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Abstract: Sterile neutrinos with masses at the keV scale and mixing to the active neu-
trinos offer an elegant explanation of the observed dark matter (DM) density. However, the
very same mixing inevitably leads to radiative photon emission and the non-observation
of such peaked X-ray lines rules out this minimal sterile neutrino DM hypothesis. We
show that in the context of the Standard Model effective field theory with sterile neutri-
nos (νSMEFT), higher dimensional operators can produce sterile neutrino DM in a broad
range of parameter space. In particular, νSMEFT interactions can open the large mixing
parameter space due to their destructive interference, through operator mixing or matching,
in the X-ray emission. We also find that, even in the zero mixing limit, the DM density
can always be explained by νSMEFT operators. The testability of the studied νSMEFT
operators in searches for electric dipole moments, neutrinoless double beta decay, and pion
decay measurements is discussed.
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1 Introduction

The observation of neutrino oscillations establishes≫ 5σ evidence for beyond the Standard
Model (BSM) physics [1, 2]. Furthermore, astrophysical and cosmological observations
demonstrate that ∼ 26% of the energy density of our Universe is attributed to a BSM
matter component [3]. It is well known that the introduction of sterile neutrinos in the
Standard Model (SM) can solve both problems simultaneously, while being minimal in
the theoretical realization [4–6]. The light neutrino mass spectrum in the arguably most
minimal framework, the type-I seesaw [7–10], can be generated by two sterile neutrinos,
which mix to the active sector via Yukawa interactions. It was first pointed out by Dodelson
and Widrow (DW) that the inclusion of a third sterile neutrino (νs) with mass at the keV

scale and small mixing can account for the DM density [6]. Its non-thermal production in
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the minimal realization fixes a unique relation between the active-sterile neutrino mixing,
θ, and the sterile neutrino mass mνs :

θ2DW ≃ 2× 10−8

(
keV

mνs

)2

. (1.1)

However, for the νs to be DM, the resulting mixing is experimentally excluded due to
non-observations of X-rays arising from the radiative decay νs → νaγ [11–13]. A plethora
of proposals extending the DW mechanism to circumvent the X-ray constraint exist in
literature and they can be divided into the following two classes: i) Lower the mixing of
Eq. (1.1) required to meet the correct DM abundance. This can be achieved for example
by introducing additional interactions of the sterile neutrino [14–25] or via its resonant
production in a background of large lepton asymmetries [26]. ii) For mixings as large as
those of Eq. (1.1) additional sterile neutrino interactions lead to a destructive interference
on the amplitude level of νs → νaγ [27].

Current analyses in the literature so far have been limited to specific models and as-
sumptions. In this paper we propose an agnostic approach to the sterile neutrino DM
phenomenology within the context of effective field theories (EFTs). In particular, we con-
sider the Standard Model Effective Field Theory (SMEFT) [28, 29], extended by sterile
neutrinos (νSMEFT) [30–33], and study the effects of sterile neutrino interactions includ-
ing up to dimension-6 operators. Both modifications of the original DW mechanism as
pointed out above in i) and ii) are found in the νSMEFT context. Special attention is paid
to νSMEFT operators leading to neutrino photon dipoles at low energies. By generalizing
to dipole operators the 1-loop renormalization group equations (RGEs) [34–36] and 1-loop
matching corrections at the electroweak scale (EW) [37, 38], we find that seven out of
sixteen of the dimension-6 νSMEFT operators can induce sizable neutrino photon dipoles.
For each of them, we identify the new physics scale at which X-ray constraints are evaded
while the sterile neutrino can be DM.

The paper is organized as follows. In Sec. 2 we first provide a concise review of neu-
trino masses and discuss the diagonalization of the neutrino mass matrix. Then we intro-
duce the νSMEFT basis, derive the RGEs for the mixing of dimension-6 operators onto
dipoles in νSMEFT, calculate matching corrections at the EW scale, and discuss additional
renormalization group evolution from the EW scale to low energy in the sterile neutrino
extended Low Energy EFT (νLEFT). In Sec. 3 the sterile neutrino DM production via
mixing and the associated constraints are discussed. Then we derive the DM production
via dimension-6 νSMEFT interactions and confront the found parameter space to X-ray
constraints on sterile neutrino DM. Special attention is paid to scenarios in which X-ray
emission i) is suppressed due to destructive interference effects and ii) arises solely from
tree-level νSMEFT interactions. For both cases we demonstrate that the sterile neutrinos
can match the observed DM abundance. Sec. 4 considers possible laboratory probes for the
νSMEFT interactions that can lead to sterile neutrino DM. In Sec. 5 we conclude.
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2 Neutrino masses, νSMEFT and νLEFT

In this section we discuss neutrino masses and νSMEFT renormalization group (RG) run-
ning and its matching onto νLEFT.

2.1 Neutrino mass matrix and diagonalization

Extending the SM with n ≥ 2 sterile neutrinos, νR, which are singlets under the SM gauge
groups, leads to the following renormalizable Lagrangian at dimension 4:

L(d=4) = LSM + iν̄iR /∂ν
i
R −

∑

α,i

L̄αY αi
ν H̃νiR −

n∑

i,j=1

1

2
νc

i
RM

ij
R ν

j
R + h.c. . (2.1)

Yν is a 3 × n complex matrix parametrizing the Yukawa interactions and MR is a n × n
complex symmetric matrix giving rise to Majorana masses and breaks global lepton number.
The SM lepton doublet is denoted by L and the conjugate of the SM Higgs doublet is
H̃ = iσ2H

∗. We denote the conjugate fermion fields as ψc = Cψ̄T and ψc = ψTC, with
C = iγ0γ2 the charge conjugation matrix. In terms of UV-complete models involving sterile
neutrino, for example, left-right symmetric models [39–41] and leptoquark models [42, 43],
it is natural to assume that other new particles that interact with νR are also present.
If these particles are relatively heavy, which is motivated by current collider experiments,
such interactions are expressed by higher-dimensional, gauge-invariant non-renormalizable
operators at low energy:

LνSMEFT = L(d=4) +
∑

d=5

∑

I

C(d)I

Λd−4
OI

(d) , (2.2)

where operators O(d≥5) are constructed from the SM fields plus νR, C(d)I denote the dimen-
sionless Wilson coefficients of mass dimension d weighted by the EFT cut-off scale Λ. As we
will see in the following, some interactions in LνSMEFT can generate light neutrino masses.

After EW symmetry breaking, the full neutrino mass matrix can be written as

Lmass = −
1

2
N cMνN + h.c. , Mν =

(
mL m∗

D

m†
D MR

)
, (2.3)

with N = (νL, ν
c
R)

T . Here mD = vYν/
√
2, while mL is induced by the higher dimensional

operators in Eq. (2.2), as will be shown explicitly in Eq. (2.27). We can always choose a
basis in which MR is real and diagonal. To find the mass eigenstates of the neutrino tuple
N , the matrix Mν has to be diagonalized by a unitary matrix U , i.e.

UTMνU = diag(m,M) , (2.4)

where m (M) denote the active (sterile) neutrino mass eigenstates. The unitary matrix is
well approximated by [44]

U ≃
(

UPMNS θ

−θ†UPMNS 1

)
, (2.5)
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which assumes that the mixing in the active sector is nearly unitary (which is justified at
the (sub-) percent level precision [45–47]) and described by the Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix UPMNS,1 as well as the mixing between sterile and left-handed neutri-
nos is small and characterized by the 3× n matrix θ. The relation to the physical neutrino
masses thus induces the following relation [49, 50]

UPMNSmU
T
PMNS = m†

L − θMRθ
T , (2.6)

θM −m†
Lθ

∗ = mD , (2.7)

M =MR . (2.8)

Further assuming that m†
L ≪ θMRθ

T ,2 we can express the active-sterile neutrino mixing as

θ = iUPMNS

√
mR†M−1/2 . (2.9)

Here R denotes a n × 3 complex orthogonal matrix and can be generically parametrized
via a rotation matrix with (n2 − n)/2 complex angles. For the case of n = 3 the explicit
form of R is given in Eq. (A.5). This allows to express the mixing of the active to sterile
neutrinos via a parametrization which directly accounts for the constraints from neutrino
oscillation experiments. A derivation of this so known Casas-Ibarra parametrization [51] is
given in App. A.

Within the scope of the present paper, we will focus on the explicit scenario with n = 3

sterile neutrinos and assume mνs ≡ mν4 ≪ mν5 ≤ mν6 . In particular, the two heavier sterile
neutrinos induce two masses for the light neutrinos and therefore explain the measured light
neutrino mass splitting [1, 2]. On the other hand, the lightest sterile neutrino is assumed
to have mass at the O(keV) scale and thus can be a DM candidate, as will be shown in
Sec. 3. This lightest sterile neutrino represents the main focus of the analysis. Note that
we can assume without loss of generality the sterile neutrino ν4 to be the DM candidate for
normal hierarchy (NH) and inverted hierarchy (IH). For the IH scenario, in the mixing of
Eq. (2.9) we thus need to replace R† 7→ R†P with a 123 7→ 312 permutation matrix

P =



0 1 0

0 0 1

1 0 0


 . (2.10)

2.2 νSMEFT: operator basis and running

The renormalizable Lagrangian in Eq. (2.1) can be extended to include the most general
set of interactions invariant under the SM SU(3)c × SU(2)L × U(1)Y gauge group and
the Lorentz group, organized according to their canonical dimension, which leads to the
Lagrangian of Eq. (2.2). The operators of lowest dimension arise at dimension 5, and are

1We follow the parametrization for UPMNS as given in Chapter 14 Neutrino Masses, Mixing, and Oscil-
lations of the particle data group [48].

