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We revisit sterile neutrino production enabled by nonstandard interactions (NSIs) among active
neutrinos mediated by new bosons. We focus on vector mediators, including neutrinophilic, gauged
Lμ − Lτ, and B − L realizations, that modify in-medium dispersion and scattering, thereby altering the
active-sterile conversion history. Building on a novel production framework with NSI thermal potentials
and collision integrals, we compute nonthermal phase-space distributions across sterile neutrino mixing
and NSI parameters and map each point to an equivalent thermal warm dark matter particle mass mth via
linear theory transfer function fitting with the cosmological structure formation Boltzmann solver. This
enables a direct reinterpretation of state-of-the-art structure formation limits from Milky Way satellites,
strong lensing, and the Lyman-α forest. These limits, in conjunction with x-ray decay searches, as well as
results from a wide variety of particle physics experiments allow for a more complete examination of these
models. We find that these vector-mediated models are ruled out when the full combination of current
constraints, listed above, are taken into account. NSI scalar-mediated models and models with low
reheating temperatures remain viable.
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I. INTRODUCTION

The particle identity of the dark matter (DM) is
unknown, but sterile neutrinos remain a particularly
well-motivated candidate, emerging naturally in neutrino
mass models and offering multipronged probes via nuclear
decay searches, as well as in cosmology and x-ray
astronomy [1,2]. Sterile neutrinos are an electroweak
singlet state, νs, that can mix with να of the standard
model flavors νe, νμ, and ντ. The lightest sterile flavor
eigenstate can be written as

νs ¼ cos θ ν4 þ sin θ νi; ð1Þ

where ν4 is the mass eigenstate most closely associated
with the sterile neutrinos, and νi is the lighter mass
eigenstate with which the sterile neutrino mixes in the
two-neutrino mixing approximation. Given the requirement

of the small mixing θ ≪ 1 for mechanisms of sterile
neutrino dark matter production, we will follow standard
usage and refer to mass of ν4 as that of the sterile neutrino.
Production via oscillations in the early Universe was

first proposed by Dodelson and Widrow (DW) [3] and
later extended to resonant conversion in the presence
of lepton asymmetry by Shi and Fuller (SF) [4]. The
DW mechanism—involving only standard model active-
neutrino interactions—is now excluded as the sole source
of the full dark matter density, based on a combination
of x-ray nondetections and structure formation constraints
[5]. In contrast, SF production remains viable within regions
of ðms; sin2 2θÞ where small mixing angles and large
lepton asymmetries provide sufficient freedom (see, e.g.,
Refs. [6–8]), particularly when accounting for recent results
that permit large lepton asymmetries during production, as
discussed in the Ref. [9].
A different and distinct avenue for dark matter production

leverages enhanced active-neutrino interactions via non-
standard interactions (NSIs), specifically among active
neutrinos mediated by new bosons, which are not part of
the standard model. These augmented active-neutrino inter-
actions increase sterile neutrino production for a given
mixing angle in oscillation-based production. The first
models considered for augmenting the active-neutrino inter-
actions involved a new scalar [10], and subsequent models
considered vector mediators for the self-interaction [11,12].
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These new interaction cases have distinct laboratory signa-
tures as well, which complement cosmological sensitivities
to these properties. Such interactions modify the in-medium
potential and augment collisional damping, which govern
active-sterile conversion, allowing the DW mechanism to
potentially remain viable in producing the full dark matter
density when including appropriate levels of these inter-
actions. These NSI works have emphasized that the combi-
nation of enhanced scattering and altered dispersion relations
can yield sterile neutrino DMwith phase-space distributions
(PSDs) and linear power spectra that differ from both
standard DW and SF cases. Moreover, structure formation
data have begun to constrain specific NSI production
scenarios. For example, strong self-coupling with heavy
(≳GeV) scalar mediators are now excluded as an origin for
all of the DM [13].
An alternative series of production mechanisms consider

new bosons mediating sterile neutrino interactions, includ-
ing a new vector Z0 that can produce the sterile neutrino
dark matter via decay [14]. Or, the mediator can modify
sterile neutrino self-interactions, altering the Boltzmann
production process [15], and can open up a new parameter
space for sterile neutrino dark matter production [16–18].
In another mechanism, the mediator can transfer oscilla-
tion-based sterile neutrinos to lower-mass sterile neutrinos
for dark matter production [19].
In this work, we present a systematic study of sterile

