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We investigate the cosmological impact of hypothetical unstable new physics particles that decay
in the MeV-scale plasma of the Early Universe. Focusing on scenarios where the decays produce
metastable species such as muons, pions, and kaons, we systematically analyze the dynamics of these
particles using coupled Boltzmann equations governing their abundances. Our results demonstrate
that the metastable species can efficiently annihilate or interact with nucleons, which often leads to
their disappearance prior to decay. The suppression of decay significantly alters the properties of
cosmic neutrinos, impacting cosmological observables like Big Bang nucleosynthesis and the Cosmic
Microwave Background. To support further studies, we provide a public Mathematica code that
traces the evolution of these metastable particles and apply it to several new physics models.

I. INTRODUCTION

The thermal plasma of the Early Universe near the
epoch of neutrino decoupling, at temperatures T ≲
5 MeV [1], serves as a crucial window into potential new
physics. Any new particles or interactions present during
this period can leave imprints on primordial neutrinos, af-
fecting their abundance and energy distribution. These
modifications, in turn, influence key cosmological observ-
ables, including primordial nuclear abundances [2–8], the
Cosmic Microwave Background (CMB) [5, 9–20], and the
cosmological implications of neutrino mass [21–24].

One intriguing scenario involves the existence of hy-
pothetical Long-Lived Particles (LLPs), X, with life-
times τX ≲ 1 s. These particles can decay into Stan-
dard Model (SM) particles, such as neutrinos, nucleons,
electromagnetic (EM) particles – e± and photons, and
various metastable particles

Y, Ȳ = µ±, π±,K±,KL . (1)

The specific decay channels determine how LLPs influ-
ence the neutrino population. A key quantity in this
respect is the effective number of neutrino species Neff .
In the absence of other relativistic particles beyond the
SM, Neff is defined as the properly weighted ratio of neu-
trino and photon energy densities (see later for a precise
definition). Decays into EM particles can heat the EM
plasma, thereby reducing Neff. On the other hand, de-
cays into neutrinos have effects that depend on the en-
ergy of the injected neutrinos, Eν , relative to the thermal
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neutrino energy ∼ 3T . If Eν ≃ 3T , decays heat the neu-
trino plasma, which leads to an increase of Neff without
substantial neutrino spectral distortions [25]. However,
if Eν ≫ 3T , Neff can also decrease because of non-trivial
effects related to non-thermal distortions of the neutrino
momentum distributions [18, 20, 26, 27].

Examples of LLPs that decay into Y particles in-
clude Higgs-like scalars [28], generic pseudoscalars such
as axion-like particles with various coupling schemes [29–
33], particles coupled to quark currents like dark photons
and B − L mediators [34], Heavy Neutral Leptons [35],
and neutralinos.

The metastable particles Y may subsequently decay
into neutrinos and EM particles. As the decay of these
Y particles is governed by weak interactions, their in-
verse lifetimes are relatively low, τ−1

Y ∼ (106 − 108) s−1,
exceeding the characteristic interaction rates of Y with
the primordial plasma. Consequently, Y particles can
engage in various processes before decaying. For charged
Y particles, frequent interactions with electrons and
photons can transfer their kinetic energy to the EM
plasma [4, 14, 36, 37]. This was incorporated in the
studies [14, 15, 17, 18, 20, 38], which examined the im-
pact of LLP decays into Y particles on neutrino proper-
ties. These works generally assumed that Y particles
inevitably decay (in the case of charged Y , this hap-
pens after thermalizing their kinetic energy with the SM
plasma).

In this paper, we highlight critical aspects of Y par-
ticle dynamics that have been overlooked. Specifically,
before decaying, they can undergo processes that lead to
their disappearance without producing neutrinos. These
processes include annihilations Y + Ȳ → SM, where Ȳ
is similarly produced by the decaying LLP, and inter-
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actions with nucleons Y + N → N ′ + SM.1 Although
the instant abundances of Y , Ȳ , and nucleons are small,
the large interaction cross-sections mediated by strong
or electromagnetic forces render these processes highly
efficient. Depending on the temperature, their rates can
compete or even exceed the decay rate, potentially pre-
venting any neutrino injection. Consequently, the prop-
erties of cosmic neutrinos are significantly altered com-
pared to scenarios where Y decays are inevitable. In par-
ticular, within the lifetime range 0.01 s ≲ τX ≲ 10 s, the
effective number of relativistic degrees of freedom Neff

and the degree of neutrino spectral distortions are sub-
stantially reduced, while in presence of the charged kaons
the energy distributions of neutrinos and antineutrinos
may become asymmetric.

The paper is organized as follows. In Sec. II, we de-
scribe the properties of the metastable particles Y and
their interactions in the primordial plasma. Sec. III out-
lines the general approach used to study the coupled dy-
namics of Y particles and nucleon densities. Sec. IV
presents a simplified analysis for the cases of muons
and charged pions, illustrating the extent to which de-
cay probabilities are suppressed based on the tempera-
ture range of Y injection. Sec. V offers a general dis-
cussion on how Y dynamics impact neutrino properties,
including Neff, the neutrino distribution function, and
the neutrino-antineutrino energy asymmetry. Sec. VI ex-
plores the implications of Y disappearance on the evo-
lution of various hypothetical LLPs, such as Higgs-like
scalars and Heavy Neutral Leptons. Finally, Sec. VII
summarizes our findings.

II. INTERACTIONS OF METASTABLE
PARTICLES IN THE PRIMORDIAL MEV

PLASMA

A brief summary of the properties and interactions of
the Y particles is listed in Table I, while the relevant
interaction diagrams are shown in Fig. 1.

We take the information about the decay modes from
PDG [40], the interaction with nucleons from Ref. [36],
and the results of this section for the annihilation chan-
nels. Below, we describe them in detail for each of the
particles.

A. Muons

The muon lifetime is τµ ≈ 1.2 · 10−6 s – the largest
among all the metastable particles. The only relevant

1 The meson-driven p ↔ n processes have been included in the
works [4, 7, 8, 16, 36, 37, 39], studying the impact of various sce-
narios with LLPs decaying into Ys on primordial nuclear abun-
dances. However, to the best of our knowledge, they have not
been included in any previous study of the impact on neutrinos.

decay mode is into eνeν̄µ. The neutrino decay products
may have energies as large as Eν ≈ mµ/2 ≃ 50 MeV,
which well exceeds the thermal neutrino energies at MeV
temperatures.
The energy loss processes are

µ+ γ → µ+ γ and µ+ e → µ+ e (2)

The overall rate has the scaling

Γloss = ⟨σµ
lossv⟩nEM ∼ α2

EM

mµEthermal
T 3
EM, (3)

where Ethermal ≈ 3T is the mean energy of thermal par-
ticles. At T = 1− 5 MeV, the rate is more than 9 orders
of magnitude larger than the decay rate Γµ

decay = ℏ/τµ.
Because of this, we will assume that the muons are effec-
tively at rest. The same conclusion holds for any other
charged Y .
The annihilation processes are

µ+ + µ− → e+ + e− and µ+ + µ− → 2γ (4)

They are thresholdless, and given that mµ ≫ me,
the thermal average ⟨σβ⟩ closely matches the zero-
momentum cross-section:

⟨σµ
annv⟩ ≈

∑
i=ee,2γ

(σµ→i
ann v)i,p=0 ≈ 4πα2

EM

m2
µ

(5)

The annihilation rate Γµ
ann = ⟨σµ

annv⟩nµ̄ is also sup-
pressed compared to the energy loss rate: the cross-
section itself is smaller than energy loss one by the ra-
tio mµ/Ethermal ≫ 1, and the number density nµ̄ of
anti-muons (produced together with the muons) is much
smaller than the thermal densities. This is because
the instant Ȳ number density, entering the annihila-
tion rate Γann = nȲ ⟨σv⟩, is principally bounded from
above by what can be accumulated before decays. It is
nȲ ≲ nX

τY
τX

≪ nX (see a discussion in Sec. IV) , and
hence is much smaller than the available X number den-
sity (which is itself typically much smaller than the ther-
mal number density). Note that generically, we assume
that the same amounts of Y and Ȳ particles are produced
by the X decays, and the above argument on the annihi-
lation rate applies equally to the charge-conjugated case.
Muons interact with nucleons N = n, p by

µ− + p → n+ νµ ,

µ+ + n → p+ ν̄µ .
(6)

They are mediated by the weak force, which, together
with the tiny amount of nucleons, makes the processes
irrelevant [14, 37].

