrow width approximation takes the form

�⌫⌫!⌫⌫ ' ⇡�
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⇡�
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2p01q
0
1
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where we have used sCM = 2p01q
0
1(1� cos ✓) and

cos ✓⇤ = 1�m
2
�/(2p

0
1q

0
1) . (33)

✓ is the angle between the two momentum vectors ~p1, ~q1. We have neglected light
neutrino mass, thus q

0
1 = |~q1|, p01 = |~p1|. Requiring cos ✓⇤ � �1 leads to a lower

limit on q
0
1,

q
0
1 > m

2
�/(4p

0
1) . (34)

The Møller velocity for massless neutrino is given by

vm = 1� cos ✓ . (35)
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where the scattering term takes into account of the standard model weak interaction

processes ⌫a(p1)+f(p2) ! f
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(p4) that act on active neutrino. The functionf(p2)

is the phase space density for the other initial state particle (with momentum p2) that

interact with the coherent neutrino state we are interested in, and the phase space factor

is d⇧ =
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(2⇡)32E . The corresponding 2⇥ 2 matrix is

M =
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where Ma is the matrix element. They do not interfere with each other.

The zeroth order Hamiltonian is

H0 =

✓
� sin

2
✓ + VT cos

2
✓ (�� VT ) sin ✓ cos ✓

(�� VT ) sin ✓ cos ✓ � cos
2
✓ + VT sin

2
✓

◆
, (3)

where � = m
2
4/(2E1) and VT is the thermal potential for active neutrinos due to weak

interaction, ✓ is the active-sterile mixing angle.

The density matrix F is also a 2⇥ 2 matrix

F =

✓
f11 f12

f21 f22

◆
. (4)

⇢ ⌘ h |⇢̂| i =

✓
f11 f12

f21 f22

◆
. (5)

First simplify the left-hand side. Assuming the universe is radiation dominated,

t = 1/(2H) / 1/T
2
, where T is the temperature. This leads to

@

@t
= �HT

@

@T
. (6)

This simplifies the left-hand side of Eq. (1) to

�H

✓
T
@

@T
+ E1

@

@E1

◆
F(E1, t) (7)

1

We need to use the density-matrix formalism

The matrix element squares are

|M⌫⌫!⌫⌫ |
2
=

�
4
(p · q)(p1 · q1)

(s�m
2
�)

2
.

|M⌫⌫̄!⌫⌫̄ |
2
=

�
4
(p · q1)(p1 · q)

(t�m
2
�)

2
.

(28)

Nicely, the density matrix in the integrand does not depend on p and q. We can do these

two integrals and get the scattering cross section for ⌫(p1),

Z
d
3
~p

(2⇡)32p0

Z
d
3
~q

(2⇡)32q0
(2⇡)

4
�
4
(p+q�p1�q1)(|M⌫⌫!⌫⌫ |

2
+|M⌫⌫̄!⌫⌫̄ |

2
) = (2p

0
1)(2q

0
1)�svm ,

(29)

Here �svm is a function of the center of mass energy sCM = (p1 + q1)
2
.

As a result,

Cs(p1) =

Z
d
3
~q1

(2⇡)3
�svm

✓
0 �f12(p1)f22(q1)

�f12(p1)f22(q1) 0

◆
⌘ �

�s

2

✓
0 f12(p1)

f12(p1) 0

◆
,

(30)

where

�s = 2⇥

Z
d
3
~q1

(2⇡)3
�svmf22(q1) . (31)

Clearly, Eq. (30) has the same form as Eq. (15). We can rewrite the coupled

di↵erential equations Eq. (16) by adding the sterile neutrino self interaction term

H
@f11

@ log z
=

i

2
� sin(2✓)(f12 � f21) ,

H
@f12

@ log z
=

i

2
[� sin(2✓)(f11 � f22) + 2(� cos(2✓)� VT )f12]� (�a + �s)f12/2 ,

H
@f21

@ log z
= �

i

2
[� sin(2✓)(f11 � f22) + 2(� cos(2✓)� VT )f21]� (�a + �s)f21/2 ,

H
@f22

@ log z
= �

i

2
� sin(2✓)(f12 � f21) .

(32)

These are now coupled integro-di↵erential equations, because �s depends on f22 via

Eq. (31).

By comparing m� and T , we can further simplify the rate equation (31).