neutrino dark matter produced through vector-mediated
NSI. Our central method is to map each model point onto
an equivalent thermal warm dark matter (WDM) particle
mass,mth, using linear theory transfer functions determined
from linear structure formation Boltzmann calculations.
This approach enables the direct application of the latest
cosmological data, including constraints from Milky Way
satellite counts and strong-lensing substructure, which
together require mth > 8.5 keV (95% C.L.) [20],1 as well
as the preference for WDM from the Lyman-α forest flux
power spectrum, mth ¼ 4.1þ33.3

−1.5 keV [22]. Sterile neutrino
dark matter, however, is nonthermal, and these limits must
be converted to where its particle mass produces commen-
surate effects [20].
Complementary bounds on sterile neutrino dark matter

arise from x-ray searches targeting the monochromatic
decay line at Eγ ≃ms=2 [24,25]. These searches provide
stringent constraints on the active-sterile mixing angle,
sin2ð2θÞ, across a wide mass range, with leading limits
established by Chandra, XMM-Newton, NuSTAR, and

INTEGRAL/SPI in the ∼5–1000 keV window [26–31].
There has been considerable interest at the 7 keV particle
mass scale due to the detection of an unidentified line at
3.5 keV [32,33], though this signal is highly constrained by
the aforementioned limits.
Our goals are threefold: (i) present a transparent pro-

duction and structure formation analysis framework for
several vector NSI models that handles a large range of
parameter values between the light and heavy mediator
regimes, (ii) quantify, via themth mapping, how small-scale
structure and astronomical x-ray observations discriminate
among NSI models and their internal parameter spaces, and
(iii) combine the former constraints with those from the
particular particle physics models, arising both from
astrophysical and lab-based searches, in order to develop
a complete picture of the current state of vector-mediated
NSI-based production.

II. VECTOR-MEDIATED NONSTANDARD
INTERACTION MODELS

Following the framework of Ref. [11], we consider three
classes of vector-mediated NSI models for sterile neutrino
dark matter. In each case, the sterile state νs mixes slightly
with an active neutrino, which we take to be the muon
neutrino, enabling production via oscillations in the early
Universe. The novel ingredient is an additional vector
boson V, which modifies both the active-neutrino thermal
potential VT and scattering rate Γ, reshaping the production
history compared to the standard DW scenario. Below, we
summarize the essential features of each model.

A. Neutrinophilic vector

The simplest possibility is a vector boson that couples
only to active neutrinos. At low energies, such couplings
can be written as

LνV ¼
X

α;β¼e;μ;τ

λαβν̄αγ
ρνβVρ; ð2Þ

with effective strengths λαβ arising from higher-dimen-
sional operators.
This “secret” interaction enhances ν–ν scattering, pro-

longs thermalization, and modifies VT such that sterile
neutrinos can be produced efficiently through active-sterile
oscillations. Depending on the mediator mass mV and
coupling strength, three distinct regimes emerge: produc-
tion dominated by heavy off-shell exchange, by on-shell
vector decays, or by light mediator scattering (see [11] for
details).

B. Gauged Uð1ÞLμ −Lτ

A second realization is the anomaly-free Uð1ÞLμ−Lτ

gauge extension. The new boson couples to second- and
third-generation leptons as

1We have modified these mth values to the more accurate
thermal WDM transfer functions of Ref. [21], and provide this
correction in Eq. (7) in Ref. [9]. Within their respective analyses,
using prior thermal WDM transfer functions, these works infer a
thermal WDM preference of mth ¼ 4.5þ40.5

−1.4 keV in the Lyman-α
forest data [22] and constraints ofmth > 9.7 keV (95% C.L.) [23]
for galaxy counts and mth > 9.8 keV (95% C.L.) from a
combination of galaxy counts and strong lensing [20].
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LLμ−Lτ
¼ gμτVαðμ̄γαμ − τ̄γατ þ ν̄μγ

αPLνμ − ν̄τγ
αPLντÞ:

