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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~ and
1076 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 C'P-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 U,n
(o = e, u, ) with the active neutrinos, induced by the Yukawa coupling of the HNL with the
SM lepton doublets L, 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 my; from the eV-scale where HNLs
can be tested in oscillations, over keV and MeV scales mainly probed in nuclear processes
such as 8 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 < my < 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
“He, precisely measured as Y, = 0.2436 & 0.0038 [16], would be mostly affected since most
primordial neutrons and protons end up forming *He. Such considerations disfavour HNLs
with masses my < 1GeV, 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 consider such a scenario where the HNL couples to a light,
exotic pseudoscalar a, akin to an axion-like particle (ALP) [27-29]. Recent works exploring
similar HNL-ALP portals in colliders can be found in [30-33] and [32, 34] in beam dump
experiments. We will refer to our 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 — av in the scenario. While suppressed by both
the active-sterile neutrino mixing and the ALP decay constant f,, 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 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 section 2, we describe the model and determine
the HNL and ALP decay widths as important quantities for our later considerations. In
section 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 section 4, and they are applied in section 5 where we present our results in
terms of the viable parameter space. Lastly we provide a conclusion and outlook in section 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, Aqcp. 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 N;g (i = 1,...,N). Including a pseudoscalar ALP a that couples solely to
N;r, the most general and renormalisable Lagrangian is

_f - 1 -
L= £SM + lNiRaNiR — (Yy)aiLaHNiR — i(MR)isz%%NjR + £aNN + h.c. (2.1)

Here, Lo = (Var,lor)” and H = (H°, H™)T are the SM lepton and Higgs doublets, with
flavour index o = e, u,7 and H = iooH as the dual of H. Y, corresponds to the general
complex Yukawa coupling matrix which couples ;g to the SM spectrum. As HNLs are elec-
tromagnetically neutral and SM gauge-singlet particles, one can write a Majorana mass term
where Mg corresponds to the lepton-number breaking scale. After electroweak symmetry
breaking, the Higgs doublet acquires a vacuum expectation value v/v/2 = (H) which corre-
spondingly generates the Dirac mass for neutrinos in the theory as (Mp)ai = (Y,,)m-%. The
neutral fermion mass matrix can be written in the (v$;, Njr)? basis by a (3 +N) x (3 +N)
complex symmetric matrix as

0 Mp
v — y 2.2
M (mg MR> 22)



where Mp and Mpg are 3 x N and N’ x N matrices, respectively. We can consider My as
diagonal without any loss of generality. One can introduce a (3+N') x (3+N') unitary matrix,

U — (Uuu UuN) 7 (2.3)

Uny Unn

which diagonalizes the matrix M,. U,, is related to the 3 x 3 Pontecorvo-Maki-Nakagawa-
Sakata (PMNS) matrix, but may include non-unitary corrections due to the presence of
3 x N active-sterile mixing U,y = Uy, = M D/\/l;zl. Using this unitary matrix, the diago-
nalized neutral fermion mass matrix in the Majorana mass eigenbasis (v, No)T(A = 1,2, 3;
k=1,...,N) will be

0 Mp (my)3x3 0
UM, u* =0t U* = . 2.4
(M% MR) ( 0 (MN)NXN> 24)

Here, m, and My are the diagonalized active and heavy neutrino masses, respectively. In
the mass basis, the Majorana mass matrices can be written as

y & —MpMz' MF,
MN =~ ./\/lR, (25)

using the type-I seesaw approximation Mp < Mp.

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 [35] in the mass basis as

N
1 _
ﬁaNNZZT(aua)NHWHV5N = Z mNHaNn%Nm (2.6)

where f, is the ALP decay constant and my, are the eigenvalues of M. The second equality
holds by applying the equation of motion for the HNLs and removing a total derivative after
integration by parts [36]. Due to the small active-sterile mixing U,n = Uy, = \/m,,Mg,l,
an interaction between the ALP and the active neutrinos vy 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

Lavw = Z Z mN a U]EV)/{)\(UX]VUVV)HA/D)\P}%V)\/
AN =1 k= 1
3 .
21 .12 -
~ = ) Tmwa|lUn U, Ruonysvw (2.7)
AN =1

where the second expression applies for (nearly) degenerate HNLs and A, A" denote the active
neutrino mass eigenstates. Furthermore, the interaction Lagrangian for the aNv vertex
can be written similarly as

