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Understanding how new physics influences the dynamics of cosmic neutrinos during their decoupling is
crucial in light of upcoming precise cosmological observations and the need to reconcile cosmological
and laboratory probes. Existing approaches to solving the neutrino Boltzmann equation are often model
dependent, computationally inefficient, and yield contradictory results. To solve this problem, we introduce
a novel method to comprehensively study neutrino dynamics. We apply this method to several case studies,
resolving the discrepancy in the literature about the impact of nonthermal neutrinos on Neff and providing
important insights about the role of decaying new physics particles on MeV plasma.
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Introduction—Future observations of the cosmic micro-
wave background (CMB) by experiments such as the
Simons Observatory [1] are poised to achieve unprec-
edented precision in measuring cosmological parameters.
Notably, they aim for a percent-level accuracy in the
determination of the effective number of relativistic neu-
trino species, Neff , which tells us how much primordial
neutrinos contributed to the energy density of the plasma
at the times when they were ultrarelativistic [2]. This
enhanced precision opens a window to probe new physics
that may have existed at MeV temperatures, which could
have significantly influenced neutrino properties in the
Early Universe. Such new physics may not only alter the
value of Neff but also modify the shape of the neutrino
energy spectrum, which is essential for knowing the
dynamics of the primordial neutrons (being a seed for
Big Bang Nucleosynthesis [3]) and the cosmological
impact of neutrino mass [4].
A systematic investigation into how new physics

influences neutrinos becomes essential in this light. The
central point is an efficient, model-agnostic method for
solving the Boltzmann equation for the evolution of the
neutrino distribution function. Currently, such an approach is
absent, resulting in incoherent advancements in the field.
Moreover, existing state-of-the-art studies yield qualitatively

contradictory results for the class of new physics models
that inject high-energy neutrinos atMeV temperatures [5–8].
In this Letter, we introduce a novel method that not only
allows us to draw significant model-independent conclu-
sions but also enables the exploration of specific physical
scenarios that existing methods cannot address. Our
companion paper [9] provides a detailed description of
this approach and validates it against current state-of-the-art
methods. Here, we summarize the main findings and
present case studies delivering important physics insights.
New physics and neutrinos—Variouswell-motivated new

physics models have been proposed that can affect primor-
dial neutrinos. These can be broadly classified into non-
standard neutrino interactions [10–13], where neutrinos
interact with new light mediators, altering their decoupling
and thermal history; scenarios involving a neutrino-
antineutrino asymmetry [14–21], leading to differences in
the number densities of neutrinos and antineutrinos; and
models introducing decaying new physics particles, often
referred to as long-lived particles (LLPs) [3,5–8,17,18,22–
28]. These particles may have been copiously produced in
the Early Universe and then survived until MeV temper-
atures, injecting energy into the neutrino and electromag-
netic sectors. Examples of LLPs are [29] heavy neutral
leptons, axionlike particles, dark photons, B − Lmediators,
Higgs-like scalars, neutralinos, generic particles participat-
ing in late reheating scenarios, and many others.
The cosmological probes of LLPs are of special impor-

tance, because they are complementary to laboratory
searches, with the former exploring the domain of large
lifetimes τ ≳ 10−2 s [28] and the latter the domain of small
lifetimes. The complementarity helps us to define the target
parameter space for future experiments [30–32]; see Fig. 1.
Because of this, it is necessary to robustly understand the
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cosmological constraints, and, in particular, the impact of
new physics on cosmic neutrinos at MeV temperatures,
which defines the boundary of the constraints.
Challenges and problems—The target question requires

solving the neutrino Boltzmann equation

∂fνα
∂t

−Hp
∂fνα
∂p

¼ Icoll½fνα ; p�: ð1Þ

Here, fναðp; tÞ is the neutrino distribution function in the
momentum space, p is the momentum, H ≡ ȧ=a is the
Hubble parameter, and Icoll is the collision integral,
containing information about the interactions of neutrinos
and source terms.
Several challenges severely restrict existing studies in the

field. First, there is extreme complexity in solving the
neutrino Boltzmann equation. The most accurate way so far
is to consider the approach of the discretization of the
comoving momentum y ¼ p · a, first developed in [37] for
study standard evolution of neutrinos and improved since
then [27,38–42]. It has been applied to study new physics
particles [3,5–7,22]. However, such studies have intrinsic
limitations. This is because the computational complexity
of the discretization approach quickly increases with the
maximal energy of the injected neutrinos [43], requiring
days or weeks to solve for GeV-scale LLPs that inject
high-energy neutrinos [3]. The complexity of the discre-
tization method forced people to adopt simplified descrip-
tions of the neutrino dynamics [17,18,25,44–47], which
inaccurately describes their evolution unless neutrinos are