ð3Þ

As in the neutrinophilic scenario, we assume that the sterile
neutrino dark matter state ν4 contains a small νμ compo-
nent, parametrized by a mixing angle θ. However, this
mixing cannot arise directly from the Yukawa term in
Eq. (1), since νs must remain a singlet under Uð1ÞLμ−Lτ

to
prevent it from thermalizing fully in the early Universe.
Instead, the mixing is generated via a higher-dimensional
operator,

yενTs CHTðiσ2ÞL
�
ϕ

Λ

�
þ H:c:; ð4Þ

where ϕ is a complex scalar field that Higgses the
Uð1ÞLμ−Lτ

symmetry and carries charge opposite to that

of L ¼ ðνμ; μÞT . This construction ensures that νs mixes
only weakly with νμ while avoiding full equilibrium with
the thermal bath, thereby preserving the conditions for
oscillation-based production [11].
In this case, sterile neutrino production again proceeds

through oscillations, but now driven by νμ or ντ scattering
mediated by V. The mechanism resembles the neutrino-
philic scenario, but with additional charged-lepton cou-
plings that alter both early-Universe scattering rates and
laboratory phenomenology. This model is notable for also
potentially addressing the ðg − 2Þμ anomaly [34,35], pro-
viding complementary motivation beyond dark matter. As
shown in Ref. [11], the same trio of production regimes is
present, but with a more complex set of interaction rates
due to the leptonic physics.

C. Gauged Uð1ÞB−L
Finally, we consider the gauged Uð1ÞB−L symmetry, a

well-motivated extension of the standard model in which all
fermions carry a universal charge. The corresponding
interaction is

LB−L ¼ gBLVα

�
1

3
q̄γαq − lγαl − ν̄γαPLν

�
; ð5Þ

where Vα is the new gauge boson.
In the early Universe, this coupling modifies both the

thermal potential and scattering rates of active neutrinos,
allowing for resonant production of sterile neutrino dark
matter. Compared with the flavor-specific Uð1ÞLμ−Lτ

case,
however, the universal coupling to electrons and quarks
leads to much stronger laboratory and collider bounds. As a
result, the viable parameter space for achieving the
observed relic abundance is significantly more restricted.
Current exclusions from beam dumps, eþe− colliders,

and precision experiments already rule out much of the

region compatible with keV-scale sterile neutrino dark
matter. The remaining window will be fully probed in
the near future by Belle-II [36], LDMX [37], and the LHC
forward experiment FASER [38]. Thus, while Uð1ÞB−L
provides a natural and predictive framework for vector-
mediated nonstandard neutrino interactions, it is also the
most experimentally constrained of the models consid-
ered here.
In summary, these three models illustrate distinct but

related incarnations of vector-mediated NSIs. Each modi-
fies active-neutrino dynamics in the early Universe, reshap-
ing sterile neutrino dark matter production and providing
experimentally testable signatures. In the following, we
extend the analysis of Ref. [11] by connecting these models
directly to thermal WDM equivalents and the correspond-
ing structure formation constraints, before mapping directly
onto the full sterile neutrino parameter space.

III. METHODS

A. Production with NSIs

As in the DW mechanism, sterile neutrino dark matter is
produced through active-sterile oscillations in the thermal
bath. The crucial difference is that the new vector boson
modifies both the thermal potential experienced by active
neutrinos as well as their collisional rate, and thus damping.
These modifications can qualitatively alter the production
history.
The evolution of the sterile phase-space distribution

fsðp; TÞ is governed by a Boltzmann-like equation, in
which the rate of production per mode depends on the
effective in-medium mixing angle. In schematic form,

dfs
d ln z

¼ Γα

4H
sin2 2θefffα;

sin2 2θeff ¼
sin2 2θ

sin2 2θ þ ðcos 2θ − VÞ2 þD2
; ð6Þ

whereV ≡ 2EVT=Δm2 encodesmatter effects from forward
scattering in the medium, and D≡ ΓαE=Δm2 represents
collisional damping, sometimes referred to as the quantum
Zeno effect. The term Δm2 ¼ m2

s −m2
a ≈m2

s , for keV-scale
sterile neutrinos. The variable z≡ μ=T, with μ≡ 1 MeV, is
used to conveniently parametrize cosmic time.
The opacity Γα and potential VT now include NSI

contributions from V exchange in both forward scattering
and 2 ↔ 2 processes. These quantities are evaluated with
the appropriate thermal corrections: finite-temperature
screening of the propagator, instantaneous decoupling of
species as they become nonrelativistic, and the opening or
closing of additional scattering channels. In practice, the
structure of the production equation remains the same as in
the standard model case, but the parametric dependence of
VT and Γα on the new coupling gV and mediator mass mV
can change production dramatically.