B. Charged pions

The lifetime of the charged pion is τπ = 2.6 · 10−8 s,
2 orders of magnitude smaller than for the muon. The
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π+
π0

µ+

νµ

(a)

π+

π− π0
(b)

π+ p
n̄

n π0 e− e−

π+ π+
γ

(c) (d)

FIG. 1. Diagrams of different interaction processes with metastable particles Y in the primordial plasma: decay (a), annihilation
Y + Ȳ → SM (b), the interaction with nucleons (c), and the elastic EM scattering that leads to the deposition of the Y ’s kinetic
energy in the EM plasma (d). Processes with the pion π+ are considered as an example. The impact of the scattering off
nucleons and annihilation process is demonstrated in Figs. 2-7.

Particle Decays Annihilations Nucleon interactions

µ± τ = 2.2 · 10−6 s

e±
(−)
ν e

(−)
ν µ(100%)

⟨σβ⟩ ≈ 6 · 10−2 GeV−2

γγ(25%)
e+e−(75%)

µ−p → nνµ
µ+n → pν̄µ
Subdominant

π± τ = 2.6 · 10−8 s

µ±(−)
ν µ : 100%

⟨σβ⟩ ≈ 3− 5 GeV−2

2π0(≈ 100%)

π−p → nX
⟨σβ⟩ ≈ 4− 4.6 GeV−2

π+n → pX
⟨σβ⟩ ≈ 4 GeV−2

K±

τ = 1.23 · 10−8 s
µν̄µ(63%)
π0lν̄l(8.4%)
π+π0(20.7%)
3π(7.4%)

⟨σβ⟩ ≈ 44 GeV−2

π+π−(66.6%)
2π0(33.3%)

K−p → N2π
⟨σβ⟩ ≈ 150 GeV−2

K−n → N2π
⟨σβ⟩ ≃ 102 GeV−2

KL

τ = 5.116 · 10−8 s
π±l∓νl(67.6%)

3π(30.6%)
Same as K±

KLp → N2π
⟨σβ⟩ ≈ 42.5 GeV−2

KLn → N2π
⟨σβ⟩ ≈ 42.5 GeV−2

KS

τ = 0.89 · 10−10 s
2π0(30.7%)

π+π−(69.2%)
Same as K± Same as KL

TABLE I. Properties of the metastable particles in the primordial plasma. The meaning of the columns is as follows: the
particle, its lifetime and decay modes, annihilation modes with their corresponding thermal-averaged cross-sections, and the
same for the interactions with nucleons N = n, p. For the thermal-averaged cross-sections, we provide the values at T = 3 MeV.

main decay mode is

π+ → µ+ + νµ (7)

The neutrino produced by decays of the pion at rest
has a monochromatic energy Eν = (m2

π − m2
µ)/2mπ ≈

29.8 MeV, which still greatly exceed thermal neutrino
energies. The pion’s energy loss rate is similar to the
muon’s one, being many orders of magnitude larger than
the decay rate. As decaying pions inject muons, the evo-
lution of πs and µs is coupled.

Despite the much smaller lifetime, the processes of the
annihilation and the interaction with nucleons are im-
portant for the pions: the corresponding processes are
driven by the strong force, which means a much larger

cross-section. The dominant annihilation process is2

π+ + π− → 2π0 . (8)

It is close to the kinematic threshold, and the kinetic
energy distribution of pions makes a non-negligible con-
tribution to the cross-section. To compute it, we use the
ChPT Lagrangian as implemented in [33], and then av-
erage over thermally distributed pion energies using [25,
eq. (A.68)]. Before averaging over energies, we find

σ2π0

annβ =
(10m2

π+ + 12p2 −m2
π0)2

√
m2

π+ −m2
π0 + p2

576πf4
π(m

2
π + p2)

3
2

,

(9)

2 The EM process, π+ + π− → 2γ, although being far from the
kinematic threshold, is suppressed by two orders in magnitude.
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where p is the momentum of the interacting pion in the
center-of-mass frame and fπ ≈ 93 MeV is the pion de-
cay constant. The thermal averaging increases the cross-
section by a factor of 2 compared to the zero-momentum
limit in the temperature range T < 5 MeV.
Let us now discuss interactions with nucleons. Since

the pions are almost stopped, the most efficient processes
are thresholdless. Those are [36]

π− + p → n+ π0/γ, π+ + n → p+ π0/γ . (10)

The thermal cross-sections behave as

⟨σπ−

p→nβ⟩ ≈3.68 · Fπ
c (T ) GeV−2, (11)

⟨σπ+

n→pβ⟩ ≈1.1⟨σπ−

p→nv⟩/Fπ
c (T ), (12)

Here,

FX
c (T ) =

yX
1− exp[−yX ]

, yX = 2παEM/vrel,pX , (13)

is the Sommerfeld enhancement, occurring because of
the formation of a quasi-bound state of the oppositely
charged X and p particles with the relative velocity
vrel,pX = |vp − vX |.
The resulting ⟨σπ

p↔nβ⟩ is comparable to ⟨σπ
annβ⟩.

C. Kaons

The case of kaons is more complicated. There are four
different kaons, K±,KL,KS , with KL/S being admix-

tures ofK0 and K̄0. The lifetimes are τK± ≈ 1.23·10−8 s,
τKL

≈ 5.1 · 10−8 s, and τKS
≈ 0.9 · 10−10 s. All of them,

except for KS , have decay modes containing neutrinos.
KS decays into a pair of pions; its lifetime is very small,
and it does not have time to participate in any other in-
teractions before decaying. The neutrino energy may be
as large as mK/2.

KLs do not lose their kinetic energy before participat-
ing in any further interaction. Here and below, we will
treat them as particles-at-rest for simplicity.3

The dominant kaon annihilation processes are

K+ +K− → π+ + π−, K+ +K− → 2π0 (14)

(and the same for KL,KS particles). Since mK −mπ ≫
3T , the reactions are far from threshold, and we may

3 If including the finite energy distribution of kaons, the decay
probability decreases with the γ factor (due to time dilation).
On the other hand, the probabilities of the other processes would
generically increase, as we enlarge the available scattering phase
space. Therefore, our approximation would overestimate the de-
cay probability of KL. However, as we study GeV-scale LLPs,
the impact of these changes would not be significant, which jus-
tifies the approach.

safely approximate their cross-sections σv by the zero-
momentum result:

⟨σK
annβ⟩ ≈

√
m2

K −m2
π(md(10m

2
K +m2

π) +m2
πms)

2

3072πf4
πm

2
dm

3
K

,

(15)
with the numeric value ≈ 44 GeV−2. It is a factor of 10
larger than ⟨σπ

annβ⟩, because the reaction is far from the
threshold.
The interaction processes with nucleons N are much

more complicated than in the pion case. The thresh-
oldless processes exist only for KL,K

−, and go via the
intermediate Λ/Σ resonances [36, 37]:

K− +N → Λ/Σ+ π → N ′ + 2π, (16)

KL +N → Λ/Σ+ π → N ′ + 2π. (17)

The absence of such processes for K+ follows from
the fact that they would require resonances with pos-
itive baryon number and strangeness, that do not ex-
ist. The asymmetry in the evolution of K+,K− induces
an asymmetry in the energy distributions of neutrinos
and antineutrinos; we will return to this phenomenon in
Sec. VB.
The thermal cross-sections (here assuming that KL is

at rest) are [36]

⟨σK−

p→nβ⟩ ≈ 79FK
c (T ) GeV−2, ⟨σK−

n→pβ⟩ ≈ 66 GeV−2,

(18)

⟨σK−

p→pβ⟩ ≈ 37FK
c (T ) GeV−2, ⟨σK−

n→nβ⟩ ≈ 88 GeV−2,

(19)

⟨σKL
p→nβ⟩ ≈ 18 GeV−2, ⟨σKL

n→pβ⟩ ≈ 18 GeV−2.

(20)

Here, Fc is given by eq. (13).
Kaon decays, annihilations, and interaction with nu-

cleons inject charged pions and/or muons, which do not
transfer all their energy to the EM plasma. Therefore,
the evolution of K, µ, and π populations is coupled.