2This is justified at tree level if the dimension-5 Weinberg operator is located at a high scale and at loop
level in the context of the present analysis as we will show in Eq. (2.27) together with the numerical result
of Sec. 3.4.1.
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ψ2H3 ψ2H2D ψ2HX(+H.c.)
OLνH(+H.c.) (L̄νR)H̃(H†H) OHν (ν̄Rγ

µνR)(H
†i
←→
DµH) ∗OνB (L̄σµννR)H̃B

µν

∗OHνe (ν̄Rγ
µe)(H̃†iDµH) ∗OνW (L̄σµννR)τ

IH̃W Iµν

(R̄R)(R̄R) (L̄L)(R̄R) (L̄R)(L̄R) and (L̄R)(R̄L) (+H.c.)
Oνν (ν̄Rγ

µνR)(ν̄RγµνR) OLν (L̄γµL)(ν̄RγµνR)
∗OLνLe (L̄iνR)ϵ

ij(L̄je)

Oeν (ēγµe)(ν̄RγµνR) OQν (Q̄γµQ)(ν̄RγµνR)
∗O(1)

LνQd (L̄iνR)ϵ
ij(Q̄jd)

Ouν (ūγµu)(ν̄RγµνR)
∗O(3)

LνQd (L̄iσµννR)ϵ
ij(Q̄jσµνd)

Odν (d̄γµd)(ν̄RγµνR)
∗Oduνe (d̄γµu)(ν̄Rγµe) OQuνL (Q̄iu)(ν̄RL

i)

Table 1. The dimension-six νSMEFT operators involving νR (with L and B conserved) [32, 33, 36].
The operators highlighted in bold, red and marked with a star (∗) in front can lead to a relevant
photon dipole operator.

suppressed by one power of new physics scale Λ. Odd-dimension operators in νSMEFT
break lepton number [52], in particular, dimension-5 operators break lepton number by two
units. Without sterile neutrinos, one can write the Weinberg operator [53], which at low-
energy gives rise to Majorana masses for left-handed neutrinos. In addition, it is possible
to write a transition magnetic moment for sterile neutrinos and a dimension-5 correction
to the the sterile neutrino Majorana mass

L(5) = C5

Λ
εklεmnLcT

kLmHlHn +
CR
νB

Λ
νcR σ

µννRBµν +
CνH

Λ
νcRνRH

†H , (2.11)

where the coefficients carry flavor indices, which we do not indicate.
The complete set of dimension-6 operators with sterile neutrinos was constructed in

Refs. [32, 36], and we summarize them in Tab. 1. At tree level, the operators in Tab. 1
can influence many processes, from β decay and neutrinoless double beta decay (0νββ),
to neutrino-nucleus scattering, to Z, W and Higgs decays. Here we are mostly interested
in operators that can contribute to X-ray spectra of galaxies and galaxy clusters, in the
case in which the lightest sterile neutrino constitutes DM. These corrections are dominantly
induced by the low-energy Dirac photon dipole operator,

Ldipole =
1

v
CνF

rs
ν̄rLσ

µννsRFµν + h.c. . (2.12)

As we will see in Sec. 3.4.1, non-observation of X-rays gives an extremely strong bound
on the above photon dipole operator, e.g., |CνF | < O(10−17) for mνs = 100 keV. This
corresponds to Λ > O(1015)GeV assuming CνF /v = 1/Λ. In what follows, we discuss all
possible contributions from dimension-6 νSMEFT operators listed in Tab. 1 to the neutrino
dipole operators employing full 1-loop RG running and 1-loop matching.3

3Our analysis corresponds to next-to-leading-log (NLL) [54, 55] order in RGE and matching. Leading-
log (LL) contributions arise from the solution of the 1-loop RGEs in νSMEFT and its low-energy version,
νLEFT, while NLL corrections are induced by 1-loop matching corrections at the EW scale. To reach full
NLL accuracy, knowledge of the 2-loop anomalous dimension is required. These corrections are beyond the
scope of this work.
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The photon dipole operator receives a tree level contribution from the operators OνW

and OνB after EW symmetry breaking. In the flavor basis

CνF
rs

=
v2√
2Λ2

(
swCνW

rs
+ cwCνB

rs

)
, (2.13)

where sw = sin θw and cw = cos θw, with θw = 0.492262 rad the Weinberg angle [48]. The
linear combination cwCνW − swCνB induces dipole couplings to the Z and W bosons, but,
at least at tree level, not to the photon.

Many more contributions can be induced via renormalization group effects. Most of the
anomalous dimension matrix was derived in Refs. [34–36]. In addition to the contributions
discussed in these papers, here we need the mixing of four-fermion onto dipole operators,
which is proportional to the product of gauge and Yukawa couplings. This mixing can be
obtained from the results of Ref. [56], by replacing L ↔ Q, d ↔ e, u ↔ νR along with
simultaneous adjustment of the couplings. Neglecting neutrino Yukawa interactions, we
obtain the RGEs

ĊνW
rs

=

[
(3cF,2 − b0,2)g22 − 3y2ℓg

2
1 +Tr2 +

5

2
Y 2
e

]
CνW

rs
+ 3g1g2yℓCνB

rs

+
g2
4
CLνLe

psrt

[
Y †
e

]
tp
+ 2g2NCC

(3)
LνQd
rspt

[
Y †
d

]
pt
,

(2.14)

ĊνB
rs

=

[
−3cF,2g22 + (3y2ℓ − b0,1)g21 +Tr2 − 3

2
Y 2
e

]
CνB

rs
+ 12cF,2g1g2yℓCνW

rs

− g1
2
(ye + yℓ)CLνLe

psrt

[
Y †
e

]
tp
− 4g1NC(yd + yQ)C

(3)
LνQd
rspt

[
Y †
d

]
pt
,

(2.15)

ĊLνLe
rspt

=

[
(y2e − 8yeyl + 6y2ℓ )g

2
1 −

3

2
g22

]
CLνLe

rspt
− (4yℓ(ye + yℓ)g

2
1 − 3g22)CLνLe

psrt
, (2.16)

Ċ
(3)
LνQd
rspt

=
(
2
(
y2d − ydyℓ − 2y2ℓ

)
g21 − 3g22 + 2cF,3g

2
3

)
C

(3)
LνQd
rspt

+
1

8

(
−4yℓ(2yd − yℓ)g

2
1 + 3g22

)
C

(1)
LνQd
rspt

− 1

2
[Ye]rw [Yu]pv C

∗
duνe
tvsw

,
(2.17)

Ċ
(1)
LνQd
rspt

= −
(
6
(
y2d − ydyℓ

)
g21 − 3g22 + 6cF,3g

2
3

)
C

(1)
LνQd
rspt

−
(
24yℓ(2yd − yℓ)g

2
1 − 18g22

)
C

(3)
LνQd
rspt

,
(2.18)

Ċduνe
stpr

= [Ye]vr[Y
†
d ]sw CQuνL

wtpv
, (2.19)

where Ċ = (16π2) dC/d lnµ. The mixing of CνW , CνB with four-fermion operators in Eqs.
(2.14) and (2.15) is a new result of this work, while the rest of RGEs are taken from Refs.
[34–36]. The SU(2)L and SU(3)c Casimir are cF,2 = 3/4 and cF,3 = (N2

C − 1)/2NC , while
the U(1)Y and SU(2)L β functions

b0,1 = −
1

6
− 20

9
ng , b0,2 =

43

6
− 4

3
ng , (2.20)
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Figure 1. Examples of operator mixing. A gray square corresponds to an insertion of a νSMEFT

operator. The left and middle diagrams represent mixing from OLνQd and OLνLe, and the right
diagram depicts the generation of OLνQd from Oduνe. Lower indices correspond to flavor.

with ng = 3 the number of fermion generations. yf denotes the hypercharge

yq =
1

6
, yu =

2

3
, yd = −1

3
, yℓ = −

1

2
, ye = −1 , (2.21)

and Tr2 = 3Tr(Y 2
u + Y 2

d ) + Tr(Y 2
e ). In the solution of the RGEs, we include the QCD

running of the quark Yukawa couplings and of the strong coupling g3

Ẏq = −6cF,3g23Yq , ġ3 = −b0,3g33 , b0,3 = 11− 2

3
nf , (2.22)

with nf = 6 above the top mass. We neglect the running of the lepton Yukawas and of
the EW couplings. The initial conditions for Eq. (2.22) are the quark masses from [48] and
αs(m

2
Z) = 0.1184 [48].

In Eq. (2.17) we are neglecting contributions proportional to the neutrino Yukawa
couplings, which induce very small correction to the dipole operators. For Cduνe, we only
include the mixing with CQuνL, and neglect contributions proportional to the operators
already included in Eqs. (2.14)-(2.18). With these assumptions Eqs. (2.14)-(2.19) provide
the LL contribution to CνF . In the limit of Yν 7→ 0, no other operators in Tab. 1 feeds
into CνB or CνW at 1-loop, and in this sense the set of Eqs. (2.14)-(2.19) is closed. Some
examples of operator mixing in terms of Feynman diagrams are shown in Fig. 1. The
left and middle diagrams show mixing from O(3)

LνQd and OLνLe to OνW/νB described in

Eq. (2.14) and (2.15). The operator Oduνe first induces O(3)
LνQd as in Eq. (2.17), leading

to dipole operators in the end. The right diagram in Fig. 1 corresponds to the first step
through two Yukawa interactions.

As we will see in Sec. 3.4, X-ray constraints are so strong that one might actually
wonder about contribution induced by the neutrino Yukawa coupling Yν , and if neglecting
these contributions in Eqs. (2.14)-(2.19) is justified. Considering only operators that run
into the purely leptonic or semileptonic tensor operators, we find

ĊLνLe
rspt

= −4
([
Y †
ν

]
rv

[
Y †
e

]
pw
−
[
Y †
ν

]
pv

[
Y †
e

]
rw

)
C eν
wtvs

+ 4
[
Y †
ν

]
pw

[
Y †
e

]
vt
C Lν
rvws

, (2.23)

Ċ
(3)
LνQd
rspt

= +
1

2
[Yν ]rw [Yd]vtC

∗
Qν
pvws

+
1

2
[Yν ]rw [Yd]pw C dν

wsvt
. (2.24)

The operators Cdν and CHν feed into Ceν , CLν , CQν and Cdν at one loop [35], so that
actually all operators in Tab. 1 generate a photon neutrino dipole at NLL, with the exception
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of Cνν and CLνH .4 The neutrino Yukawa path opened by Eqs. (2.23) and (2.24), however,
leads to constrains Λ ≲ v, and is thus outside the regime of the validity of νSMEFT.

