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The vast majority of extensions of the Standard Model affecting the number of effective relativistic
neutrino species (N.) do so additively, namely, they enhance this quantity with some light state
contributing to dark radiation. In this work, we consider precisely the opposite case: new physics scenarios
that can lead to Ny < 3 that are consistent with all known cosmological, astrophysical, and laboratory
data. We are motivated by three main reasons: (1) a recent measurement from Atacama Cosmology
Telescope (ACT) and the South Pole Telescope (SPT) in combination with Planck that leads to
N = 2.81 £0.12, (2) by a new and powerful measurement of the primordial helium abundance, which
anchors N to be very close to the Standard Model value one second after the big bang, (3) by the
deployment of the Simons Observatory which will provide precise tests of the radiation content in the
Universe and which may detect with a high significance cosmologies with N < 3. We survey the main
theoretical possibilities and find that only a few simple scenarios can consistently give N = 2.81 £ 0.12.
One class consists of thermal electrophilic relics with masses m ~ 8-13 MeV. Another consists of out-of-
equilibrium particles decaying to e™e™ or yy, with a rather particular lifetime 0.05 s < 7 <3 min, mass
250 MeV <m <600 MeV, and abundance p/p, ~0.1 at decay. Thermal electrophilic particles are
especially interesting because they can account for the dark matter in the Universe and can be tested
in experiments such as SENSEI, DAMIC-M, and Oscura, and their portals to the visible sector at
experiments such as NA64 and LDMX. We conclude that if the Simons Observatory confirms that

Negr = 2.8, it will point to very specific extensions of the Standard Model.

DOI: 10.1103/c62k-ktdc

I. INTRODUCTION

One second after the big bang, weak interactions freeze
out, and the Universe contains at least three types of
relativistic species: electrons/positrons, photons, and neu-
trinos. As the Universe cools and the temperature drops
below the electron mass, e e~ pairs annihilate mostly into
photons. This heats the photons relative to the neutrinos
and leads to the familiar ratio 7',/T, ~ 1.4 between the
temperatures of the cosmic microwave background (CMB)
and the cosmic neutrino background. CMB observations
are sensitive to this ratio via the number of effective
relativistic neutrino species:
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where this quantity should be evaluated at 7 < 10 eV
somewhat before recombination. In the second line, we
have particularized the expression for the case where only
neutrinos and photons are present as relativistic species.
The value of N has been computed very precisely in the
literature [1-7] and the consensus Standard Model pre-
diction is Ng|gy = 3.044, which we will often round to 3
for simplicity. This simple quantity is a central test of the
Standard Model in cosmology, with important implications
both for the primordial helium and deuterium abundances
(probing N in the 100 keV—1 MeV era) and the CMB
(probing Ny in the 1-10 eV era).

There is an array of extensions of the Standard Model
which predict contributions to N in some form of dark
radiation, making N measurements a key probe of physics
beyond the Standard Model. Canonical candidates for
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this dark radiation include eV-scale sterile neutrinos [8,9],
hot axions [10-12], majorons [13,14], gravitinos [15],
Goldstone bosons [16,17], and many more, see, e.g., for a
review [18]. Improving early Universe constraints on N
can thus provide key insights into a wide range of beyond the
Standard Model (BSM) scenarios.

In this context, in January 2026, a new and very
precise measurement of the primordial helium abun-
dance was reported as a key output of the large
binocular telescope Yp project [19]:

Yp = 0.2458 +0.0013. (2)

High-precision measurements of the primordial helium
abundance are obtained from ionized extragalactic metal-
poor galaxies. The collaboration in Refs. [19,20] obtained
new high-quality spectra for about 50 such systems,
improved the modeling of their emissivities, and per-
formed a global analysis. The result is a 0.5% determi-
nation of the primordial helium abundance, in agreement
with the Standard Model, and is more precise than any
previous measurement.

The primordial helium abundance produced during big
bang nucleosynthesis (BBN) is highly sensitive to the
expansion rate of the Universe around one second after
the big bang. Modeling the expansion rate of the Universe
by a simple rescaling of the neutrino energy density
p, (1) = pSM(2) - N, /3, it has been shown that this implies:
N, =2.93 £0.08 [21]. This provides an anchor for N in
the very early Universe with remarkable precision, at a
value near that of the Standard Model.

The CMB provides an additional key anchor at later
times. In particular, through its effect on the damping tail
of the CMB, the presence of additional radiation in the
Universe can be tested. Recently, the Atacama Cosmology
Telescope (ACT) and the South Pole Telescope (SPT), in
combination with Planck data, reported in 2025 the most
precise measurement of N to date [22-24]:

Ne = 2.81 +0.12 [ACT + SPT + Planck]. ~ (3)

This result, which is approximately two sigma below the
SM value, already strongly constrains new sources of
relativistic particles in the Universe.'