III. DYNAMICS OF METASTABLE PARTICLES

In this section, we discuss our approach to studying the
evolution of the Y particles in the primordial plasma. We
assume a generic scenario when these metastable parti-
cles are injected by decays of some hypothetical LLP de-
noted byX at MeV temperatures. We are agnostic about
the origin of X and parameterize its number density as

nX = nX,0

(
a(t0)

a(t)

)3

exp

[
− t− t0

τX

]
(21)

Here, nX,0 is the number density at some initial time t0,
and τX is its lifetime.
Decays into Ys are only possible if mX > mY ≫ 3T .

This means that the LLPs we consider have to be out-
of-equilibrium at the temperatures of interest; otherwise,



5

their abundance would be exponentially suppressed. As
for the LLP lifetimes, our main interest is in the range
O(0.01 − 10) s. On the one hand, it covers the temper-
atures from the beginning of the neutrino decoupling to
shortly after (in ΛCDM scenario). On the other hand,
this is also the temperature range where the metastable
particles may prefer to disappear without decaying.

In general, nX,0 is an independent parameter, but for
particular models with only two parameters – mass mX

and τX , it may be uniquely fixed due to the interactions
of X with the SM, nX,0 = nX,0(mX , τX).

In order to study the dynamics of the metastable parti-
cles and neutrinos, we follow a two-step approach. First,
we trace the evolution of Y particles in the expanding
Universe. For the thermodynamics of the Universe, we
use integrated Boltzmann equations [25]; when calculat-
ing the source terms for neutrinos and the EM particles,
we, for simplicity, assume that all energy injection from
Y decays goes to the EM plasma. Second, knowing the
dynamics of the metastable particles, we use it as an in-
put for the Boltzmann equations in the momentum space
governing the evolution of neutrinos. For the latter, we
use the modified code from [41] (its detailed description
may be found in [42]).

This factorization is meaningful because an exact de-
scription of the evolution of neutrinos and EM plasma is
not required for knowing the dynamics of Ys: it is mainly
sensitive to the scale factor, which is determined by the
overall energy density of the Universe. However, there is
a possible mismatch in the time-temperature dynamics
between the integrated and the unintegrated approaches.
To minimize it, we provide the Y evolution input in terms
of temperature and then utilize the time-temperature re-
lation within the unintegrated approach.

A. System of equations

Let us now construct the system of equations for the Y
abundances. Most of the Ys are charged and, therefore,
effectively at rest; given this, it is adequate to consider
the system of coupled integrated Boltzmann equations
on their number densities.
As we have discussed in Sec. II, we have to solve the

system for all Ys simultaneously, given that their dy-
namics are coupled: heavier Ys produce lighter ones be-
cause of decay, annihilation, or interactions with nucle-
ons. Then, the resulting equations for the given Y and
its antiparticle Ȳ take the form

{
dnY

dt + 3HnY = nX

τX
NX

Y − nY

τY
− nY nȲ ⟨σY

annv⟩+
(
dnY

dt

)
N +

∑
Y ′ ̸=Y nY ′ΓY ′→Y ,

dnȲ

dt + 3HnȲ = nX

τX
NX

Ȳ
− nȲ

τY
− nȲ nY ⟨σY

annv⟩+
(

dnȲ

dt

)
N

+
∑

Y ′ ̸=Y nY ′ΓY ′→Ȳ .
(22)

The meaning of the terms is as follows.

• The second term on the left-hand side appears due to
the expansion of the Universe. H =

√
8πρ/(3mPl) is

the Hubble parameter, with the Planck mass mPl =
1.2×1019 GeV and the energy density of the Universe
ρ.

• nX

τX
NX

Y is theinjection from decays of X. Apart
from direct decays, we also include secondary con-
tributions X → Z → Y , where Z are ultra short-
lived particles with τZ ≪ 10−8 s: KS , ρ

0, η, ω, etc.
NX

Y =
∑

i Bri · N i
Y is the amount of Y per X de-

cay, with Bri being the branching ratio of the given
decay channel i, and N i

Y denoting the number of Ys
produced per this channel.

• The 2nd and 3rd terms on the r.h.s. of eq. (22) de-
scribe direct decays and annihilations of Y , respec-
tively.

•
(

dnY/Ȳ

dt

)
N

is the evolution due to the interaction with

nucleons N = p, n:(
dnY/Ȳ

dt

)
N

= −nY/Ȳ

∑
N

nN ⟨σY/Ȳ
N v⟩. (23)

The interaction processes include the p ↔ n conver-
sion as well as the processes that do not change the
N type.

• The summand
∑

Y ′ ̸=Y nY ′ΓY ′→Y takes into account
decay, annihilation, and nucleon interaction processes
involving the metastable particles Y ′ ̸= Y withmY ′ >
mY :

ΓY ′→Y =
1

τY ′
NY ′,decay

Y +

+ nȲ ′⟨σY ′

annv⟩N
Y ′,ann
Y +

∑
N

nN ⟨σY ′

N v⟩NY ′,N
Y , (24)

with NY ′,decay
Y , NY ′,ann

Y , NY ′,N
Y being the amounts of

Y produced per given process. We calculate them
using [40] for decays, [36] for the interaction with nu-
cleons, and this work for the annihilation.

The system (22) has to be supplemented by the equa-
tions governing the evolution of EM and neutrino pop-
ulations, the scale factor, and the nucleon number den-
sities. The first we take from [25]. This determines the
dynamics of theX’s number density (21) and the baryon-
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to-photon ratio

ηB(T ) = ηB,Planck ·
(
a(TCMB)TCMB

aT

)3

, (25)

where ηB,Planck = 7.06 · 10−10 is fixed by the CMB mea-
surements performed with Planck [43].

For the nucleon number density, we start with the def-
inition

nN (t) ≡ nB(t)XN (t) = nγηB(t) ·XN (t), (26)

where nB is the baryon number density, and XN ≡
nN /nB is the relative fraction of the given nucleon
(Xn +Xp = 1). The latter obeys the equation

dXn

dt
= −Xn

Γν,e
n→p +

∑
y=Y,Ȳ

ny⟨σy
n→pv⟩

+

+ (1−Xn)

Γν,e
p→n +

∑
y=Y,Ȳ

ny⟨σy
p→nv⟩

 , (27)

where Γν,e
n↔p are rates of the weak conversion processes

with neutrinos and electrons, while nY ⟨σY
p↔nv⟩ are those

driven by the Y particle. The latter processes are part
of the total nucleon interaction rates ⟨σY

N v⟩:

⟨σY
N v⟩ = ⟨σY

N→N v⟩+ ⟨σY
N→N ′v⟩. (28)

If Y is a meson, it completely dominates the evolution of
Xn until the instant Y population is suppressed by many
orders of magnitude compared to the neutrino number
density [8]. This is because of the two factors. First,
the meson-driven conversion cross-section is 16 orders
of magnitude larger than the cross-section of the weak
conversion. Second, at MeV temperatures, the probabil-
ity of Y ’s interaction with nucleons is comparable with
its decay probability, so there is no a priori suppression.
Therefore, in practice, the weak p ↔ n conversion rates
may be dropped from eq. (27).

The solution for Xn may be obtained by setting the
right-hand-side of eq. (27) to zero (the so-called dynamic
equilibrium):4

Xn ≈
∑

y ny⟨σy
p→nv⟩∑

y ny⟨σy
p→nv⟩+

∑
y ny⟨σy

n→pv⟩
. (29)

Once we solve the coupled system of equations for
µ, π,K,Xn, we may compute time-dependent probabili-
ties to decay and disappear by annihilating or interacting

4 We have validated the dynamical equilibrium solutions for Xn

and nY (eq. (33)) by computing first the exact solutions and
comparing them with the approximate solution given by the dy-
namic equilibrium.

with nucleons:

PY
decay(t) =

τ−1
Y

τ−1
Y +

∑
N nN ⟨σY

N v⟩+ nȲ ⟨σY
annv⟩

, (30)

PY
ann(t) =

nȲ ⟨σY
annv⟩

τ−1
Y +

∑
N nN ⟨σY

N v⟩+ nȲ ⟨σY
annv⟩

, (31)

PY
N (t) =

∑
N nN ⟨σY

N v⟩
τ−1
Y +

∑
N nN ⟨σY

N v⟩+ nȲ ⟨σY
annv⟩

(32)

These probabilities serve as an input to calculate the im-
pact on the neutrino and EM populations of the primor-
dial plasma. We separate annihilations and interactions
with nucleons, as the latter are very important for study-
ing the impact of Y on BBN.
Assuming that we have computed the decay proba-

bility PY
decay(t), the number density of Ys available for

decays is again given by the dynamical equilibrium:

nY (t) = nX(t)NX
Y

τY
τX

PY
decay(t) (33)

We provide the implementation of this system and its
solution for generic LLPs in a Mathematica code.5 De-
tails on the code may be found in Appendix A.

