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Abstract: Heavy neutral leptons (HNLs) are constrained by requirements of Big Bang

Nucleosynthesis (BBN) as their decays significantly impact the formation of the primordial

elements. We propose here a model where the primary decay channel for the HNLs is to an

axion-like particle (ALP) and a neutrino. Consequently, HNLs can decay earlier and evade

the BBN bound for lower masses, provided the ALPs themselves decay considerably later.

Further cosmological and astrophysical constraints limit severely the range of validity of

the ALP properties. We find that a new parameter region opens up for HNLs with masses

between 1 MeV and 1 GeV, and active-sterile neutrino mixing strengths between 10−9 and

10−6 that is consistent with constraints and can be probed in future searches. In such a

scenario, current bounds as well as sensitivities of future direct HNL searches such as at

NA62 and DUNE will be affected.
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1 Introduction

Heavy Neutral Leptons (HNLs) are amongst the most popular exotic particles thought to

exist beyond the particle content of the Standard Model (SM). Assumed to be fermions

that are neutral under the SM gauge symmetries, they act as heavy right-handed neutrinos

and, if they are of Majorana nature, trigger a seesaw mechanism of light neutrino mass

generation [1–5]. In this context, they may also help to understand the matter-antimatter

asymmetry of the universe, as their CP -violating decays or oscillations can generate a

baryon asymmetry through leptogenesis [6]. HNLs may thus help to explain why the active

neutrinos are so much lighter than the other SM fermions, but not massless as required

from observing oscillations [7, 8], and the origin of matter in the universe.

In the minimal scenario, an HNL N couples to the SM only through its mixing UαN

(α = e, µ, τ) with the active neutrinos, induced by the Yukawa coupling of the HNL with
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the SM lepton doublets Lα and Higgs doublet H. The HNL then also participates in

charged and neutral lepton currents. There are numerous past, current and planned future

searches for HNLs based on this, over a wide range of HNL masses mN ; from the eV-

scale where HNLs can be tested in oscillations, over keV and MeV scales mainly probed

in nuclear processes such as β decay, MeV to GeV in beam dump and meson decays, to

electroweak scale masses and above probed in colliders. A recent overview of current and

future searches is provided in [9, 10] and a global study of current constraints on HNLs

can be found in [11]. The mass range 100 MeV ≲ mN ≲ 100 GeV has especially been

targeted in searches for HNLs, since in this mass range HNLs are naturally long-lived for

the small active-sterile mixing strengths expected for successful neutrino mass generation.

This results in macroscopic decay lengths and thus displaced decay vertices that can be

looked for with a high sensitivity.

Being long-lived, HNLs also affect the early history of the universe beyond their role in

leptogenesis. If HNLs had been in thermal equilibrium, and they decay around or later than

about a second after the big bang, the produced particles affect Big Bang Nucleosynthesis

(BBN) [12, 13]. In the absence of other channels, the primary decay of HNLs to SM particles

is hadronically [14, 15]. The mesons produced through these decays interact strongly with

the protons and neutrons of the primordial plasma, thereby modifying the p ↔ n conversion

ratio which sets the primordial abundances. Most notably, the primordial abundance of
4He, precisely measured as Yp = 0.2436± 0.0038 [16], would be mostly affected since most

primordial neutrons and protons end up forming 4He. Such considerations disfavour HNLs

with masses mN ≲ 1 GeV, for small active-sterile mixing strengths required by current

constraints and expected for light neutrino mass generation. Even lighter and longer-lived

N are likewise disfavoured as they will act as additional degrees of freedom, or inject them

through their decays, and may overclose the universe.

The above considerations apply for the minimal scenario where the HNL only couples

via the active-sterile mixing. Instead, HNLs may also interact with an expanded exotic

sector within specific beyond-the-SM scenarios. Often, these are high-scale scenarios where

the HNL is charged under an additional gauge force, such as B − L [17–21] and left-right-

symmetric [19, 22–26] models. Less explored is the possibility of coupling the HNL to a

lighter exotic sector. We here explore such a scenario where the HNL couples to a light,

exotic pseudoscalar a, akin to an axion-like particle (ALP) [27–29]. We will refer to this

dark scalar as ALP in the following, and it is dark in the sense that it couples only to

the HNL in the first instance, with interactions to the SM suppressed by the active-sterile

mixing and through loops.

Our motivation is to explore the cosmological consequences of changing the HNL decay

width due to the additional channel N → aν in the scenario. While suppressed by both

the active-sterile neutrino mixing and the ALP decay constant fa, it is a two-body decay

that can compete with the three-body (at parton level) decays to SM particles only. This

will enlarge the region of interest constrained by BBN, i.e., where HNLs decay earlier

and motivate direct searches under such an additional invisible HNL decay. At the same

time, the production of ALPs and their own decays will themselves lead to constraints

on the viable parameter space by ensuring the cosmological history, especially until the
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time of the formation of the cosmic microwave background (CMB), is not affected. Any

overabundance of ALPs would modify the expansion history of the Universe, either by also

inducing a change on the primordial element abundances, if they are efficiently produced

before BBN, or by increasing the temperature of the neutrino bath, if they decay strongly

to active neutrinos before recombination. Furthermore, ALPs may be produced in the core

of stars or supernovae, which leads to faster cooling and anomalous neutrino fluxes, posing

additional constraints on strongly coupled ALPs.

The paper is organized as follows. In Sec. 2, we describe the model and determine

the HNL and ALP decay widths as important quantities for our later considerations. In

Sec. 3, we describe our modelling of the cosmological history in our scenario by setting

up the Boltzmann equations which we separate into a regime before and after BBN. The

relevant constraints from cosmology and astrophysics, as well as the expectations for direct

searches, are then discussed in Sec. 4, and they are applied in Sec. 5 where we present our

results in terms of the viable parameter space. Lastly we provide a conclusion and outlook

in Sec. 6.

2 Model

In this work, we have extended the existing SM particle spectrum by adding a SM gauge

singlet HNL and an ALP. The ALP only couples to the HNL in the unbroken SM and

thus the mass of the ALP is not strictly tied to the QCD phase transition scale, ΛQCD. In

this extension, we outline a phenomenological framework which can describe the coupling

between HNL and ALP and its implications for current phenomenological, cosmological

and astrophysical constraints from other complimentary studies.

2.1 Lagrangian

In order to generate at least two non-degenerate active neutrino masses, as confirmed by

the results from various neutrino oscillation experiments, it is necessary to introduce at

least two HNLs. In general, we can extend the SM to include N HNLs as SM gauge-singlet

Weyl fermion fields NiR (i = 1, ..,N ). Including a pseudoscalar ALP a that couples solely

to NiR, the most general and renormalisable Lagrangian is

L = LSM + iN̄iR /∂NiR − (Yν)αiL̄αH̃NiR − 1

2
(MR)ijN̄

c
iRNjR + LaNN + h.c. (2.1)

Here, Lα = (ναL, ℓαL)
T and H = (H0, H−)T are the SM lepton and Higgs doublets,

with flavour index α = e, µ, τ and H̃ ≡ iσ2H as the dual of H. Yν corresponds to the

general complex Yukawa coupling matrix which couples NiR to the SM spectrum. As

HNLs are electromagnetically neutral and SM gauge-singlet particles, one can write a

Majorana mass term where MR corresponds to the lepton-number breaking scale. After

electroweak symmetry breaking, the Higgs doublet acquires a vacuum expectation value

v/
√
2 = ⟨H⟩ which correspondingly generates the Dirac mass for neutrinos in the theory as

(MD)αi = (Yν)αi
v√
2
. The neutral fermion mass matrix can be written in the (νcαL, NjR)

T
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basis by a (3 +N )× (3 +N ) complex symmetric matrix as

Mν =

(
0 MD

MT
D MR

)
, (2.2)

where MD and MR are 3×N and N ×N matrices, respectively. We can consider MR as

diagonal without any loss of generality. One can introduce a (3 + N ) × (3 + N ) unitary

matrix,

U =

(
Uνν UνN

UNν UNN

)
, (2.3)

which diagonalizes the matrix Mν . Uνν is related to the 3×3 Pontecorvo-Maki-Nakagawa-

Sakata (PMNS) matrix, but may include non-unitary corrections due to the presence of

3 × N active-sterile mixing UνN = UNν ≡ MDM−1
R . Using this unitary matrix, the

diagonalized neutral fermion mass matrix in the Majorana mass eigenbasis (νλ, Nκ)
T (λ =

1, 2, 3;κ = 1, ..,N ) will be

U †MνU
∗ = U † ·

(
0 MD

MT
D MR

)
· U∗ =

(
(mν)3×3 0

0 (MN )N×N

)
. (2.4)

Here, mν and MN are the diagonalized active and heavy neutrino masses, respectively. In

the mass basis, the Majorana mass matrices can be written as

mν ≈ −MDM−1
R MT

D,

MN ≈ MR, (2.5)

using the type-I seesaw approximation MD ≪ MR.