Lany = Z Z mN a(Un, U ex N sy (2.8)
N=1kKk= 1



While at least two HNLs are needed to explain all active neutrino masses and mixing,
we are mainly interested in elucidating the principle effects in our framework. For simplicity,
by considering a single HNL, N; = N, we can acquire all the important information from
the framework using this simplified viewpoint. Furthermore, we consider the active-sterile
mixing of N; with a single active neutrino v; which is mostly electron-type neutrino i.e.,
V1 = Ve, without loss of generality. From now on, we take |U,,|?> ~ O(1) > |U,n|* = |Un,|?
and U,y = U.n. Equations (2.6) and (2.7) then take the form

24 .
Lony = ——myaN~ysN,
a

21 —
Lony = _JTmNUeNaN'YSVea
a
21 _ 21 _
Loy = _7mN|UeN‘QaVe’75Ve = _]TmuaVe'YSVea (29)
a a

with the light neutrino mass m, = |U. N|2m n~ 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 — v£~£T: mediated by charged (for £ = ) and neutral currents (for £ = e, i, 7). The
corresponding decay width is (with z, = my/my)

_ G2m?3 . :
FVEZ U — ‘UeNPﬁ [(Cl + 251n2 QW(Se,K) fl (-TZ) + (02 + Sln2 HW(Se,é) fg(l'g)} ) (2'10)
with
1 1
G = 1(1—4SiD29W+8SiD49W)7 Cy = 5(_51112 Ow + 2sin’ Ow), (2.11)

and the functions are defined as

fi(z) = (1 — 142? — 22* —1225)V/1 — 422 + 1224 (2* — 1) L(x)
folw) = 4[2%(2 + 102% — 122) VT — 42?4 62° (1 - 207 + 20 L(w)], (2.12)

with

(2.13)

L) = In ll — 322 —(1—a2)V1— 43:2] '

22(1 + V1 — 42?)

N — e £ty mediated by a charged current with ¢ = p,7. The decay width for this
process is

2.5
GEmy

F67€+Vg =|U 2
Uen ™ To5

[1— 827 + 82§ — 2} — 122} In(a})] . (2.14)



N — vevyip: mediated by a neutral current with £ = e, u,7. The decay width can be
written as

pre — Sk 1y |*m3 (2.15)
~ 963N '

N — Pu,: with a neutral pseudoscalar meson P = 7%, K° 7, 7'. The decay width is

s GEm3
prve = ST 1 P - 2, (2.16)

with the meson decay constant fp whose values we have taken from [15] and zp = mp/my.

N — PTe™: with a charged pseudoscalar meson P+ = 7+, K+ DT D}. The decay width is

2,3
rPte” — GEmy

T TRUN P Vo PAV2 (1, b ad) (1= ah — 222 4 ad - ad)] . (217)

where V,,» denotes the CKM mixing matrix element involving relevant quarks in the produced
meson and A(a,b,c) = (a — b — ¢)? — 4bc.

N — Vu,: with a neutral vector meson V = p,w, ¢, K*°. The decay width can be written as

1% G%m?\f 2 2 2 2 242
Ve — 327rm2 fvliv|UeN’ (]. + QI‘/)(]. - $V) . (218)
v

where fir and ky represent the decay constant and the vector coupling associated with the
produced neutral vector mesons, respectively.

N — Vte : with a charged vector meson VT = p*, K**. The decay width can be
written as
- G%m3
PVTe = SEUN U Ve PAV2(1, 2, 22) (1= 2d) (1 + 20) + 22(ad + 22 - 2)]
167vai
(2.19)

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

FN—)SM _ Z FVJ’E* + Z 2Fe’€+1/(g + Z Fueu(gﬂg
l=p,T 4

V4
+ 3P £ 3 orPTe 3TV S orV e (2.20)
P P 14 v

The factors of two are due to the Majorana HNL decaying into opposite charge combinations,
e 1’\P’eJr — ]_'\P*e’
e = .
Due to the interaction in eq. (2.9), a new decay channel for HNLs is also possible, where
the HNL decays as N — av via the active-sterile mixing at tree level. The decay width, in
the limit where m, < my, can be written as

3/2
[N—av _ ]U6N|2m§v 1 mg \ 2 . Mg \ 2 N \U6N|2m§’v 591

= 72 —|— - ~ 2 ) ( : )
Am f2 mpy mpy am f3
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Figure 1. Branching ratios of HNL as a function of the HNL mass my for an ALP mass m, = 1keV,
and decay constant f, = 1TeV (left panel) and f, = 10%® TeV (right panel).