IV. SIMPLE ESTIMATES OF Y EVOLUTION

Let us make a simplified analysis that allows us to un-
derstand the impact of annihilation and interaction with
nucleons. First, let us neglect the influence of X parti-
cles on the Hubble expansion rate. Then, we may use the
standard formula a(t) ∝

√
t and H(t) = ȧ/a = 1/2t for

the radiation-dominated Universe, as well as the stan-
dard cosmological value for the baryon-to-photon ratio
ηB(1 MeV) ≈ 1.7 · 10−9. Next, let us assume that var-
ious Ys evolve independently from each other. With all
these approximations, we can still qualitatively describe
the dynamics of the populations of Y and its antiparticle
Ȳ , while presenting results in a simple form.
Similarly to the case of Xn, we may solve the sys-

tem (22) analytically in the regime of dynamic equilib-
rium, when all the processes are much faster than the
Hubble expansion.6 Assuming nY = nȲ , we get

nY =

√
4nX⟨σY

annv⟩
τX

+
(
ΓN + τ−1

Y

)2 − ΓN − τ−1
Y

2⟨σY
annv⟩

, (34)

5 Available on §/maksymovchynnikov/Metastable-dynamics and
10.5281/zenodo.14020343.

6 Note that the form of the expression (34) differs from (33). This
is because in (33) we assume that the decay probability PY

decay

has been previously computed numerically. The latter includes
nȲ , which is tightly related to nY .

https://github.com/maksymovchynnikov/Metastable-dynamics.git
https://doi.org/10.5281/zenodo.14020343
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Particle ϵann ϵN
µ± 3.4 · 10−4 ≫ 1
π± 4.1 · 10−2 1.15
K− 1.4 · 10−2 3.4 · 10−2

K+ 1.4 · 10−2 ≫ 1
KL 8.6 · 10−4 6.8 · 10−2

KS 2.8 · 102 40.

TABLE II. Ratios (37), (38) for T = 3 MeV, τX = 0.05 s,
and the LLP number density given by eq. (39). The cross-
sections are taken from Sec. II. We assumed for simplicity
np(T ) ≈ nB/2 ≈ ηB(T ) ·nγ/2, with ηB(T ≫ me) ≈ 1.7 ·10−9.

where we have defined an effective interaction rate with
nucleons as

ΓN ≡
∑
N

nN ⟨σY
N v⟩ (35)

Now, let us analyze this solution by considering two
limiting cases: nY ⟨σY

annv⟩ ≫ ΓN , meaning that annihila-
tions dominate over the interactions with nucleons, and
nY ⟨σY

annv⟩ ≪ ΓN , which is the opposite.
For the first case, we can estimate the relative impor-

tance of decays and annihilations by considering

nY =
1

2⟨σY
annv⟩τY

[√
4

ϵann
+ 1− 1

]
, (36)

where we have used eq. (34) in the limit ΓN = 0 and
defined7

ϵann =
τ−2
Y

nX

τX
⟨σY

annv⟩
(37)

For the second case (nY ⟨σY
annv⟩ ≪ ΓN ), we can directly

compare the decay rate to the rate of the interaction with
nucleons, which are both independent of the abundance
nY :

ϵN =
τ−1
Y

ΓN
(38)

Hence, in both cases, a small value for the ratios (37) and
(38) implies that Y decays are much less efficient than the
competing processes (annihilations or interactions with
nucleons, respectively).

Let us consider the reference choice

nX,0 = 0.1 · nUR(T0) = 0.1 · ζ(3)
π2

T 3
0 , (39)

7 ϵann may be understood in the following way. Consider an in-
stant injection of Y from nX during time ∼ τY ; during this
period, decays do not deplete the Y population. Then, let us
assume a priori that the annihilation does not prevent accumu-
lating Ȳ during this time, so nȲ ≈ nX

τX
τY . For the ratio of

Γdecay and Γann = nȲ ⟨σv⟩ann, one then gets eq. (37).

Decay
Annihilation

1 2 3 4 5
0.001

0.005
0.010

0.050
0.100

0.500
1

T [MeV]

F
ra
ct
io
n
of
m
uo
ns

τX = 0.03 s, n0/nUR,0 = 0.1

Decay
Annihilation
Nucleons

1 2 3 4 5
0.001

0.005
0.010

0.050
0.100

0.500
1

T [MeV]

F
ra
ct
io
n
of
pi
on
s

τX = 0.03 s, nX ,0/nUR,0 = 0.1

FIG. 2. The yields of muons (top) and pions (bottom)
that would decay, annihilate, or interact with the nucleons
(Eqs. (30)-(32)) if injected by a decaying particle X with the
number density given by eq. (21) and the lifetime τX = 0.03 s.
The results are obtained using the simplified consideration
presented in Sec. IV, in order to be easily reproducible. The
vertical dashed line shows the moment of time at which the
comoving density of X becomes 0.01 of the nX,0, such that
the dynamics of X and its decay products already do not af-
fect the Universe.

where nUR is the number density of the ultrarelativis-
tic particle in equilibrium at the given temperature, and
τX = 0.03 s. The values of the quantities (37) and (38)
are shown in Table II. They clearly imply that the dy-
namics of stopped pions, K±, muons, and KL may be
driven not by decays but by annihilations or interactions
with nucleons. For example, the smallness of ϵann sug-
gests that the particle prefers to annihilate rather than
decay. The exceptions are short-lived KS : their tiny life-
time allows them to decay before interacting.

The impact of the scattering processes significantly de-
pends on the number density of the interacting counter-
parts – Ȳ for annihilation and baryons for the nucleon
interactions. Both nȲ and nB are suppressed at low tem-
peratures as a−3 ∼ T 3. In addition, the Ȳ number den-
sity, entering the annihilation rate for Ys, gets exponen-
tially suppressed at times t ≫ τX , so the drop in PY

ann

would be much faster than in PY
N . To account for these

effects, we will use the solution (34) and obtain the proba-
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bilities (30)-(32) for muons and pions. They are shown in
Fig. 2 for the setup (39). For the particular parameters,
decays are strongly suppressed at high temperatures but
become dominant at a temperature determined by the
properties of X. A higher X number density is associ-
ated with a lowering of this temperature.

V. QUALITATIVE IMPACT OF THE
DYNAMICS OF THE METASTABLE PARTICLES

Let us now qualitatively analyze the impact of the evo-
lution of Y particles on the dynamics of the MeV plasma.
We will consider several aspects: properties of primor-
dial neutrinos – Neff , neutrino spectral distortions, the
asymmetry in the energy distribution between neutrinos
and antineutrinos, and the neutron-to-proton conversion,
which sets the initial condition for BBN.

A. Neff and Neutrino Spectral Distortions

The effective number of relativistic neutrino species,
Neff , is defined as

Neff =
8

7

(
11

4

) 4
3 ρUR − ργ

ργ

∣∣∣∣∣
mν≪T≪me

, (40)

where ρUR and ργ represent the energy densities of ultra-
relativistic particles and photons, respectively. Under the
assumption that neutrinos follow an equilibrium (Fermi-
Dirac) distribution, Neff effectively characterizes the neu-
trino population. However, deviations from thermal equi-
librium can lead to a non-thermal neutrino distribution
function, fν(p, t) and break this degeneracy.
In the ΛCDM framework, the value of Neff is

NΛCDM
eff ≈ 3.04 [41, 44–50], and the neutrino distribu-

tion closely resembles a Fermi-Dirac distribution with
temperature Tν ≈ (4/11)1/3Tγ . Variations in Neff and
fν(p, t) influence the Universe’s expansion rate and the
neutron-to-proton conversion rates. Specifically, ener-
getic neutrinos can efficiently convert protons to neu-
trons, thereby increasing the neutron-to-proton ratio be-
yond the ΛCDM prediction and enhancing primordial he-
lium abundance. Additionally, distortions break the de-
generacy between the neutrino energy and number den-
sities, which may be important in the epoch when they
become non-relativistic.