completely decoupled or specific assumptions about the
underlying new physics take place, such as thermality of
neutrino injection.
Second, various implementations of the discretization

approach yield qualitatively contradictory results. For in-
stance, considering LLPs decaying into high-energy neu-
trinos at plasma temperature T ≃ 1 MeV, Refs. [5,7] predict
an increase in Neff , whereas [6,8] show, counterintuitively,
its decrease. The origin of the discrepancy is not known, as
themethods are very complicated, and some of the codes are
not publicly accessible (see also a discussion in [6]).
Third, recent theoretical advances [35,48] show impor-

tant effects of the evolution of secondary decay products of
LLPs, such as mesons and muons, that have not been
accounted for in the previous studies. These particles do not
just lose kinetic energy and decay at rest but may disappear
due to self-annihilations and interactions with nucleons,
which completely change their impact on neutrinos.
Fourth, even with these features considered, most pre-

vious studies examined the impact of new physics assum-
ing the standard cosmic setup, such as the absence of
neutrino asymmetry and dark radiation. While this
assumption is natural from the point of simplicity, it
may actually lead to a wrong conclusion that the given
parameter space of new physics is inevitably ruled out by
cosmological observations. Varying the setup can enhance
or relax the constraints [18], which is very important in
light of the complementarity with laboratory searches,
as is sketched in Fig. 1.
Neutrino DSMC—Toovercome the limitations of existing

methods, we introduce a novel approach based on the direct
simulation Monte Carlo (DSMC) method [49–51], signifi-
cantly adapted for studying neutrino thermalization in the
Early Universe. Details are provided in the accompanying
paper [9], and here we summarize the main points.
DSMC is a numerical technique traditionally used to

solve the Boltzmann equation for gases with short-range
interactions by simulating the motion and collisions of a
large number of particles. The evolution of the system is
simulated over discrete time steps Δt, during which
particles undergo free streaming, the system is split into
subvolumes called cells, and within each cell, particles’
interactions are accepted probabilistically based on the
largeness of their interaction cross section and then
simulated if accepted.
In our neutrino DSMC approach, we represent the

neutrino distribution function by a large ensemble of
particles, each characterized by its energy and lepton
charge. Several key adaptations are necessary to apply
DSMC to the Early Universe plasma. First, the expansion
of the Universe is incorporated by redshifting particles’
energies and the system’s volume at each time step
according to the Hubble parameter H.
Second, the rapid equilibration of the electromagnetic

(EM) plasma allows us to treat the EM sector as a thermal
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FIG. 1. Parameter space of heavy neutral leptons [33,34]
(HNLs) in the plane of their mass mN and the modulus of the
coupling jUej2. The past cosmological (the gray line shows the
state-of-the-art calculations from [3,6]) and laboratory searches
constrain complementary ranges of jUej2, which is essential
for defining the target for future laboratory experiments like
SHiP [30]. However, the past cosmological studies lack recent
theoretical advances in the dynamics of the HNL decay products
in the primordial plasma [35,36] as well as fix the minimal
cosmological setup instead of varying it. By addressing these
points, the line actually becomes the uncertainty bound (sketched
by the green region). Due to the computational complexity, there
are no existing approaches that robustly study this question. It is
possible with the new approach to solve the neutrino Boltzmann
equation presented in this Letter.
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bath characterized by a temperature T. Instead of simulat-
ing individual electrons and positrons, we sample their
energies from equilibrium Fermi-Dirac distribution at
temperature T, which is updated inside each cell based
on the energy exchange with neutrinos.
Third, quantum statistics is included by accounting for

Pauli blocking factors in the collision probabilities, at the
last step of the probabilistic acceptance of the interaction.
Fourth, neutrino oscillations are incorporated by

allowing neutrinos to change flavor between time steps,
according to energy-dependent oscillation probabilities
averaged over the time and energy scales relevant for the
Early Universe [3,24].
Finally, decaying particles (LLPs) are included by

simulating their decay processes and subsequently adding
the decay products into the DSMC particles list, according
to the exponential law governing the decay. The phase
space of decay products can be obtained using existing
Monte Carlo tools like PYTHIA8 [52] or SensCalc [53],
ensuring model independence and flexibility. This allows
us to handle complex decay chains and high-mass particles
without the need for analytical expressions for the matrix
elements.
There are numerous advantages of our neutrino DSMC