where the last equality holds in the limit where m,, m, < my. Hence the lifetime of the
HNL considering only this decay mode, calculated in its rest frame, can be expressed as

2 10-14 1 3
TN—sav = 8.6 x 107% s x ( Ja ) X ( 0 ) X ( GeV) . (2.22)

1TeV |Uen|? my
The total HNL decay width to SM particles can be approximately written as [9]
N—=SM (30 r2-body 4 1 F3—body) !UeN|2

6f]2\4 m22\/ 3 22
~ | —=+ miy|Ue , 2.2

where fi; ~ 0(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 — av
channel will be dominant if

V511 — 2463 f3, f2|m
faGF ’

my < (2.24)

independent of |U.n|?.

The branching ratios of the HNL decaying to various particles as a function of mass
of the HNL for two different values of f, are shown in figure 1. In this work, as we are
mostly interested in the regime where m, < my, correspondingly we have chosen m, = 1keV
and varied my € [1073-50] GeV range. In the left panel, we have considered f, = 1TeV
where the Br(N — av) ~ 100% (solid green) throughout the entire mass range of HNL,
while the behaviour of different SM decay channels are shown as, N — vvv (solid black),
N — ve(eTe™ + ptp™ + 7777) (solid orange), N — e~ (vuu™ + v;7") (solid magenta),
different pseudoscalar (P) and vector (V) mesonic channels (which become relevant for
mpy > mg) as N — Pv (solid red), N — Pe (dashed brown), N — Vv (solid cyan), N — Ve
(dashed blue). In the right panel of the figure we have taken f, = 102® 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 my > mx,
as the mesonic channels come into picture, the branching ratio to axionic channel drops
significantly as compared to the SM decay channels.
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Figure 2. Effective couplings of the ALP to electrons (left) and photons (right).

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

f@ 2w mg mg 2 f3

paowr _ L mdmaUly [ 4m3 <1 _ 2m3> ~ MUy (2.25)

where we have considered m, > m, 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, g.e and gq, can cause the
ALP to decay to a pair of electrons or photons and, in the limit where mg, m,, me < my,
are given by

_V2Grgan|Uen|*memy _ V2G p|Uen [*mem?,

Jae = 1672 167T2fa ’
. ezgae . imig _ \/§G2GF|U6N’4m%V 1+ iﬁg (2 26)
= o, \ T2z 32 12mg )" |

where gon = my/fa.

Nevertheless, for light ALPs, m, < 1keV, 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 figure 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 1keV ALP with decay constant of 1 TeV will be of order 10746 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,

1GeV\2  /1keV 2.03 x 1076\ fa )2
—1 ELiA L X . 2.2
Ta sec X ( e ) X ( p— ) X ( TAYE ) X <1TeV> (2.27)




Scenario | my [GeV] |Uen|?  fo [TeV] my [keV]
1 101 10710 1 1
2 10794 10792 10%° 1
3 — — 1 1072
4 — — 1022 102

Table 1. Benchmark scenarios labelled by the red squares on figure 6. For fixed ALP mass
m, = 1keV, they are my = 1071 GeV and |Uen|? = 10710 for f, = 1 TeV and my = 107%4 GeV and
|Uon|? = 10792 for f, = 102 TeV respectively. The last two scenarios are given at fixed m, = 10eV
for f, = 1TeV and f, = 10> TeV, respectively.

For HNLs and ALPs in the mass range of interest, my ~ 1GeV and m, ~ 1keV,
the lifetime of the ALPs, and hence the scenario that is realised, depends on the ALP-
HNL interaction 1/f, and the active-sterile mixing U.y. For example, an ALP that is
stable compared to the age of the universe (i.e., 7, > 10'"sec) and f, ~ 1TeV would
require |Uy|? < 107142,

2.4 Benchmark scenarios

There are four benchmark points we choose to study are given in table 1. The allowed
parameter space is investigated for all four scenarios in active-HNL mixing versus HNL
mass planes in section 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 section 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
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 f,, 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 figure 3.



N sm N/ a a v
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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 — av and
N — SM) and ALPs (a — vv).