Without decays into metastable particles, there are
two distinct scenarios:

1. LLPs decaying solely into EM particles: In this
scenario, the evolution of the neutrino population
may be approximately described in terms of the
evolution of its temperature [25] (see a discus-
sion in [42]). The resulting deviation in the ef-
fective number of relativistic degrees of freedom is

∆Neff = Neff−NΛCDM
eff < 0, with the neutrino tem-

perature Tν being lower than in the standard case,
Tν < TΛCDM

ν due to the heating of the EM plasma
by the energy injection from the X decays.

2. LLPs decaying solely into neutrinos: Decays into
neutrinos with thermal energies Eν ≃ 3T have the
opposite effect compared to the pure EM decays:
heating the neutrino plasma and increasing Neff .
Decays into high-energy neutrinos (Eν ≫ 3T ) in
MeV plasma have a qualitatively different impact.
As detailed in [18, 26, 27, 42], they reduce Neff ,
which arises from two main effects:

• Spectral distortions: high-energy neutrinos in-
teract with thermal neutrinos, enhancing the
high-energy tail and depleting the low-energy
part of the spectrum. It is important since the
rates of the neutrino-EM interaction grow with
the energy of the particles.

• Instant thermalization of the EM plasma: any
energy injection to the EM sector instantly ther-
malizes. Without distortions in the spectrum
of e± particles, the net energy flow is shifted to
the EM sector even when the ratio of the energy
densities ρν/ρEM reaches equilibrium value. As
a result, this shift leads to ∆Neff < 0, analogous
to pure EM plasma heating.

As the LLP lifetime τX increases, high-energy neu-
trinos interact less with the EM plasma, reducing
the energy transfer and mitigating the negative im-
pact on Neff . For sufficiently large τX , ∆Neff be-
comes positive.

The scenario of LLPs decaying into metastable particles
is even more nuanced. Given that mY ≫ 3T , neutri-
nos from Y decays are typically energetic and resemble
the second scenario. However, at MeV temperatures, the
decay probability PY

decay is a lot smaller than unity, mean-
ing that Y particles are more likely to annihilate or inter-
act with nucleons before decaying, effectively suppressing
neutrino injection. This behavior mimics pure EM heat-
ing. At lower temperatures, as PY

decay → 1, the situation
transitions towards the mix between scenarios 1 and 2.

To quantify the impact of the varying PY
decay on Neff ,

we define the ratio

rν =
ρinj,ν
ρinj

∣∣∣∣
t=∞

, (41)

which represents the fraction of the LLP’s total injected
energy ρinj allocated to neutrinos. ρinj and the energy
density injected into neutrinos ρinj,ν evolve according to

dρI
dt

+ 4HρI =

(
dρI
dt

)
source

, (42)
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where(
dρI
dt

)
source

=
mXnX

τX
×

×

{
1, ρI = ρinj
ξX→ν +

∑
y=Y,Ȳ

ny

nX
P y
decayξy→ν , ρI = ρinj,ν

(43)

Here, ξA→ν denotes the fraction of theA’s energy injected
into the neutrino sector per decay:

ξA→ν =
1

mX

∑
j

BrA,j⟨E(j)
ν ⟩, (44)

with BrA,j denoting the branching ratio of the jth de-

cay mode of the particle A, and ⟨E(j)
ν ⟩ mean energy of

neutrinos injected in this decay. When calculating it, we
assume that all metastable particles do not decay. As
an example, for the decay channel K+ → µ+ + νµ, only
the neutrino energy is accounted for, whereas the muon
is dropped.

The minimum value of rν occurs when PY
decay = 0,

implying that only directX’s decays into neutrinos would
contribute. Conversely, the maximum value is achieved
when PY

decay = 1, meaning that all mesons and muons
decay:

rν,0 =
1

mX

∑
j

Brj · ⟨E(j)
ν ⟩, (45)

where, unlike eq. (44), we include the contribution from
inevitable decays when calculating the mean neutrino en-

ergy, ⟨E(j)
ν ⟩. As a cross-check, the expression (43) (and

hence rν) should give exactly the same results as eq. (45)
in the case P y

decay = 1. We confirm this in Figs. 3, 5, 7
in the limit of large X lifetimes.
When neutrinos from the decay of Y particles effec-

tively decouple, the sign of ∆Neff = Neff − NΛCDM
eff is

determined by whether rν,0 exceeds the ratio of neutrino
to total energy densities in standard cosmology, which
for temperatures T ≳ me is

qν =
ρν

ρν + ρEM
=

21

43
. (46)

If rν,0 > qν , then ∆Neff increases as τX becomes large
(τX ≳ 1 s). Consequently, ∆Neff transitions from nega-
tive to positive values as rν approaches rν,0.

8

B. Neutrino-antineutrino energy asymmetry

Generically, the evolution (22), (29) is not Y − Ȳ sym-
metric due to the term describing the interactions with

8 Note that qν decreases after electron-positron annihilation, al-
lowing for an additional sign change if the LLP decays at T ≲ me.

nucleons. The reason is that there are no anti-nucleons,
which means that the generic interaction rate of Y and
Ȳ does not have charge conjugation symmetry. This im-
plies that, in general, nY ̸= nȲ , i.e., metastable parti-
cles and antiparticles evolve differently. This asymmetry
translates to an asymmetry between neutrinos and an-
tineutrinos via their decays. Let us discuss its qualitative
aspects.
The asymmetry may be in number (nν ̸= nν̄) and en-

ergy distributions (meaning in particular that ρν ̸= ρν̄).
In the first case, the net lepton charge Lν ∝ nν − nν̄ is
generated in the neutrino sector, and the opposite charge
Ll = −Lν in the electron-positron sector. No sizeable Lν

is induced because we assume that the initialX particle is
electrically neutral and the baryon number is conserved.
Indeed, the electric charge conservation means that in-
dependently of the microscopics of the Y, Ȳ evolution,
Ll may occur only because of changing the yield of pro-
tons. The baryon number conservation implies that this
change is bounded by ηB ∼ 10−9. Therefore, we may
just assume that nν = nν̄ .
However, the magnitude of the energy asymmetry is

not bounded by this argument. First, even if conserv-
ing the number of neutrinos, decays of different Y s in-
ject neutrinos with different energies. Namely, decays of
kaons release neutrinos with energies as large as Eν,max ≈
mK/2, decays of pions result in the neutrinos with energy
Eν,max ≈ 29 MeV, whereas the maximal neutrino energy
from muons decays is Eν,max ≈ mµ/2. Second, some Ys,
such as kaons, may interact with both protons and neu-
trons, as well as may or may not convert them, meaning
that ρν−ρν̄ may easily exceed the bound nB×Eν coming
from the number asymmetry.

Let us now discuss the energy asymmetry in more de-
tail. If only muons are injected, the nucleon interaction
term may be neglected (see a discussion in Sec. II A). If,
in addition, the X particle decays into the charged pions,
it is important, and we need to analyze it further. Both
π+, π− interact with nucleons; in addition,

⟨σπ±

N v⟩ = ⟨σπ±

N→N ′v⟩, (47)

i.e., pions interact with nucleons solely via converting
them (remind eq. (10)). Using this and utilizing the ex-
pression for the nucleon abundance Xn from eq. (29), we
find that the nucleon interaction terms for π+, π− are
actually identical:

nπ−

∑
N

nN ⟨σπ
N v⟩ = nπ+

∑
N

nN ⟨σY
N v⟩

=
nπ−nπ+⟨σπ−

p→nv⟩⟨σπ+

n→pv⟩
nπ−⟨σπ−

p→nv⟩+ nπ+⟨σπ+

n→pv⟩
(48)

The situation is different when charged kaons are injected
as well. There is an explicit asymmetry due to the inter-
action with nucleons: K+ does not interact with nucle-
ons in the MeV plasma, while K− participates in vari-
ous processes with them: interacting with both n and p,
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converting n ↔ p as well as keeping the nucleon type the
same (remind Sec. II C). As a result, more K− would dis-
appear before decaying than K+. Decays of K+ would
directly produce muon neutrinos and not antineutrinos.
On the other hand, it means that we have more π+, µ+

particles, that decay into antineutrinos.
Overall, this decay asymmetry may induce sizeable dif-

ferences in the energy distributions of neutrinos and an-
tineutrinos. The energy asymmetry may be split into
the ranges Eν > mµ/2, to which only the K decays con-
tribute, and Eν < mµ/2, where the main sources are
decays of muons and pions. The first domain is over-
abundant for neutrinos, whereas the second is for an-
tineutrinos.