In Sec. 2.3 we will show that the operator CHνe generates a matching correction to the
dipole operator. It might therefore be important to consider its evolution from the scale of
new physics to the EW scale, as well as mixing with other operators. It turns out that the
CHνe operator exhibits only the self running or mixing with neutrino dipole operators at
1-loop level. These are governed by the equation

ĊHνe = −3g1YeCνB + 9g2YeCνW + (−3g21 + Y 2
e + 2Tr2)CHνe , (2.25)

In addition to the running on νSMEFT operators into the dipole, another interest-
ing effect is that the dipole operators runs into the dimension-5 Weinberg operator, thus
inducing a left-handed Majorana mass mL. The RGE is given by

Ċ 5
pr

=
12

Λ

(
g1yℓC

†
νB
s1p

+
g2
2
C†
νW
s1p

)
[MR]s1s2

[
Y †
ν

]
s2r

. (2.26)

Note, that in terms of physical fields, only the loop with a Z boson exchange contributes.
Thus, the left-handed Majorana mass mL is only generated above the EW phase transition
and then remains constant. Comparing to Eq. (2.3) yields

mL ≃
12

16π2
v√
2

M2

Λ2
θ
(
g1yℓC

†
νB +

g2
2
C†
νW

)
log
(µ
Λ

)
, (2.27)

with µ ∼ mt. We will see that, for operators that contribute to X-ray, this effect is too
small to matter. The dipoles also induce a correction to the Dirac mass, with the operator
CLνH and a correction to the Zν̄RνR coupling, via CHν . These were derived in Ref. [34–36],
and we add them here for completeness

ĊLνH = −3g1(g21 + g22)CνB + 3g2(g
2
1 + 3g22 + 4Y 2

e )CνW

+ Ye(3g
2
2 − 2Y 2

e )CHνe +

(
−9

4
g21 −

27

4
g22 −

3

2
Y 2
e + 3Tr2

)
CLνH ,

(2.28)

ĊHν = 3g1YeCνB − 9g2YeCνW +

(
1

3
g21 + 2Tr2

)
CHν + 2Y 2

e CHνe. (2.29)

We find that the generated operators on the l.h.s. do not given any important constraints
on the neutrino dipoles beyond the stringent X-rays.

2.3 νLEFT: Matching and running

At the EW scale, we integrate out the W , Z and Higgs bosons, and match onto νLEFT.
The νLEFT operators at dimension 5 and 6 have been derived in [33, 59]. Here, we focus
on the dipole operator, a leptonic scalar operator and a tensor semileptonic operator

LLEFT ⊃
CνF

v
ν̄Lσ

µννRFµν +
CS,RR
eννe

Λ2
ν̄LeRēLνR +

CT,RR
νd

Λ2
ν̄LσµννR d̄Lσ

µνdR . (2.30)

4CLνH can generate a Z dipole operator at two loops, via Barr-Zee diagrams [57, 58], which can then
run into a photon dipole via Eqs. (2.14) and (2.15).
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Figure 2. Matching contributions to the dipole operator in the νSM (left) and in the presence of
dimension-six νSMEFT operators (right)

After EW symmetry breaking,

CνF
rs
(µ = mt) =

v2√
2Λ2

(
swCνW

rs
+ cwCνB

rs

)
(µ = mt) , (2.31)

where the dipole operators on the l.h.s are given by the solution of the νSMEFT RGEs
discussed in the previous section. For operators that contribute at LL, we do not con-
sider finite matching corrections, which contribute at NLL, and are thus subleading. We
consider two important matching corrections. The first is the one induced by dimension-4
interactions, through e.g. the left diagram of Fig. 2. This diagram gives [11]

CνF
rs

=
e

16vπ2

∑

r=e,µ,τ

F (xr) [mD]rs , (2.32)

where the Dirac mass mD is defined in Eq. (2.7), xr = m2
r/m

2
W and the loop function F is

F (x) =
1

(1− x)2

[
− 3

4

(
2− 5x+ x2

)
+

3

2

x2 lnx

1− x

]
, (2.33)

with F (xr) ≃ −3/2 for xr ≪ 1. In νSMEFT, νR couples to the W boson and a right-
handed electron via the operator CHνe. This operator generates a dipole via the right
diagram in Fig. 2, which does not depend on the active-sterile mixing, and is proportional
to the charged lepton mass, rather than the neutrino mass. We find [38]

CνF
rs

= − e

2(4π)2
v

Λ2

∑

r=e,µ,τ

C∗
Hνe
sr
w(xr)mr , (2.34)

with

w(x) =
4 + x(x− 11)

2(x− 1)2
+ 3

x2 lnx

(x− 1)3
. (2.35)

Using the results of SMEFT matching on LEFT [37], and using the same mapping between
SMEFT and νSMEFT operators discussed for the RGE, we found that all other matching
contributions are suppressed by small neutrino Yukawa. Eq. (2.31), (2.32) and (2.34) are
the initial condition for further evolution from the EW to scales relevant for X-ray emission.
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[C
(3)
LνQd]11 [C

(1)
LνQd]11 [C

(3)
LνQd]22 [C

(1)
LνQd]22 [C

(3)
LνQd]33 [C

(1)
LνQd]33

[CνF ]ℓ4 −2.2 · 10−6 1.5 · 10−8 −4.4 · 10−5 3.0 · 10−7 −2.0 · 10−3 1.3 · 10−5

[C∗
duνe]11 [C∗

duνe]22 [C∗
duνe]33

[CνF ]ℓ4 −2.7 · 10−13 [Ye]ℓℓ −2.9 · 10−9 [Ye]ℓℓ −2.8 · 10−5 [Ye]ℓℓ

[CLνLe]e4ee [CLνLe]µ4µµ [CLνLe]τ4ττ
[CνF ]ℓ4 −8.5 · 10−8 −1.3 · 10−5 −1.8 · 10−4

Table 2. Neutrino dipole operator, in units of v2/Λ2, at the scale µ = 2GeV (µ = mr) as
a function of semileptonic (leptonic) νSMEFT operators at the new physics scale Λ = 103 TeV.
For the semilpetonic operators the subscript denote quark generation indices. All operators have
leptonic indices, rs, which we omit. For operators involving the quark third generation, we integrate
out the b quark at µ = mb.

Below the EW scale, the RGEs for the photon dipole operator are

ĊνF
rs

=
v

Λ2
eQe [Me]wv C

S,RR
eννe
wsrv

− v

Λ2
8eQdNC [Md]wv C

T,RR
νd

rsvw

, (2.36)

ĊS,RR
eννe
rspt

= 2e2Q2
eC

S,RR
eννe
rspt

, (2.37)

ĊT,RR
νd
rspt

= 2
(
e2Q2

d + g23cF,3
)
CT,RR

νd
rspt

, (2.38)

with Qe = −1 and Qd = −1/3. The tree level matching of the νSMEFT operators onto
the νLEFT basis yields

CS,RR
eννe = −CLνLe , CT,RR

νd = C
(3)
LνQd . (2.39)

To show the size of the RG mixing, in Tab. 2 we provide the coefficient of the dipole
operator CνF at the scale µlow, choosing as initial scale µhigh = 103TeV. The coefficient
is given in the flavor basis. For the leptonic operator CLνLe the low-energy scale µlow
is determined by the mass of the charged lepton. In the case of semileptonic operators,
µlow = 2TeV for operators with only light quarks, while we stop the evolution at µlow = mb

for scalar and tensor operators with b quarks. The pattern emerging in Tab. 2 reflects the
RGEs in Eqs. (2.14)-(2.19). The operators with the largest mixing are CLνLe and C

(3)
LνQd,

which mix directly onto dipoles, proportionally to the Yukawa couplings of charged leptons
and d-type quarks. The scalar operator C(1)

LνQd first mixes into the tensor operator, which
then feeds into the dipole. The scalar-tensor mixing is only active between Λ and the EW
scale, and is driven by electroweak loops. The large logarithm is not sufficient to fully
compensate for the loop factor and EW gauge couplings, and thus scalar contributions
are suppressed by 3 · 10−3, not too different from a typical EW loop. The right-handed
charged-current operator Cduνe also mixes onto the tensor operator. In this case the mixing
is driven by the Yukawa couplings of charged leptons and u-type quarks. It is thus most
important for operators in the third generation. Eq. (2.19) shows that the semileptonic
scalar operator CQuνL could generate a dipole at three loops, by first running into Cduνe,
which runs into the tensor operator C(3)

LνQd, which finally runs into CνF . While this is still
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formally a leading-log path, the mixing is proportional to three powers of quark Yukawas
(Y 2

d Yu) and two powers of charged lepton Yukawas (Y 2
e ). For light quarks and leptons,

OQuLν can cancel the dimension-4 contribution to X rays only if Λ < v, which spoils the
νSMEFT approach.

We point out a further contribution to νR → νLγ transitions, which are induced by non-
perturbative effects. The νLEFT tensor operator CT,RR

νd , and, by extensions, the νSMEFT
tensor operator C(3)

LνQd and the other operators running into it, has a non-zero matrix ele-
ment ⟨γ(q)|d̄σµνd|0⟩ ∝ qµε∗ν−qνε∗µ, where ε is the photon polarization. This has the same
form as the matrix element of a dipole operator, and is induced by the correlator of the
tensor current with the electromagnetic quark current [60, 61]. The zero momentum vector-
tensor correlator as been calculated in Ref. [60–62], and leads to a photon dipole of the size
as given in Eq. (C.1) in App. C. We find that only for the down quark this non-perturbative
contribution can actually dominate over the above discussed perturbative contribution by
a factor of O(1− 10). This contribution would not change the qualitative main features in
our analysis, and, being the nonperturbative matrix element affected by sizable theoretical
uncertainty, we decided to neglect it in the numerical evaluation of Sec. 3.4.1.

2.4 Flavor and mass basis relation

We finally remark that the RGEs are given in the flavor basis, while the decay rate discussed
in Sec. 3.4.1 is more conveniently expressed in terms of the physical dipole operator,

Ldipole =
1

v
CνF

ij
ν̄iσ

µνPRνjFµν + h.c. , (2.40)

with νi,j neutrino mass eigenstates. The relation is

CνF
ij

=
∑

r,s

CνF
rs
U∗
riU

∗
sj +

∑

s1,s2

v

Λ
cwC

R
νB
s1s2

U∗
s2jU

∗
s1i , (2.41)

where the sum is extended over r ∈ {e, µ, τ}, while the sterile indices s, s1 and s2 run over
the sterile flavor indices and [CνF ]rs contains contributions from dimension 4 and 6. For
the dimension-4 contribution, see Eq. (2.32), we express the Dirac mass as

[mD]rs =
∑

k

mkUrkUsk , (2.42)

so that Eq. (2.32) becomes

CνF
ij

=
e

16vπ2

∑

r=e,µ,τ

U∗
riUrjF (xr)mj , (2.43)

where we used that the mixing matrix in the sterile sector satisfies
∑

s UskU
∗
sj = δkj . From

Eq. (2.43) it is then clear that the dimension-4 contribution is suppressed by a factor of
Ur4 = O(θ). The contribution of the sterile neutrino Majorana magnetic moment similarly
includes a factor of the active-sterile mixing and is also O(θ). It is however not suppressed
by the light sterile neutrino mass or by loop factors, leading to Λ ∼ O(107) TeV, if the
Majorana magnetic moment is to cancel the contribution in Eq. (2.43). It should be noted
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that the flavor index in the operator should be different, s1 ̸= s2. Our study assumes
νSMEFT operators in Tab. 1 only involve the lightest sterile neutrino, so we will ignore the
operator CR

νB in the rest of the paper. A DM scenario that employs the sterile neutrino
Majorana magnetic moment is discussed in [25]. Dimension-6 operators that mix into the
Dirac dipole CνF via Eqs. (2.14)-(2.19) only involve O(1) mixing factors, leading to severe
constraints on their scales, as we will see later. Finally, operators that mix via the sterile
neutrino Yukawa, as in Eqs. (2.23) and (2.24), have the same loop, sterile neutrino mass and
active-sterile mixing factors as the dimension-4 contribution, and are further suppressed by
m2

f/Λ
2, where mf denotes the mass of charged leptons or d-type quarks. Cancelling the

dimension-4 contribution would then require scales well below the EW, beyond the validity
of νSMEFT.