The change on the energy and number densities of the various particle species due
to the expansion of the universe and the processes in figure 3 can be computed with the
Boltzmann equations [37, 38|

dpx dpx / dgp
o +3H (px + px) 5t gx (2ﬂ)3c[f],
dnx _ onx d*p
7dt -+ 3HTlX = 75t = /QX(27I_)3C[.ﬂ, (31)

where px, px and nyx are energy density, pressure and number density of particle X, H the
Hubble parameter, gx its internal degrees of freedom and dpx /0t and dnx /ot 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, dpx /0t and dnx/dt, can be obtained by calculating the thermally
averaged cross sections and decay rates for each process where the species X is involved,
(ox_yv) and (I'x_y). A useful quantity is the thermally averaged interaction density
vx vy, defined as

2

x5y = (oxoyv)ng” = Cxoy)ng, (3.2)

where n%! is the number density of species X while on thermal equilibrium. The thermally

averaged decay width density is defined as

Kl(z)
Ks(?)

Vv = n5(2) ATy, (3.3)

with z = %, T'y is the zero-temperature decay width of particle X, and Kj(y)(z) are
the Bessel function of first (second) kind. The thermally averaged cross-section density
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is calculated as,

T o0 . s
VX1 XYY = 64?/ 81/20'(8)K1 <\1/:> dS, (3.4)
Smin
where 6(s) = 2s0(s)A(1,m%, /s, m%,/s) is the reduced cross-section, with the function

Aa,b,c) = (a — b — c)? — 4bc, and the minimal value of the integral is defined as sy, =
Max[(le + mX2)27 (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 abundances. 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 recombination.! 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
dny

n,
—— +3Hny = — (oNN-sM V) (n%\f - ”?\(1172> — (ONN-aa V) n?v — n%ﬂ a2
dt g 55

n
— (Cnssm) (ny —ny) — (Cnoaw) (nN - n?f}ﬁ) ,
a

where (o NN—sMV), (ONN=aa?), (TnosMm) and (I'y_sq,) are the thermally-averaged scattering
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

dng,
dt

,n2
+3Hng = — (Caqsiw V) (nz — n2q72> — (OgasNN V) (ng — nzq’Q neé\;
N (3.6)
n
(Taoon) (0 — 1) + (T s (nN s nq) ,

which also contains various contributions from the scattering of ALPs with the HNLs and
neutrinos and the thermally averaged ALP decay width (I'y—,,). The solution of these

'"We should mention that we here consider the onset of BBN to occur at the time of neutrino decoupling,
i.e. t ~ 1s. This approximation holds as long as none of the number changing processes involved are active
between that time and the end of BBN, ¢t ~ 10*s.
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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 ~ 1s. 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

2r®
s = %g*Td. (3.7)

where g, is the number of relativistic degrees of freedom and 71" the temperature of the thermal
bath of SM particles. The Boltzmann equations for the yield Yy, using the more useful
thermally averaged densities vx_,y, can therefore be written as

dYy Y2 Y2 Y2
zHs— = = _77qu—>SM< L) +Yaasnn | Seez — Sean

Yy YN Y.
—NosM | eq — 1| — Woar | e — oeq | » (3.8)
YN YN a

dy, Y2 e e Yy
zHs 7, = —Yeo—svw (Y:Z,Q - 1> ~ Yaa—sNN ??1,2 - yo?

Y, Y, Y,
— Ya—vv < gq - 1) + YN—av (Y]e\il - gq) ) (39)
a N a

with z = mpy/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 <> Nv and aa < vv fall
out of thermal equilibrium significantly before BBN, as seen below in figure 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]

ddia = ~Ya—vv (}E;;C;Lq — 1> R with 2z > zBN. (310)
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,

zHs

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 [39].
After the end of BBN, however, the decays of ALPs to neutrinos, ¢ — vv become relevant,
which will introduce energy into the neutrino bath and thus increase its temperature. 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
Neg. 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
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Figure 4. Evolution plots of the thermally averaged scattering and decay rates (top) and number

densities (bottom), with 2 = my /T and time, for benchmark scenarios 1 (left) and 2 (right) from
table 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).

time is given by [38, 40]

dTy, _ 4Hpy + 3H(pe + pe)

dt 8p~/ +2 Bpe

dT,, 12Hp, + 3H(pa + pa) + 6pa/dt 311
dt B 33pu 8pa (3.11)

where p; and p; are the energy density and pressure of particle species i, and dp, /0t 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 T, 2 m,.

3.3 Abundance and interaction rate evolution

Figure 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
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table 1. Scenario 1 has my = 107! GeV, |Un|? = 10710 f, = 1TeV and m, = 1keV.
Scenario 2 has my = 107%4 GeV, |U.n|? = 10792, f, = 10?° TeV and m, = 1keV.