approach. The method is model agnostic, capable of
handling arbitrary interaction processes without requiring
analytic expressions for collision integrals or the phase
space of the interactions, with computational time scaling
linearly with the maximal neutrino energies involved.
The scaling is unavoidable and follows from the behavior
of the time step required to resolve the high-energy
neutrino interactions [54]. This efficiency allows us
to simulate scenarios with high-energy neutrinos (up to
GeV scales), where traditional discretization methods
become impractical. Moreover, the method is concep-
tually straightforward, inherently conserving energy
and avoiding stability issues associated with the discre-
tization schemes. Finally, it is flexible: new interactions,
particles, and variations of the cosmic setup may be
easily incorporated.
We have developed a prototype code including modules

for simulating particle interactions, decay processes of
LLPs, and the evolution of the EM plasma [55]. We have
validated our approach by comparing its predictions with
existing methods [6,17,40] in well-understood scenarios,
such as thermalization of neutrino and EM species having
initial thermal spectra and the evolution of neutrino spectra
under instant nonthermal neutrino injections.
The performance of our DSMC implementation exceeds

one of the traditional methods already for maximal neutrino
energies ≃50–100 MeV. In the domain of higher energies,
our algorithm quickly becomes more efficient by orders of
magnitude. This is because the running time of our
approach scales just linearly, which is due to the behavior
of the time step, whereas the discretization approaches have

a much worse scaling. This demonstrates the potential
of our approach to handle complex scenarios involving
high-energy neutrinos. Moreover, the code’s performance
will be substantially improved if switching to solely C++

implementation.
Case studies—Given the flexibility of Monte Carlo

simulations and the efficiency of the DSMC scheme, it
is model agnostic. It is possible to incorporate various
processes such as neutrino self-interactions, decays of
LLPs, or vary cosmic setup, as well as consider any
parameter space, particularly not being restricted to small
neutrino energies. This is a subject of numerous future
studies. Here, we will concentrate on a few examples of
decaying LLPs, demonstrating their capabilities. For def-
initeness, we assume the lifetime τ ¼ 0.03 s, which is close
to the edge of what may be probed with CMB and BBN,
and fix the initial LLP energy density by requiring
ρLLP=ργ;ν;e� ¼ 0.2 at T ¼ 5 MeV. We also do not include
neutrino oscillations to make the discussion more trans-
parent. For the range of the LLP masses m, we include
the GeV scale, which is extremely complicated to explore
with state-of-the-art methods due to the computational
inefficiency.
The first case is the LLPs decaying solely into a

neutrino-antineutrino pair, each with energy Eν ¼ m=2,
in the thermal SM plasma. Examples of such scenarios are
majorons and other neutrinophilic mediators [56–59].
Depending on m;Eν may be much higher than the typical
thermal neutrino energy 3T, where T is the plasma temper-
ature. Figure 2 shows the dynamics of the quantity
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FIG. 2. Application of our approach to the case of long-lived
particles (LLPs) with different masses m and lifetime τ ¼ 0.03 s
decaying solely into a pair of neutrinos in the MeV plasma. The
figure shows the evolution of the quantity δρ, defined by Eq. (2),
with the temperature of the electromagnetic plasma T: δρ is
intimately related to the correction to the effective number of
neutrino species ΔNeff ¼ Neff − NΛCDM

eff . From the plot, we see
that for large masses m ≫ 3T, Neff decreases; this is true for a
genetic heavy LLP that has other decay modes into SM particles.
This finding resolves the discrepancy between existing studies
[5–8], ambiguously predicting the sign of ΔNeff .
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δρνðTÞ≡
�
ρEM
ρν

�
ΛCDM

ρν
ρEM

− 1; ð2Þ

where ρν; ρEM denote the energy densities of neutrinos and
EM particles, and ðρν=ρEMÞΛCDM is the ratio of the energy
densities in the standard cosmological model. δρν evolves
due to the decays of LLPs and is the dynamical analog of
Neff . In particular, its sign is uniquely related to the sign of
the correction of Neff with respect to its value in ΛCDM.
As the initial injection is solely to neutrinos, each decay

initially pumps energy to the neutrino sector, and naively,
δρν must be positive throughout the evolution. However,
depending on m, the subsequent thermalization of neutri-
nos leads to the transition to negative values and hence to a
decrease in Neff . The reason is that the energy transfer rates
between the neutrinos and the EM plasma grow with the
energies of interacting particles. By constantly injecting
nonthermal neutrinos, we shift the balance of the exchange
to the EM plasma. The latter thermalizes instantly, and
hence the backward energy transfer is not enhanced. The
microscopic of this thermalization is discussed in detail in
the companion paper [9] using the toy scenario of instant
neutrino injections.
The same result qualitatively holds for the LLPs