In addition to the regular seesaw sector, we also assume that the ALPs a couples with

the HNL N , but not with other SM particles directly. Hence, due to the pseudoscalar

nature of ALPs, the Lagrangian for the ALP-HNL interaction is given by the derivative

coupling [30] in the mass basis as

LaNN =
N∑
κ=1

1

fa
(∂µa)N̄κγ

µγ5Nκ = −
N∑
κ=1

2i

fa
mNκaN̄κγ5Nκ, (2.6)

where fa is the ALP decay constant and mNκ are the eigenvalues of MN . The second

equality holds by applying the equation of motion for the HNLs and removing a total

derivative after integration by parts [31]. Due to the small active-sterile mixing UνN =

UNν ≡
√

mνM
−1
N , an interaction between the ALP and the active neutrinos νλ is induced.

In the mass basis of the active neutrinos and HNLs, we can write the interaction Lagrangian

between the ALP and active neutrinos as

Laνν = −
3∑

λ,λ′=1

N∑
κ=1

2i

fa
mNκa(U

†
ννU

T
Nν)κλ(U

∗
NνUνν)κλ′ ν̄λγ5νλ′

≈ −
3∑

λ,λ′=1

2i

fa
mNa|UNνU

∗
νν |2λλ′ ν̄λγ5νλ′ (2.7)
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where the second expression applies for (nearly) degenerate HNLs and λ, λ′ denote the

active neutrino mass eigenstates. Furthermore, the interaction Lagrangian for the aNν

vertex can be written similarly as

LaNν = −
3∑

λ′=1

N∑
κ=1

2i

fa
mNκa(U

∗
NνUνν)κλ′N̄κγ5νλ′ . (2.8)

While at least two HNLs are needed to explain all active neutrino masses and mix-

ing, we are mainly interested in elucidating the principle effects in our framework. For

simplicity, by considering a single HNL, N1 ≡ N , we can acquire all the important in-

formation from the framework using this simplified viewpoint. Furthermore, we con-

sider the active-sterile mixing of N1 with a single active neutrino ν1 which is mostly

electron-type neutrino i.e., ν1 ≡ νe, without loss of generality. From now on, we take

|Uνν |2 ∼ O(1) ≫ |UνN |2 = |UNν |2 and UνN = UeN . Equations (2.6) and (2.7) then take

the form

LaNN = − 2i

fa
mNaN̄γ5N,

LaNν = − 2i

fa
mNUeNaN̄γ5νe,

Laνν = − 2i

fa
mN |UeN |2aν̄eγ5νe = − 2i

fa
mνaν̄eγ5νe, (2.9)

with the light neutrino mass mν = |UeN |2mN induced by the seesaw mechanism.

2.2 HNL decays

A Majorana HNL with a mass of a few hundred MeV to GeV decays via various channels

into SM particles. All these decays are four-fermion interactions mediated by either a Z

or W boson. We will briefly discuss these SM decay channels of HNLs here with a detailed

discussion found in [14, 15]. In our framework with only one HNL species that couples

with the first generation only, we have the corresponding decay channels of HNLs as:

N → νeℓ
−ℓ+: mediated by charged (for ℓ = e) and neutral currents (for ℓ = e, µ, τ). The

corresponding decay width is (with xℓ = mℓ/mN )

Γνeℓ−ℓ+ = |UeN |2
G2

Fm
5
N

96π3

[(
C1 + 2 sin2 θW δe,ℓ

)
f1(xℓ) +

(
C2 + sin2 θW δe,ℓ

)
f2(xℓ)

]
, (2.10)

with

C1 =
1

4
(1− 4 sin2 θW + 8 sin4 θW ), C2 =

1

2
(− sin2 θW + 2 sin4 θW ), (2.11)

and the functions are defined as

f1(x) = (1− 14x2 − 2x4 − 12x6)
√

1− 4x2 + 12x4(x4 − 1)L(x)

f2(x) = 4
[
x2(2 + 10x2 − 12x4)

√
1− 4x2 + 6x4(1− 2x2 + 2x4)L(x)

]
, (2.12)

with

L(x) = ln

[
1− 3x2 − (1− x2)

√
1− 4x2

x2(1 +
√
1− 4x2)

]
. (2.13)
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N → e−ℓ+νℓ: mediated by a charged current with ℓ = µ, τ . The decay width for this

process is

Γe−ℓ+νℓ = |UeN |2
G2

Fm
5
N

192π3

[
1− 8x2ℓ + 8x6ℓ − x8ℓ − 12x4ℓ ln(x

2
ℓ )
]
. (2.14)

N → νeνℓν̄ℓ: mediated by a neutral current with ℓ = e, µ, τ . The decay width can be

written as

Γνeνℓν̄ℓ =
G2

F

96π3
|UeN |2m5

N . (2.15)

N → Pνe: with a neutral pseudoscalar meson P = π0,K0, η, η′. The decay width is

ΓPνe =
G2

Fm
3
N

32π
f2
P |UeN |2(1− x2P )

2, (2.16)

with the meson decay constant fP whose values we have taken from [15] and xP = mP /mN .

N → P+e−: with a charged pseudoscalar meson P+ = π+,K+, D+, D+
s . The decay

width is

ΓP+e− =
G2

Fm
3
N

16π
f2
P |UeN |2|Vqq′ |2λ1/2(1, x2P , x

2
e)
[
1− x2P − x2e(2 + x2P − x2e)

]
. (2.17)

where Vqq′ denotes the CKM mixing matrix element involving relevant quarks in the pro-

duced meson and λ(a, b, c) ≡ (a− b− c)2 − 4bc.

N → V νe: with a neutral vector meson V = ρ, ω, ϕ,K∗0. The decay width can be written

as

ΓV νe =
G2

Fm
3
N

32πm2
V

f2
V κ

2
V |UeN |2(1 + 2x2V )(1− x2V )

2. (2.18)

where fV and κV represent the decay constant and the vector coupling associated with the

produced neutral vector mesons, respectively.

N → V +e−: with a charged vector meson V + = ρ+,K∗,+. The decay width can be

written as

ΓV +e− =
G2

Fm
3
N

16πm2
V ±

f2
V |UeN |2|Vqq′ |2λ1/2(1, x2V , x

2
e)
[
(1− x2V )(1 + 2x2V ) + x2e(x

2
V + x2e − 2)

]
.

(2.19)

The total decay width for a Majorana HNL decaying into purely SM particles is then

ΓN→SM =
∑
ℓ

Γνeℓ−ℓ+ +
∑
ℓ=µ,τ

2Γe−ℓ+νℓ +
∑
ℓ

Γνeνℓν̄ℓ

+
∑
P

ΓPνe +
∑
P

2ΓP+e− +
∑
V

ΓV νe +
∑
V

2ΓV +e− . (2.20)

The factors of two are due to the Majorana HNL decaying into opposite charge combina-

tions, e.g., ΓP−e+ = ΓP+e− .
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Figure 1. Branching ratios of HNL as a function of the HNL mass mN for an ALP mass ma =

1 keV, and decay constant fa = 1 TeV (left panel) and fa = 102.5 TeV (right panel).