3 Sterile neutrino as dark matter

In this section we discuss the production mechanism of sterile neutrino as DM. We review
the standard dimension-4 mechanism and then show that νSMEFT interactions can lead to
a successful sterile neutrino freeze-in. The results are confronted to current astrophysical
and cosmological constraints and we show how these affect the parameter space to match
the observed DM abundance.

3.1 Sterile neutrino freeze-in via mixing

The dimension-4 mixing of active and sterile neutrinos, see Eq. (2.9), inevitably leads
to a production of the latter ones in the early Universe. At temperatures above 1MeV

active neutrinos are in a state of thermal and (almost perfect) chemical equilibrium. Their
weak interactions with the SM plasma, denoted by the rate Γa, induce a sterile neutrino
thermalization rate through oscillations [63]

ΓDW
s ≃ 1

2

∑

a

⟨P (νa → νs)⟩Γa ≃
90ζ(3)

7π4
G2

FT
4p
∑

a

ya ⟨P (νa → νs)⟩ . (3.1)

The active neutrino momentum is well approximated by the average of the Fermi-Dirac
distribution p ≃ ⟨p⟩ = 3.15T , the time-averaged active to sterile neutrino oscillation proba-
bility is ⟨P (νa → νs)⟩ and the flavor diagonal Yukawa couplings are ye = 3.6 and yµ(τ) = 2.5

for T ≲ 20(180)MeV and yµ(τ) = ye for higher temperatures [64]. Of course this transi-
tion probability in general is a non-trivial function of temperature and momentum of the
active neutrino, as well as the mass of the sterile one. Following Ref. [65], simple analytical
estimates at leading order in the (small) active-sterile neutrino mixing can be found

⟨P (νa → νs)⟩ = 2

(
m2

νs

2pVa −m2
νs

)2

θ2 +O(θ4) , (3.2)

with the active neutrino thermal potential

Va = −fa
7
√
2π2

45
GF

2 + c2w
m2

W

T 4p , (3.3)
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Figure 3. Left: Production rate normalized by the Hubble expansion for the standard Dodelson-
Widrow sterile neutrino production via mixing, see Eq. (3.1). The mixing for each mνs

is fixed
by Eq. (3.7) to match the observed DM abundance. Right: Constraints on sterile neutrino from
X-ray (red) [12, 13], Lyman-α (blue) [67] and CMB observations [68], as well as M31-like N-body
simulations (yellow) [69], as a function of the sterile neutrino mass against mixing. The black
dashed line represents the DW line of Eq. (3.7).

where fa = 1 at high temperatures for all flavors a = {e, µ, τ}, but fµ(τ) = (1 + 2c−2
w )−1

for T ≲ 20(180)MeV. Taking the temperature derivative of Eq. (3.1), we see that the
production of the sterile neutrinos peaks for

TDW
max ≃ 122

(mνs

keV

)1/3
MeV . (3.4)

For T ≲ TDW
max we have ΓDW

s ∝ T 5, while in the other limit of T ≳ TDW
max it is ΓDW

s ∝ T−7,
such that the sterile neutrino production indeed shows a pronounced peak at TDW

max .
The evolution of Eq. (3.1) for fixed θ and mνs , normalized to the Hubble rate of the

radiation dominated epoch

H =
T 2

mpl

√
4π3g∗
45

, (3.5)

is shown in the left panel of Fig. 3. Here, mpl = 1.26 · 1019GeV is the Planck mass and
g∗ = g∗(T ) denotes the effective number of relativistic degrees of freedom for the energy
density of the thermal plasma [66]. For the range of temperatures of interest g∗ varies
between 10.75 and 106.75. For ΓDW

s ≪ H the sterile neutrino does not thermalize with the
SM plasma and vice versa.

The relic density of sterile neutrinos arising from the production via mixing is then
given by [6]

Ωs ≡
ρs
ρcrit

≃ 6.5 · 107g−1/2
∗ θ2

(mνs

keV

)2
, (3.6)

with the measured value ρcrit = 3.65 ·10−11 eV4 [3]. Demanding that Ωs = ΩDM = 0.267 [3],
fixes the mixing as a function of the sterile neutrino mass

θ2DW ∼ 1.5 · 10−8ΩDM
√
g∗

(
keV

mνs

)2

. (3.7)

– 13 –



This contour line is known as the Dodelson-Widrow line [6] and is shown as the black dashed
line in the right panel of Fig. 3. Mixings larger than those given in Eq. (3.7) lead to a DM
overproduction, whereas smaller mixings to an underproduction.

However, it is known that in the presence of primordial leptonic asymmetries, the
sterile neutrino production can be resonantly enhanced and the observed DM density can
be explained for mixings much smaller than those of Eq. (3.7) [26]. Such asymmetries
can indeed be provided via leptogenesis, driven by the two other sterile neutrinos of the
theory, but require a considerable amount of fine tuning in some of the model parameters to
reach the necessary level of the leptonic asymmetry [5]. The available parameter space to
explain the DM abundance in this scenario is very limited due to strongX-ray and Big Bang
Nucleosynthesis constraints [12, 13]. Furthermore, it was shown that neutrino non-standard
interactions can significantly enhance or suppress the sterile neutrino production [14, 15, 18–
20], such that smaller as well as larger mixings than those of Eq. (3.7) can lead to the DM
relic abundance. We will not consider such model specific extensions, but rather will be
interested in the production of sterile neutrino DM via νSMEFT interactions. In Sec. 3.3
we will explicitly calculate the expected DM relic abundance for an exemplary νSMEFT
operator, but let us first summarize the existing constraints on sterile neutrinos being DM
in the following Sec. 3.2.

3.2 Constraints on sterile neutrino as dark matter

For sterile neutrino DM several constraints exist. First, notice that sterile neutrinos in
general decay into the three light, active neutrinos, and if kinematically allowed into other
leptons, quarks and bosons. However, since DM has been observed today we need to require
that the sterile neutrino lifetime obeys τνs ≥ tU = 6.6 · 1032/eV, with tU the age of our
Universe [3]. This leads for the sterile neutrino at the O(keV) scale to a bound on the
mixing

θ2 ≤ 6.7 · 10−4

(
10 keV

mνs

)
. (3.8)

Much stronger bounds arise from a variety of cosmological and astrophysical observations
and we list the most important ones in the following.

CMB. Sterile neutrinos contribute to the DM density, which is precisely measured
by the Planck satellite [3]. Thus it has to be demanded that the sterile neutrino does not
surpasses today’s measured DM density. This sets a bound on the mixing to the active
sector for sterile neutrino masses in the range 10 eV ≲ mνs ≲ 1MeV, which corresponds to
a bound on the mixing as given in Eq. (3.7), see Ref. [68] for a detailed analysis.

Lyman-α. Using the tight correlation between the local Lyman-α optical depth and
the local DM density, observations of absorption lines from distant quasars can be used to
extract information of the DM particle properties. The most stringent bound arises from
free-streaming requirements derived from the Lyman-α matter power spectrum at red-shifts
of 4.2 ≲ z ≲ 5, which can be translated to an absolute lower bound of mνs ≳ 5.7 keV at
95% C.L. [67].
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M31 subhalos. N-body simulations of an Andromeda (M31) like galaxy incorporat-
ing the effect of a generic warm DM particle constrains mνs ≳ 8.8 keV [69]. In short, this
is because sterile neutrinos with smaller mass do not have sufficient gravitational binding
to explain the number of observed sub-halos.

X-ray. Sterile neutrinos decay via νs → νiγ, see left panel of Fig. 2 for the correspond-
ing Feynman diagram. This decay give rise to a photon emitted with energy Eγ = mνs/2.
Such monochromatic photon lines can be targeted by astrophysical experiments. The non-
observation of any excess in the X-ray emission in the latest NuSTAR M31 observations
limits decays of the type νs → νi γ to occur at rates less than [12, 13]

Γ ≲ 10−28/s , (3.9)

for masses 6 ≲ mνs/keV ≲ 200. This can be translated into a bound of the active to sterile
neutrino mixing via [11]

Γ ≃ 5 · 10−32 1

s

(
θ2

10−10

)(mνs

keV

)5
≲ 10−28/s . (3.10)

The constraints can be summarized in a plot in the plane (mνs , θ
2) and are shown in the

right panel of Fig. 3. In particular, this excludes the minimal DW production mechanism,
see Sec. (3.1), of sterile neutrino as DM.

3.3 Sterile neutrino freeze-in via EFT interactions

Additional to the irreducible dimension-4 sterile neutrino production via mixing as discussed
in Sec. 3.1, further production channels via νSMEFT operators, see Sec. 2, are possible.
The operators of interest in this work, highlighted in Tab. 1, lead to generic 4-fermion
interactions, which can generate the sterile neutrino at tree-level. The production is thus
independent from the active-sterile mixing. The evolution of the total sterile neutrino
density, ns ≡ nνs + nν̄s , via processes of the type 1 + 2 ↔ 3 +

(−)
ν s is governed by the

associated Boltzmann equation

dns
dt

+ 3Hns =
∑

i

∫
dΠ1dΠ2dΠ3dΠs(2π)

4δ(p1 + p2 − p3 − ps)|Mi|2

· [f1f2(1− f3)(1− fs)− f3fs(1− f1)(1− f2)] ,
(3.11)

with f the phase space density, dΠ = d3p/(2E(2π)3) and |Mi|2 the matrix element summed,
but not averaged, over initial and final spins which represent a

(−)
ν s production/annihilation

channel. This equation can be substantially simplified by assuming fs ≪ fi = f eqi ≃
exp(−Ei/T ), that is the sterile neutrino number density is negligible compared to the
Maxwell-Boltzmann equilibrium number densities of the SM fermions. In practice this
means that only 1+ 2→ 3+

(−)
ν s processes are active and thus Eq. (3.11) can be written in

the compact form

dns
dt

+ 3Hns = neqs n
eq
3 ⟨σv⟩ . (3.12)
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Here, we introduce the thermal equilibrium number density

neq = g

∫
d3p

(2π)3
f eq = g

m2T

2π2
K2

(m
T

)
, (3.13)

where Ki(x) denotes the modified Bessel function of second kind, g the number of internal
degrees of freedom and we define the thermally averaged cross section [70, 71]

⟨σv⟩ ≡ 1

neqs n
eq
3

T

512π6

∑

i

∫ ∞

smin

dsdΩ p12p3s|Mi|2
K1

(√
s

T

)

√
s

, (3.14)

with s the Mandelstam variable and

pij =

√
s− (mi +mj)2

√
s− (mi −mj)2

2
√
s

. (3.15)

This allows to estimate the thermalization efficiency of the sterile neutrinos via

Γs ≡ neq3 ⟨σv⟩ ∼ T 5/Λ4 , (3.16)

where the last step is based on dimensional analysis and holds in the relativistic limit. As
long as Γs ≪ 1/t ∼ H, with the Hubble rate of Eq. (3.5) being the timescale of interest in
this problem, the sterile neutrinos do not thermalize and the freeze-in approach (fs ≪ f eqi )
is justified.

