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

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 moreÉ "

! Non-observation puts bound on  plane.  #

! Radiative decay leads to line at ."

Hints of a line at ?Ñ Bulbul et al.  Astro. 2014, Boyarski et 
al., PRL 2014#

! But how do we produce these neutrinos?

! 4 = cos" ! s + sin" ! a

! s ! ! a#

" # m5
4 sin2 2"

m4 $ sin2"

E# = m4/2
m4 = 7.1keV

! s ! a l

W

"

! a
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�&�Q�F�G�N�U�Q�P���9�K�F�T�Q�Y���/�G�E�J�C�P�K�U�ODodelson & Widrow (1994)
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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 ßavor 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 ÒmeasurementÓ, 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 " m2

1)/ (2E) ! m2
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 ßavor dependent. Can

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

VT, SM = "
12

%
2#2GF

45
E T 4

!
1

M 2
W

+
1

M 2
Z

"
, (2.6)

where GF is FermiÕs constant andT is the temperature of the universe. The label ÒSMÓ 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 ofW 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

Production: the Dodelson-Widrow mechanism

  oscillates into  before decoupling. Creates !

 a non-thermal population of .   Dodelson and Widrow, PRL1994!

!

                  ,!

!

!

! a ! s
! s

T
!

! T
f! s

!p/T =
" a

2H
#P(! a $ ! s)% f! a

#P(! a $ ! s)%=
1

2

&2sin2 2"

&2sin2 2" +
" 2

a

4
+ (&cos2" ' V)2

Quantum Zeno damping
Matter potential!

V = VT + VD

& = m2
s /2E

Averaged over !
one mean free path

4
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where
!

s is the center of mass energy. If the initial-state four-momenta are denoted as
(E, !p) and (E !, !p!), we haves = 2EE ! " 2!p á!p! = 2EE !(1 " cos" ), where the tiny active
neutrino masses are neglected, and" is the relative angle between!p and !p!.

These cross sections are used for calculating the thermal averaged reaction rates for a
neutrino with Þxed energyE, by averaging over the phase space of the other neutrino (or
anti-neutrino) it scatters with,

! V (E, T ) = 2
!

d3!p!

(2#)3
f ! (E !, T) $tot (!p, !p!) vrel , (3.6)

where f ! (E !, T) = 1 / [1 + exp(E !/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

"
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 Þnd

$! µ ø! µ " ! µ ø! µ =
|%µµ |4 s
3#m4

V
, $! µ ! µ " ! µ ! µ =

|%µµ |4 s
2#m4

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 ø! µ " ! µ ø! µ = $! µ ! µ " ! µ ! µ =
|%µµ |4

4#m2
V

. (3.9)

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

! high-T
V (E, T ) =

&(3)|%µµ |4T3

#3m2
V

. (3.10)

In addition, for T ! mV , the process' µ ø' µ $ ' µ ø' µ could also occur with an on-shellV
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 ø! µ " ! µ ø! µ %
|%µµ |4mV

12( V
) (s " m2

V ) , (3.11)
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FIG. 1. Self-energy diagrams contributing toVT 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 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 [22, 40]

VT, SM = ! 3.72GF E T 4

!
2

M 2
W

+
1

M 2
Z

"
, (2.6)

where GF is FermiÕs constant andT is the temperature of the universe. The label ÒSMÓ
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 ofW and Z bosons, is given by
[22, 40]

! 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 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 Þxed energyE [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 parameterz # µ/T is introduced to label the
cosmological time. Clearly, the choice ofµ does not a! ect the result, and for convenience,
we chooseµ # 1MeV throughout this work. f " is the Fermi-Dirac distribution for an
active neutrino or antineutrino, of the form f " (x) = 1 / (1 + ex), 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.

5

�4�G�U�W�N�V�����#���P�Q�P���V�J�G�T�O�C�N���C�D�W�P�F�C�P�E�G���Q�H���U�V�G�T�K�N�G���P�G�W�V�T�K�P�Q�U���D�[���U�Q�N�X�K�P�I���V�J�G��
�$�Q�N�V�\�O�C�P�P���G�S�W�C�V�K�Q�P

Z
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Z

f

W

! e !

Fig.1: Self-energy diagrams contributing toVT . Can we combine the Þrst and third diagrams

into one?

the equation that governs the phase space density evolution for the sterile neutrino population [1Ð3]

d f ! 4 (x, z)
d ln z

=
!

4H
sin2 2! e! f ! (x) , (2.8)

whereH is the Hubble parameter and the parameterz ! µ/T is introduced to label the cosmological

time. Clearly, the choice of µ does not a" ect the result, and for convenience, we chooseµ ! 1 MeV

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

of the form f ! (x) = 1 / (1 + ex), 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 ofX -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 Þll 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# 3.5keV 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

�+�P���5�/��VT # T5

" # T5

& # T$1
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The Dodelson-Widrow mechanismÉconstrained

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

! A Þnite 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?#

! s ! a l

W

"

! a
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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 massm! 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 e! ec-
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 Þeld. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17Ð19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for Þxed
neutrino energy E " x T , 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 deÞne the dimensionless evo-
lution variable z " µ/T , where µ " 1MeV. We restrict
our discussions tom4 ! 1 MeV. ! is the total interaction
rate for the active neutrino, #e! is the e! ective active-
sterile neutrino mixing in the early universe, andH is the

Hubble rate. f " a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. " " m2

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 reßected 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

! E1T4

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

! ! #
%2

! T2

8E1

!
2w
$

e! w +

"
w
$

Erfc (w)
#

, (6)

where w = m2
! / (4E1T); see the Supplemental Mate-

rial for details. The total rate ! is the sum of ! ! , its
charge conjugate, and the SM interaction rate, ! SM %
G2

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

SM weak interactions, V SM
T % GF ET 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
from the new interaction is [22, 23]:

V !
T (E, T ) =

%2
!