COSMIC STRUCTURE STRIKES BACK: THE ELIMINATION OF … PHYS. REV. D 112, 123022 (2025)

123022-3



This framework smoothly interpolates using precom-
puted integrals between the known analytic limits. In the
heavy mediator regime (T ≪ mV), the NSIs reduce to con-
tact interactions, reproducing the scaling Γ ∝ g4VT

5=m4
V and

a negative thermal potential ∝ −g2VET4=m4
V , in agreement

with [11]. In the opposite light mediator limit (T ≫ mV),
the mediator behaves like a new relativistic species in the
plasma, yielding a positive contribution to the potential
∝ g2VT

2=E, again consistent with analytic expectations. We
have benchmarked our numerical implementation against
these limits, and against the scalar-mediated case of [10],
which is recovered upon the replacements gV → λ
and mV → mϕ.
In summary, NSIs leave the formal structure of the

production mechanism intact but substantially reshape
the thermal environment in which oscillations occur.
Depending on the sign and magnitude of the induced
potential, production can be resonantly enhanced, sup-
pressed until late times, or dominated by mediator
decay. This richer phenomenology underpins the distinct
parameter space features we discuss in the following
sections.
Numerics and tables. For speed and stability, we

precompute a grid of NSI potentials and collision integrals
on a table in ðE=T; T;mV=T; gVÞ spanning the ranges used
in the scans, with logarithmic spacing in all ratios. We
verify table interpolation against direct integrals at random
points to percent-level for VT and few-percent for Γα in
both mediator regimes.
Grids and parameters. We perform logarithmic grids in

the model parameters,

ms=keV∈ ½100; 103�; sin2ð2θÞ∈ ½10−23; 10−6�;
gV ∈ ½10−8; 100�; mV=GeV∈ ½10−3; 102�; ð7Þ

with fixed mediator choices per model (neutrinophilic,
Lμ − Lτ, and B − L). For scalar comparisons we use the
same ms– sin2ð2θÞ grids with representative mϕ bench-
marks, as in [10,13]. Throughout this work, we integrate
the driving equation from Thigh ≈ 100 GeV to T low ≈
100 keV in order to capture all possible production,
although in many cases relevant production only occurs
in a small window of cosmic history.

B. Relating gV and mV

For a sterile neutrino of given ðms; sin2 2θÞ, successful
production of the observed dark matter density does not
occur uniformly across all values of the mediator coupling
gV and mass mV . Instead, only specific combinations of
ðgV;mVÞ yield the correct total relic abundance. When
projected into the ðgV;mVÞ plane, the viable points trace out
a characteristic “S-curve” relation.
This relation plays a crucial role in our analysis: for each

ðms; sin2 2θÞ point in the scan, only those ðgV;mVÞ pairs

lying on the S-curve are physically relevant and are passed
on to subsequent stages of our pipeline. In effect, this
constraint reduces the dimensionality of the model param-
eter space—rather than scanning a full four-dimensional
space ðms; sin2 2θ; gV; mVÞ, the problem is effectively
reduced to three dimensions.
Operationally, we determine the S-curve for each

ðms; sin2 2θÞ point by employing a numerical root-finding
procedure. The root solver is coupled directly to the
production code, iteratively adjusting ðgV;mVÞ until the
calculated sterile neutrino abundance matches the observed
dark matter density. The resulting set of viable ðgV;mVÞ
points thus defines the surface of solutions that maps
directly onto our subsequent cosmological and astro-
physical analyses. In practice, there are three regions
along the curve, which have distinct phenomenological
characteristics.
As an example, Fig. 1 shows this characteristic relation

for two example points, labeled within the figure. The
PSDs associated with them are shown in Fig. 2. Further
details of the apparent structure are given in Sec. III D.