Due to the interaction in Eq. (2.9), a new decay channel for HNLs is also possible,

where the HNL decays as N → aν via the active-sterile mixing at tree level. The decay

width, in the limit where mν ≪ mN , can be written as

ΓN→aν =
|UeN |2m3

N

4πf2
a

√
1 +

(
ma

mN

)2
[
1−

(
ma

mN

)2
]3/2

≈
|UeN |2m3

N

4πf2
a

, (2.21)

where the last equality holds in the limit where ma,mν ≪ mN . Hence the lifetime of the

HNL considering only this decay mode, calculated in its rest frame, can be expressed as

τN→aν ≈ 8.6× 10−4 s×
(

fa
1 TeV

)2

×
(

10−14

|UeN |2

)
×
(
1 GeV

mN

)3

. (2.22)

The total HNL decay width to SM particles can be approximately written as [9]

ΓN→SM ≈
(
30 Γ2−body + 10 Γ3−body

)
|UeN |2

≈
(
6f2

M

π
+

m2
N

20π3

)
m3

N |UeN |2G2
F , (2.23)

where fM ≈ O(0.1) GeV corresponds to the typical decay constant of the produced pseu-

doscalar or vector meson. Comparing this with Eq. (2.21), it is clear that the N → aν

channel will be dominant if

mN <

√
5|1− 24G2

F f
2
Mf2

a |π
faGF

, (2.24)

independent of |UeN |2.
The branching ratios of the HNL decaying to various particles as a function of mass of

the HNL for two different values of fa are shown in Fig. 1. In this work, as we are mostly

interested in the regime where ma ≪ mN , correspondingly we have chosen ma = 1 keV

and varied mN ∈ [10−3 − 50] GeV range. In the left panel, we have considered fa = 1 TeV

where the Br(N → aν) ≈ 100% (solid green) throughout the entire mass range of HNL,
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Figure 2. Effective couplings of the ALP to electrons (left) and photons (right).

while the behaviour of different SM decay channels are shown as, N → ννν (solid black),

N → νe(e
+e− + µ+µ− + τ+τ−) (solid orange), N → e−(νµµ

+ + νττ
+) (solid magenta),

different pseudoscalar (P ) and vector (V ) mesonic channels (which become relevant for

mN ≥ mπ) as N → Pν (solid red), N → Pe (dashed brown), N → V ν (solid cyan),

N → V e (dashed blue). In the right panel of the figure we have taken fa = 102.5 TeV,

for which the coupling of the ALP to HNL significantly decreases. Here, for lower mass of

HNL the axionic decay channel still dominates the scenario, as expected from eq. (2.24),

while for mN > mπ, as the mesonic channels come into picture, the branching ratio to

axionic channel drops significantly as compared to the SM decay channels.

2.3 ALP decays

The interaction between the ALPs and active neutrinos in eq. (2.7) causes the ALP to

decay. This decay channel occurs at tree level, thus dominating the ALP decay width, and

it is given by

Γa→νν =
1

f2
a

m2
NmaU

4
eN

2π

√
1− 4m2

ν

m2
a

(
1− 2m2

ν

m2
a

)
≃

m2
NmaU

4
eN

2πf2
a

(2.25)

where we have considered ma ≫ mν to arrive at the last expression.

No other decay channels are available at tree level. However, as it will be seen below

(see section 4), most of the constraints on axion-like particles come from their interactions

with electrons and photons. Though the Lagrangian in eq. (2.9) does not produce axion-

electron or axion-photon interactions at tree level, such couplings can be induced at 1-loop

and 2-loop respectively, as shown in Figure 2.

These effective axion-electron and axion-photon couplings, gae and gaγ , can cause the

ALP to decay to a pair of electrons or photons and, in the limit where ma,mν ,me ≪ mN ,

are given by

gae ≈
√
2GF gaN |UeN |4memN

16π2
=

√
2GF |UeN |4mem

2
N

16π2fa
,

gaγ ≈ e2gae
2π2me

(
1 +

1

12

m2
a

m2
e

)
=

√
2e2GF |UeN |4m2

N

32π4fa

(
1 +

1

12

m2
a

m2
e

)
, (2.26)

where gaN = mN/fa.
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Scenario mN [GeV] |UeN |2 fa [TeV] ma [keV]

1 10−1 10−10 1 1

2 10−0.4 10−9.2 102.5 1

3 - - 1 10−2

4 - - 102.5 10−2

Table 1. Benchmark scenarios labelled by the red squares on Fig.5. For fixed ALP mass ma = 1

keV, they are mN = 10−1 GeV and |UeN |2 = 10−10 for fa = 1 TeV and mN = 10−0.4 GeV and

|UeN |2 = 10−9.2 for fa = 102.5 TeV respectively. The last two scenarios are given at fixed ma = 10

eV for fa = 1 TeV and fa = 102.5 TeV, respectively.

Nevertheless, for light ALPs, ma ≲ 1 keV, which is the focus of this study, the only

open decay channels for the ALPs are either a pair of active neutrinos or a pair of photons.

But, as seen in Fig. 2, the diphoton decay happens at 2-loop and thus it is significantly

suppressed with respect to the decay to active neutrinos. For example, the decay width

to photons of a 1 keV ALP with decay constant of 1 TeV will be of order 10−46 GeV,

negligible compared to decay width to active neutrinos in eq. (2.25).

The ALP lifetime can thus be computed from its decay width to two active neutrinos.

So in ALP rest frame,

τa = 1 sec×
(
1 GeV

mN

)2

×
(
1 keV

ma

)
×
(
2.03× 10−6

|UeN|2

)2

×
(

fa
1 TeV

)2

. (2.27)

For HNLs and ALPs in the mass range of interest, mN ∼ 1 GeV and ma ∼ 1 keV, the

lifetime of the ALPs, and hence the scenario that is realised, depends on the ALP-HNL

interaction 1/fa and the active-sterile mixing UeN . For example, an ALP that is stable

compared to the age of the universe (i.e., τa > 1017 sec) and fa ∼ 1 TeV would require

|UeN |2 ≤ 10−14.2.

2.4 Benchmark Scenarios

There are four benchmark points we choose to study are given in Tab. 1. The allowed

parameter space is investigated for all four scenarios in active-HNL mixing versus HNL

mass planes in Sec. 5. The number density evolutions and interaction rates are studied

explicitly through cosmological history for scenarios 1 and 2 as examples. These benchmark

points satisfy the requirements that HNL decays before the start of BBN and ALP decays

before the start of CMB. The reason for these choice is explained in Sec. 3 and the points

are also deliberately chosen in (or close to) the seesaw region in order to explain the masses

of active neutrinos.

3 Cosmological history of HNLs and ALPs

In the hot dense plasma of the early Universe, it is expected that the interactions between

the HNLs and SM particles are strong enough to maintain thermal and chemical equilibrium

– 9 –



N

N

SM

SM

N/ν

N/ν

a

a

N

a

ν

a

ν

ν

N

SM

SM

N

SM

SM

SM

Figure 3. Relevant processes for the scattering and decay of HNLs, ALPs and SM particles,

responsible for determining their abundances. The diagrams on the left describe the scattering of

HNLs with SM particles (NN ↔ SM), and the scattering of HNLs or active neutrinos with ALPs

(NN ↔ aa). The diagrams on the right and second row depict the decays of HNLs (N → aν and

N → SM) and ALPs (a → νν).

between the two sectors. HNLs with masses around the GeV scale typically do not have

time to freeze-out as their decays into SM particles, and in our framework into ALPs, will

deplete their abundance sufficiently fast. On the other hand, the interactions of HNLs and

SM particles with ALPs are typically weak, and hence we assume that ALPs do not start in

thermal equilibrium with the SM and HNLs, and that their initial abundance is negligible

(freeze-in production). The scattering between ALPs and HNLs might briefly bring the

ALPs in thermal equilibrium, for small enough fa, but they would soon freeze out, and

eventually decay into active neutrinos. All of these decay channels and scattering rates

play an important role in the evolution of the energy and number densities of HNLs and

ALPs throughout the history of the universe. The most relevant processes that determine

the abundances of HNLs and ALPs can be seen in Fig.3.

The change on the energy and number densities of the various particle species due

to the expansion of the universe and the processes in Fig. 3 can be computed with the

Boltzmann equations [32, 33]

dρX
dt

+ 3H(ρX + pX) =
δρX
δt

=

∫
gXE

d3p

(2π)3
C[f ],

dnX

dt
+ 3HnX =

δnX

δt
=

∫
gX

d3p

(2π)3
C[f ], (3.1)

where ρX , pX and nX are energy density, pressure and number density of particle X, H the

Hubble parameter, gX its internal degrees of freedom and δρX/δt and δnX/δt the energy

and number density transfer rates, computed with the collision operator C[f ], which takes

into account all energy and number changing processes.

The transfer rates, δρX/δt and δnX/δt, can be obtained by calculating the thermally

averaged cross sections and decay rates for each process where the species X is involved,
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⟨σX→Y v⟩ and ⟨ΓX→Y ⟩. A useful quantity is the thermally averaged interaction density

γX→Y , defined as

γX→Y = ⟨σX→Y v⟩neq,2
X = ⟨ΓX→Y ⟩neq

X , (3.2)

where neq
X is the number density of species X while on thermal equilibrium. The thermally

averaged decay width density is defined as

γX→Y1··· = neq
X (z)

K1(z)

K2(z)
ΓX , (3.3)

with z = mX
T , ΓX is the zero-temperature decay width of particle X, and K1(2)(z) are

the Bessel function of first (second) kind. The thermally averaged cross-section density is

calculated as,

γX1X2↔Y1Y2 =
T

64π4

∫ ∞

smin

s1/2σ̂(s)K1

(√
s

T

)
ds, (3.4)

where σ̂(s) = 2sσ(s)λ(1,m2
X1

/s,m2
X2

/s) is the reduced cross-section, with the function

λ(a, b, c) = (a − b − c)2 − 4bc, and the minimal value of the integral is defined as smin =

Max[(mX1
+mX2)

2, (mY1 +mY2)
2].