16$2E 2

$ "

0
dp

%&
m2

! p

2&
L +

2 (E, p) !
4Ep2

&

'
1

e# /T ! 1
+

&
m2

!

2
L +

1 (E, p) ! 4Ep

'
1

ep/T + 1

(

,

L +
1 (E, p) = ln

4pE + m2
!

4pE ! m2
!

, L +
2 (E, p) = ln

)
2pE + 2E& + m2

!

* )
2pE ! 2E& + m2

!

*

)
! 2pE + 2E& + m2

!

* )
! 2pE ! 2E& + m2

!

* ,

(7)

where & =
+

p2 + m2
! . This potential takes the asymp-

totic form V !
T = ! 7$2%2

! ET 4/ (90m4
! ) for m! $ T, and

V !
T = %2

! T2/ (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" s s0m4/ ' 0,
where s0 = 2891.2 cm! 3 is the entropy density today,
and ' 0 = 1 .05' 10! 5h! 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 Þxed m4 = 7 .1keV, # = 4 ' 10! 6, and a = muon-
ßavor. 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 massm! 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 e! ec-
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 Þeld. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17Ð19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for Þxed
neutrino energy E " x T , 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 deÞne the dimensionless evo-
lution variable z " µ/T , where µ " 1MeV. We restrict
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universe is unchanged, which is a good approximation as
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Hubble rate. f " a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. " " m2
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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
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the remainder of this letter, we only consider the e! ec-
tive two-neutrino " a ! " s system. SM gauge invariance of
the new interaction can be restored with the insertion of
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erator can be further embedded in reasonable ultraviolet-
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Here, f " s (x, z) is the phase-space distribution function of
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Hubble rate. f " a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. " " m2

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.
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is reßected 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

! E1T4

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

! ! #
%2

! T2

8E1

!
2w
$

e! w +

"
w
$

Erfc (w)
#

, (6)

where w = m2
! / (4E1T); see the Supplemental Mate-

rial for details. The total rate ! is the sum of ! ! , its
charge conjugate, and the SM interaction rate, ! SM %
G2

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

SM weak interactions, V SM
T % GF ET 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
from the new interaction is [22, 23]:

V !
T (E, T ) =

%2
!

16$2E 2

$ "

0
dp

%&
m2

! p

2&
L +

2 (E, p) !
4Ep2

&

'
1

e# /T ! 1
+

&
m2

!

2
L +

1 (E, p) ! 4Ep

'
1

ep/T + 1

(

,

L +
1 (E, p) = ln

4pE + m2
!

4pE ! m2
!

, L +
2 (E, p) = ln

)
2pE + 2E& + m2

!

* )
2pE ! 2E& + m2

!

*

)
! 2pE + 2E& + m2

!

* )
! 2pE ! 2E& + m2

!

* ,

(7)

where & =
+

p2 + m2
! . This potential takes the asymp-

totic form V !
T = ! 7$2%2

! ET 4/ (90m4
! ) for m! $ T, and

V !
T = %2

! T2/ (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" s s0m4/ ' 0,
where s0 = 2891.2 cm! 3 is the entropy density today,
and ' 0 = 1 .05' 10! 5h! 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 Þxed m4 = 7 .1keV, # = 4 ' 10! 6, and a = muon-
ßavor. Fig. 2 reveals that the DM-abundance constraint

!

!

V

!

!

! !

!

V

!

! !

!

V

!

! !

! !

V

FIG. 3. Scattering diagrams contributing to ! V . The top panel represents contribution to the
! ø! ! ! ø! channel, whereas the bottom panel shows the contribution to the!! ! !! . For mV ! T,
the leading diagram is that of ! µ ø! µ ! ! µ ø! µ with an on-shell V exchange.

takes the following form [49, 50]:

VT, V (E, T ) =
|" µµ |2

8#2E 2

! !

0
dp

"#
m2

V p
2$

L +
2 (E, p) "

4Ep2

$

$
1

e! /T " 1
+

#
m2

V

2
L +

1 (E, p) " 4Ep
$

1
ep/T + 1

%
,

L +
1 (E, p) = ln

4pE + m2
V

4pE " m2
V

, L +
2 (E, p) = ln

&
2pE + 2E$ + m2

V

' &
2pE " 2E$ + m2

V

'

&
" 2pE + 2E$ + m2

V

' &
" 2pE " 2E$ + m2

V

' ,

(3.3)
where! =

(
p2 + m2

V . In the very heavy or very light mediatorV limit, the above potential
simpliÞes into

VT, V (E, T ) =
)

" 7" 2|#µµ |2ET 4/ (45m4
V ), T # mV

+ |#µµ |2T2/ (8E), T $ mV . (3.4)

It is worth noting that this potential changes sign asT passesmV . These asymptotic
expressions are useful for us to infer the parametric dependence in the Þnal 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 theV boson provides new scattering channels among
the neutrinos, including$µ$µ ! $µ$µ and $µ ø$µ ! $µ ø$µ, as shown by the Feynman diagrams
in Fig. 3. The corresponding cross sections are

%" µ " µ " " µ " µ =
|#µµ |4

4" m2
V

"
s

s + m2
V

+
2m2

V

s + 2m2
V

log
#

1 +
s

m2
V

$%
,

%" µ ø" µ " " µ ø" µ =
|#µµ |4

4" (s " m2
V )2

"
s2

m2
V

" 4m2
V +

4 (m4
V " s2)
s

log
#

1 +
s

m2
V

$
+

10s
3

%
,

(3.5)

8

2

!!
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where ! is a complex scalar with massm! 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 e! ec-
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 Þeld. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17Ð19].