On the other hand, Γs ≳ H indicates that the sterile neutrino reaches thermal equi-
librium with the SM plasma and Eq. (3.12) does not capture the dynamics, but rather
Eq. (3.11) has to be solved at the phase space level. However, since Γs/H ∝ T 3, the sterile
neutrino can be kept in thermal equilibrium only for a rather short time before it subse-
quently freezes-out, i.e. Γs/H ≪ 1. In particular, for Λ ≳ TEW (required by νSMEFT
consistency) and mνs O(keV) the freeze-out would happen while the sterile neutrino is still
relativistic. Thus, its relic density would be related to the photon number density nγ by
ns/nγ = O(0.1), where the O(0.1) factor accounts for the change in the number of rela-
tivistic degrees of freedom in the entropy density. The relic density of the sterile neutrinos
would then approximately be ρs ∼ mνsnγ ∼ 45ρcrit(mνs/keV), which is excluded by CMB
observations [3]. This sets a bound on max(Γs) and thus on Λ/Tr, with Tr the re-heating
temperature of our Universe, as will become clear in the following when solving Eq. (3.12)
explicitly.

Let us now proceed by solving the Boltzmann equation (3.12) for Γs ≪ H in the context
of the νSMEFT operators highlighted in Tab. 1. In order to not spoil the clarity of the
presented discussion, we will focus only on the first family of the operator L̄iνsϵijL̄

je. The
Feynman diagrams leading to a sterile neutrino production are shown in Fig. 4. For the
temperatures of interest, T ≫ O(MeV), the squared matrix elements for topology (a) and
(b) are functionally the same and given by

|M|2 = s2

4Λ4
(cosϑ− 3)2 , (3.17)
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(a) (b)
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Figure 4. Feynman diagrams for the νSMEFT operator L̄iνsϵijL̄
je producing sterile antineutri-

nos.

with ϑ the angle between particle 1 and 3. The hermitian conjugate of the operator
L̄iνsϵijL̄

je produces νs and has the same |M|2 as given in Eq. (3.17). Hence, for the
Boltzmann equations tracking the evolution of ns = nνs + nν̄s we take twice the amplitude
of Eq. (3.17). The total thermal averaged cross section, Eq. (3.14), in the relativistic limit
is thus

⟨σv⟩ = 7

2π

T 2

Λ4
. (3.18)

To solve for the sterile neutrino number density, Eq. (3.12), it is convenient to change
variables from ns and t respectively to the following two parameters:

Y ≡ ns
s
≡ ns

[
2π2

45
gsT

3

]−1

, x ≡ mνs

T
, (3.19)

with gs = gs(T ) counting the number of relativistic degrees of freedom with respect to the
entropy density of our Universe [66]. For the range of temperatures of interest gs varies
between 10.75 and 106.75. With the definitions of Eq. (3.19) we have

Y =

∫ ∞

xr=mνs/Tr

dx
945
√
5

2π17/2
mplm

3
νs

gs
√
g∗Λ4

1

x4
∼ 2.6 · 10−7

gs
√
g∗

(
Tr

1GeV

)3(103TeV

Λ

)4

, (3.20)

with gs, g∗ evaluated at Tr, with Tr the re-heating temperature acting as an UV cut-off.5

An explicit example of the yield Y as well as the normalized sterile neutrino interaction rate
is shown in Fig. 5. The interaction rate shows the anticipated Γs/H ∝ T 3 behaviour with
which we can also easily understand the time evolution of Y . Most of the sterile neutrino
production happens around Tr and the asymptotic limit of the final sterile neutrino density
is already reach at T ≃ Tr/8. For lower temperatures we see that Γs/H ≪ 10−6 and thus
no efficient sterile neutrino production is possible anymore.

5We assume an instantaneous re-heating of our Universe with no assumptions on the inflationary dy-
namics. In Ref. [72] it was pointed out that for Tr ≪ 100GeV the DM production can (mildly) depend on
the exact modelling of a non-instantaneous reheating phase.
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Figure 5. Sterile neutrino production with the L̄iνsϵijL̄
je operator. Left : Example of the sterile

neutrino freeze-in with Λ = 103 TeV and mνs = 100 keV fixed. Vertical line indicates the required
re-heating temperature Tr to match the observed DM relic abundance. Larger values for Tr lead
to a DM overproduction. Right : The thermally averaged cross section associated to the parameter
point of the left panel.

With the yield of Eq. (3.20) we obtain for the sterile neutrino relic density

Ωs ≡
ρs
ρcrit

=
mνss0Y

ρcrit
≃ 1.5 · 10−2

gs
√
g∗

( mνs

100 keV

)(103TeV

Λ

)4(
Tr

1GeV

)3

, (3.21)

with the entropy density today s0 = 2.24·10−11 eV3 (assuming a contribution ofNeff = 3.044

from the active neutrinos [73, 74]). To match Ωs = ΩDM = 0.267 [3], the following re-heating
temperature for a given Λ and mνs is required

Tr = 2.6 (gs
√
g∗)

1/3

(
100 keV

mνs

)1/3( Λ

103TeV

)4/3

GeV . (3.22)

Note that Eq. (3.21) is indicating that Λ ≫ Tr is required to explain the observed sterile
neutrino DM abundance within the νSMEFT framework.

Recall, however, that the above discussion is only valid for Γs ≪ H. Combining the
result of Eq. (3.18) with the definition of Eq. (3.16) and demanding the sterile neutrino
interaction rate to be smaller than the Hubble rate of Eq. (3.5) leads to

Tr ≪ 8.4 · 101g1/6∗

(
Λ

103TeV

)4/3

GeV . (3.23)

This represents a limit for the discussed sterile neutrino freeze-in scenario. For larger
values of Tr/Λ the sterile neutrino would thermalize, but then subsequently freeze-out. As
discussed after Eq. (3.16) such a scenario is cosmological excluded. On the other hand, the
re-heating temperature is constrained from below to be Tr ≫ 5MeV in order to not spoil
Big Bang Nucleosynthesis [75, 76]. Thus, an absolute lower bound on the EFT scale can
be set

Λ≫ 675GeVg
−1/8
∗ , (3.24)
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valid as long as we are in the relativistic limit. When particle masses become important,
the bound gets slightly relaxed due to the effective Boltzmann suppression of the particle
number densities. However, in such a case no analytical approximation is possible and the
system has to be solved numerically, with the full matrix elements as presented in App. B.
For the results presented in the following Sec. 3.4 we will always solve the Boltzmann
equation numerically.

In conclusion, we have shown that 4-fermion νSMEFT operators can produce sterile
neutrinos with an abundance matching that of the observed DM density. Because such
generic interactions are tree-level, no mixing between active and sterile neutrinos are re-
quired to efficiently produce the latter one. Also note that interference effects between the
irreducible dimension-4 production of the sterile neutrinos via the DW mechanism, dis-
cussed in Sec. 3.1, and the νSMEFT production are negligible for the cases of our interest.
Only if the following two conditions are simultaneously fulfilled, sizable interference effects
in the sterile neutrino production can appear: i) The active-sterile neutrino mixing is close
to the value given in Eq. (3.7) and ii) the re-heating temperature (closely) coincides with
the temperature of maximal production of the DW mechanism as given in Eq. (3.4). As we
will show Sec. 3.4.1, condition ii) is never fulfilled if the X-ray bound is to be avoided and
thus we do not have to consider this special case here.

3.4 X-ray emission

The strongest bound on the active-sterile neutrino mixing θ for mνs O(keV) arises from
non-observations of peaked photon emissions from M31 [12], see the discussion in Sec. 3.2
and Fig. 3. The decay rate of the process νj → νiγ, with j = 4 and i = {1, 2, 3} mass
indices, can be generically expressed via its associated dipole operator

Γtot =
∑

i

Γ(ν4 → νiγ) =
m3

νs

2πv2

∑

i

∣∣∣∣CνF
i4

∣∣∣∣
2

. (3.25)

The dimension-4 contribution to the radiative decay, see left panel of Fig. 2, is given by
Eq. (2.32) and we show the result for fixed mνs as a function of the lightest active neutrino
mass in Fig. 6. Note that the result are the same for both light neutrino hierarchies. In the
same figure we also show the bounds adapted from Fig. 3, using the relation between the
active-sterile neutrino mixing and the lightest neutrino mass from Eq. (2.9). The strongest
bound on the sterile neutrino DM arises from the X-ray observations and effectively bounds
the dipole operator CνF . Considering that the sterile neutrino only decays through the
dimension-4 mixing, we are confined to be on the black line of Fig. 6.

In the general νSMEFT context, however, the operators discussed in Sec. 2 and high-
lighted in Tab. 1 can also contribute to Eq. (3.25) and we express the decay rate as

∑

i

Γ(ν4 → νiγ) =
m3

νs

2πv2

∑

i

∣∣∣∣∣
∑

X

CX
νF
i4

∣∣∣∣∣

2

, (3.26)

where X indicates the different partial contributions of the photon dipole operator. Two
immediate conclusions from Eq. (3.26) can be derived. i) Destructive interference effects
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Figure 6. The black line represents the dipole operator at dimension-4 of Eq. (2.32) for sterile
neutrino masses of mνs = 10 (100) keV in the left (right) panel. Colored regions are excluded from
X-ray observations (red) and from CMB observations (blue), see Sec. 3.2. The yellow star indicates
the benchmark value considered in Sec. 3.4.1.

can suppress the total decay rate Γ even though each partial contribution CX
νF can be

large. ii) Significant contributions to X-ray decays can arise even for θ = 0, which in
the standard picture escapes detection completely. Thus, we are not anymore confined to
be on the black line of Fig. 6, but rather the whole two dimensional parameter space is
now accessible, while still having the sterile neutrino to be the full DM constituent. In
the following subsections we will discuss both cases separately and systematically derive
the corresponding new physics scale Λ and the re-heating temperature which leads to the
observed DM relic abundance.