The addition of the ALPs to this model has the intended consequence of forcing the

HNLs to decay faster than in vanilla HNL models. Consequently, even for HNL masses

of the order of 10 − 100 MeV, HNLs decay fast enough to avoid affecting the BBN abun-

dances. In contrast, the ALPs should not decay before BBN, otherwise they would in turn

modify the primordial abundances. Therefore, we study the HNL and ALP abundances

in two different time epochs, before BBN and between BBN and recombination1. After

recombination the ALPs may or may not be stable, and that will have some astrophysical

consequences that will discussed in Section 4.

3.1 Abundances before BBN

We start by assuming that after some inflationary epoch and subsequent reheating, the

SM particles are in equilibrium in the early Universe. The actual value of the reheating

temperature is no importance, since most particles will be at their equilibrium densities,

but it must be low enough to ensure that the ALPs are not strongly coupled after reheating.

The HNLs are thus assumed to be in thermal and kinematical equilibrium with the SM,

but the ALPs are not. The evolution of the densities of HNL and ALP can be described

by coupled Boltzmann equations, as in eq. (3.1). Before neutrino decoupling, the HNL

number density is given by

dnN

dt
+ 3HnN =− ⟨σNN→SM v⟩

(
n2
N − neq,2

N

)
− ⟨σNN→aa v⟩

(
n2
N − neq,2

N

n2
a

neq,2
a

)
− ⟨ΓN→SM ⟩

(
nN − neq

N

)
− ⟨ΓN→aν⟩

(
nN − neq

N

na

neq
a

)
,

(3.5)

1We should mention that we here consider the onset of BBN to occur at the time of neutrino decoupling,

i.e. t ∼ 1 s. This approximation holds as long as none of the number changing processes involved are active

between that time and the end of BBN, t ∼ 104 s.
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where ⟨σNN→SMv⟩, ⟨σNN→aav⟩, ⟨ΓN→SM⟩ and ⟨ΓN→aν⟩ are the thermally-averaged scat-

tering cross-sections of HNL annihilation to SM particles and ALPs, and the thermally-

averaged decay widths of HNLs into light SM particles and ALP-active neutrino pair,

respectively. Similarly the Boltzmann equation for ALPs is

dna

dt
+ 3Hna = −⟨σaa→νν v⟩

(
n2
a − neq,2

a

)
− ⟨σaa→NN v⟩

(
n2
a − neq,2

a

n2
N

neq,2
N

)

− ⟨Γa→νν⟩ (na − neq
a ) + ⟨ΓN→aν⟩

(
nN − neq

N

na

neq
a

)
,

(3.6)

which also contains various contributions from the scattering of ALPs with the HNLs and

neutrinos and the thermally averaged ALP decay width ⟨Γa→νν⟩. The solution of these

Boltzmann equations will give the evolution of the number densities of HNLs and ALPs

between some unspecified reheating time and the time of neutrino decoupling, t ∼ 1 s. To

solve the Boltzmann equations we make a variable transformation, to the comoving yield

YX = nX/s for any species X, where s is the entropy density given by

s =
2π2

45
g∗T

3. (3.7)

where g∗ is the number of relativistic degrees of freedom and T the temperature of the

thermal bath of SM particles. The Boltzmann equations for the yield YX , using the more

useful thermally averaged densities γX→Y , can therefore be written as

zHs
dYN
dz

= −γeqNN→SM

(
Y 2
N

Y eq,2
N

− 1

)
+ γeqaa→NN

(
Y 2
a

Y eq,2
a

−
Y 2
N

Y eq,2
N

)

− γN→SM

(
YN
Y eq
N

− 1

)
− γN→aν

(
YN
Y eq
N

− Ya
Y eq
a

)
, (3.8)

zHs
dYa
dz

= −γeqaa→νν

(
Y 2
a

Y eq,2
a

− 1

)
− γeqaa→NN

(
Y 2
a

Y eq,2
a

−
Y 2
N

Y eq,2
N

)

− γa→νν

(
Ya
Y eq
a

− 1

)
+ γN→aν

(
YN
Y eq
N

− Ya
Y eq
a

)
, (3.9)

with z = mN/T .

3.2 Abundance of ALPs after BBN and temperature evolution

As we saw before, in all scenarios we consider, the abundance of HNLs depletes very fast

before BBN. As a consequence, the main production mechanisms for ALPs, which were

HNL-ALP scattering and HNL decays, are really inefficient after BBN and thus the ALP

abundance only decreases at late times. Even the processes aa ↔ Nν and aa ↔ νν fall

out of thermal equilibrium significantly before BBN, as seen below in Fig. 4. Therefore,

the abundance of ALPs after the end of BBN is solely determined by their decays. Their

Boltzmann equation is therefore given by[12]

zHs
dYa
dz

= −γa→νν

(
Ya
Y eq
a

− 1

)
with z > zBBN. (3.10)
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If the ALP decays are fast enough, as in the left-hand panel of Figure 4, the ALPs decay

shortly after the end of BBN, and their number density completely disappears. Conversely,

the abundance of long-lived ALPs becomes frozen-out after BBN, and will only deplete

slowly, depending on their lifetime.

Before neutrino decoupling, the temperatures of the photon and neutrino baths evolved

together, changing only via adiabatic cooling since ALP decays are negligible before BBN

[34]. After the end of BBN, however, the decays of ALPs to neutrinos, a → νν become

relevant, which will introduce energy into the neutrino bath and thus increase its tempera-

ture. An increase on the neutrino temperature relative with the photon temperature at the

time of recombination has a strong impact on the number of effective neutrino degrees of

freedom Neff . Because of this, we need to track separately the evolution of the photon and

neutrino temperatures from the end of BBN until the formation of the CMB. Neglecting

chemical potentials and effects from neutrino oscillations, the evolution of the temperatures

with time is given by [33, 35]

dTγ

dt
= −4Hργ + 3H(ρe + pe)

∂ργ
∂Tγ

+ ∂ρe
∂Tγ

dTν

dt
= −12Hρν + 3H(ρa + pa) + δρa/δt

3 ∂ρν
∂Tν

+ ∂ρa
∂Tν

(3.11)

where ρi and pi are the energy density and pressure of particle species i, and δρa/δt is the

energy exchange rate from ALPs to neutrinos, given by the collision operator in eq.(3.1).

Equation (3.11) takes into account the decoupling of the electrons from the photon bath

when they become non-relativistic, as well as the decoupling of the ALP from the neutrino

bath when Tν ≳ ma.

3.3 Abundance and interaction rate evolution

Fig. 4 shows the evolution of the thermally averaged scattering and decay rates (top row)

and the number density of various species (bottom row) for two different scenarios from

Table 1. Scenario 1 has mN = 10−1 GeV, |UeN |2 = 10−10, fa = 1 TeV and ma = 1 keV.

Scenario 2 has mN = 10−0.4 GeV, |UeN |2 = 10−9.2, fa = 102.5 TeV and ma = 1 keV.

The rate evolution plots show how the various rates evolve compared to the Hubble

parameter (red). In scenario 1, shown on the left, the thermally averaged scattering rate

aa → NN (solid blue) becomes efficient for a short period of time at around z ∼ 1, which

brings the ALPs and HNLs close to thermal equilibrium. Other scattering rates, such as

aa → νν, with either N (dotted blue) or ν (dashed blue) mediation, are negligible. Once

the ALP-HNL scattering rate becomes inefficient shortly before the onset of BBN, HNL

decaying to ALPs (green) become the primary source of ALP production while the HNLs

are abundant enough. Other HNL decays to SM particles (orange) only become efficient in

scenario 1 much after all HNLs have decayed away to ALPs, and thus have no effect on the

evolution. Lastly, a long time after BBN, but before recombination, the decays of ALPs,

a → νν (pink) become efficient and make the ALPs decay completely before the formation

of the CMB. On the other hand, in scenario 2 on the right, the scattering rates are never
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Figure 4. Evolution plots of the thermally averaged scattering and decay rates (top) and number

densities (bottom), with z = mN/T and time, for benchmark scenarios 1 (left) and 2 (right) from

Tab. 1. The scattering rates of ALPs with HNLs and neutrinos (blue) are shown in the top row

compared to the evolution of the Hubble rate (red), along with the decay rates of HNLs to SM

particles (orange) and ALPs (green) and the decay rate of the ALPs (pink). The bottom row shows

the number density of ALPs (blue) in and out of equilibrium (dashed and solid respectively), as

well as the number densities of HNLs (orange) and neutrinos (purple).

efficient enough, so the HNLs and ALPs are never in thermal equilibrium. The decay of

HNLs to ALPs (green) is thus the only source of ALP production, but in this scenario it

is comparable to the HNLs decays to SM particles (orange), and thus not all HNLs decay

to ALPs. Since the ALP-neutrino interaction rate is weaker compared to scenario 1, due

to larger fa, ALPs do not decay efficiently in scenario 2, as their decay rate only becomes

efficient around or after the formation of the CMB, which causes the ALPs to survive after

recombination.