• For T & m�, the neutrino self-scattering is dominated by the left Feynman diagram

in the previous page with on-shell s-channel �-exchange. For this to be true, we

must assume m� > m4. Repeating what we did in previous works, the ⌫⌫ ! ⌫⌫

cross section in the narrow width approximation takes the form

�⌫⌫!⌫⌫ ' ⇡�
2
�(sCM �m

2
�) =

⇡�
2

2p
0
1q

0
1

�(cos ✓ � cos ✓⇤) , (33)
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As a result,

Cs(p1) =

Z
d
3
~q1

(2⇡)3
�svm

✓
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�f12(p1)f22(q1) 0

◆
⌘ �

�s

2

✓
0 f12(p1)

f12(p1) 0

◆
,

(29)

where

�s = 2⇥

Z
d
3
~q1

(2⇡)3
�svmf22(q1) . (30)

Clearly, Eq. (29) has the same form as Eq. (14). We can rewrite the coupled
di↵erential equations Eq. (15) by adding the sterile neutrino self interaction term

H
@f11

@ log z
=

i

2
� sin(2✓)(f12 � f21) ,

H
@f12

@ log z
=

i

2
[� sin(2✓)(f11 � f22) + 2(� cos(2✓)� VT )f12]� (�a + �s)f12/2 ,

H
@f21

@ log z
= �

i

2
[� sin(2✓)(f11 � f22) + 2(� cos(2✓)� VT )f21]� (�a + �s)f21/2 ,

H
@f22

@ log z
= �

i

2
� sin(2✓)(f12 � f21) .

(31)

These are now coupled integro-di↵erential equations, because �s depends on f22 via
Eq. (30).

By comparing m� and T , we can further simplify the rate equation (30).

• For T & m�, the neutrino self-scattering is dominated by the left Feynman diagram
in the previous page with on-shell s-channel �-exchange. For this to be true, we
must assume m� > m4. Repeating what we did in previous works, the ⌫⌫ ! ⌫⌫

cross section in the narrow width approximation takes the form

�⌫⌫!⌫⌫ ' ⇡�
2
�(sCM �m

2
�) =

⇡�
2

2p01q
0
1

�(cos ✓ � cos ✓⇤) , (32)

where we have used sCM = 2p01q
0
1(1� cos ✓) and

cos ✓⇤ = 1�m
2
�/(2p

0
1q

0
1) . (33)

✓ is the angle between the two momentum vectors ~p1, ~q1. We have neglected light
neutrino mass, thus q

0
1 = |~q1|, p01 = |~p1|. Requiring cos ✓⇤ � �1 leads to a lower

limit on q
0
1,

q
0
1 > m

2
�/(4p

0
1) . (34)

The Møller velocity for massless neutrino is given by

vm = 1� cos ✓ . (35)

5

the sterile neutrino develops an equilibrium distribution function

With these, and assuming that f22(q1) to be isotropic (only depends on |~q1| = q
0
1),

we can complete the angular part of the integral in (30)

�on-shell
s = 2

Z
d
3
~q1

(2⇡)3
f22(q

0
1)

⇡�
2

2p01q
0
1

�(cos ✓ � cos ✓⇤)(1� cos ✓)

=
⇡�

2

(2⇡)2p01

Z
1

m2
�
/(4p01)

|~q1|
2
d|~q1|

q
0
1

f22(q
0
1)

Z 1

�1
d cos ✓�(cos ✓ � cos ✓⇤)(1� cos ✓)

=
⇡�

2

(2⇡)2p01

Z
1

m2
�
/(4p01)

q
0
1dq

0
1

m
2
�

2p01q
0
1

f22(q
0
1)

=
�
2
m

2
�

8⇡(p01)
2

Z
1

m2
�
/(4p01)

dq
0
1f22(q

0
1)

=
�
2
m

2
�

8⇡E2
1

Z
1

m2
�
/(4E1)

dE2f22(E2)

=
�
2
m

2
�T

8⇡E2
1

Z
1

!
dx2f22(x2, z) .

=
�
2
m

2
�Ts

8⇡E2
1

h
log

⇣
e
! + e

µs/Ts

⌘
� !

i
(Assuming sterile sector equilibration)

(36)

In the next to last line, we simply renamed p
0
1 to E1, and q

0
1 to E2. In the last line,

we introduced ! = m
2
�/(4E1T ), and x2 = E2/T . We have simplified the sterile

neutrino self interaction rate to a one dimensional integral.
For the result in the box to be valid, we need to assume sterile neutrinos have
reached their own thermal equilibrium, with a Fermi-Dirac distribution

f22 =
1

1 + e(E�µs)/Ts

.