For the analysis we fix the light neutrino mixing angles to their best-fit values [1] and
consider only the limit of R = 1 in Eq. (2.9). We also fix the Dirac CP phase to the
best-fit value [1], and leave the two Majorana phases in the UPMNS matrix as free parameters
allowing them to vary between 0 and 2π.

3.4.1 Destructive interference effects and the zero mixing limit

The operators which can lead to a significant creation of a neutrino photon dipole are
highlighted in Tab. 1. The corresponding RGEs are summarized in Eqs. (2.14)-(2.18) and
for the operator matching of OHνe the photon dipole is given in Eq. (2.34), while its running
is given by Eq. (2.25). The operators given in Eqs. (2.23)-(2.24) and Eq. (2.19) also induce
a photon dipole, but can not be used to cancel the X-ray emission. This is because the
additional suppression arising from neutrino and charged lepton Yukawas, respectively,
lowers the required scales Λ for successful X-ray cancellation to values below the EW scale.
Such values, however, violate the consistency condition of our νSMEFT approach and the
operators are thus not viable candidates to avoid the X-ray bound.

Destructive interference. For a successful cancellation of the X-ray emission we
demand from Eq. (3.26) that

∑

i

∣∣∣∣Cd=4
νF
i4

+ Cd=6
νF
i4

∣∣∣∣
2

= 0 . (3.27)
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Since the RGEs are expressed in the flavor basis, it is convenient to evaluate Eq. (3.27) in
the same basis. Further, we have the freedom to express the Wilson coefficient of a given
operator as C = |C| exp(iφ) with φ = arg(C). In fact we can also choose |C| = 1 since we
can only constrain C/Λd and |C| ̸= 1 just corresponds to a shift in Λ. Hence, there are
only two free parameters (Λ, φ) for each flavor. Using Eq. (2.41) and Eq. (2.43) we express
Eq. (3.27) as

∑

i

∣∣∣∣∣
∑

r

U∗
ri

(
e

16vπ2
iUrℓ

√
mνlightest

mνs

F (xr)mνs + eiφr

∣∣∣∣Cd=6
νF
rs

(Λr)

∣∣∣∣
)∣∣∣∣∣

2

= 0 , (3.28)

with F (xr) defined in Eq. (2.33), Cd=6
νF (Λr) ∈ IR, s the flavor index of the sterile neutrino

ν4 and ℓ = 1(3) for NH(IH). Because each individual term of the sum over i is non-negative,
we need to ensure that each summand is zero, so Eq. (3.28) is equivalent to

∑

r

U∗
ri

(
e

16vπ2
iUrℓ

√
mνlightest

mνs

F (xr)mνs + eiφr

∣∣∣∣Cd=6
νF
rs

(Λr)

∣∣∣∣
)

= 0 . (3.29)

Using the (approximate) unitarity of the PMNS mixing matrix we can multiply both sides
by
∑

i Uir′ to perform the sum over i and r. For each flavor r ∈ {e, µ, τ} the scale Λr and
phase φr are then given by

Cd=6
νF
rs

(Λr) ≃
3e

32vπ2
√
mνlightestmνs |Urℓ| , φr = arg(Urℓ + π/2) , (3.30)

where we used F (xr) = −3/2. We can see that the phases φr are aligned with the phases of
the PMNS matrix. On the other hand, to explicitly find Λr the RGEs of Eqs. (2.14)-(2.18)
need to be solved. For the operator matching of OHνe we can use Eq. (2.34) to find Λr.6

The obtained values for Λr and φr are summarized for each light neutrino mass ordering,
NH and IH, in Tab. 3 for mνlightest = 10−7 eV and mνs = 100 keV. Generalizing the results
of the scales Λr to different (mνlightest , mνs) is achieved via the approximate re-scaling

Λr 7→ Λr

(
10−7 eV

mνlightest

)1/4(
100 keV

mνs

)1/4

, (3.31)

which holds as long as the X-ray contribution at d = 4 is larger than the current bound on
Γtot.

With the scales given in Tab. 3 and phases as in Eq. (3.30), the benchmark point
highlighted with a yellow star in Fig. 6 evades the currentX-ray constraint. Using Eq. (3.31)
it is then straightforward to find the appropriate scales Λr for which the X-ray constraint
can be evaded for any given (mνlightest , mνs). This allows to open the parameter space for
sterile neutrino DM for active-sterile neutrinos mixing of up to four orders of magnitude
larger than naively expected, see Fig. 3.

The DM production proceeds via the νSMEFT interactions as discussed in Sec. 3.
Successful DM production fixes Λ/Tr and because Λr is fixed by the X-ray cancellation

6We remark that the running of OHνe is only a O(0.1%) effect on Λr for X-ray cancellation and can be
safely neglected.
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OX Λe/TeV Λµ/TeV Λτ/TeV Tr/GeV

NH

OLνLe 2.36 · 103 4.88 · 104 1.77 · 105 55.4

O(3)
LνQd 1.26 · 104 9.36 · 104 5.83 · 105 119.8

O(1)
LνQd 9.6 · 102 7.97 · 103 5.39 · 104 13.0

Oduνe 6.11 · 101 1.82 · 103 6.83 · 103 0.3

OHνe 5.0 · 102 1.1 · 104 4.0 · 104 5.5

IH

OLνLe 5.67 · 103 3.37 · 104 1.43 · 105 230.5

O(3)
LνQd 3.03 · 104 6.15 · 104 4.89 · 105 379.7

O(1)
LνQd 2.43 · 103 5.13 · 103 4.48 · 104 46.2

Oduνe 1.57 · 102 1.17 · 103 5.68 · 103 1.2

OHνe 1.2 · 103 7.6 · 103 3.3 · 104 17.4

Table 3. νSMEFT scales Λr leading to successful X-ray cancellation for mνlightest
= 10−7 eV

and mνs
= 100 keV, corresponding to the yellow star in Fig. 6 if only dimension-4 interaction were

considered. The phases φr are given in Eq. (3.30). For OLνQd we consider lepton and quarks of the
same generation. For Oduνe we consider the lepton coupling to the third generation quarks only,
since otherwise the suppression of the X-ray emission requires Λr ≪ v, which is not viable. The
right column indicates the re-heating temperature Tr for which the model can produce the observed
DM relic abundance, which is always Tr ≪ Λr.

condition, we can fix the re-heating temperature to a unique value. In the relativistic limit
the re-heating temperature is given by Eq. (3.22) with Λ in that equation being the smallest
of the Λr derived from the X-ray cancellation condition. However, in general, we have to
take the fermion masses explicitly into account in the DM production. That is because
for the scales given in Tab. 3 the Boltzmann suppression can be sizable and thus larger
Tr are required to match the DM relic abundance than expected from Eq. (3.22). To find
the corresponding Tr we solve Eq. (3.12) numerically and demand that the relic density
matches the observed DM abundance within 1%. The results are summarized in the right
column of Tab. 3. For completeness, we outline the matrix elements for all operators in
App. B.

One may note that in Eq. (3.27) we have been rather radical by demanding an exact
cancellation of the X-ray emission. In a conservative fashion we could lift the zero to the
current observational bound on the X-ray emission. This would affect the above result the
closer Cd=4

νF is to the current X-ray bound. In particular, this relaxes the alignment of φr

with the PMNS phases as given in Eq. (3.30) and in principle allow for an arbitrary value
of the phase of φr, depending on the concrete numerical value of the bound. However, in
the most interesting region, the large mixing regime, φr will always be aligned with the
PMNS phases. The scales Λr, however, would merely change and we find that they can be
maximally lowered by 1%.

Let us further comment on the generation of a left-handed Majorana mass mL arising
from the νSMEFT interactions, see Eq. (2.27). Demanding that theX-ray constraint should
be evaded, effectively fixes CνF for a given pair of (mνlightest ,mνs). From Fig. 6 we see that
|CνF | ≪ 10−16 for successful X-ray cancellation. Thus, with the corresponding solutions
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OX Λe/TeV Λµ/TeV Λτ/TeV Tr/GeV

NH

OLνLe 2.5 · 104 5.2 · 105 1.9 · 106 1.3 · 103
O(3)

LνQd 1.3 · 105 9.4 · 105 6.3 · 106 2.7 · 103
O(1)

LνQd 1.2 · 104 8.8 · 104 6.3 · 105 3.9 · 102
Oduνe 7.5 · 102 2.0 · 104 8.0 · 104 9.9

OHνe 5.0 · 103 1.1 · 105 4.0 · 105 ∼ TEW

IH

OLνLe 6.0 · 104 3.6 · 105 1.5 · 106 4.3 · 103
O(3)

LνQd 3.2 · 105 6.7 · 105 5.1 · 106 4.2 · 103
O(1)

LνQd 2.9 · 104 6.0 · 104 5.1 · 105 1.3 · 103
Oduνe 1.9 · 103 1.4 · 104 6.5 · 104 36

OHνe 1.2 · 104 7.6 · 104 3.3 · 105 ∼ TEW
Table 4. νSMEFT scales Λr which can lead to a sterile neutrino DM production in the zero mixing
limit and escape detection from X-ray emission lines. Sterile neutrino mass fixed to mνs = 100 keV.
Flavor assignment as in Tab. 3. The re-heating temperature for OHνe will be around TEW and
a more careful treatment of the freeze-in dynamics is necessary, which is beyond the scope of the
paper, although we remark that the DM abundance can certainly be explained with this operator.

of CνW and CνB of the RGEs of Eqs. (2.14)-(2.18) we find mL ≪ 10−19 eV. It is thus too
small to be of any importance in the present context, but could be of relevance if no X-ray
cancellation is demanded. This scenario and its possible experimental signatures will be
studied elsewhere.

Zero mixing limit. If mνlightest → 0 the X-ray emission from the dimension-4 inter-
action is negligible.7 In such a scenario, the only photon emission from a radiative neutrino
decay can arise from the higher dimensional operators, corresponding to only the second
term in Eq. (3.27). There is thus a lower limit on Λr for each operator which would satisfy
current constraints. The resulting scales, evaluated for mνs = 100 keV, are summarized for
NH and IH in Tab. 4. For different sterile neutrino masses the scales are found via the
replacement Λr 7→ Λr(100 keV/mνs)

1/4.
So far we used current X-ray observations to constrain the scale of νSMEFT operators.