In the number density plots in the bottom row, the orange curves show the actual

(solid) and equilibrium (dashed) number density for HNL, the blue curves show the actual

(solid) and equilibrium (dashed) number density for ALP and the dashed purple curve

gives the equilibrium density for neutrinos. In scenario 1, the strong scattering between

HNLs and ALPs brings them close to thermal equilibrium at around z ∼ 1. Shortly after,

the HNLs become non-relativistic and thus their actual and equilibrium abundances are

Boltzmann suppressed, thereby falling rapidly before BBN. Since the ALPs and HNLs are
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close to equilibrium already, the increasing effect of HNL decays on the ALP abundance is

small, and in fact causes the ALP abundance to decrease as inverse decays tend to dominate

when the ALP population is high. Lastly, after BBN the ALPs become non-relativistic,

but initially there are no equilibrium processes that can deplete their abundance, and

thus they freeze-out, i.e. their real abundance (solid blue) overshoots their equilibrium

abundance (dashed blue). Finally, shortly before recombination, ALPs decay to light

neutrinos, depleting their abundance completely. In scenario 2, the ALPs are never in

thermal equilibrium, and are only efficiently produced by HNL decays, so they freeze-in

after the HNLs become non-relativistic and disappear. In this scenario, ALPs are longer

lived, and thus their abundance freezes-out, as before, but only depletes slowly before the

formation of the CMB.

4 Constraints from cosmology, astrophysics and direct searches

In this work we have introduced two new particles, a HNL and an ALP that modify very

significantly the evolution of the early Universe compared to ΛCDM. The cosmological and

astrophysical implications of both of these species are well known separately [27, 36, 37].

However, their combination has a somewhat different effect, as the HNLs are allowed to

be lighter than in most previous scenarios, due to the weakening of the BBN bound (see

below), and also due to the ALPs coupling exclusively to neutrinos via the HNL portal.

Consequently we need to evaluate the predictions of our model towards known cosmological

and astrophysical observables and hence assess whether their strong constraints render the

model invalid or there are still parameter combinations that are unconstrained. For this

purpose we study how this model affects the formation of primordial elements (BBN),

the observations of the CMB, as well as astrophysical constraints such as those from the

observation of the supernova SN1987A, and others such as extra-galactic background light

(EBL) or X-ray constraints. Additionally, the new decay channel for HNLs available in

this model modifies the prospects of direct searches for HNLs at colliders, fixed target or

beam dump experiments. Consequently, we also study the sensitivity of our model to direct

searches for HNLs at future facilities.

4.1 Big Bang Nucleosynthesis

The predictions of ΛCDM with regards to the formation of the primordial elements match

very well with their observed present abundances2 [40, 41]. These predictions are, however

very sensitive to the cosmological state of the Universe at any time between neutrino

decoupling and the CMB. Any modification of the temperature of neutrino decoupling,

the rate of expansion of the Universe or energy injection in the primordial plasma, may

cause a catastrophic change on the formation of light elements. This is specially true

in our scenario, where the decays of HNLs into mesons disturb the p ↔ n conversion

2The present-day abundance of 7Li is currently in disagreement with the predictions from standard

cosmology. Attempts have been made to provide an explanation in modified cosmologies, with varying

degrees of success [38, 39]. Therefore, it remains unclear whether this is caused by modifications over

ΛCDM or an inaccurate measurement of their present abundance.
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processes that set the initial proton and neutron abundances for BBN [42]. If the HNLs

decay fast enough, however, the abundances of protons and neutrons have time to restore

to the expected values from ΛCDM, and thus there is no effect on BBN. Hence, we set

a conservative limit on the HNL lifetime of τN < 0.023 s [42], beyond which the decays

will disturb the BBN abundances too much and is therefore marked as excluded in our

scenario.

In addition to the decays of the HNLs, the decays of ALPs may also modify the

primordial plasma and affect BBN. If the ALPs decay before neutrino decoupling, since

their primary decay channel is a → νν, they would modify the neutrino spectrum and

increase the temperature of the neutrino bath, thereby delaying neutrino decoupling and

the formation of primordial elements. Consequently, we do not consider scenarios where

the ALPs have short lifetimes, and to ensure that they do not directly affect BBN, we

only consider ALPs decaying after the end of BBN, i.e τa > 104 s. Subsequent decays

of the ALPs may also dissociate the formed elements and modify their abundance [34],

however this dissociation is mostly caused by electromagnetic cascades, which are rare in

our scenario since the decay rate of a → γγ is negligible.

Even if the ALPs do not decay before BBN, they may still affect the formation of the

primordial elements if they are too abundant. Since ALPs are relativistic before neutrino

decoupling, a sufficient abundance would act as dark radiation and thus modify the Hubble

rate during radiation domination. This effect can be understood as increase in the neutrino

temperature and therefore results in a modification on the value of Neff at the time of

BBN [13]. Since the contribution from dark radiation is only relevant when the ALPs are

close to thermal equilibrium, we can parametrize the deviation from ΛCDM as

∆NBBN
eff ≈ ρa

ργ
≈ ρeqa na

ργn
eq
a

(4.1)

where ργ is the energy density in photons at BBN. Though Neff is not directly measured at

BBN, it can inferred from the measured value at recombination by Planck [43], to be [44]

NBBN
eff = 2.86 ± 0.15, hence we set an upper bound on the ALP abundance at BBN by

requiring ∆NBBN
eff ≲ 0.2.

4.2 Cosmic Microwave Background

After the end of BBN, any particle that injects energy in the primordial plasma will mod-

ify, to some extent, the observations of the CMB. The impact of energy injected before

recombination would work to heat up the plasma and hence cause changes to the observed

anisotropies in the CMB power spectrum. However, since the major source of energy in-

jected is via ALP decays to neutrinos, the energy injected into the photon bath is negligible,

and thus we do not expect constraints arising from CMB anisotropies. Late time decays of

ALPs could also cause spectral distortions in the black body spectrum of the CMB if the

decays heat up the photon bath significantly [39]. Fortunately, as before, the decay rate

from ALPs to photons is negligible and we assume that secondary energy injected into the

photon spectrum from the decays of ALPs can be safely ignored.
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The most significant impact of the decays of ALPs for recombination is the modifi-

cation of the neutrino temperature. Since neutrino decoupling, the photon and neutrino

temperatures evolved independently which, even in ΛCDM, causes a value of the effective

neutrino degrees of freedom as Neff = 3.044± 0.384 [43]. ALP decays before the formation

of the CMB increase the neutrino temperature, as in eq.(3.11). This increase of the tem-

perature of the neutrino bath with respect to that of the photon bath, causes the value of

Neff to increase from the expectations of ΛCDM, as

NCMB
eff = NBBN

eff

(
11

4

)4
3
(
Tν

Tγ

)4

(4.2)

which strongly constraints the decay rate of ALPs.

Lastly, from observations of the CMB, the abundance of non-baryonic matter (dark

matter) was observed to be around ΩDM ∼ 0.12. ALPs that become non-relativistic before

recombination, and they have lifetimes larger than τa > 1013 s, would survive long enough

to contribute their abundance to that of dark matter. Therefore this also sets a strong

constraint on the total abundance of ALPs at the time of recombination, which is partially

complementary to the constraint on Neff .

4.3 SN1897A

The core of supernovae (SN) are very hot and dense systems, with temperatures of the order

of T ∼ 30 MeV. Most of the particles created in such energetic medium are trapped and

contribute to the energy transfer inside the SN core. Weakly coupled particles, however,

can free-stream and escape the core, contributing to the cooling of the SN. The primary

source of cooling for SNs are neutrinos, which can escape as long as they have energies

Eν ≲ 30 MeV. This neutrino burst was observed for SN1987A by various water Cherenkov

detectors, including Kamiokande-II [45, 46]. Besides neutrinos, the HNLs and ALPs in

our model could also escape the SN core as they interact very weakly with the SN inner

medium, and contribute to SN cooling [47–52]. This additional source of cooling is very

constrained by measurements of the luminosity of SN187A. Secondary decays of HNLs and

ALPs into neutrinos produce a high-energetic additional flux of active neutrinos that could

have been detected alongside the normal neutrino burst [50, 51]. The combination of SN

cooling and the additional neutrino flux can impose strong constraints on our model for

high couplings.