The equation that describes the evolution of the ster-
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sterile neutrino mixing in the early universe, andH is the

Hubble rate. f " a is the usual Fermi-Dirac thermal distri-
bution function for the active neutrinos. " " m2

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
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the remainder of this letter, we only consider the e! ec-
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 Þeld. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17Ð19].
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Similar works Koop et al. (2014), Mirizzi et al. (2015), 
Friedland et al. (2016), Johns et al. (2019), É

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 ßavor 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 ÒmeasurementÓ, 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 " m2

1)/ (2E) ! m2
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 ßavor dependent. Can

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

VT, SM = "
12

%
2#2GF

45
E T 4

!
1

M 2
W

+
1

M 2
Z

"
, (2.6)

where GF is FermiÕs constant andT is the temperature of the universe. The label ÒSMÓ 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 ofW 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 toVT . Can we combine the Þrst and third diagrams

into one?

the equation that governs the phase space density evolution for the sterile neutrino population [1Ð3]

d f ! 4 (x, z)
d ln z

=
!

4H
sin2 2! e! f ! (x) , (2.8)

whereH is the Hubble parameter and the parameterz ! µ/T is introduced to label the cosmological

time. Clearly, the choice of µ does not a" ect the result, and for convenience, we chooseµ ! 1 MeV

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

of the form f ! (x) = 1 / (1 + ex), 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 ofX -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 Þll 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# 3.5keV 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
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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 massm4, ! 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 ofm4 and " , ! 4 can make up 100% of the DM
[1]. The same Physics Ð" != 0 Ð allows the! 4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsiÞable 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 ÒsterileÓ 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 ÒmeasuredÓ 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
ÒmeasurementÓ 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 limitm4 ! 2 keV arises from phase
space density derived for dwarf galaxies [3Ð6]. This lower
limit could be further improved by Lyman- # forest ob-
servations up to # 30keV [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 [8Ð12]. On the other hand, the uniden-
tiÞed 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, di! cult 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 e! cient 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)

V

! ! !

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

where the cuto! scale! !" characterizes the interaction strength ofV with di ! erent com-
binations of lepton ßavors. After electroweak symmetry breaking, the vacuum expectation
value of the Higgs boson projects out the neutrino Þeld from the lepton doublets. At low
energies, theV couplings are neutrinophilic.

L #ø#V =
X

! ," = e,µ,$

�!" ø⌫! �
µ
⌫" Vµ , (3.2)

where the couplings are�!" = v2/ (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 Þnd the favored model parameter space for which the sterile neutrino has a
relic density that matches todayÕs observed amount. Meanwhile, the neutrinophilic vector
boson could also lead to observational e! ects 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 subsectionIII G , we consider a representative case
where V couplings only to the muon neutrino⌫µ, and the sterile neutrino also mixes with
⌫µ. The ßavor dependence of our analysis will be commented afterwards, where it is pointed
out that the relic density results remain similar for other choices of ßavors. SubsectionIII H
comments on the phenomenological implications of allowingV to couple to di! erent ßavors
of neutrinos. In subsectionIII I , we present a possible ultraviolet (UV) completion for the
e! ective 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 e! ective 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 byV, both VT

and " are modiÞed, 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 massm4, ! 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 ofm4 and " , ! 4 can make up 100% of the DM
[1]. The same Physics Ð" != 0 Ð allows the! 4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsiÞable 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 ÒsterileÓ 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 ÒmeasuredÓ 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
ÒmeasurementÓ 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 limitm4 ! 2 keV arises from phase
space density derived for dwarf galaxies [3Ð6]. This lower
limit could be further improved by Lyman- # forest ob-
servations up to # 30keV [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 [8Ð12]. On the other hand, the uniden-
tiÞed 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, di! cult 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 e! cient 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) �P�G�W�V�T�K�P�Q�R�J�K�N�K�E
U(1)L#$L$

U(1)B$L
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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 massm� 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 Þeld. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17Ð19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for Þxed
neutrino energy E ⌘ xT , whereT 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 deÞne the dimensionless evo-
lution variable z ⌘ µ/T , where µ ⌘ 1MeV. We restrict
our discussions tom4 ! 1 MeV. ! is the total interaction
rate for the active neutrino, ✓e! is the effective active-
sterile neutrino mixing in the early universe, andH 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 reßected 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

! � '
�

2
�T

2

8E1

!
2w
⇡

e
! w +

"
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],

whereGF is the Fermi constant, and from the new neu-
trino interaction. For generic massm�, the contribution
from the new interaction is [22, 23]:
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(7)

where ! =
+

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 yieldY⌫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⌫s s0m4/⇢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 Þxed m4 = 7 .1keV, ✓ = 4 ⇥ 10! 6, and a = muon-
ßavor. 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 massm� 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 Þeld. The op-
erator can be further embedded in reasonable ultraviolet-
complete models [17Ð19].

The equation that describes the evolution of the ster-
ile neutrino population as a function of time, for Þxed
neutrino energy E " xT , whereT 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 deÞne the dimensionless evo-
lution variable z " µ/T , where µ " 1MeV. We restrict
our discussions tom4 ! 1 MeV. � is the total interaction
rate for the active neutrino, ✓e! is the effective active-
sterile neutrino mixing in the early universe, andH 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 reßected 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 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
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4 [20, 21].
The thermal potential VT receives contributions from

SM weak interactions, V
SM
T % GFET

4
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whereGF is the Fermi constant, and from the new neu-
trino interaction. For generic massm�, the contribution
from the new interaction is [22, 23]:
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where ! =
+

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

totic form V
�
T = ! 7⇡2
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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 yieldY⌫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 Þxed m4 = 7 .1keV, ✓ = 4 ' 10! 6, and a = muon-
ßavor. Fig. 2 reveals that the DM-abundance constraint
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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 ßavor 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 ÒmeasurementÓ, 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 " m2

1)/ (2E) ! m2
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 ßavor dependent. Can

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

VT, SM = "
12

%
2#2GF

45
E T 4

!
1

M 2
W

+
1

M 2
Z

"
, (2.6)

where GF is FermiÕs constant andT is the temperature of the universe. The label ÒSMÓ 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 ofW 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
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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 Þxed: sin2 2" = 7 ! 10! 11 and m4 = 7 .1keV. In the left panel, the
dotted lines represent the expected qualitative behavior of constant ! -contours when di! erent 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 satisÞed along the ÒS-shapedÓ orange curve.