On the other hand, there are a number of νSMEFT operators which do not lead to a
significant photon dipole, see the unmarked operators in Tab. 1. These operators, however,
can still be effective portals for the sterile neutrino DM production via the very similar
4-fermion processes as described in Sec. 3.3. Thus, for active-sterile neutrino mixings which
fall below the current constraint imposed by X-ray observations, and hence far below the
DW line, see Eq. (3.7), these operators can still produce the observed DM abundance.

4 Laboratory searches

In order not to violate the X-ray bounds, the scale of the νSMEFT operators that mix
onto the photon dipole needs to be very high, thousands of TeVs for the scalar/tensor

7We note that mνlightest will never be exactly zero due to the νSMEFT induced mL. This, however,
should not be of our concern in the present analysis, since it is always small as shown above.
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Figure 7. 0νββ diagrams generated by dimension 6 operators (left) and dimension 4 Yukawa
interactions (right). ⟨H⟩ represents the Higgs vacuum expectation value. A source of lepton-
number violation stems from the Majorana mass of the sterile neutrinos in both cases.

four-fermion operators OLνLe, O(1,3)
LνQd and hundreds of TeVs for vector interactions such

as Oduνe and OHνe, see Tab. 3. While these scales are very high, it is worth discussing
whether they can be probed in present and future laboratory experiments. Between the
most sensitive probes of BSM physics we can consider searches for neutrinoless double beta
decay, precision beta decays of mesons, and electron dipole moments.

νSMEFT operators that give charged currents with first-generation quarks contribute
to neutrinoless double beta decay (0νββ) in addition to the dimension 4 interactions. The
left diagram in Fig. 7 depicts a 0νββ process from dimension 6 operators, in which the
(virtual) sterile neutrino line is closed without any suppression of active-sterile mixing
parameters. The right diagram corresponds to the standard process originating from the
Yukawa interactions at dimension 4. Following the νSMEFT analysis of Ref. [77] we can
express the half-life of neutrinoless double beta decay as

(T 0ν
1/2)

−1 = g4AG01

∣∣∣∣∣
6∑

i=1

V 2
ud

U2
eimi

me
Ad=4

ν +Ad=6
ν

∣∣∣∣∣

2

, (4.1)

in which gA = 1.2754 ± 0.0013 [48], Vud ≃ 0.97 the u-d CKM element [48] and G01 =

15 (2.4) · 10−15 yr−1 a phase space factor for 136Xe (76Ge) [78]. The amplitudes Aν are
calculated using the formulas given in Ref. [77] and contain long-range as well as short-
range nuclear effects.

We exemplarily study the O(1)
LνQd operator, but similar qualitative conclusions also hold

for any operator leading to charged current interactions with first-generation quarks. In the
presence O(1)

LνQd we show the prediction of the neutrinoless double beta decay of Eq. (4.1)
in Fig. 8. For the plot we fix the sterile neutrino mass DM to be 100 keV. The bands
shown in Fig. 8, blue for NH and red for IH, are obtained by varying the following input
parameters: i) The PMNS mixing angles and the Dirac CP phase within the 3σ region
around their best-fit values obtained from global fits of neutrino oscillations data [1]; ii)
The two Majorana CP phases in the PMNS matrix are free to take any value between 0 and
2π; iii) The dimension-6 CP phase is varied between 0 and 2π, unless the scale Λ is around
the X-ray cancellation scale of Tab. 3, in which case the phase is aligned with the PMNS
phases as shown in Eq. (3.30); iv) We include uncertainties from calculations of the nuclear
matrix elements (NMEs) and take into account two different models, the QRPA [79] and the
Shell Model [80]. We further neglect contribution to Eq. (4.1) proportional to the active-
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Figure 8. Half-life of neutrinoless double beta decay in 136Xe (left) and 76Ge from the three
light majorana neutrinos with mνlightest

= 10−7 eV, and the O(1)
LνQd operator. The bands include

uncertainties arising from two different modelings of the NMEs, QRPA [79] and Shell Model [80],
as well as the variation of all PMNS angles and phases [1], and the dimension-6 phase. For Λ ≳ 40

the T 0ν
1/2 prediction is independent of the scalar operator OLνQd. Horizontal dashed lines represent

future experimental sensitivity and the grey shaded region shows the limit of Eq. (4.3) from lepton
universality of the pion decay. The vertical dashed-dotted line shows the X-ray cancellation scale
Λe for NH from Tab. 3.

sterile mixing, which is certainly justified for the sterile neutrino DM candidate νs because
its mixing needs to be smaller than the one given in Eq. (3.7) and thus its contribution
to neutrinoless double beta decay is irrelevant. On the other hand, the contribution from
the two heavier sterile neutrinos, ν4 and ν5, can have some effect on T 0ν

1/2, but this strongly
depends on their mass and mixing to the active sector. Since we are interested in the
minimal scenario in which their mass is > O(GeV) and their mixing is on the seesaw line
U2 ∼ mνa/mν5/6 the effect on T 0ν

1/2 is negligible. In summary, it is sufficient in our case to
only sum over the three active neutrinos in Eq. (4.1), i.e.

∑6
i=1 7→

∑3
i=1.

We find that the contribution of the OLνQd operator to neutrinoless double beta decay,
represented by Ad=6

ν in Eq. (4.1), dominates for Λ ≲ 30 (15) TeV for NH (IH) over the
standard dimension 4 contribution. This means that T 0ν

1/2 in this region is much smaller
than the half-life predicted if only dimension 4 interactions were present. For intermediate
scales of Λ ≃ 30 − 50 (15 − 30)TeV for NH (IH), the contributions of the dimension 4

and 6 interactions are of the same order and the presence of CP-violating phases in both
contributions can lead to cancellations on the amplitude level of Eq. (4.1). We note that
this can happen for both NH and IH, contrary to the case of only dimension 4 interactions
where only in NH there can be a cancellation in the half-life. For higher scales the dimension
6 contribution decouples and the half-life is just given by the standard process of dimension
4 Yukawa interactions. The prediction of T 0ν

1/2 in this regime thus becomes independent
of Λ. We further show experimental sensitivities in next-generation experiments, which
can probe most of the IH region. The vertical dashed-dotted line corresponds to the scale
required for the successful cancellation of X-ray contribution given in Tab. 3.

Scalar operators can significantly affect pion decays, in particular the lepton flavor
universality ratio Rπ = Γ(π → eν)/Γ(π → µν). Neglecting the mass of the sterile neutrino,
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the operators CQuνL and C(1)
LνQd induce the contributions

Rπ

RSM
π

=

1 + 1
V 2
ud

∣∣∣∣
m2

πv
2

2me(mu+md)

(
CQuνL

114e
+ C

(1)∗
LνQd
e411

)∣∣∣∣
2

1 + 1
V 2
ud

∣∣∣∣∣
m2

πv
2

2mµ(mu+md)

(
CQuνL

114µ
+ C

(1)∗
LνQd
µ411

)∣∣∣∣∣

2 , (4.2)

where the operators are understood to be evaluated at the scale µ = 2GeV. The electron
component, in particular, is enhanced by 1/me, which leads to strong constraints. Com-
paring with the experimental value Rπ/R

SM
π = 0.996± 0.005 [81], we get, for the electron

component ∣∣∣∣CQuνL
114e

(µ = Λ)

∣∣∣∣ ,
∣∣∣∣C

(1)
LνQd
e411

(µ = Λ)

∣∣∣∣ <
1

(77TeV)2
, (4.3)

under the assumption that there are no cancellations between both operators. So in this
sense Eq. (4.3) represents the most optimistic scenario. The constraint on the muonic
components is weaker, Λ ∼ 6 TeV. Both constraints agree with the results of Ref. [82].
While the bound in Eq. (4.3) is relatively strong, it is a factor of 10 (30) too weak to probe
the cancellation regime in the NH (IH). The shaded region in Fig. 8 is ruled out by this
pion decay measurement and represents the highest scale we can currently probe the O(1)

LνQd

operator. The other charged current operators in Tab. 1, including the semileptonic tensor
operator C(3)

LνQd, the right-handed W coupling CHνe and the right-handed semileptonic
operator Cduνe, are also constrained by β decay at low energy [83, 84] and by charged-
current Drell-Yan at high-energy [85]. The BSM scale probed by these experiments is,
however, close to 10 TeV [83, 84, 86], too low to probe the cancellation regime.

The operators OLνLe, O(1,3)
LνQd can generate contributions to the electron and nucleon

EDM. At one loop, these operators induce the electron and down dipole operators

ĊeW
pr

= −g2
4
CLνLe

pstr

[
Y †
ν

]
st
, ĊeB

pr
=
g1yℓ
2
CLνLe

psts

[
Y †
ν

]
ts
, (4.4)

ĊdW
pr

= 2g2C
(3)
LνQq
pstr

[
Y †
ν

]
st
, ĊdB

pr
= −4g1yℓC(3)

LνQd
psts

[
Y †
ν

]
ts
. (4.5)

While these combinations mainly generate Z dipoles, the LL evolution of the CeW , CeB

and CdW , CdB also results in photon dipoles. Since they are proportional to the neutrino
Yukawa, however, these contributions are very small

de = −2
v√
2Λ2

Im(swCeW
ee

+ cwCeB
ee
) ≈ emνs

(4πΛ)2
e2

(4π)2
log2

mZ

Λ
CLνLe

e4ee
U∗
e4 (4.6)

≈ 2 · 10−30 mνs

100 keV

(
10TeV

Λ

)2

U∗
e4 e cm . (4.7)

With the current limit, |de| < 4.0 · 10−30 e cm [87], electron EDM searches would only
be sensitive to Ue4 ∼ O(1), for mνs = 100 keV and BSM scales of Λ = 10TeV. For
Λ ∼ 103TeV and Ue4 ∼ 10−6, as in Tab. 3, the electron EDM would be of order 10−40 e

cm, swamped by the SM background.
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In conclusion, contributions from dimension 6 operators that succeed in a cancellation of
the X-ray emission as well as an explanation of DM abundance in form of sterile neutrinos,
are hidden in 0νββ process. Therefore, in order to probe the cancellation scenario, we need
to investigate other probes, including beta decays and multi-species EDM searches, that
can give distinctive predictions between dimension 4 and 6 contributions. Any discovery
in next-generation experiments that would point to lower scale than those in Tab. 3 and 4
could falsify the cancellation mechanism.