For both HNLs and ALPs, the constraint on the secondary neutrino flux is much

stronger than the constraint from SN cooling [51, 52], and hence we only include the

former in our study. Typical constraints on the secondary neutrino flux from HNL decays

assume decay rates for HNLs in the absence of additional channels, so the N → πν and

N → 3ν decays dominates [49]. In our model the primary decay channel for HNLs is

to ALPs, which consecutively decay to a pair of neutrinos. Hence, neglecting resonant

effects, the secondary neutrino flux from HNLs can be approximated to that arising from

the 3-body decay of the HNLs to neutrinos. Even though the 2-body decay branching ratio

is around 7 times larger than the 3-body decays for HNL masses in the 100 MeV range,
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Cherenkov detectors are more sensitive to the 3-body decays, since the interaction cross

section of antineutrinos, only produced in 3-body decays, is around 100 times larger than

that of neutrinos [45]. Therefore, SN limits on traditional HNL decays can be directly

applied to our scenario. We thus use the limits on HNL masses and mixing from Fig. 2 of

[52] to constrain the large mixing angle regions in our model.

In addition to HNLs, ALPs can also be produced in the core of SN. The expected

secondary neutrino flux from decaying ALPs with masses below the keV scale is smaller

than that from HNL decays that can escape the SN core. However, heavy HNLs cannot

escape and thus SN constraints from the production of ALPs are stronger for mN ≳ 400

MeV. From Fig. 5 of [52], we can see that the coupling between the ALP and the electron-

neutrino gae must be gae ≲ 10−7 for keV-scale ALPs. In our model, gae is given by

Eq. (2.26), which imposes only weak limits for heavy HNLs and large HNL-ALP couplings,

beyond the ranges considered in our study.

Lastly, there could be additional constraints from secondary decays of HNLs and/or

ALPs to photons [53]. However, these are negligible as the photonic branching ratios of

both particles are very small for the masses considered.

4.4 Other astrophysical constraints

In addition to the astrophysical constraints from SN cooling and its secondary fluxes,

there is a plethora of possible astrophysical probes of ALPs. The production of ALP in

the core of white dwarfs or RGB stars can lead to strong cooling, and even provide an

explanation for the observed cooling hints [54, 55]. In fact, it has been shown that an ALP

with a coupling to electrons of the order gae ∼ 10−13 provides a good fit to stellar cooling

data [55]. However, in our model the ALP-electron coupling is very small, so much that

the value gae ∼ 10−13 can only be reached for mixing |UeN |2 ∼ 10−1 and HNL masses

mN ∼ 1 TeV. Since this parameter region is beyond our scope, and anyways disfavoured

by various cosmological constraints, as we will see later, we neglect the constraints from

stellar cooling in our study.

Long-lived ALPs that survive after recombination may still be observable today through

their decay products. The photons injected by ALP decays are the most detectable candi-

dates, as they can be probed in observations of the extra-galactic background light (EBL)

or via X-rays [36]. For ALP masses below the keV scale, the constraints on the ALP-

photon coupling from X-ray and EBL surveys require that gaγ ≲ 10−15 GeV−1 [36, 39]. In

our model, however, the ALP-photon coupling is derived at two-loop order, and therefore

extremely small. As above, only for very large mixing U2
eN ∼ 10−3 and large HNL masses

mN ∼ 1 TeV, has this constraint any effect. Consequently, we also ignore any astrophysical

constraints from late-time photonic decays of ALPs.

4.5 Impact on direct HNL searches

Future HNL searches, especially those based on long-lived signatures, will probe small

active-sterile mixing strengths approaching the seesaw expectation. Prominent examples

of proposed and planned searches are PIONEER [56], NA62 [57, 58], DUNE [59], SHiP

[60], FCC-ee [61]. A dedicated analysis is needed to present a study of the sensitivity in
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our scenario depending on the specific search strategy. Such a detailed analysis is beyond

the scope of this paper and will be considered as future work. In this section, we will assess

how the sensitivity is modified in presence of new HNL-ALP coupling in the context of

DUNE. We qualitatively describe the approach to calculate the expected number of signal

events in the DUNE near detector (ND) based on the analysis [62]. The ND is located at

a distance of L = 574 m from the HNL production point, with a transverse cross-section

of A = 12 m2 and a depth of ∆L = 5 m along the beam axis. Following [62], we write the

expected number of signal events as

Nsig = NP × Br(P → N)× Br(N → charged)× ϵgeo, (4.3)

where NP is the relevant production fraction of positively-charged and neutral pseudoscalar

mesons multiplied by the total number of protons on target NPOT = 6.6 × 1021 for a 120

GeV proton beam at DUNE, Br(P → N) is the branching fractions of HNL production

from the meson P , Br(N → charged) is the branching fraction of produced HNL decaying

into charged lepton pairs and ϵgeo corresponds to the geometrical efficiency,

ϵgeo = e
−mNΓN

pNz
L
(
1− e

−mNΓN
pNz

∆L
)
. (4.4)

Here, pNz is the momentum of the HNL along the beam axis in the lab frame, where we

have considered pNz = 7.5 GeV, following the simulation of meson production from a pp

collision at
√
s = 15 GeV [62]. As we have not explicitly simulated any events and analysed

with respect to detector level cuts, for simplicity we will consider, in our analysis, that all

produced HNL events will be accepted at detector level.

In presence of the HNL-ALP coupling as well as the new HNL decay channel N → aν

in our scenario, the corresponding total decay width will also be affected. Correspondingly,

the partial decay width of HNLs decaying into visible final states as well as the geometrical

efficiency factor will change. In contrast, the production rate NP as well as the branching

ratio of HNL production from mesons is unaffected. We thus consider the relative change

in the number of events,
N ′

sig

Nsig
=

Br′(N → charged)

Br(N → charged)

ϵ′geo
ϵgeo

(4.5)

where the unprimed and primed quantities correspond to ΓN ≡ ΓN→SM and Γ′
N ≡ ΓN→SM+

ΓN→aν , respectively, as discussed in Sec. 2.2. From Fig. 1, we can notice that for (ma, fa) =

(1 keV, 1 TeV), the total decay width of the HNL is dominated by N → aν throughout the

considered mass range, while for (1 keV, 102.5 TeV), up to mN ∼ mπ, N → aν dominates

the scenario and beyond this point, it drops significantly. Furthermore, as the decay widths

for N → aν and N → SM have the same UeN dependence, the branching fractions are

independent of UeN .

Likewise, the ratio of the geometric efficiencies can be approximated by

ϵ′geo
ϵgeo

= exp

[
−mN

pNz

Γ(N → aν)L

]
Γ′
N

ΓN
, (4.6)
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for a shallow detector depth ∆L, i.e., for (mN/pNz)Γ
′
N∆L ≪ 1. The ratio of decay rates in

this expression is equal to Γ′
N/ΓN = Br(N → charged)/Br′(N → charged), thus cancelling

the corresponding ratio in Eq. (4.5) in this limit. We thus have

N ′
sig

Nsig
= exp

[
−mN

pNz

Γ(N → aν)L

]
, (4.7)

which approaches unity for long decay lengths, (mN/pNz)Γ(N → aν)L ≪ 1. Thus, for

small |UeN |2 and mN where Γ(N → aν) ≪ pNz/(mNL), we expect that DUNE will have

the same sensitivity towards the active-sterile mixing strength |UeN |2 in our HNL-ALP

scenario as in the standard HNL case. For shorter decay lengths, the sensitivity will be

reduced.

As another example for a direct search experiment we consider the existing NA62

experiment which uses a different search strategy as compared to DUNE. The NA62 ex-

periment [57] used a secondary 75 GeV hadron beam containing a fraction of kaons, and

has been able to probe the decays K+ → ℓ+N . For small active-sterile mixing the decay

length of HNL is much larger than the 75 m detector size and the process is characterised

by a single detected track, that of the charged lepton – a positive signal is a peak in its

missing mass distribution. As this experiment is currently insensitive to the decay of the

HNLs, the presence of the N → aν decay channel will not affect the search as long as the

decay length remains large.

5 Results and discussion

The aim of this work is to find valid scenarios where the traditional BBN bound on HNLs

[42] is relaxed due to the primary decays to ALPs. For this purpose we have performed

some small scale parameter scans around the benchmark scenarios in Table 1 to illustrate

this effect3. Figure 5 shows the results of these parameter scans, varying the values of

mN = [10−3, 102] GeV and |UeN |2 = [10−13, 10−6]. The top row corresponds to scans

around scenarios 1 and 2, with only ma and fa fixed, and, where the blue diamond markers

are the fixed values of mN and |UeN |2 from Table 1. The bottom row shows scans of

scenarios 3 and 4, which have a lighter ALP mass of ma = 10 eV.