To understand the shape of the orange curve in Fig.2,
we zoom into three speciÞc points, labeled byA(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
deÞnez0 as the time when" ! |VT |, #a, after which the
e! ective mixing angle ! e! for " s production is no longer
suppressed relative to the vacuum angle! . We also deÞne
z1 " µ/m ! as the time when# becomes heavy relative to
the temperature of the universe. For caseA, sterile neutri-
nos are mainly produced through the scattering of active
neutrinos [Fig. 1 (left)]. In this case, df " s /dz # z8 for
z < z 0, and df " s /dz # z! 4 for z > z 0, which implies " s is
mainly produced around the time z $ z0. The resulting
relic density is ! # $3

! ! 2m4/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 < z 1). One
can estimate that z0 $ 10! 2($! / 10! 5)(keV/m 4). For
caseC, z0 < z 1 and " s is dominantly produced during
the epochz0 < z < z 1, where df " s /dz # z2. The result-
ing ! # $2

! ! 2/m ! corresponds to the blue dotted line in
Fig. 2 (left). In this case, the e! ective mixing angle ! e!

is close to the vacuum one,! . In contrast, caseB has a
relatively larger $! , thus z0 > z 1, and " s is mostly pro-
duced while the e! ective mixing angle is still suppressed
due to thermal e! ects (! e! % ! ), leading to df " s /dz # z6

during the epoch z < z 1. As a result, ! # m4
4! 2/ ($2

! m5
! )

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

FIG. 3. Di ! erential 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 ofdf " s /dz for casesA, B, C, de-
Þned 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 casesA and
B, the e! ective Fermi constant Ge! = $2

! /m 2
! is much

Numerical estimates
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Zhang
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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 e! ective mixing angle to the vacuum angle (middle), and the
di! erential sterile neutrino production rate (bottom) as a function of z for the three benchmark
points A, B and C, as chosen in Fig.4.

to the product of ! /H and ! 2
ef f . Here we focus on the energyE = T (or x = 1) which has

the highest population of active neutrinos as the source term. We introduce three useful
time scales:i) z0: when ! /H = 1. At z ! z0, the active neutrino self interaction falls out
of thermal equilibrium and dark matter production ceases;ii) z1: when" " Max{| VT |, ! a} .
At z # z1, ! ef f # ! implies less e! cient production. At z ! z1, ! ef f " ! implies e! cient
production; and iii) z2 $ µ/m V . At z ! z2, the vector bosonV is too heavy to be produced
in the universe.

First of all, if z0 is smaller than both z1 and z2, the new neutrino interaction via V de-
couples too early and is irrelevant for dark matter production. We do not consider this case.
The three cases A, B, C mentioned above correspond to the following di" erent hierarchies
of z0, z1, z2 and thus di" erent sterile neutrino dark matter production scenarios.

¥ Case A corresponds to heavyV and large coupling" µµ . In this case, the hierarchy
of time scales satisfy,z2 < z 1 < z 0. As a result, when the temperature is high enough
to thermalize V, the mixing angle ! ef f is so suppressed that dark matter produced
around this time (z % z2) is negligible. The universe has to wait until a later time
(z % z1) for more e! cient dark matter production. Dark matter is mainly produced
from active neutrino scattering via heavy o" -shellV exchange. We Þnddf ! s /d lnz & z9
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¥ Case A corresponds to heavy V and large coupling " µµ . In this case, the hierarchy
of time scales satisfy, z2 < z 1 < z 0. As a result, when the temperature is high enough
to thermalize V , the mixing angle ! ef f is so suppressed that dark matter produced
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deÞnez0 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 deÞne
z1 ⌘ µ/m� as the time when� becomes heavy relative to
the temperature of the universe. For caseA, sterile neutri-
nos are mainly produced through the scattering of active
neutrinos [Fig. 1 (left)]. In this case, df⌫s/dz / z
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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
caseC, z0 < z1 and ⌫s is dominantly produced during
the epochz0 < z < z1, where df⌫s/dz / z

2. The result-
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is close to the vacuum one,✓. In contrast, caseB 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
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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 ofdf⌫s/dz for casesA, B, C, de-
Þned 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 casesA and
B, the effective Fermi constant Ge↵ = �
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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
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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 casesA, 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 e ! ect 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].
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FIG. 5. Region of the m4 versus sin2 2✓Ðparameter space
where one can Þnd 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 conÞned 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 unidentiÞed 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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FIG. 6. Curves on the parameter space that yield the observed relic density of dark matter today
for the neutrinophilic vector boson model and m4 = 7.1 keV, sin2(2✓) = 7 ⇥ 10�11 (gray), and
m4 = 50 keV, sin2(2✓) = 10�15 (black). Existing limits from a variety of probes are shown filled,
colored regions: rare meson decays (blue), invisible Z boson decay (red), invisible Higgs boson
decay (purple), BBN (orange), and Supernova 1987A (purple). Future constraints from DUNE
(green) and the high-luminosity LHC for invisible Higgs boson decay (purple) are shown as dashed
lines.

the HL-LHC. It is also worth pointing out that the Higgs invisible decay constraint equally
applies to V coupling to other neutrino flavors.