5 Conclusions

We have studied the generation of O(keV) sterile neutrino dark matter (DM) within the
framework of the neutrino-extended Standard Model effective field theory (νSMEFT). We
include dimension 5 and 6 interactions and show that they can generically lead to a relic
abundance of sterile neutrinos that matches the observed DM density. Because the νSMEFT
includes tree-level effective interactions between sterile neutrinos and SM particles, the
production mechanism is effective even for negligible active-sterile neutrino mixing, unlike
in the Dodelson-Widrow mechanism [6] and many of its extensions [14–27]. On the other
hand, special attention has been paid to the large mixing regime in which the traditional
dimension 4 setup faces strong constraints arising from X-ray limits on the radiative decay
νs → νaγ. We use the full 1-loop renormalization group running and 1-loop matching of
νSMEFT on its low energy companion, νLEFT, at the electroweak (EW) scale and identify
the set of νSMEFT operators which create a neutrino photon dipole. We find that seven out
of the sixteen dimension-6 νSMEFT operators in Tab. 1 can induce sizable neutrino photon
dipole operators, and can lead to sufficient destructive interference with the dimension-
4 contribution to evade current X-rays limits for values of the new physics scale Λ well
beyond the EW scale. In particular, the right-handed charged current operator OHνe, the
dipole operators OνW and OνB, the purely leptonic scalar operator OLνLe, the scalar and
tensor semileptonic operators O(1,3)

LνQd, and the vector semileptonic operator Oduνe induce
significant neutrino dipole operators.

By solving the renormalization group equations, we find unique values of the νSMEFT
operators scale for a given pair of (mνlightest ,mνs), while the d > 4 CP-violating phases
are aligned with the PMNS phases in the region of interest (see Tab. 3). This opens the
parameter space of active-sterile neutrino mixings of up to 4 orders of magnitude larger than
naively expected (see Fig. 3). The values of Λ required by the cancellation are typically
very large, from a minimum of 750TeV to a maximum of 3 · 104TeV, for mνlightest =

10−7 eV. Interestingly, to match the observed DM density we predict a low-scale re-heating
temperature of the order O(102GeV) (see Tab. 3). We also find that the DM density is
successfully explained by νSMEFT operators even in the zero-mixing limit. In this limit,
the BSM scale and, consequently, the re-heating temperature, of dipole-inducing operators
needs to be 10 times higher (see Tab. 4). The considerably larger parameter space can
also allow for sterile neutrino DM in the O(MeV) range (or higher), which will be studied
elsewhere.
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We finally discuss laboratory probes of relevant νSMEFT operators, such as the preci-
sion measurement of lepton flavor universality ratios in pion decay, and searches for 0νββ

and EDMs. These experiments can reach, at best, Λ ≲ 100TeV, far beneath the scales
required to avoid X-ray bounds. We thus find that, in sterile neutrino DM scenarios, the
parameter space for the dimension-6 operators that induce large neutrino photon dipoles is
very constrained and leaves no room for observation in upcoming terrestrial experiments.
On the other hand, evidence for keV sterile neutrinos in the next generation of experiments,
with non-standard interactions of the type discussed above, will immediately rule out the
νSMEFT sterile neutrino DM scenario.
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A Appendix: Active neutrino Yukawa and active-sterile mixing

This appendix is devoted to a short derivation of the general parametrization of the neutrino
Yukawa couplings as well as the active to sterile mixing matrix, which directly accounts for
the constraints arising from neutrino oscillations experiments.

The complete neutrino mass matrix Mν , see Eq. (2.3) can be diagonalized by a unitary
matrix U via

Mν = U∗diag(m,M)U † . (A.1)

Consider the limit mL → 0 in Mν , which is the relevant limit for this work, as shown in
Sec. 3.4.1. We can then re-organize Eq. (2.6) as

1 = −m−1/2U †
PMNSθM

1/2M1/2θTU∗
PMNSm

−1/2 (A.2)

= −
[
M1/2θTU∗

PMNSm
−1/2

]T [
M1/2θTU∗

PMNSm
−1/2

]
, (A.3)

which defines the complex, orthogonal matrix

R∗ = −iM1/2θTU∗
PMNSm

−1/2 . (A.4)
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(a) (b)

1/Λ2

(c) (d)

1/Λ2 1/Λ2 1/Λ2

Figure 9. Feynman diagrams for the νSMEFT operator L̄iνRϵijQ̄
jdR and L̄iσµννRϵijQ̄

jσµνdR
producing sterile antineutrinos ν̄s. The operator d̄RγµuRv̄RγµeR realizes only the charged current
topologies (b) and (b).

This matrix has a shape of n × 3 with n being the number of sterile neutrino species. If
n = 3, which is the scenario considered in the main text, the matrix generically can be
parametrized as a rotation matrix depending on three complex angles zij

R =




cos z12 − sin z12 0

sin z12 cos z12 0

0 0 1







cos z13 0 − sin z13
0 1 0

sin z13 0 cos z13







1 0 0

0 cos z23 − sin z23
0 sin z23 cos z23


 . (A.5)

Thus, by solving Eq. (A.4), the light to sterile mixing θ can be parametrized via

θ = iUPMNS

√
mR†M−1/2 . (A.6)

Using Eq. (2.7), together with the fact that mD = Yν v/
√
2, leads to

Yν = i

√
2

v
UPMNS

√
mR†√M . (A.7)

B Appendix: Matrix elements

This appendix collects the matrix elements for the νSMEFT operators considered in Sec. 3.4.1,
representing the crucial particle physics input to determine the sterile neutrino number den-
sity evolution via the Boltzmann equation (3.12). Following the definition of Eq. (3.12),
the matrix elements summarized here are summed over initial and final state spins, but
not averaged. When quarks are considered, the appropriate color factor Nc = 3 has to be
included. The light neutrino masses mνa are considered to be zero.

The minimal set of Feynman diagrams leading to a sterile neutrino production are
shown in Fig. 4 for the operator L̄iνRϵijL̄

jeR. In Fig. 9 the Feynman diagrams are shown
for the operators L̄iνRϵijQ̄

jdR, L̄iσµννRϵijQ̄
jσµνdR and d̄RγµuRv̄RγµeR.

In the following the matrix elements are expressed in terms of the Mandelstam variables
s, t, associated to each topology as given by the corresponding Feynman diagram. We can
further express t as a function of s and θ, with θ being the center-of-mass angle between
particle 1 and 3 [48]

t = t0 − 4 sin2
(
ϑ

2

)√(
m2

1 −m2
2 + s

)2

4s
−m2

1

√(
m2

3 −m2
4 + s

)2

4s
−m2

3 , (B.1)
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with

t0 =

(
m2

1 −m2
2 −m2

3 +m2
4

)2

4s
−



√

(m2
1 −m2

2 + s)
2

4s
−m2

1 −

√
(m2

3 −m2
4 + s)

2

4s
−m2

3




2

. (B.2)

Thus all found |M|2 can be directly integrated over dΩ.
L̄iνRϵijL̄

jeR. For topology (a) and (b)

|M|2 = m2
νs

(
5m2

e − s− t
)
+m4

e − 2m2
e(s+ t) + (s− t)2

Λ4
. (B.3)

L̄iνRϵijQ̄
jdR. For topology (a)

|M|2 = Nc

(
m2

νs +m2
e − s

) (
m2

d +m2
u − s

)

Λ4
. (B.4)

For topology (b)

|M|2 = Nc

(
m2

e +m2
νs − s− t

) (
m2

d +m2
u − s− t

)

Λ4
(B.5)

For topology (c)

|M|2 = Nc

(
2m2

d − s
) (
m2

νs − s
)

Λ4
(B.6)

For topology (d)

|M|2 = Nc

(
2m2

d − t
) (
m2

νs − t
)

Λ4
(B.7)

L̄iσµννRϵijQ̄
jσµνdR. For topology (a)

|M|2 = Nc
16

Λ4

(
m2

u

(
4m2

d +m2
e +m2

νs − s− 4t
)
+m2

d

(
m2

e +m2
νs − s− 4t

)

−4t
(
m2

e +m2
νs − s

)
+ 4m2

em
2
νs −m2

es−m2
νss+ s2 + 4t2

)
.

(B.8)

For topology (b)

|M|2 = Nc
16

Λ4

(
m2

e

(
m2

d +m2
u + 4m2

νs − s− t
)
+m2

d

(
4m2

u +m2
νs − s− t

)

−t
(
m2

u +m2
νs + 2s

)
+
(
m2

u − s
) (
m2

νs − s
)
+ t2

)
.

(B.9)

For topology (c)

|M|2 = Nc
16
(
4m4

d + 2m2
d

(
m2

νs − s− 4t
)
−m2

νs(s+ 4t) + (s+ 2t)2
)

Λ4
. (B.10)

For topology (d)

|M|2 = Nc
16
(
4m4

d + 2m2
d

(
m2

νs − 4s− t
)
−m2

νs(4s+ t) + (2s+ t)2
)

Λ4
. (B.11)

d̄Rγ
µuRv̄RγµeR. For topology (a) and (b)

|M|2 = Nc
4
(
m2

1 +m2
3 − t

) (
m2

2 +m2
νs − t

)

Λ4
, (B.12)

with m1 = mu,m2 = md,m3 = me for topology (a) and for (b) m1 = me,m2 = md,m3 =

mu.
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C Appendix: Non perturbative dipole contributions

In this Appendix, we briefly discuss the nonperturbative contributions to νs → νaγ induced
by tensor operators. By using the results of Ref. [62], this contribution can be captured by
shifting the coefficient of the dipole operator as

CνF
rs
(µlow)→ −2eQd

v2

Λ2

(
CT,RR

νd
rs11

(µlow) + CT,RR
νd
rs22

(µlow)

)
iΠV T (0)

v
, (C.1)

where ΠV T (0) is the correlator of the vector and tensor currents at zero momentum (see
Eq. (D47) in Ref. [62] for the precise definition). Adopting a large-NC inspired resonance
model [62, 88], ΠV T (0) is given by

ΠV T (0)

v
=
B0F

2
π

vM2
V

∼ 1.6 · 10−4, (C.2)

where B0 = 2.8 GeV at the scale µlow = 2GeV, Fπ = 92.2 MeV and MV = 770 MeV. Eq.
(C.1) should be compared with the perturbative contribution

CνF
rs
(µlow) ∼ −

eQd8NC

16π2
v2

Λ2

(
md

v
CT,RR

νd
rs11

+
ms

v
CT,RR

νd
rs22

)
log

µlow
µhigh

. (C.3)

For the d quark, the nonperturbative contribution is larger by approximately a factor of 10.
For the s quark, the perturbative contribution is larger.
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