C. Mapping to structure formation

For each PSD output at T low, we compute the linear matter
power spectrum with CLASS [39], using Planck 2018
baseline parameters, specifically thebest estimate parameters
from the TT;TE;EEþ lowEþ lensing column in Table 2
and including one massive neutrino with

P
mν ¼ 0.06 eV

[40]. We then form the relative transfer function

TðkÞ≡ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
PmodelðkÞ=PΛCDMðkÞ

p
; ð8Þ

FIG. 1. The gV-mV relations are presented for two points using
the neutrinophilic production model. Each curve represents the
valid region of parameter space where the production creates the
full relic dark matter density. Point A highlights the high-mass
case, point B highlights the intermediate-mass case, while point C
highlights the low-mass case.
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and fit to the calibrated thermal-WDM template to define an
equivalent mth for each model point. We adopt the updated
calibration of thermal-WDM suppression for largemth from
[21], which corrects the older Viel et al. mapping and is
particularly important above a few keV.

D. Momentum spectra and transfer functions

Across the ðgV;mVÞ plane we identify three qualitative
regimes, familiar from Ref. [11]: (i) a contactlike heavy
mediator limit (mV ≫ T) where enhanced scattering domi-
nates and the PSD tends to be relatively warm (larger
hp=Ti), (ii) an intermediate regime where dispersion and
scattering both matter, yielding PSDs with colder cores and
modest warm tails, and (iii) a light mediator regime
(mV ≪ T) with forward-scattering dominated potentials
and screening-regulated rates that can efficiently populate
low-momentum modes, producing cooler spectra. In all
regimes we find that the linear theory transfer function is
well captured by a single-parameter thermal-WDM fit at
the ≲Oð10%Þ level near the TðkÞ ¼ 1=2 scale, enabling a
sufficiently accurate mth assignment model-by-model.

E. Astrophysical and particle constraints used

Once mapped to mth, each model point can be directly
confronted with the most stringent astrophysical structure
formation probes. Joint analyses of Milky Way satellite
counts and strong-lensing substructure requiremth ≳ 8 keV
at 95% C.L. [20,23]. Independent constraints from the one-
dimensional Lyman-α forest flux power spectrum yield
mth > 3.1 keV (95% C.L.) and show a mild preference for
mth ≃ 4–5 keV [22].
In parallel, we impose x-ray decay limits in the

ðms; sin2ð2θÞÞ plane, drawing on Chandra, XMM-
Newton, and NuSTAR Galactic halo long-exposure and
all-sky stray-light analyses, together with stacked-field
observations from INTEGRAL/SPI [29–31,41,42].

In addition to the above astrophysical sources of
insight into the sterile neutrino parameter space, in the
presence of an NSI mechanism, relevant particle physics
data can be used to further constrain the model. These
experimental data sources are numerous and reviewed in
more detail in Ref. [11]. In practice, we can apply a filter
that removes all points in our 4D space that are excluded
based on their gV and mV before using constraints from
structure. It is only by taking these in combination that
the most robust constraints can be applied to each NSI
production mechanism for sterile neutrino dark matter.

IV. RESULTS

In this section we present the main results of our
analysis, focusing on three representative realizations of
vector-mediated nonstandard interactions. For each case,
we compare the constraints from structure formation
alone with those obtained after incorporating particle
physics limits on the underlying interaction model.
Figure 3 shows the allowed regions in the ðms; sin2ð2θÞÞ
plane, together with the impact of the additional model-
specific constraints.

A. Neutrinophilic

For the neutrinophilic vector, production is efficient over
a broad range of ðms; sin2ð2θÞÞ values. Figure 3 shows the
application of the various constraints to the full sterile
neutrino parameter space. Using structure formation data
alone, the neutrinophilic scenario is excluded up to
ms ≃ 70 keV. When combined with laboratory and astro-
physical limits on the new interaction, however, the full
parameter space is excluded at the 95% C.L. This dem-
onstrates the complementarity of cosmological and particle
physics probes.

B. Gauged Uð1ÞLμ −Lτ

In the Lμ − Lτ case, the interplay between resonant
production and stronger experimental limits leads to a more
restricted parameter space. Figure 3 displays the corre-
sponding constraints mapped onto the full sterile neutrino
parameter space. While the contour arising from cosmic
structure is broadly similar to that seen in the neutrino-
philic case, the stricter constraints coming from laboratory
experiments, particularly from neutrino trident scattering
with Columbia–Chicago–Fermilab–Rochester collabora-
tion [43], lead to a very narrow region that bounds from
both sides to create a small pocket of allowed parameter
space after the structure is applied on top of the particle
constraints. The final result is the strong exclusion of the
mechanism at much higher than 95% C.L.