The Simons Observatory (SO) [26] is already operational
and aims to reach a one sigma precision of oy . ~0.045
[27]. In light of existing constraints, it is clear that a five
sigma—or even three sigma—discovery of additional
relativistic radiation by SO is already strongly disfavored

Tn this context, we shall also mention that an independent
analysis [25] reports a somewhat larger inferred value for N
using a very similar dataset combination. The origin of this higher
value compared to that reported by the collaborations is unclear.

by existing data. This situation is driven by the existing
preference for N < 3.

On the other hand, a significant negative deviation of
N 1s still consistent with the data and could be con-
clusively tested by SO. Given this, it is clearly important to
understand scenarios which yield Ny < 3. In this work,
we shall focus our attention on scenarios where this is
achieved, with the hope of understanding a range of models
that might be discovered by the Simons Observatory.

Such models are not new considerations, and many
scenarios are known to lead to N < 3, and examples
include thermal electrophilic species [28-38], relics
decaying into various Standard Model species [37-47],
and low-reheating temperature scenarios [48—54]. Our goal
is to explore these scenarios in the precision cosmology
context in which we live, especially in concert with the new
primordial helium measurement in Eq. (2).

In particular, we will discuss various physical possibil-
ities that can lead to N < 3. We will focus on those
models where N may be as low as 2.8 and still be
compatible with the rest of known cosmological, astro-
physical, and laboratory data. In particular, a model capable
of lowering N4 down to the currently favored 2.8 central
value can be discovered with ~5¢ significance by the
Simons Observatory. As a consequence, we will take this
value as a key interesting benchmark for discovery.

The remainder of this work is structured as follows: In
Sec. II, we present an overview of the main phenomeno-
logical avenues to have N < 3. Then in Secs. III and IV
we look in detail at two particularly simple set-ups that we
identify can do the job: thermal electrophilic species and
decaying axionlike particles or dark photons, respectively.
We study their parameter space and highlight the region
where N ~2.8 while being consistent with all other
known data. We draw our conclusions in Sec. V, high-
lighting how some of these scenarios may be tested in the
future.

II. GENERAL CONSIDERATIONS: WHAT ARE
THE OPTIONS TO MAKE N, < 3?

N as relevant for CMB observations is defined
explicitly in Eq. (1). To reduce Ny below its Standard
Model value, there are three logical possibilities: (i), one
can lower p,, relative to p, |gy, Which we denote by p, | ; (ii),
one can raise p, relative to p, |y, which we denote by p,1;
(iii), one can do both simultaneously, which we denote by
pud +p,1. We begin with general considerations on
whether these are viable possibilities, referring to Fig. 1
for a quick visual summary.

A. Reducing the energy density in neutrinos

To assess whether p, |, is viable, we first review neutrino
decoupling. In the usual radiation-dominated early
Universe picture, thermal equilibrium is established at very
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FIG. 1.

Summary of the various options from Sec. II that can lead to N < 3 at CMB times. We highlight those which may lead to

N ~ 2.8 and hence to a good fit to current CMB data, as well as to allow a potential ~5¢ detection by the Simons Observatory (SO). As
discussed in the text, two clear and simple options are (iia) thermal electrophilic species with masses around m ~ (8-13) MeV (see
Fig. 2) and which may be tested with dark matter-electron scatterings on Earth, and (iib) out-of-equilibrium injections of e*e™/yy from
particles with lifetimes 7y ~ (0.05-100) s and masses my ~ (250-600) MeV, see Sec. IV.

early times and as the Universe cools down, eventually, at
T ~2 MeV the electroweak interactions of neutrinos
freeze out and from then on they simply free-stream.
Therefore, reducing the neutrino energy density relative
to photons requires modifying the decoupling process.
The possibilities are: (ia) making neutrinos decouple
earlier (at higher temperatures), e.g., if neutrinos were
to decouple before muons annihilate, then Ny < 1.6, as
a significant fraction of the entropy density of the
Standard Model particles would end up in photons and
not in neutrinos, or (ib) by not producing a thermal
plasma of neutrinos.