decaying into muons and pions, such as Higgs-like scalars,
axionlike particles, neutralinos, and vector mediators
coupled to quark currents. The reason is that μs and πs
decay into high-energy neutrinos, so their energy ends up
being in the EM sector.
As the neutrino DSMC is a completely independent

approach to solving the neutrino Boltzmann equation,
we close the mentioned discrepancy between various
Boltzmann solvers, supporting the results of [6,8]. This
finding allows us to conclude that generic heavy LLPs
decaying into SM species (including the whole range of
models mentioned above) at MeV temperatures in the
standard cosmological setups unavoidably decrease Neff ,
which will be very important in light of interpreting the
results of upcoming CMB measurements.
The second scenario we consider is a more complicated

setupwhere anLLP decays into a pair of charged kaons [60].
Such a scenario is realized in various models, including
Higgs-like scalars [61] and generic mediators coupled
to the quark currents, such as dark photons and B − L
mediators [62] (see also [29,31,32] for a more generic
discussion). They resonantly mix with scalar or vector
mesons such as f0;ϕ, that decay into kaons.
The case is special and even more complex, as the

dynamics of kaons in the primordial plasma are nontrivial
and not described just by decays at rest (see the recent
studies [35,48] for detail). Namely, KþK− may efficiently
annihilate with themselves. More importantly, K− evolves
differently compared to Kþ: it intensively participates in
the interactions with nucleons [63]. At large temperatures,
the process may completely dominate over decays. This

means that the decay probability of K− in the primordial
plasma is significantly lower than that of Kþ. This differ-
ence induces further asymmetries in the evolutions of
muons and pions produced by their decays and scatterings.
As K−s decay into neutrinos with energies Eν ≃mK=2
while pions and muons decay into much less energetic νs,
this dynamics may result in nontrivial effects, including the
neutrino-antineutrino energy distribution asymmetry.
Due to the computational complexity in this setup, the

authors of [35,48] have left a detailed investigation of the
role of this asymmetry for future work. DSMC is a perfect
tool to explore such models. Therefore, in addition to the
evolution of δρν, we are also interested in the development
of the energy asymmetries between neutrinos and antineu-
trinos, which we define as

Δνα ¼
ρνα − ρν̄α
ρνα þ ρν̄α

: ð3Þ

To trace it, we used the output of the public code provided
by Refs. [35,48] and, for the first time, fully incorporated
the dynamics of the kaons K in the evolution of neutrinos
using our approach.
We show the evolution of δρν and Δνα in Fig. 3. Despite

the initial Δνα ≠ 0 induced by asymmetric decays, the
efficient neutrino-neutrino interactions turn it to zero. The
situationmay change for higher lifetimes, as the interactions
are less efficient, and partial asymmetry will survive.
Conclusions—In light of the significant computational

challenges, recent theoretical advances, and forthcoming

FIG. 3. Application of the DSMC method to the LLPs decaying
exclusively intopairs of chargedkaons. The plot shows the neutrino
energy density perturbation, δρνðTÞ, along with the neutrino-
antineutrino energy density asymmetries, Δνα [see Eq. (3)].
These asymmetries arise from the different behaviors of K− and
Kþ in the primordial plasma; to show its potential magnitude, we
indicate the development of the asymmetry while turning off
neutrino interactions. However, when including neutrino inter-
actions, we find that they instantly erase this asymmetry, thanks
to the efficient neutrino-antineutrino annihilations at such high
temperatures.
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cosmological observations and laboratory searches for new
physics, there is a clear need for an efficient and model-
independent approach to assessing the impact of new
physics on primordial neutrinos. We have presented such
an approach based on the direct simulation Monte Carlo
method, which effectively addresses these requirements.
While our current implementation serves as a proof of
concept, it already demonstrates the capability to make
meaningful predictions and resolve existing discrepancies
in the literature.
Moving forward, we plan to apply this versatile method

to a broad range of new physics models affecting cosmic
neutrinos. This will provide valuable insights for both the
cosmology and particle physics communities, enhancing
our understanding of the Early Universe and defining the
target parameter space for future laboratory searches for
new physics. We will go beyond the minimalistic assump-
tions on the cosmic setup used in past studies and compute
the uncertainty range of the cosmological bounds. Another
promising direction to explore is the application of the
DMSC method to study the dynamics of supernova
explosions in the presence of new physics.
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