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 — vv, with either N (dotted blue) or v (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 — vv (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 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 f,, 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 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 ACDM. The cosmological and
astrophysical implications of both of these species are well known separately [27, 41, 42].
However, their combination has a somewhat different effect, as the HNLs are allowed to be
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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 ACDM with regards to the formation of the primordial elements match very
well with their observed present abundances? [45, 46]. 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 especially true in our scenario, where the decays
of HNLs into mesons disturb the p <+ n conversion processes that set the initial proton and
neutron abundances for BBN [47], other works in this direction can be found in [48-52]. If
the HNLs decay fast enough, however, the abundances of protons and neutrons have time to
restore to the expected values from ACDM, and thus there is no effect on BBN.

Such considerations can be used to set an upper limit on the HNL lifetime such that
it decays sufficiently early without disturbing the BBN abundances. In figure 5, we show
the upper limit on the HNL lifetime as a function of its mass. The blue dashed curve
corresponds to the typically considered scenario with an HNL only, while the magenta and
green solid curves represent scenarios with the ALP and the decay constant f, = 1TeV and
fa = 10%° TeV, respectively. The limit is adapted from [47] and it is comparable to earlier
results in [53-55]. In the HNL 4+ ALP scenarios, the decay of HNLs to mesons is suppressed,
which relaxes the constraint for my 2 m;.

In addition to the decays of the HNLs, the decays of ALPs may also modify the primordial
plasma and affect BBN. If ALPs decay before neutrino decoupling, since their primary decay
channel is a — vv, they would modify the neutrino spectrum and increase the temperature
of the neutrino bath, thus 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 that decay after
the end of BBN, that is, 7, > 10%s. Subsequent decays of ALPs may also dissociate the
formed elements and modify their abundance [39], however, this dissociation is mostly caused

2The present-day abundance of "Li 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 [43, 44]. Therefore, it remains unclear whether this is caused by modifications over ACDM or an
inaccurate measurement of their present abundance.
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Figure 5. Upper limit on the HNL lifetime 7 as a function of its mass my by requiring that the HNL
decay products do not alter BBN significantly. The plot is adapted from [47], for the case with no ALP
(dashed blue) and two scenarios with f, = 1 TeV (magenta) and f, = 10%° TeV (green), respectively.

by electromagnetic cascades, which are rare in our scenario, since the decay rate of a — v is
negligible. In general, late decays of long-lived particles may in principle affect the abundance
of light elements through high-energy electromagnetic and hadronic cascades [49, 56-60].
Even though our ALP only decays dominantly to neutrinos, cascades and scattering with
background neutrinos can dissociate elements, but corresponding constraints apply to heavy
long-lived particles whereas we consider light ALPs, m, < 1keV that are non-relativistic at

the time of decay. The produced neutrinos with kinetic energies < 1keV are not expected
to have any significant impact.

On the other hand, 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 Neg 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 ACDM as

edp
ANBBN o Pa  Palla 4.1
eff Py Py nzq ( )

where p, is the energy density in photons at BBN. Though N.g is not directly measured at
BBN, it can inferred from the measured value at recombination by Planck [61], to be [62]
NngN = 2.86 + 0.15, hence we set an upper bound on the ALP abundance at BBN by
requiring ANZEN < 0.2.
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4.2 Cosmic microwave background

After the end of BBN, any particle that injects energy in the primordial plasma will modify, 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 injected 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 [44]. 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.

The most significant impact of the decays of ALPs for recombination is the modification of
the neutrino temperature. Since neutrino decoupling, the photon and neutrino temperatures
evolved independently which, even in ACDM, causes a value of the effective neutrino degrees
of freedom as Neg = 3.044 + 0.384 [61]. ALP decays before the formation of the CMB
increase the neutrino temperature, as in eq. (3.11). This increase of the temperature of the
neutrino bath with respect to that of the photon bath, causes the value of N.g to increase

T,\*
(ﬂ) (42)

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

from the expectations of ACDM, as

ol

11
N‘ngB — NBI%‘BN (4)

which strongly constraints the decay rate of ALPs.

matter) was observed to be around Qpy; ~ 0.12. ALPs that become non-relativistic before
recombination, and they have lifetimes larger than 7, > 10'3s, 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 Neg.