In all the panels of Fig. 5, the three different regimes of ALP decay lifetime (as discussed

earlier) are shown. ALPs decaying before the end of BBN, i.e., τa < 104 s, to the right

of the τa = 104 s line, are not considered in this study. As we will argue below, points in

this region are excluded anyway due to the fast ALP decays, so in this way we are justified

in neglecting scenarios with short-lived ALPs. As expected, since the lifetime of the ALP

goes like ∼ f2
a/ma, for the larger values of fa in the right-hand panels and lower ma values

on the bottom panels, the excluded region for short ALP lifetimes moves to larger HNL

masses and larger mixing. Additionally, the ALP lifetimes around the formation of the

CMB, τa = 1013 s, and the age of the Universe, τa = 1017 s are shown.

3We performed a grid scan on two parameters of the model, mN and |UeN |2. This simplification is enough

for our purposes as we only intend to highlight the crucial features of the model, but do not attempt to map

the available parameter space nor perform any statistical interpretation of the results. For more details on

the rigorous treatment of inference and statistics in physics see [63].
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Figure 5. Allowed parameter regions in the mN vs |UeN |2 plane for the four benchmark scenarios

in Table 1: Upper left panel : fa = 1 TeV, ma = 1 keV, Upper right panel : fa = 102.5 TeV, ma = 1

keV, Lower left panel : fa = 1 TeV, ma = 10 eV, Lower right panel : fa = 102.5 TeV, ma = 10 eV.

The red region shows the space disallowed by HNL decay time after the start of BBN, while the

region left to red dashed contour is disfavored if HNL decays only via SM decay channels, in absence

of ALP. The most stringent bound from cosmology, Neff < 3.10322 (ΛCDM)+0.0384 (0.1σN ) gives

the brown forbidden region of active neutrinos produced from ALP decays. The region above the

purple contour is excluded due to astrophysical constraints from supernova SN1987A. The seesaw

regime for active neutrinos 1 meV ≲ mν ≲ 100 meV is shown in blue. The different black lines

label the ALP decay time at 104 s (end of BBN), 1013 s (CMB) and 1017 s (today). Benchmark

values from Tab.1 for scenario 1 and 2 with fixed mN and |UeN |2 are denoted in top panels by blue

diamonds.

The dashed red line corresponds to the HNL decay lifetime τN = 0.023 s where only

SM decay channels are present, i.e. in the absence of the ALP. Conversely, the solid red
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line denotes the same HNL lifetime limit, but in the presence of the additional decay

channel N → aν. Since HNL decays after the start of BBN would modify the abundance

of primordial elements, scenarios with longer lived HNLs are also not considered, and hence

shaded in red in Fig. 5. Consequently, whenever the HNL to ALP decays dominate, the

BBN limit is relaxed as compared to the standard scenario. This effect is more evident

on the left-hand side panels, with fa = 1 TeV, where the BBN limit is lowered by about

two orders of magnitude with respect to vanilla HNL models. For larger fa values, on the

right-hand panels, the HNL-ALP coupling, which goes like ∼ 1/fa, is weaker and thus the

exclusion due to the HNL lifetime is stronger as the impact of the addition of the ALP to

the model is less significant.

In this article, for simplicity, we have only considered a single HNL, which is not enough

to generate non-zero masses for all active neutrinos. Nevertheless, it is useful to show the

expected mass scale of active neutrino mass generation, under the seesaw approximation.

We thus show in Fig. 5 the blue shaded region for the seesaw mass 1 meV ≲ mν ≲ 100

meV.

The strongest cosmological constraint, shown as the shaded brown region in the panels,

arises from the increase on the neutrino temperature due to ALP decays, which shows as

a modification of the Neff at the time of recombination. Neff constrains the larger HNL

masses and mixing, corresponding to shorter ALP lifetimes. Consequently, ALPs decaying

before the onset of BBN, or shortly after, would cause a sufficient increase of the neutrino

temperature and be excluded by the Planck measurement of the Neff value. Smaller HNL-

ALP couplings cause longer ALP lifetimes, and thus the right-handed panels with larger fa
have weaker Neff constraints. However, for the bottom panels with lower ma, even though

the lifetime is also longer and one would expect the limit to be weaken, the opposite

effect occurs and the Neff limit is significantly stronger. This happens because lighter

ALPs are ultra-relativistic for a longer period between BBN and recombination, and thus

have a stronger effect on the expansion rate, and thus on the neutrino temperature and

value of Neff . Other cosmological constraints such as, energy injection before BBN or

the relic abundance of ALPs are subleading and thus not shown. The region above the

purple contour is, in principle, excluded due to the astrophysical constraints from supernova

SN1987A, arising from the modified neutrino flux due to the production of HNLs in the

core of the supernova. Nevertheless, the uncertainties in the calculation of the SN neutrino

flux are high and depend on the choice of SN core model [64], hence we show in purple a

conservative expectation of the limit, but refrain from excluding models only on the basis

of this SN constraint. Supernova constraints due to ALP production, which is largely

independent of ma in the ranges of interest, only apply for large values of |UeN |2 and mN ,

which however resides well outside of our considered region.

The combination of all the overlaid constraints still leaves a significant region of the

parameter space allowed, which becomes narrower for large values of |UeN |2 and wider for

smaller values. The most interesting section of this allowed region corresponds to the one

on the left of the BBN limit in vanilla HNL models (dashed red), which is the parameter

space gained for lower HNL masses with the introduction of the additional decay channel

N → aν. The panels on the left, for fa = 1 TeV, show a significant increase on the
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viability of HNL masses, all the way down to mN ∼ MeV, at the expense of stronger

constraints on the mixing |UeN |2 due to the stronger HNL-ALP interactions. The newly

open region is much narrower in the panels on the right, with fa = 102.5 TeV, as the

HNL-ALP interactions are much weaker, and only slightly relevant for high |UeN |2 values.

On the other hand, stronger HNL-ALP interactions, for fa < 1 TeV, would not provide

any noticeable improvement, as the ALPs would then be produced in equilibrium and the

cosmological constraints would be much stronger. In conclusion, from Fig. 5 there is a

reasonable expectation for HNLs in our model to have masses at around the MeV scale

without affecting the cosmological history of the Universe.

In Fig. 6 we present this newly available parameter region which may be the target of

future dedicated searches for HNLs. In the left panel, we show the corresponding parameter

space for scenario 1 (fa = 1 TeV, ma = 1 keV) as described in previous section, while

the right panel corresponds to the scenario 2 (fa = 102.5 TeV, ma = 1 keV). The gray

shaded regions in both panels are disfavored from various cosmological and astrophysical

constraints discussed in Sec. 4, and shown coloured in Figure 5. The gray dashed curve

denotes the BBN bound from the HNL only decaying to SM decay channels i.e., in absence

of the ALP. The corresponding seesaw regime is shown in blue considering 1 meV ≲ mν ≲
100 meV. The red dashed contour corresponds to the future sensitivity of DUNE HNL

searches in standard HNL models (without ALPs), while the solid red contours in both

panels denote the resultant sensitivity contours for observation of 6 events in presence of

the new N → aν decay channel in respective benchmark scenarios with two different fa
values. Additionally, as described in Tab. 1, in blue diamonds two benchmark scenarios

with fixed HNL mass and mixing mN = 10−1 GeV, |UeN |2 = 10−10 and mN = 10−0.4 GeV,

|UeN |2 = 10−9.2, have been shown. The brown dashed contour denotes the present exclusion

contour from NA62 experiment. Furthermore, considering the discussion of subsection

4.5, we have also highlighted in brown the region where the approximation holds (with

LNA62 = 75 m and pNz ∼ 30 GeV as the K+ beams have energy ∼ 75 GeV [57]), the

present sensitivity contour remains unaffected by the new axion decay channel of HNL in

this region. From Figure 6 it is evident that the available regions constrained by several

astrophysical and cosmological constraints can be well probed in the future by DUNE and

NA62 in presence of this new decay channel of HNLs.