C. Constraint from W boson decay width

The next channel we examine is the W
� ! µ

�
⌫̄µV where V is radiated from the final

state ⌫̄µ via its neutrinophilic coupling. Ignoring the muon mass, this decay rate is

�(W� ! µ
�
⌫̄µV ) =

|�µµ|2 G
2
F
M

5
W

512
p

2⇡3m2
V

�
1 � wV � 12w2

V
log (wV ) + 8w3

V
� w

4
V

�
, (3.20)

where wV ⌘ m
2
V
/M

2
W

. As with the Higgs decay, we see that in the small mV limit, this
decay width is enhanced by 1/m2

V
. To derive a conservative constraint, we simply require

this decay rate to be smaller than the uncertainties in the W total width measurement,
⇠ 42 MeV [51]. The resulting limit is found to be much weaker than the one from Higgs
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For heavier sterile neutrino dark matter (black curve), we choose a correspondingly smaller
mixing angle in order to satisfy the X-ray constraints. We find that heavier dark matter
generically requires larger |�µµ| and/or smaller mV for the relic density, making it more
constrained experimentally. On the other hand, due to the small-scale structure bounds
arising out of free-streaming considerations of the sterile neutrinos as well as dwarf galaxy
and Lyman-↵ constraints, there is limited room to make the dark matter ⌫4 much lighter
than 7.1 keV. We have explicitly checked this for the three benchmark points considered
above. As a result, the gray curve in Fig. 6 roughly indicates the lower margin of parameter
space where ⌫4 comprises the total dark matter relic density in the universe. I.e., all the
target parameter space lies above the gray curve.

The existence of V also mediates decays of the type ⌫4 ! ⌫⌫⌫̄ via an off-shell V . This
decay width is proportional to �

4
µµ

sin2(2✓)m5
4/m

4
V
. If we want ⌫4 to be cosmologically long-

lived and its lifetime to be longer than the age of the universe, this provides an indirect
constraint on the model parameters. We find that, for the masses m4 and mixings sin2(2✓)
that we consider, this constraint is weaker than the other bounds to be discussed in the
following subsections.

B. Constraint from the Higgs boson invisible decay

In this and the next few subsections, we present experimental constraints on the neu-
trinophilic V boson. To obtain the correct dark matter relic density, the mass of V is required
to be smaller than the weak scale. It mainly decays into neutrinos and thus appears invisible
after production in laboratories. This leads to a number of constraints by making precision
measurements of processes that involve an active neutrino.

The first process we consider is the Higgs boson decay. The operator introduced in
Eq. (3.1) opens up a new Higgs invisible decay channel, h ! ⌫µ⌫̄µV . The corresponding
partial decay rate is
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where hV ⌘ m
2
V
/m

2
h
. We see that in the small mV limit, this partial width is enhanced by

a factor of 1/m2
V
, corresponding to the Higgs decaying into the longitudinal component of

the V boson. The operator responsible for Higgs decay, �(h/v)⌫̄�
µ
⌫Vµ, does not admit any

conserved U(1)0 gauge symmetry for V
µ to be promoted as the corresponding gauge boson.

For example, the U(1) of neutrino number is explicitly broken by the presence of the Higgs
field.

To set a limit using this channel, we note that the invisible decay branching ratio of the
Higgs boson in this model is calculated as, �h!⌫µ⌫̄µV /�total, where the Higgs total width
�total is the sum of the Standard Model Higgs width (⇠ 4 MeV) and �h!⌫µ⌫̄µV . The present
LHC upper bound on Higgs invisible branching ratio, Br(H ! invisible) < 24% [51], leads
to a constraint in the �µµ versus mV parameter space, corresponding to the purple shaded
region in Fig. 6. The future running of high-luminosity (HL) LHC is expected to further
improve the above limit to Br(H ! invisible) < 2.5% [52], which corresponds to the purple
dashed curve in Fig. 6. We find this is the leading constraint on the model parameter space
for mV > 5 MeV. In particular, for the case m4 = 50 keV and sin2(2✓) = 10�15, the present
Higgs invisible limit still allows a region with m� ⇠ 100 MeV, but that will be covered by
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It could decay into either ! 1 plus a photon, or three ! 1. The former decay channel could lead
to extra X -ray radiation from regions of accumulating dark matter. The non-observation by
X -ray telescopes disfavors the mixing angle " needed for the Dodelson-Widrow mechanism
to work in regions where the sterile neutrino is heavier than a few keV. Meanwhile, as a
fermionic dark matter, it is found difficult to successfully fill lighter sterile neutrino into the
known dwarf galaxies [19, 20, 43]. As a result, the entire parameter space that produces the
correct relic density for sterile neutrino dark matter via the Dodelson-Widrow mechanism
is almost closed [24–28].

It is also worth noting that there have been claims of an unresolved ! 3.55 keV X-ray
line from various nearby galaxy clusters [44, 45], which is under thorough scrutinization
nowadays [27, 46–48]. While the dust has not settled, the relevant takeaway for our work is
that if sterile neutrino dark matter decays into this line, the corresponding mixing angle "
is too small to account for its relic density via the Dodelson-Widrow mechanism.

A recent letter [39] has suggested that a new, secret interaction among the active neutrinos
is effective for alleviating the above tensions. There, it was postulated that the secret
neutrino interaction is mediated by a lepton-number charged scalar and much stronger than
the ordinary weak interaction, thus allowing the sterile neutrinos to be produced more
efficiently in the early universe. It was shown that with the new interactions, one can
explain the relic density without violating all the existing constraints, for dark matter mass
between a few keV to MeV scale. This includes the point favored by the observation of
the 3.55 keV X-ray line. As the most intriguing aspect of this model, it addresses the relic
density of dark matter but with the new physics being introduced in the active neutrino
sector. There are predictions in low energy experiments, such as precision measurement of
pion, kaon decays, and accelerator neutrino facilities with a near detector (e.g., DUNE). In
turn, these probes of secret neutrino interaction can test the fate of dark matter.

In this work, we take this enticing idea further by analyzing models for secret neutrino
interactions mediated by mediated by a new vector boson V . Such a new vector boson
could naturally arise from U(1) gauge extensions of the Standard Model. In the upcoming
sections, we explore three of its incarnations: i) a model with a neutrinophilic V ; ii) gauged
U(1)Lµ ! L! model; and iii) gauged U(1)B! L model. In each case, we confront the parameter
space favored by relic density with existing and future experimental constraints.