4.3 SN1987A

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
E, < 30MeV. This neutrino burst was observed for SN1987A by various water Cherenkov
detectors, including Kamiokande-II [63, 64]. 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 [65-70]. This additional source of cooling is very constrained
by measurements of the luminosity of SN1987A. 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 [68, 69]. The combination of SN cooling and
the additional neutrino flux can impose strong constraints on our model for high couplings.
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For both HNLs and ALPs, the constraint on the secondary neutrino flux is much stronger
than the constraint from SN cooling [69, 70], 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 — mv and N — 3v decays
dominates [67]. Other studies involving SN constraints on lighter HNLs can be found in [65, 71—
73]. 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, 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 [63]. 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 figure 2 of [70] 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 my = 400 MeV. From
figure 5 of [70], we can see that the coupling between the ALP and the electron-neutrino
gae must be gqe < 1077 for keV-scale ALPs. In our model, g4 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 [74-79]. 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 [80, 81]. In fact, it has been shown that an ALP with a coupling to
electrons of the order gq. ~ 10713 provides a good fit to stellar cooling data [81]. However, in
our model the ALP-electron coupling is very small, so much that the value g4e ~ 107 can
only be reached for mixing |U, N\Z ~ 107! and HNL masses my ~ 1TeV. 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 candidates,
as they can be probed in observations of the extra-galactic background light (EBL) or via
X-rays [41]. For ALP masses below the keV scale, the constraints on the ALP-photon coupling
from X-ray and EBL surveys require that g, < 1071 GeV~! [41, 44]. 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 UEN ~ 1073 and large HNL masses my ~ 1TeV, has
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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 [82], NA62 [83, 84], DUNE [85], SHiP [86], FCC-ee [87].
A dedicated analysis is needed to present a study of the sensitivity in 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 [88]. The ND is located at a distance of L = 574 m from the HNL
production point, with a transverse cross-section of A = 12m? and a depth of AL = 5m
along the beam axis. Following [88], we write the expected number of signal events as

Nsig = Np x Br(P — N) x Br(IN — charged) X €geo, (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 Npor = 6.6 x 10%! 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 ege, corresponds to the geometrical efficiency,

_mNIN _mNIN AT
€geo = € PNz (1 —e PNz . (4.4)

Here, py, is the momentum of the HNL along the beam axis in the lab frame, where we
have considered py, = 7.5 GeV, following the simulation of meson production from a pp
collision at /s = 15GeV [88]. 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 — av
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,

Nig  Br'(N — charged) €geo

_ 45
Ngg  Br(N — charged) €geo (4.5)

where the unprimed and primed quantities correspond to I'y = TV 7SM and 'y = [N—=SM
I'N=a  respectively, as discussed in section 2.2. From figure 1, we can notice that for
(mq, fa) = (1keV,1TeV), the total decay width of the HNL is dominated by N — av
throughout the considered mass range, while for (1keV, 1025 TeV), up to my ~ my, N — av
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dominates the scenario and beyond this point, it drops significantly. Furthermore, as the
decay widths for N — av and N — SM have the same U.n dependence, the branching
fractions are independent of Ugn.

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

€ I
22 — exp [—mNI’(N — au)L] N (4.6)
€geo PN, I'y

for a shallow detector depth AL, i.e., for (my/pn,)I’yAL < 1. The ratio of decay rates in
this expression is equal to Iy /I'y = Br(N — charged)/Br/(N — charged), thus cancelling
the corresponding ratio in eq. (4.5) in this limit. We thus have

!
fi = exp [—Z]L\ZF(N — au)L} , (4.7)
which approaches unity for long decay lengths, (my/pn,)T' (N — av)L < 1. Thus, for small
|U.n|? and my where I'(N — av) < py./(myL), we expect that DUNE will have the same
sensitivity towards the active-sterile mixing strength |U.x|? 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 experi-
ment which uses a different search strategy as compared to DUNE. The NA62 experiment [83]
used a secondary 75 GeV hadron beam containing a fraction of kaons, and has been able to
probe the decays K — ¢TN. 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 — av 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 [47]
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 effect.?
Figure 6 shows the results of these parameter scans, varying the values of my = [1073,10%] GeV
and |Uen|? = [10713,107%). The top row corresponds to scans around scenarios 1 and 2,
with only m, and f, fixed, and, where the blue diamond markers are the fixed values of
my and |U.y|? from table 1. The bottom row shows scans of scenarios 3 and 4, which have
a lighter ALP mass of m, = 10eV.