6 Conclusions and outlook

In this work we have presented a simplified model of new physics including a single HNL,

which mixes with a light active neutrino in a seesaw scenario, and an axion-like particle,

whose only tree-level interaction is with the HNL. This model is motivated to explore the

potential impact on the decay rate of the HNL allowing to evade constraints from BBN for

HNL masses around the MeV scale. This would open up parameter space probed by HNL

direct searches that is otherwise disfavoured by cosmological considerations. However, the

ALPs produced by the scattering and decay of HNLs can have a significant impact on the

evolution of the Universe, as they affect its expansion rate and their own decays increase

the temperature of the neutrino bath. Further constraints on the model arise from the
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Figure 6. The sensitivity contours of future DUNE and current NA62 searches for observation of

6 events in newly available parameter space constrained by several astrophysical and cosmological

constraints (gray shaded region) for two different benchmark scenarios i.e., left panel (fa = 1 TeV,

ma = 1 keV) and right panel (fa = 102.5 TeV, ma = 1 keV). The region left to gray dashed contour

is disfavored if HNL decays only via SM decay channels, in absence of ALP. The seesaw regime

for active neutrinos 1 meV ≲ mν ≲ 100 meV is shown in blue. Benchmark values from Tab.1 for

scenario 1 and 2 with fixed mN and |UeN |2 are denoted in two panels by blue diamonds. The red

solid (dashed) contours denote the DUNE sensitivity contours with (without) HNL to ALP decay

channel. The brown contour corresponds to NA62 present sensitivity while the brown shaded region

denotes the unaffected parameter space, in presence of N → aν channel, using the approximation

discussed in subsection 4.5.

production of ALPs in the core of stars or supernovae, which is strongly constrained from

the observation of the photon and neutrino fluxes from SN1987A.

We have thus found that, in spite of the strong constraints, there is viable parameter

space in the region of interest where the ALPs are not produced abundantly enough to

modify the cosmology of the Universe significantly. They nevertheless open up a new and

dominant decay channel for the HNLs so that they decay non-hadronically and are not

constrained by BBN. The relaxation of the BBN limit compared to the standard HNL

model is more significant for stronger HNL-ALP interactions (fa = 1 TeV), where HNL

masses around mN ∼ MeV are allowed, with a relatively large active-sterile mixing.

This region of parameter space with HNL masses 1 MeV < mN < 1 GeV and couplings

10−10 < |UeN |2 < 10−7, which is allowed in our model in contrast to the vanilla HNL model,

is a prime target for direct searches for HNLs at colliders, fixed target and beam dump

experiments. While a detailed analysis is beyond the scope of this work, we discuss the

constraints from the existing NA62 search and the expected sensitivity of a future search

at the DUNE near detector. We find that the additional decay to ALPs significantly alters

the probed parameter space but as long the HNL remains sufficiently long-lived, i.e., for

mN ≈ 100 MeV to 1 GeV, both experiments still probe small active-sterile mixing strengths
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|UeN |2 ≈ 10−9.

Our simplified model motivates the search for lighter HNLs within a region otherwise

disfavoured by BBN constraints. It also shows that, once allowing the HNL to couple

to a light dark sector, the phenomenology, specifically as a long-lived particle can change

significantly, and searches should consider non-standard decay lengths and exotic decay

modes. This is in correlation with cosmological observations and future improvements in

this sector are expected to tighten the presence of a light sector.
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A Calculation of decay and scattering rates

In this appendix, we will give analytical expressions for the scattering cross-sections involv-

ing active neutrinos, HNL and ALP in all possible way. Due to the couplings presented

in Eq.(2.9) one can also consider the axion-HNL scattering in early universe. The pro-

cess happens via t-channel scattering. The matrix element responsible for the process

a(p1) + a(p2) → N(p3, s) +N(p4, r) can be written as

Mt =
4m2

N

f2
a

(
ūs3

/q −mN

q2 −m2
N

ur4

)
(A.1)

where momentum exchange is q2 ≡ (p1 − p3)
2 = t. Now finding |Mt|2 and performing the

sum over final spin states s, r of HNLs one gets∑
r,s

|Mt|2 =
64m4

N

f4
a (t−m2

N )2

[
2(p3.q)(p4.q)− (p3.p4)(q.q −m2

N ) + 2m2
N (p3.q) + 2m2

N (p4.q)

+m2
N (q.q +m2

N )
]

(A.2)

Now, putting the definitions for kinematic variables and phase space factor as well as

integrating over the angular variables, we get the total cross-section as

σaaNN =
4m4

N

√
s− 4m2

a

πf4
as

3/2

[
− 1−

m4
a − 4m2

am
2
N

m4
a − 4m2

am
2
N +m2

Ns

+

2(s− 2m2
a)coth

−1

(
s−2m2

a√
s−4m2

a

√
s−4m2

N

)
√
s− 4m2

a

√
s− 4m2

N

]
. (A.3)
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Similarly, for the inverse scattering N(p1, s) +N(p2, r) → a(p3) + a(p4) we have

σNNaa =
4m4

N

πf4
as

3/2

[
−

√
s− 4m2

N (2m4
a − 8m2

am
2
N +m2

Ns)

m4
a − 4m2

am
2
N +m2

Ns

+

2(s− 2m2
a)coth

−1

(
s−2m2

a√
s−4m2

a

√
s−4m2

N

)
√
s− 4m2

a

]
, (A.4)

where s ≡ (p1 + p2)
2 = (p3 + p4)

2. Likewise, for aa → νν scattering with t-channel HNL

mediation,

σaaνν =
4m4

N

√
s− 4m2

aU
4
eN

πf4
as

3/2

×

[
−

2(m4
a +m4

N +m4
ν − 2m2

am
2
N − 2m2

am
2
ν − 2m2

Nm2
ν) +m2

Ns

m4
a +m4

N +m4
ν − 2m2

am
2
N − 2m2

am
2
ν − 2m2

Nm2
ν +m2

Ns

+

2(2(m2
a −m2

N +m2
ν)− s)coth−1

(
2(m2

a−m2
N+m2

ν)−s√
s−4m2

a

√
s−4m2

ν

)
√
s− 4m2

a

√
s− 4m2

ν

]
. (A.5)

In the limit, mν → 0, we will get simplified expression for aa → νν scattering as

σaaνν =
4m4

N

√
s− 4m2

aU
4
eN

πf4
as

3/2

[
−

2(m4
a +m4

N − 2m2
am

2
N ) +m2

Ns

m4
a +m4

N − 2m2
am

2
N +m2

Ns

+

2(2(m2
a −m2

N )− s)coth−1

(
2(m2

a−m2
N)−s√

s−4m2
a

√
s

)
√

s− 4m2
a

√
s

]
. (A.6)

The cross-section for aa → νN scattering (in the limit mν → 0) with t-channel HNL

mediation,

σaaνN =
2m4

N

√
s− 4m2

aU
2
eN

πf4
as

3/2

[
−

2(2m4
a − 7m2

am
2
N + 5m4

N +m2
Ns)

m4
a − 2m2

am
2
N +m4

N +m2
Ns

+

4(2m2
a − 4m2

N − s)coth−1

(
2(m2

a−m2
N)−s√

s−4m2
a

√
s

)
√
s− 4m2

a

√
s

]
. (A.7)

The cross-section for aa → NN scattering (in the limit mν → 0) with t-channel ν media-

tion,

σaaNN =
4m4

N

√
s− 4m2

aU
4
eN

πf4
as

3/2

[
−

2m4
a − 4m2

am
2
N + 4m4

N −m2
Ns

m4
a − 2m2

am
2
N +m4

N

+

2(2(m2
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a

√
s−4m2

N

)
√
s− 4m2

a

√
s− 4m2

N

]
. (A.8)
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The cross-section for aa → νν scattering (in the limit of mν → 0) with t-channel ν

mediation,

σaaνν =
4m4

N

√
s− 4m2

aU
8
eN

πf4
as

3/2

[
− 2 +

2(s− 2m2
a)coth

−1

(
s−2m2

a√
s−4m2

a

√
s

)
√

s− 4m2
a

√
s

]
. (A.9)

The cross-section for aa → νN scattering (in the limitmν → 0) with t-channel ν mediation,

σaaνN =
4m4

N

√
s− 4m2

aU
6
eN

πf4
as

3/2

[
− 2 +

m2
N

m2
a

+
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a)coth

−1

(
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s−4m2

a

√
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)
√
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a

√
s

]
. (A.10)

The cross-section for νν → NN scattering (in the limit mν → 0) with t-channel axion

mediation,

σννNN =
m4

NU4
eN

πf4
as

[
2m4

a + 2m4
N +m2

Ns+ 2m2
a(s− 2m2

N )

m4
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+
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]
. (A.11)

The cross-section for aν → aN (in the limit mν → 0) with s and t-channel HNL mediation,

σaνaN =
m4

NU2
eN

2πf4
a (m

2
N − s)2s

×
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1

m4
a − 4m2

am
2
N +m2

Ns{
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