• For T ⌧ m�, the scatter via o↵-shell � is a contact interaction. The cross sections
are

�⌫⌫!⌫⌫ '
�
4
sCM

32⇡m4
�

, �⌫⌫̄!⌫⌫̄ '
�
4
sCM

48⇡m4
�

. (37)

We use the sum to compute the rate,

� =
5�4

sCM

96⇡m4
�

=
5�4

p
0
1q

0
1(1� cos ✓)

48⇡m4
�

. (38)
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dark temperature

chemical potential

Γs > HIf

Walter Tangarife

Production: the Dodelson-Widrow mechanism

  oscillates into  before decoupling. Creates 
 a non-thermal population of .   Dodelson and Widrow, PRL1994 
 
                  , 
 

 

νa νs
νs

T
∂

∂T
fνs

|p/T = Γa

2H
⟨P(νa → νs)⟩ fνa

⟨P(νa → νs)⟩ = 1
2

Δ2sin2 2 θ

Δ2sin2 2 θ + Γ2a
4 + (Δcos 2 θ − V )2

Quantum Zeno damping
Matter potential  
V = VT + VD

Δ = m2
s /2E

Averaged over  
one mean free path

z = MeV/T
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At a given time z, Ts and µs can be computed by solving the equations for par-
ticle number and energy conservation (entropy is not conversation because establishing
thermal equilibrium process is not reversible)

1

2⇡2

Z
E

2
dEf22(E) =

1

2⇡2

Z
E

2
dE

1 + e(E�µs)/Ts

= �
T
3
s

⇡2
Li3(�e

µs/Ts) ,

1

2⇡2

Z
E

3
dEf22(E) =

1

2⇡2

Z
E

3
dE

1 + e(E�µs)/Ts

= �
3T 4

s

⇡2
Li4(�e

µs/Ts) ,

(49)

where f22 = P3f0. Here after we call ys = µs/Ts.

A convenient ways of solving these two coupled equations is to take the time di↵erenti-
ation and consider a small step �(log z) in time.

1

2⇡2

Z
E

2
dE

dP3

d log z
�(log z)f0 = �

3T 2
s

⇡2
Li3(�e

ys)�Ts �
T
3
s

⇡2
Li2(�e

ys)�ys ,

1

2⇡2

Z
E

3
dE

dP3

d log z
�(log z)f0 = �

4T 3
s

⇡2
Li4(�e

ys)�Ts �
T
4
s

⇡2
Li3(�e

ys)�ys .

(50)

These are two linear equations for �Ts and �ys. On the left-hand side, the factor
dP3/d log z in green color is given by Eq. (48).

Yue added: without rigorous proof, I claim that here we could drop the blue term on
the RHS of (48). Here we are doing the sterile thermalization by hand, instead of using
the blue term to drive P3 to equilibrium dynamically. If this is correct, it will make a
further simplification.

The way of solving �Ts and �ys is to discretize the time. Assuming at time log z,
we already know the sterile sector temperature and chemical potential. Then at a
later time log z + �(log z), and extra amount of sterile neutrino is produced, related
to (dP3/d log z)�(log z). By solving the linear equations (50), we can derive �Ts and
�ys, which tells us the temperature and chemical potential at time log z +�(log z).

9
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mϕ = 1 MeV

λϕ = 10−2

The Dodelson-Widrow mechanism…constrained

• Ruled out  by X-ray bounds and  
 phase-space considerations (Tremaine-Gunn, Lyman alpha, etc.). 

• A finite lepton asymmetry (Shi-Fuller Mechanism) can help. 
 Shi and Fuller, PRL 1999, Fuller, Abazajian and Patel PRD 2001  
 

• Can we open up parameter space without introducing a lepton 
asymmetry?


νs νa l

W

γ

νa

No dark thermal bath



Can we produce enough sterile neutrino DM in the

early universe?  

Yes! Sterile neutrinos can be produced non-thermally from active-neutrino 
oscillations. 


A new interaction, via a scalar or a vector, for the active neutrinos helps 
alleviate tensions with the Dodelson-Widrow mechanism.


The case of self-interacting sterile neutrinos could be an attractive scenario of 
SIDM. This is currently being explored.

Thank you!
19 Walter Tangarife