Strictly speaking, in the last two models, the neutrino interactions are not so secret be-
cause other Standard Model particles also see them, and naively they are already tightly
constrained. Interestingly, we find that there still exists a viable parameter space to accom-
modate the correct dark matter relic density in these models. Future experiments will fully
probe the remaining parameter space, to either discover or falsify our proposal. In contrast,
the neutrinophilic vector boson model with a genuine secret neutrino self interaction is less
constrained and calls for new experiments for it to be fully covered.

III. MODEL WITH A NEUTRINOPHILIC VECTOR BOSON

In the first model, we consider a new vector boson V which couples only to the active
neutrinos. Because neutrinos exist in an SU(2)L doublet, such a neutrinophilic nature of V
is achieved via a higher dimensional operator, added to the Lagrangian in Eq. (2.1),

L = L SM+ ! s "
1
4

Vµ! Vµ! +
1
2

m2
V

VµVµ +
!

" ,#= e,µ,$

(L " i#2H " )$µ(H T i#2L#)Vµ

! 2
"#

, (3.1)
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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 massm4, ! 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 ofm4 and " , ! 4 can make up 100% of the DM
[1]. The same Physics Ð" != 0 Ð allows the! 4 to decay,
very slowly, into light neutrinos plus a photon [2]. This
renders this scenario falsiÞable 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 ÒsterileÓ 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 ÒmeasuredÓ 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
ÒmeasurementÓ 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 limitm4 ! 2 keV arises from phase
space density derived for dwarf galaxies [3Ð6]. This lower
limit could be further improved by Lyman- # forest ob-
servations up to # 30keV [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 [8Ð12]. On the other hand, the uniden-
tiÞed 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, di! cult 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 e! cient 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)

For heavier sterile neutrino dark matter (black curve), we choose a correspondingly smaller
mixing angle in order to satisfy the X-ray constraints. We Þnd that heavier dark matter
generically requires larger|! µµ | and/or smaller mV for the relic density, making it more
constrained experimentally. On the other hand, due to the small-scale structure bounds
arising out of free-streaming considerations of the sterile neutrinos as well as dwarf galaxy
and Lyman-" constraints, there is limited room to make the dark matter#4 much lighter
than 7.1 keV. We have explicitly checked this for the three benchmark points considered
above. As a result, the gray curve in Fig.6 roughly indicates the lower margin of parameter
space where#4 comprises the total dark matter relic density in the universe. I.e., all the
target parameter space lies above the gray curve.

The existence ofV also mediates decays of the type#4 ! ##ø# via an o! -shell V . This
decay width is proportional to ! 4

µµ sin2(2$)m5
4/m 4

V . If we want #4 to be cosmologically long-
lived and its lifetime to be longer than the age of the universe, this provides an indirect
constraint on the model parameters. We Þnd that, for the massesm4 and mixings sin2(2$)
that we consider, this constraint is weaker than the other bounds to be discussed in the
following subsections.

B. Constraint from the Higgs boson invisible decay

In this and the next few subsections, we present experimental constraints on the neu-
trinophilic V boson. To obtain the correct dark matter relic density, the mass ofV is required
to be smaller than the weak scale. It mainly decays into neutrinos and thus appears invisible
after production in laboratories. This leads to a number of constraints by making precision
measurements of processes that involve an active neutrino.

The Þrst process we consider is the Higgs boson decay. The operator introduced in
Eq. (3.1) opens up a new Higgs invisible decay channel,h ! #µ ø#µV. The corresponding
partial decay rate is

! (h ! #µ ø#µV) =
|! µµ |2 G2

F M 5
H

3072
"

2%3m2
V

!
1 + 12h2

V (6 + (3 + 4 hV ) log (hV )) # 64h3
V # 9h4

V

"
, (3.19)

wherehV $ m2
V /m 2

h. We see that in the smallmV limit, this partial width is enhanced by
a factor of 1/m 2

V , corresponding to the Higgs decaying into the longitudinal component of
the V boson. The operator responsible for Higgs decay,! (h/v )ø#&µ#Vµ, does not admit any
conservedU(1)! gauge symmetry forV µ to be promoted as the corresponding gauge boson.
For example, theU(1) of neutrino number is explicitly broken by the presence of the Higgs
Þeld.

To set a limit using this channel, we note that the invisible decay branching ratio of the
Higgs boson in this model is calculated as,! h" ! µ ø! µ V / ! total , where the Higgs total width
! total is the sum of the Standard Model Higgs width (% 4MeV) and ! h" ! µ ø! µ V . The present
LHC upper bound on Higgs invisible branching ratio,Br(H ! invisible) < 24%[51], leads
to a constraint in the ! µµ versusmV parameter space, corresponding to the purple shaded
region in Fig. 6. The future running of high-luminosity (HL) LHC is expected to further
improve the above limit to Br(H ! invisible) < 2.5% [52], which corresponds to the purple
dashed curve in Fig.6. We Þnd this is the leading constraint on the model parameter space
for mV > 5MeV. In particular, for the casem4 = 50 keV and sin2(2$) = 10# 15, the present
Higgs invisible limit still allows a region with m" % 100MeV, but that will be covered by
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analytically,

! (m+ ! µ+ ! µV) "!
m! ! 0
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M 6
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"
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In practice, we have considered the charged kaon and pion decays, and apply the experi-
mental constraints,Br(K + ! µ+ ! µ ! ø! ) < 2.4# 10" 6 and Br(#+ ! µ+ ! µ ! ø! ) < 5# 10" 6 [51].
The resulting limit is shown by the blue shaded region in Fig.6. It is weaker than that from
Higgs invisible decay.

Searches for exotic lepton decays can provide similar constraints, however, they are sup-
pressed by a larger Þnal-state phase space, e.g. the decayµ" ! e" ! ! V . Because the
kaon decay constraints are strong in this region of parameter space, we expect that this
four-body phase space would lead to relatively weaker constraints than those of the meson
decays, which are, in turn, weaker than the Higgs boson decay constraints (the Higgs decay
constraint also beneÞts from the longitudinal enhancement, with a partial width that scales
like 1/m 2

V ). For heavierV, we could use the decay$" ! %!! V , which su! ers from the same
four-body suppression. This constraint has been calculated in the case of a new-physics
scalar instead of a vector in Ref. [17], where it was found to be much weaker than other
laboratory based probes. We expect the same to be true for a vectorV being emitted in
this decay.