In all the panels of figure 6, the three different regimes of ALP decay lifetime (as discussed
earlier) are shown. ALPs decaying before the end of BBN, i.e., 7, < 10%s, to the right of
the 7, = 10*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

3We performed a grid scan on two parameters of the model, my and |Ue N|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 [89].
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Figure 6. Allowed parameter regions in the my vs. |[U.n|? plane for the four benchmark scenarios in
table 1: upper left panel: f, = 1TeV, m, = 1keV, Upper right panel: f, = 10%° TeV, m, = 1keV,
Lower left panel: f, = 1TeV, m, = 10eV, Lower right panel: f, = 102 TeV, m, = 10eV. 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, Neg < 3.10322 (ACDM) + 0.0384 (0.1ox) 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 < m, < 100meV is shown in blue. The different black lines label the ALP decay

time at 10*s (end of BBN), 1013s (CMB) and 10! s (today). Benchmark values from table 1 for
scenario 1 and 2 with fixed my and |U.x|? are denoted in top panels by blue diamonds.
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neglecting scenarios with short-lived ALPs. As expected, since the lifetime of the ALP goes
like ~ f2/my, for the larger values of f, in the right-hand panels and lower m, 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, 7, = 10'3s,
and the age of the Universe, 7, = 10'"s are shown.

The dashed red line corresponds to the HNL decay lifetime 7y = 0.023 s where only SM
decay channels are present, i.e. in the absence of the ALP. Conversely, the solid red line
denotes the same HNL lifetime limit, but in the presence of the additional decay channel
N — av. 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
figure 6. 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 f, = 1TeV, where the BBN limit is lowered by about two orders of magnitude with
respect to vanilla HNL models. For larger f, values, on the right-hand panels, the HNL-ALP
coupling, which goes like ~ 1/ f,, 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 figure 6 the blue shaded region for the seesaw mass 1 meV < m, < 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 Neg at the time of recombination. Neg 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 Neg value. Smaller HNL-ALP couplings
cause longer ALP lifetimes, and thus the right-handed panels with larger f, have weaker
Neg constraints. However, for the bottom panels with lower m,, even though the lifetime is
also longer and one would expect the limit to be weaken, the opposite effect occurs and the
Neg 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 Neg. 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 [90], 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 m, in the ranges of interest, only apply for large
values of |U.n|? and my, 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 |U.x|? and wider for
smaller values. The most interesting section of this allowed region corresponds to the one
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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 — av. The panels on the left, for f, = 1TeV, show a significant increase on the viability of
HNL masses, all the way down to my ~ MeV, at the expense of stronger constraints on the
mixing |U.y|? due to the stronger HNL-ALP interactions. The newly open region is much
narrower in the panels on the right, with f, = 10%° TeV, as the HNL-ALP interactions are
much weaker, and only slightly relevant for high |U.y|? values. On the other hand, stronger
HNL-ALP interactions, for f, < 1TeV, 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 figure 6 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 figure 7 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 (f, = 1TeV, m, = 1keV) as described in previous section, while the
right panel corresponds to the scenario 2 (f, = 10%® TeV, m, = 1keV). The gray shaded
regions in both panels are disfavored from various cosmological and astrophysical constraints
discussed in section 4, and shown coloured in figure 6. 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 < m,, < 100meV. 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 — av decay channel
in respective benchmark scenarios with two different f, values. Additionally, as described
in table 1, in blue diamonds two benchmark scenarios with fixed HNL mass and mixing
my = 1071 GeV, |Un|? = 10710 and my = 10794 GeV, |Ucn|? = 1072, 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 Lyagz = 75m and py. ~ 30GeV as the K
beams have energy ~ 75 GeV [83]), the present sensitivity contour remains unaffected by the
new axion decay channel of HNL in this region. From figure 7 it is evident that the available
regions constrained by several astrophysical and cosmological constraints can be well probed
in the future by DUNE and NAG62 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
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Figure 7. 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 (f, = 1TeV,
m, = 1keV) and right panel (f, = 10%° TeV, m, = 1keV). 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 1meV < m, < 100meV is shown in blue. Benchmark values from table 1 for scenario 1
and 2 with fixed my and |U.n|? 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 — av channel, using the approximation discussed in
subsection 4.5.

temperature of the neutrino bath. Further constraints on the model arise from the 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 (f, = 1TeV), where HNL masses around
mpy ~ MeV are allowed, with a relatively large active-sterile mixing.