C. Gauged Uð1ÞB−L
Finally, for the B − L extension, the universal couplings

to baryons and leptons lead to strong laboratory bounds,

FIG. 2. Shown here are the PSDs associated with the labeled
points in Fig. 1.
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but the specific form of PSD produced tends to relax the
combined particle-astrophysical bounds. The full sterile
neutrino parameter space is shown in Fig. 3. We find
that the B − L model is still excluded, but only at the
95% C.L, particularly near the ms ≃ 70 keV region. The
relatively weak exclusion in this model results from the
comparatively large mediator masses required for a
given mixing angle as the sterile mass increases. We
find that the coupling needed as sterile mass increases is
not monotonic, instead increasing and then decreasing
across the range of sterile neutrino masses considered.
This feature is not sufficient to evade current con-
straints, and the production mechanism is unable to
satisfy all constraints while producing the full dark
matter density.

V. DISCUSSION AND CONCLUSIONS

We developed and applied a production-to-structure
pipeline for sterile neutrino dark matter produced via

vector-mediated nonstandard neutrino interactions. The
framework extends DW production to include NSI thermal
potentials and collision integrals with a validated light/
heavy mediator interpolation, generates nonthermal PSDs
across ðms; sin2ð2θÞ; gV; mVÞ grids, and maps each point to
an equivalent thermal relic mass mth via transfer function
fitting in CLASS, while noting particle physics relevant
parameters for use in additional screening. This enables
appropriate use of structure formation bounds for each
model, alongside orthogonal x-ray decay constraints in the
ðms; sin2ð2θÞÞ plane.
In the case of modifications to early-Universe cosmic

history with low-reheating temperature scenarios, the lack of
a sustained period of neutrino interactions above Big Bang
nucleosynthesis allows forNSI productionwith larger active-
sterile mixing, and commensurately smaller NSI strength
[12]. The constraints on the model parameters are relaxed in
these scenarios. In our results, the approximate lower bound
on ms imposed by structure for all three vector-mediated

FIG. 3. Shown is the full sterile neutrino dark matter parameter space under neutrinophilic vector-mediated NSI production, Lμ − Lτ

vector-mediated NSI production, and Lμ − Lτ vector-mediated NSI production. The blue line is the standard DW production band. The
dashed orange contour is the thermal WDM particle mass lower bound from Zelko+ [20], disfavoring the region left of the line. The
green dashed line is structure in addition to particle physics bounds, as described in Ref. [11]. The red cross-hatched x-ray exclusion
region is the combination of Chandra, XMM-Newton, NuSTAR, and SPI/INTEGRAL at 95% C.L. upper limits [29–31,41,42].
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models is at the ∼70 keV scale. When combined with the
results in Fig. 5 of Ref. [12], this potentially allows for viable
remaining parameter space. Exploration of low-reheating
temperature NSI models’ impact on structure formation is
left for future work.
In summary, our main finding is the exclusion of all three

vector-mediated models studied at the 95% C.L. or above
in the case of standard thermal history in cosmology. The
sterile neutrino particle mass and mixing angle parameter
space constraints on all three vector-mediated cases are
very similar to those for the scalar-mediated case when we
only consider structure. However, the greater sensitivity of
noncosmological probes of vector-mediated models leads
to these vector-mediated models being fully ruled out,
while the scalar-mediated models remain viable. This result
is significant in that it demonstrates the limitations of
common NSI models that were previously understood to
evade the wide variety of constraints imposed on sterile
neutrino models seeking to produce the full dark matter
density. While other NSI models, including scalar-medi-
ated models, remain viable in particular regimes [13], our
framework provides an extended method for the application
of the full space of constraints to the standard sterile
neutrino parameter space. If dark matter is in the neutrino
sector as a sterile neutrino, NSI in the active neutrinos
produces a rich phenomenology that can be tested in the
laboratory, in x-ray astronomy, as well as through structure
formation, and it remains uncertain if or when a definitive
signal will emerge.
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