A detailed investigation of this question goes beyond
the scope of this paper, as it requires the development
of efficient methods to solve the neutrino Boltzmann
equation in the presence of high-energy neutrinos and
neutrino-antineutrino asymmetry. We leave the quan-
titative study of this intriguing question using the ap-
proach from [26, 27] for future work.

C. Evolution of the n/p ratio

As was mentioned in Sec. III, injecting mesons into the
primordial plasma significantly modifies the dynamics of
the n/p ratio nn/np. Overall, the effect of the meson-
driven p ↔ n conversion is well-known [4, 8, 36, 37], but
let us describe it shortly. In ΛCDM, the n/p ratio is
suppressed by the Boltzmann exponent as far as weak
interactions maintain chemical equilibrium between the
neutrons and protons:

nn

np
≈ exp

[
−mn −mp

T

]
(49)

Once mesons are injected, they increase the ratio above
the value (49). This is mainly because meson-driven
p ↔ n conversion is thresholdless. The BBN constraint
on LLP lifetimes may be imposed from the requirement
on this enlarged ratio to relax to the ΛCDM value within
the margin determined by the error in the primordial he-
lium measurements [8]. The meson-driven p ↔ n con-
version cross-section is orders of magnitude higher than
the one for the weak conversion, and even exponentially
suppressed amounts of mesons (at times t ≫ τX) com-
pletely drive the dynamics of the n/p ratio. Because of
this, the resulting constraint on the LLP’s lifetime de-
pends on the LLP’s initial number density and the yield
of mesons available for the conversion only logarithmi-
cally [8, eq. (11)].

Because of the same reason, the meson-driven p ↔ n
conversion typically dominates over other effects of LLPs
on the dynamics of the n/p ratio, including the modified
expansion of the Universe and neutrino properties. For
example, consider Heavy Neutral Leptons with lifetimes
τN ≃ 0.02 s and heavy enough to decay into mesons.

While barely modifying Neff , they induce a huge change
in the n/p ratio due to mesons [8, 17].
The only modification of this picture due to our study

comes from adding the meson annihilation processes.
They suppress the yield of mesons available for the p ↔ n
conversion, eq. (32). However, the suppression is maxi-
mum a factor of few (remind Fig. 2), which would modify
the BBN constraint in a minor way as it enters the log-
arithm.

VI. CASE STUDIES

In this section, we consider the impact of the evolu-
tion of Ys on neutrinos for three models: A toy model
adding a particle with constant abundance decaying into
charged pions, Higgs-like scalars, and Heavy Neutral Lep-
tons (HNLs). We will discuss the mass and lifetime de-
pendence of the overall energy fraction injected into neu-
trinos, eq. (41), and the effect on the neutrino distribu-
tions. We compute the neutrino distribution using the
approach of Ref. [42]. It utilizes solving the neutrino
Boltzmann equation in the presence of the LLPs using
the comoving momentum discretization approach firstly
developed in [51] and further implemented in [41].

A. Toy model: LLPs decaying into pions

Consider a toy model with the LLP X decaying solely
into charged pions:

NX
π± = 1, NX

µ,K = 0 (50)

It means that no kaons are involved, but there still would
be muons originating from the pion decay, remind eq. (7).
To make the analysis as transparent as possible, the X’s
abundance is chosen to be a constant:

YLLP ≡
(nLLP

s

)
T=10 MeV

= 2 · 10−3 (51)

It corresponds to the scenario in which the particleX was
in thermal equilibrium and decoupled while still being
relativistic.
We focus on masses above the threshold mX > 2mπ ≈

0.28GeV. Regarding the lifetimes, following the discus-
sion in Sec. V, we test the range 0.01 s < τX < 10 s. Let
us first discuss how X would distribute its energy among
the neutrino and the EM sectors. Upon decay, it will
produce a pair of pions whose non-trivial evolution has
been discussed before. Injection into the neutrino sec-
tor would occur only in the case of decay of a charged
pion which would produce a muon and a muon antineu-
trino; the resulting muon may then decay into an elec-
tron, an electron antineutrino, and a muon neutrino. In
total, roughly rπν,0 ≈ 70% of the pion mass would go to
the neutrino sector if the pion and the subsequently pro-
duced muon inevitably decay. In this case, the injection



11

into the EM sector will be composed of the initial kinetic
energy of the pion (mX − 2 ·mπ)/2 and the EM part of
the muon decay, which will be approximately 30% of its
mass. This gives us the maximal possible fraction of the
energy of the X particle directly injected in the neutrino
sector:

rν,0 ≈
2mπ · rπν,0

mX
≈ qν · 388 MeV

mX
, (52)

where qν is the ΛCDM ratio (46). Provided that there are
no interactions of neutrinos with the EM plasma, if rν,0
exceeds this ratio (i.e., mX < 388 MeV), the correction
∆Neff would be positive in the limit of large lifetimes
(remind the discussion in the previous section).

The disappearance of the pions and muons because
of annihilation and interaction with nucleons spoils this
picture. We illustrate this by calculating the quantity
rν(mX , τX), see Fig. 3. At small lifetimes τX ≲ 0.5 s,
pions and muons produced in X decays would prefer to
disappear before decaying. This leads to a significant
drop rν ≪ rν,0. With the increase of the lifetime, more
and more Ys would decay, and rν tends to the maximal
possible value rν,0.

rν,0 τX = 0.02 s

τX = 0.05 s τX = 0.1 s

τX = 0.5 s τX = 10. s

0.4 0.6 0.8 1.0

0.005

0.010

0.050

0.100

0.500

1

mX [GeV]

r ν

Toy model

FIG. 3. The evolution of the fraction injected into neutrinos
rν , eq. (41), for the model of a hypothetical particle X with
the abundance given by eq. (51) and decaying solely into a
pair of the charged pions. The grey dashed line shows the
value rν = 21/43, for which ∆Neff = 0 in the absence of the
neutrino-EM interactions (see a discussion around eq. (46)).
Different solid lines show the behavior of rν for the lifetimes
ranging from 0.02 to 10 s. The generic pattern is that for
the fixed mass rν(τX) is smallest at small lifetimes τX ≪
1 s, which is due to the high chance of the disappearance of
pions and muons due to annihilation and interactions with
nucleons. Once lifetime increases, it grows and approaches the
value rν,0 (the dashed black line), which is when all pions and
muons inevitably decay (eq. (52)). The pattern occurs since
scattering and annihilation processes become less efficient at
lower temperatures. The slope of the lines represents the
increasing kinetic energy of the pion as a function of the LLP
mass; it gets immediately transferred to the EM sector.

Now, let us discuss the impact on Neff for this toy
model. The plot with ∆Neff as a function of X mass

and lifetime is shown in the upper panel of Fig. 4.
Two respresentative choices for the mass of X are con-
sidered: mX = 282 MeV, for which rν,0 > qν (and
hence ∆Neff would be positive at large lifetimes), and
mX = 550 MeV, for which rν,0 < qν . To highlight the
impact of the Y evolution on the properties of neutrinos,
we show the results for two setups – the one assuming
PY
decay = 1 (i.e., when the decays are inevitable), and the

one including the full evolution of Ys, i.e. accounting for
annihilations and interactions with nucleons (which we
will call below the realistic setup).
The behavior of the curves in Fig. 4 is in agreement

with the qualitative discussion in Sec. V and in this sec-
tion. For the lifetimes τX ≪ 10 s and both masses, there
are severe differences in ∆Neff between the two setups.
The realistic setup corresponds to a lower ∆Neff; this is
expected since the decay of Y particles injects more en-
ergy directly into the EM sector. In the limit of large
lifetimes τX → 10 s, the two results match, as annihila-
tion and interactions with nucleons become irrelevant.
To investigate the impact of the Y disappearance fur-

ther, let us consider the ratio of the mean neutrino en-
ergies after the electron-positron annihilation for these
two setups, see the lower panel of Fig. 4. The setup with
Pdecay = 1 leads to higher neutrino energies, which is ex-
pected, as we have a more abundant high-energy neutrino
tail.