F. Constraints from BBN and Supernova 1987A

If the new vector bosonV is thermalized in the early universe and light enough to remain
relativistic by the time of big bang nucleosynthesis, it will contribute to" Ne! . and a! ect
the primordial element abundances. A conservative constraint rules outmV ! 5 MeV [13].
For a detailed computation of the e! ects of non-standard neutrino self-interactions on big
bang nucleosynthesis, see [54].

If the vector V is lighter than $ 100MeV, it can be produced from neutrino scatterings
in the explosion of Supernova 1987A. It could carry away signiÞcant fraction of energy and
modify the observed time scale of neutrino emission. Ref. [55] has estimated this e! ect in
the gaugedU(1)L µ " L " model (see also SectionIV ). We rescale and apply their bound by
restricting V to couple to only one neutrino ßavor.

G. Mono-neutrino probes at DUNE

Neutrinophilic particles like V may be emitted in beam neutrino experiments, if kinemat-
ically allowed. The processes! µn ! V µ" p+ occurs via initial state radiation. In contrast
to standard neutrino quasi-elastic scattering,! µn ! µ" p+ , the radiation of V carries away
both energy and transverse momentum. As a result, the Þnal stateµ" carries lower energy
than expected in the quasi-elastic scattering case. The resultingµ" p+ system appears to
have a non-zeropT with respect to the beam direction. These are the mono-neutrino sig-
nals introduced in [9, 11] in a di! erent context. In contrast to the lepton-number charged
scalar radiation studied carefully in [11], here the radiation ofV does not carry away lepton-
number. The Þnal state muon in the above signal process has the same electric charge as
the quasi-elastic background, thus it will not beneÞt form the muon charge identiÞcation
capability of the neutrino detector. In contrast, the emission cross section for a lightV
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V longitudinal enhancement, making the signal stronger at lowmV . We
derive an expected 95% CL constraint assuming Þve years of DUNE [56] data collection in
the neutrino mode, as shown by the dashed green line in Fig.6. An additional Þve years
of DUNE data collection in antineutrino mode does not improve this limit signiÞcantly, as
the background processes are more di! cult to resolve when an antineutrino scatters. Our
obtained sensitivity is comparable to the current Higgs invisible limit but will be surpassed
by the high-luminosity LHC search.

H. On V coupling to other neutrino ßavors

Throughout Section III we have focused on! µµ , the V coupling to muon-ßavored neu-
trinos. In principle, the couplings! !" comprise a3 ! 3 matrix including couplings to other
ßavors and even ßavor-violating couplings. Since all of the early-universe reactions that
lead to the production of" 4 are driven by the self interaction of neutrinos, the relic density
results shown in Figs.4 and 6 are independent of the choice of ßavor, as long as one only
element of! is turned on each time. Experimentally, the strongest constraint on! µµ comes
from the Higgs boson invisible decay, as shown in Fig.6. It equally applies to all other ! !"

couplings.
On the other hand, we note that if theV coupling is ßavor o" diagonal, there will be

strong constraints from loop inducedµ " eV, # " eV, # " µV decays. Given order-of-
magnitude estimates of this loop process, we Þnd that these constraints would be stronger
than all of those discussed above and would rule out the desired parameter space for relic
sterile neutrino dark matter.

I. A possible UV completion

In this subsection, we present a simple UV completion for the operator introduced in
Eq. (3.1). It serves as a proof-of existence of renormalizable theories that could lead to the
low energy e" ective theory considered in this work.

We extend the Standard Model with a pair of chiral fermionsNL , NR and a complex scalar
$. All are Standard Model gauge singlets. TheNL and $ Þelds are oppositely charged under
a newU(1)! gauge symmetry whereasNR is neutral. With such a particle content theU(1)!

still possess a gauge anomaly that could be canceled by resorting to including additional
heavy fermions without direct couplings to the lighter Þelds. We will keep those heavy
particles implicit.

With the NL , NR and $ Þelds, we could write down the following renormalizable La-
grangian governing their interactions,

L UV = ( Dµ$)  (Dµ$) + øNL i!!DN L + øNRi""%NR +
!
y øNRLH + ! øNRNL $ + h .c.

"
+ V($) ,

(3.24)

whereL, H are the Standard Model lepton and Higgs doublets, andDµ = %µ ± ig!Vµ.
We assume$ has a potentialV($) such that $ gets a vacuum expectation valuev# and

breaks theU(1) symmetry. This gives a mass to the new gauge bosonV,

MV =
#

2g!v# , (3.25)
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FIG. 7. Curves on the parameter space that yield the observed relic density of dark matter today
for the L µ ! L ! vector boson model andm4 = 7 .1 keV, sin2(2! ) = 7 " 10! 11 (gray), and m4 =
50 keV, sin2(2! ) = 10 ! 15 (black). Existing limits from a variety of probes are shown as shaded
regions: neutrino trident scattering with CCFR (red), BaBar (blue), BBN (orange), and Supernova
1987A (purple). The green Þlled region corresponds to the preferred region for the(g! 2)µ anomaly.
Future constraints from NA62 (red), NA64µ (blue), SHiP (purple), M 3 (red), and DUNE (green
for MPD decays and blue for Trident scattering) are shown as dashed lines.

wherew # m2
V / (4ET ). ! V is the decay width of theLµ ! L ! gauge boson,

! V =
g2

µ! mV

12"

!

1 +
!"