This region of parameter space with HNL masses 1 MeV < my < 1 GeV and couplings
10719 < |U.n|? < 1077, 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 my ~ 100 MeV
to 1 GeV, both experiments still probe small active-sterile mixing strengths |U.y|? ~ 1077.
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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 involving
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 process
happens via t-channel scattering. The matrix element responsible for the process a(p1) +
a(p2) — N(ps,s) + N(ps,r) can be written as

Am3%, [ _ 4 —mn
My = 1 (ugé’g_m% u4> (A1)

where momentum exchange is ¢> = (p1 — p3)? = t. Now finding |M;|? and performing the

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

4
YoM PP = f4(f{m£2 2 2(p3.0) (p1-9) = (P3.pa)(g-0 — M) + 2m% (ps-0) + 2m (pa-)
r,s a N

+m%(q.q+ m?v)} . (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

S 4m¥ /s — 4m2 1 ma — 4m2m%
aalVv T 4¢3/2 4 _ Am2m2 2
mfis3/ mg — dmgmy; + mis

. 2 -1 s—2m?2
2(s — 2m;) coth (\/mm>

Vs —4mZ\/s — 4m¥

—+

(A.3)
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Similarly, for the inverse scattering N(p1,s) + N(p2,7) — a(p3) + a(ps) we have

ami; V8 — 4m%(2mi — 8m2m3, + m%s)

ONNaa = -
T fds3/2 mi — 4m2m3; + mis

- 2 —1 szmg
2(s — 2mg) coth <\/s_4m3\/s_4m?v)

Vs —4m?2 ’

+ (A4)

where s = (p; + p2)? = (p3 + psa)?. Likewise, for aa — vv scattering with t-channel HNL

mediation,
4 \/ﬁ 4
- _Amiys —AmpUly
aavv —
17

2(mt + mi +md — 2m2m% — 2m2m2 — 2m3m?2) + mis

mi +mi +md —2m2m%; — 2m2m2 — 2m3m2 + m%;s

2(2(m2 — m% +m2) — s) coth™! (2(m3_m?\’+mg)_s)

e \/s—4m§\/s—4mg

+ A5
Vs —4m2y/s — 4m?2 (A.5)

In the limit, m, — 0, we will get simplified expression for aa — vv scattering as

— dmi /s — 4m2U2 B 2(mi +mh, — 2m2m3;) + m%s
T fig3/2 mi +mi — 2m2m%;, + m3;s
2 o2y 1 { 2(m2—m3)—s
N 2(2(ms — m%;) — s) coth (W\/g
Vs —4m2./s

(A.6)

The cross-section for aa — v N scattering (in the limit m, — 0) with t-channel HNL mediation,

- 2mi /s — 4m2U2y B 2(2md — Tm2m3; + 5my + m3:s)
aav -
T fdg3/2 mi — 2m2m3%; + my + m3s

2 2y
4(2m2 — 4m%, — s) coth™! (z(m“ miy) S)
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+
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The cross-section for aa — NN scattering (in the limit m, — 0) with t-channel v mediation,

4miy /s —4m2ULy | 2mg — dmamy + 4mly — miys
4.3/2 1_ 92,2 1
7 fds3/ mg — 2mgmsy; + miy

OaqaNN =

_ 2(m2+m?2)—s
2(2(m + m3) — s) coth™! <\/s4mg\/:4m§v)

Vs —4m2./s — 4m¥

_l’_

(A.8)

The cross-section for aa — vv scattering (in the limit of m, — 0) with t-channel v mediation,

At 5778 2(s — 2m2) coth™! <€’2mg>
_ my/s —4mzUlN 9 [s—dm2+/5

Oaavv
7 fAs3/2 Vs —4m2./s

(A.9)

The cross-section for aa — v N scattering (in the limit m, — 0) with t-channel v mediation,

4 4 2776 2 2(5—2m2)00th_1 78_27”3
myys —4maUcy | my \/s—4m2\/s

OgavN =

7 fds3/2 m2 Vs —4Am2\/s

(A.10)
The cross-section for vv — NN scattering (in the limit m, — 0) with t-channel axion
mediation,
myUly | 2md 4+ 2mQ + m%is + 2m2(s — 2m3%)
OvwNN —

Tfis mi +mh +m2(s —2m3%)
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The cross-section for av — aN (in the limit m, — 0) with s and t-channel HNL mediation,
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