B. Higgs-like scalars

Let us now consider a particular model of long-lived
particles. We start with Higgs-like scalars S [28]. We
will concentrate on the minimal model, with the effective
Lagrangian

L = θm2
hhS + Lkinetic (53)

Here, h is the Higgs boson, and θ is the mixing angle,
with |θ| ≪ 1. Due to the mass mixing, the scalars have a
similar interaction pattern as h (so Yukawa couplings to
the SM fermions), with the couplings additionally sup-
pressed by θ.

The main decay modes of these scalars in the GeV
mass range are two-body decays into particle-antiparticle
pairs:

S → e+e−/µ+µ−/π+π−/2π0/K+K−/KLKS , (54)

with the decays into heavier particles dominating once
they become kinematically possible. The fraction of en-
ergy injected into neutrinos rν,0 by the scalar decays is
shown in Fig. 5. It is exactly zero for masses mS < 2mµ,
because the only available scalar decay modes are into
the EM particles. Then, it gets rapidly enhanced at
mS = 2mµ and mS = 2mK – the mass thresholds where
decays into two muons and kaons open up. In the do-
main of intermediate masses, it gradually decreases as
the decay products have more and more kinetic energy
that gets stored in the EM plasma.
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FIG. 4. The effect of the evolution of Ys on the properties
of neutrinos for the same LLP model as in Fig. 3. Two LLP
masses are considered – mX = 282 MeV and 550 MeV, rep-
resenting the cases when ∆Neff tends, correspondingly, to a
positive and negative value in the limit of large lifetimes (see
a discussion in Sec. VIA). The results are obtained using the
unintegrated neutrino Boltzmann equation solver from [42].
To highlight the importance of the annihilation and interac-
tions with nucleons, we consider two setups – the one that
includes annihilation and interactions with nucleons (the re-
alistic setup) and the one that includes solely decays and
kinetic energy loss, which corresponds to the commonly as-
sumed case PY

decay = 1. Top panel : the correction ∆Neff.
The gray band represents the Planck 95% CL constraints
Neff = 2.99+0.33

−0.34 [43], whereas the black band shows the
forecast of the accuracy of the measurements performed by
the Simons Observatory, which we assume to be centered at
∆Neff = 0 [52]. Bottom panel : the ratio of the mean energies
of the muon neutrinos in the realistic setup case to the setup
Pdecay = 1, as a function of the X’s lifetime. The numerical
noise in the domain of large lifetimes is caused by the preci-
sion limit of the Boltzmann solver.

The cosmological production and constraints of S have
been studied in [14, 15]. Among the cosmological effects
of the scalars, it studied the impact of the Higgs-like
scalars on neutrinos. The analysis was simplified by con-
sidering a version of the integrated neutrino Boltzmann
equation and also assuming that Y = µ, π,K decay after
thermalizing their kinetic energy. Under this approxi-
mation, ∆Neff is determined by whether rν,0 exceeds the
quantity qν during decays of the scalar. This is the case

rν,0 τX = 0.02 s

τX = 0.05 s τX = 0.1 s

τX = 0.5 s τX = 10. s
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mX [GeV]

r ν

Higgs-like scalar

FIG. 5. The fraction of energy injected into neutrinos in de-
cays of Higgs-like scalar decays, see eq. (41). The solid lines
correspond to different scalar lifetimes, whereas the dashed
black line is obtained under the usual assumption that all the
metastable particles decay. The rapid change at the masses
mX = 2mµ, 2mπ, 2mK is caused by the opening of the de-
cay into the pair of corresponding particles. The horizontal
gray dashed line denotes the value of rν,0 for which the injec-
tions would increase the neutrino-to-EM energy density ratio
if assuming no interactions in the primordial plasma (see a
discussion around eq. (46)).

in the region 2mµ < mS ≲ 2mπ.
Let us now include the effects of mesons and muons

evolution as well as momentum-dependent (uninte-
grated) Boltzmann equations for the neutrino distribu-
tions. In Fig. 5, we show the mass-lifetime dependence
of rν including the impact of annihilation and interac-
tions. Similarly to the case of the toy model decaying into
pions, the generic pattern is that rν(τS) → 0 for small
scalar lifetimes and reaches rν,0 for the lifetimes ≃ 10 s.
In particular, the ratio rν becomes less than 5% (and so
most of the scalar’s energy goes to the EM sector) for
the lifetimes τS ≲ 0.05 s. rν jumps at mS = 2mπ, which
is caused by the opening of the di-pion decay channel.
The pions (the main decay products in the mass range
2mπ < mS < 2mK) have a larger decay probability than
the muons, which means that they have a higher chance
to release energy into neutrinos than muons. The be-
havior of ∆Neff is shown in Fig. 6. In the mass range
2mµ < mS ≲ 2mπ, increasing the scalar lifetime, we see
the transition between negative and positive changes in
Neff. It is caused by tending rν → rν,0 > qν . At higher
masses, rν,0 < qν , so in any case, ∆Neff remains negative.

C. Heavy Neutral Leptons

Let us now consider Heavy Neutral Leptons. The La-
grangian of HNLs has the form

L = yαL̄αH̃HNL + h.c., (55)

where α denotes the SM lepton generation, Lα is the
corresponding left doublet, yα is the Yukawa interaction



13

FIG. 6. The effect of the presence of the Higgs-like scalars
on the correction ∆Neff = Neff − NΛCDM

eff . The solid black
line shows the parameter space where ∆Neff = 0, whereas the
dashed black lines denote the domain where ∆Neff are beyond
the lower and upper bounds of the Neff measurements as ex-
tracted from Planck measurements [53]. The change in the
sign of ∆Neff is driven by the dynamics of metastable parti-
cles produced by S’s decays. The decrease of the magnitude
of |∆Neff| with the scalar mass is caused by the scaling of the
scalar abundance YS(mS) ∝ Γ−1

S (mS , θ = 1), where ΓS is the
scalar decay width (see [14] and [42] for details).

coupling, while H̃ = iσ2H
∗ is the Higgs doublet in the

conjugated representation. Effectively, HNLs interact as
heavy neutrinos, with the interaction coupling being sup-
pressed by the mixing angle Uα ≃ yαvH/mHNL, where vH
is the Higgs VEV [35]. We will consider the case of HNLs
mixing with the muon neutrinos νµ, keeping in mind that
the other cases are similar.

Let us briefly discuss the production of HNLs. In high-
temperature plasma, the mixing angle gets modified be-
cause of the thermal neutrino self-energy correction. In
particular, in the plasma without the lepton asymmetry
at temperatures T ≳ 1 GeV, the effective mixing angle
is given by

U2
m(T ) ≈

U2[
1 + 9.6 · 10−24

(
T

1 MeV

)6 ( mHNL

150 MeV

)−2
]2 ,
(56)

where mHNL is the HNL mass. The scaling of the HNL
production rate with temperature is Γint ∼ G2

FT
5U2

m,
with GF being the Fermi coupling. Comparing the HNL
interaction rate with the Hubble rateH, we may establish
whether HNLs entered the thermal equilibrium. Namely,
the ratio Γint/H is ≪ 1 at high temperatures T because
of the suppression of Um(T ), then reaches the peak value

at Tpeak ≈ 12 GeV (mHNL/(1 GeV))
1/3

GeV, and then
starts decreasing, since Γint drops with T faster than H.
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FIG. 7. How HNLs affect the neutrino population. Top panel:
the fractions of the metastable particles Y = µ±, π±,K± per
HNL decay. Bottom panel: the dependence of rν on the HNL
lifetime. The minimal value of rν corresponds to the situation
when all mesons and muons disappear without decaying; then,
rν is saturated solely by direct decays into neutrinos.

If the rate-to-Hubble ratio at Tpeak is < 1, HNLs never
entered thermal equilibrium.
We have calculated the HNL abundance following the

approach similar to the one used in Ref. [8]. To com-
pute the kinematics of HNL decay products, we used
the SensCalc package [54], which we have modified to
account for transferring of all the kinetic energy of the
charged metastable particles to the EM plasma and for-
bid the mesons and muons to decay. We used the ex-
clusive decays below the HNL mass mHNL ≃ 1 GeV
and decays into jets above this mass, with showering
and hadronization performed using PYTHIA8 [55]. The
amounts of the charged pions, muons, and kaons per HNL
mass are shown in Fig. 7 (top panel).