" = µ

(1 + 2r " )(1 ! 4r " )1/ 2! (1 ! 4r " )

#

, (4.6)

wherer " = m2
" /m 2

V and ! is the Heaviside theta function.
The above thermal potential and reaction rates are added to their counterparts in the

Standard Model and then inserted to the Boltzmann equation (2.8). The dark matter relic
density favored parameter space is shown in thegµ! versusmV plane in Fig. 7. Similar to
Fig. 6, the gray and black curves corresponds to two choices of parameters:m4 = 7.1 keV,
sin2(2#) = 7 " 10! 11 and m4 = 50 keV, sin2(2#) = 10! 15, respectively. The relic density
curves exhibit similarS-shapes, corresponding to the three production regimes discussed in
subsectionIII A .

Sterile neutrino dark matter production in this model has been explored in [66] in the
light V limit, which corresponds to the case C deÞned in subsectionIII A . In this regime,
our result is consistent with theirs.
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FIG. 8. Curves on the parameter space that yield the observed relic density of dark matter today
for the B ! L vector boson model andm4 = 7 .1 keV, sin2(2! ) = 7 " 10! 11 (gray), and m4 =
50 keV, sin2(2! ) = 10 ! 15 (black). Existing limits from a variety of probes are shown Þlled, colored
regions: TEXONO (red), CHARM (green), BaBar (blue), LHCb (orange), and a set of beam dump
experiments (purple). Future constraints from Belle-II (blue), LDMX (green), and FASER (purple)
are shown as dashed lines.

wherew # m2
V / (4ET ), and ! V is the decay width of theB ! L gauge boson [79].

The above rates are calculated based on the interactions of neutrinos with themselves
and the charged leptons. For temperatures above GeV scale, the processes where neutrino
scatters with/annihilates into baryons also contribute.1 However, they are unimportant
because the sterile neutrino dark matter is dominantly produced at temperatures well below
a few hundred MeV. See discussion in subsectionIII A and Fig. 5. At higher temperatures,
the e! ective active-sterile neutrino mixing angle is suppressed.

The result of our numerical calculation is presented in Fig.8, where the gray and black
curves corresponds to the two same choices of parameters as before:m4 = 7.1 keV, sin2(2" ) =
7 " 10! 11 and m4 = 50 keV, sin2(2" ) = 10! 15. The relic density curves exhibit similarS-
shape, with three production regimes having distinctive parametric dependence, as discussed
in subsectionIII A . In the same Þgure, we also show the experimental constraints on the
U(1)B ! L model parameter space Ref. [67, 80], where the colored shaded regions are already
excluded. Because the gauge bosonV couples to the electron, constraints are the strongest
among the three models we have studied. We Þnd out that the entire curve in them4 =

1 We neglect the neutrino-pion interactions which could occur throughV-" -meson mixing.
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See Johns & Fuller (2019) for heavy-mediator case

Dodelson-Widrow From Density Matrix Equations

Consider the two-state system of active and sterile neutrinos. The LiouvilleÕs equa-
tion for the phase space density matrix takes the form
!

!
! t

! HE 1
!

! E1

"
F (E1, t) = ! i [H 0, F ]

!
1

2E1

#
d! 2

#
d! 3

#
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 !(p3)+ f !!(p4) that act on active neutrino. The function f (p2)
is the phase space density for the other initial state particle (with momentump2) 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 =
!

M a 0
0 0

"
, (2)

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

The zeroth order Hamiltonian is

H 0 =
!

" sin2 %+ VT cos2 % (" ! VT ) sin %cos%
(" ! VT ) sin %cos% " cos2 %+ VT sin2 %

"
, (3)

where " = m2
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 =
!

f 11 f 12

f 21 f 22

"
. (4)

&$ %' |ö&|' &=
!

f 11 f 12

f 21 f 22

"
. (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 simpliÞes the left-hand side of Eq. (1) to

! H
!

T
!

! T
+ E1

!
! E1

"
F (E1, t) (7)

1

�9�G���P�G�G�F���V�Q���W�U�G���V�J�G���F�G�P�U�K�V�[���O�C�V�T�K�Z���H�Q�T�O�C�N�K�U�O

The matrix element squares are

|M !! ! !! |2 =
! 4(p áq)(p1 áq1)

(s ! m2
" )2 .

|M ! ø! ! ! ø! |2 =
! 4(p áq1)(p1 áq)

(t ! m2
" )2 .

(28)

Nicely, the density matrix in the integrand does not depend onp and q. We can do these
two integrals and get the scattering cross section for" (p1),

!
d3#p

(2$)32p0

!
d3#q

(2$)32q0 (2$)4%4(p+ q! p1! q1)( |M !! ! !! |2+ |M ! ø! ! ! ø! |2) = (2 p0
1)(2q0

1)&svm ,

(29)
Here &svm is a function of the center of mass energysCM = ( p1 + q1)2.

As a result,

Cs(p1) =
!

d3 #q1

(2$)3 &svm

"
0 ! f 12(p1)f 22(q1)

! f 12(p1)f 22(q1) 0

#
" !

! s

2

"
0 f 12(p1)

f 12(p1) 0

#
,

(30)

where

! s = 2 #
!

d3 #q1

(2$)3 &svmf 22(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
' f 11

' logz
=

i
2

# sin(2( )( f 12 ! f 21) ,

H
' f 12

' logz
=

i
2

[# sin(2( )( f 11 ! f 22) + 2( # cos(2( ) ! VT )f 12] ! (! a + ! s)f 12/ 2 ,

H
' f 21

' logz
= !

i
2

[# sin(2( )( f 11 ! f 22) + 2( # cos(2( ) ! VT )f 21] ! (! a + ! s)f 21/ 2 ,

H
' f 22

' logz
= !

i
2

# sin(2( )( f 12 ! f 21) .

(32)

These are now coupled integro-di" erential equations, because! s depends onf 22 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-shells-channel ) -exchange. For this to be true, we
must assumem" > m 4. Repeating what we did in previous works, the"" $ ""
cross section in the narrow width approximation takes the form

&!! ! !! % $! 2%(sCM ! m2
" ) =

$! 2

2p0
1q0

1
%(cos( ! cos( " ) , (33)
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