Using the machinery we described above, we computed
the quantity rν , see the same figure (bottom panel). Un-
like the models we considered above, the decay palette of
the HNLs includes processes directly injecting neutrinos.
They are

HNL → ναν̄ανβ , HNL → hadrons + νβ , (57)

where “hadrons” denote either a single meson such as π0

or a multi-meson state, depending on the HNL mass [35].
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Therefore, even if all the mesons and muons disappear
without decaying, the quantity rν would be non-zero even
for short HNL lifetimes τHNL ≲ 0.1 s. However, the frac-
tion to be injected by meson decays is still large, depend-
ing on the HNL mass.

Because of the presence of the direct decays into neu-
trinos, computing the impact of HNLs on the primor-
dial neutrinos is much more complicated: the traditional
approaches of solving the neutrino Boltzmann equation
based on the discretization of the comoving momentum
space would take a too large amount of time to evolve the
neutrino distribution function. We will return to this in
future work. Nevertheless, Fig. 7 shows the importance
of careful tracing of the evolution of the metastable par-
ticles in the HNL case.

VII. CONCLUSIONS

Many new physics scenarios introduce long-lived heavy
particles X, that decay into metastable Standard Model
(SM) particles Y , such as muons, pions, and kaons. Ex-
amples of such X particles include Higgs-like scalars,
dark photons, axion-like particles, and others. The life-
times of the Y particles are sufficiently long to allow nu-
merous interactions with components of the primordial
plasma, including electromagnetic particles and nucleons.
These interactions significantly modify the evolution of
Y abundances and, consequently, affect the properties of
primordial neutrinos.

In this work, we conducted a detailed study of Y par-
ticle evolution, incorporating processes such as annihila-
tion with antiparticles, interactions with nucleons, elastic
electromagnetic scattering, and decays (see Sec. II). No-
tably, annihilation processes are examined here for the
first time, while interactions with nucleons have previ-
ously been considered only regarding Big Bang Nucle-
osynthesis (BBN) and not when studying the impact on
neutrinos.

In order to analyze the coupled dynamics of Y par-
ticles and nucleon densities, we have developed a sys-
tematic approach based on the system of the integrated
Boltzmann equations on their number densities (Sec. III).
Applying its simplified version to muons and pions, we
have demonstrated that at MeV temperatures, Y parti-
cles predominantly annihilate or interact with nucleons
rather than decay (Sec. IV).

Incorporating these effects substantially alters the in-
fluence of new physics on neutrino properties (Sec. V).
Specifically, when Y particles decay, a significant fraction
of their mass energy is transferred to the neutrino sector,
inducing spectral distortions. Conversely, if Y particles
disappear without decaying, their energy is instead fully
transferred to the electromagnetic sector. Additionally,
the differential decay rates of kaons and antikaons lead
to asymmetries in the energy distributions of neutrinos
and antineutrinos, which may persist if injections occur
during neutrino decoupling (Sec. VB). A comprehensive

analysis of this intriguing question is left for future work.
We applied our methodology to specific models, in-

cluding a toy model with pions (Sec. VIA), Higgs-like
scalars (Sec. VIB), and Heavy Neutral Leptons (HNLs,
Sec. VIC). Our findings reveal significant deviations from
state-of-the-art studies assuming inevitable decays, in-
cluding changes in both the magnitude and sign of ∆Neff

and alterations in the neutrino distribution functions, as
illustrated in Figs. 4 and 6. A detailed discussion of the
approach we use to solve the neutrino Boltzmann equa-
tions in the presence of metastable particles will be pro-
vided in the upcoming paper [42].
In summary, our results provide a deeper understand-

ing of how long-lived particles influence the neutrino pop-
ulation in the Early Universe. To facilitate further re-
search, we have made available a public Mathematica
code that implements our approach.
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Appendix A: Mathematica code

In this Appendix, we discuss the Mathematica code that traces the evolution of the metastable particles
in the presence of the decaying LLPs X; it is available on §/maksymovchynnikov/Metastable-dynamics and
10.5281/zenodo.14020343. The Zenodo repository also contains pre-computed data for some LLP models.
The central notebook is main.nb. Once launching its initialization cells, it first calls secondary notebooks with all

the necessary definitions. The secondary notebooks are located in the folder codes/Secondary particles evolution. They
are: parameters-functions.nb, defining various parameters and analytic functions; cross-sections.nb, containing
the calculations of various interaction rates involving Ys; universe-simplified-dynamics.nb, containing a simplified
description of the thermodynamics following the approach of [25]; evolution-Ys.nb, which brings all the processes
with Ys altogether and defines the system of the Boltzmann equations on the Ys’ number densities, depending of
various options and properties of the X particles; and final-system.nb, which uses these codes to calculate the
impact of the decaying LLPs with Y decay products. Apart from that, the folder SM Rates contains useful definitions
such as effective Lagrangians, tabulated energy densities of electrons, and oscillation probabilities.

Once all secondary codes are called, users may proceed with applying the main notebook to study various physics
cases. As an input for the model, the code requires various properties. The input for the implemented models is
stored in the section LLP input. Each of its sub-sections is dedicated to a separate model.
For the given model LLP, the main definitions are

• τLLP[LLP,mass,coupling], which describes the dependence of the lifetime on LLP’s mass and coupling;

• nLLPini[LLP, mN, τ], which is the number density of the LLP in the units of GeV3 at T = 20 MeV, nX,ini; the
code assumes that the LLPs are already decoupled at that epoch.

• {ξtoν[LLP,νe,mass],ξtoν[LLP,νµ,mass],ξtoν[LLP,ντ,mass]}, which are the mass-dependent fractions of the
LLP’s mass injected directly in the neutrino sector, the flavor να.

• NtoY[LLP,Y, mass] – the amount of the Y particles produced per LLP’s decay.

• EnergyFractionsToν[LLP, "Total", mass], which is the total fraction injected into neutrinos, assuming that
all Y particles inevitably decay.

The section Generating the evolution of Ys is devoted to generating the data for the grid of masses and lifetimes
of the given LLPs: MassGrid[LLP], lifetimeGrid[LLP], defined in subsection Definitions. Subsection Launching
for mass and lifetime grids launches the system of equations for the given LLP model, mass and lifetime grids.
This is done with the help of the routine exportBlockFullData[LLP, IfDecayOnlyLLP[LLP]], where the parameter
IfDecayOnlyLLP[LLP]] may be True (if annihilation and the interactions with nucleons are turned off) or False (if
they are included). For each mass and lifetime, this routine launches
mergedFunction[LLP, mass, τ, Ylist, DecayOnly]

which returns the following data row:
{{mass,τ,nX,ini,Neff,r1,rν,r3, NX

µ+, NX
π+,NX

K+,NX
KL

,rν,0}, tabulated decay probabilities for Ylist}
Here, the value of Neff is obtained via the integrated approach of Ref. [25], r1 is the cumulative fraction of the

total energy density injected by LLP to the total energy density of the Universe, r3 is the ratio of the energy density
injected into the neutrino sector to the total neutrino energy density. The quantities NX

Y are defined around eq. (22),
while rν , rν,0 are given by eqs. (41), (45). The dependence of the tabulated decay probabilities is chosen of the form
{Temperature in MeV, PY

decay}.
The routine exportOutputForCluster[LLP] prepares the data for the unintegrated Boltzmann solver for the

neutrino Boltzmann equation, which will be discussed in [42].
Section Plots - global numbers first imports the generated datasets (subsection Data importing) and

then makes plots (subsection Plots). The imported data has the names OutputLLPintegrated[LLP] and
OutputLLPUnintegrated[LLPsel], correspondingly for the output of the notebook and the solver from [42]. The
latter is pre-computed for some models and may be found in the associated Zenodo repository. Each subsection (e.g.,
rν), contains definitions needed to make a plot for each model (say, {mminPlot[LLP, "rν"], mmaxPlot[LLP, "rν"]}
defines the LLP mass range for the rν plot), as well as the code making the plot itself.
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