Option (ia) points toward nonstandard neutrino inter-
actions. It is in tension with experimental observations
unless the coupling strengths controlling the interactions
between neutrinos and charged leptons are time-dependent.
Option (ib) is viable in principle. It has been explored
in cosmologies with a very low reheating temperature
[48-54], close to T ~MeV, when neutrinos decouple. In
these models, one assumes that an out-of-equilibrium
particle decays and generates the thermal Universe. For
example, if the reheating field decays electromagnetically,
® — ete, it initially populates only the electromagnetic
plasma. Neutrinos are then produced secondarily through
processes such as ete™ — vp. If the electromagnetic
plasma reaches only T, ~ MeV, neutrinos do not fully
thermalize. Their energy density is then smaller than in the
Standard Model, which leads to N4 < 3.

However, the issue with these models is big bang
nucleosynthesis. In a Universe with N4 ~ 2.8 as obtained
in these models, the primordial element abundances of both

deuterium and helium would be in strong tension with
observations (see, e.g., Fig. S1 in [54]). In this context, one
can also consider the possibility of bleeding energy from
the neutrino bath after BBN. However, if the energy goes
into a new, invisible radiation, this will not have any
consequence for CMB measurements of N, which
measures the totality of invisible, noninteracting radiation.
Thus, for such a scenario to be effective, the only option
would be to deplete p, and to simultaneously increase p,,
which we shall discuss shortly.

B. Enhancing the energy density in photons

Option (ii), having more energy density in photons, is,
on the other hand, possible, and we will focus on it.
Three possibilities can lead to this: (ila) a thermal
injection of photons or eTe™ (as they thermalize), (iib)
a similar type of injection but from a particle that is
decaying out-of-thermal equilibrium, and (iic) an injec-
tion of out-of-equilibrium neutrinos which then annihilate
into ete” neatly producing more electromagnetic than
neutrino radiation.

The viability of these scenarios depends crucially on
when the energy is injected. Two considerations deter-
mine the relevant time window. First, neutrinos remain in
thermal equilibrium down to 7' ~ 2 MeV, corresponding to
ty ~ 0.1 s. Therefore, any electromagnetic injection at
much earlier times is efficiently shared with the neutrino
sector, for example, through ® — eTe~ followed by
ete™ — vp. In addition, the primordial abundance of deu-
terium is very sensitive to the baryon density of the Universe
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at the time of nucleosynthesis, D/H|p o (Q,/#%)~"°. The
prediction of the deuterium abundance still suffers from
somewhat large uncertainties from nuclear reaction rates,
but one can infer from it a baryon density with an
uncertainty of at least ~3% [55,56]. Critically, this
inference is in overall good agreement with the value
of the baryon density obtained from CMB observations,
and this means that it cannot change substantially between
BBN and recombination, see, e.g., [57]. Since BBN took
place at t;; ~3mins and an injection of energy leading to
AN = —0.2 £0.1 would modify the baryon density by
~(7+3.5)%, it is clear that the injection needs to take
place within a very specific window:

0.05 s Sty <100 s. (4)

Of course, injections of electromagnetic radiation at
ty 2 100 s may also be further constrained by nuclear
photodisassociation for 7, >5x 10* s [58] and CMB
spectral distortions for ¢, = 10° s [59,60], see also [61].

Having established this timeline, there are three distinct
types of options for the injection: (iia) it may be thermal
(i.e., a particle annihilating or decaying into e*e™/yy in
thermal equilibrium with the plasma), (iib) it may be
nonthermal (where the decay happens out-of-equilib-
rium), and (iic) it may actually be into neutrinos.
Some considerations are in order. For the thermal
injections (iia), it is clear that the phenomenology will
be dictated primarily by the given particle mass. Since
neutrino decoupling happens at T ~ 2 MeV, the particle
would need to have a mass somewhat close to but larger
than this scale. If it is much smaller, then it would lead to
heavily distorted values for the primordial element
abundances and N, see, e.g., [33]. We quantitatively
investigate this scenario explicitly in Sec. IIl. The non-
thermal case (iib) features similar phenomenology, and
we will investigate it explicitly in Sec. IV.

Finally, let us comment on out-of-equilibrium injections
of v with E, > 3.15T. Somewhat counterintuitively, such
injections can also lead to Ny < 3. It turns out that
neutrinos, scattering against a thermal bath of ete™ and
vy with a similar temperature, may lead to more energy
going to e™ e~ effectively due to the enhanced cross section
for v — eTe™ processes as compared to the joint effect of
vo — v and et e — vb. This feature has been observed in
several studies that considered scenarios with neutrino-
philic particles [41-44,51] or species decaying into muons
and pions [45], for the (particle-mass-dependent) lifetime
range 7 <1 s.

Although this mechanism can, in principle, lower N,
the same high-energy neutrinos also interact efficiently
with protons in the plasma. This generically enhances the
helium abundance through processes such as v, + p —
n+e". While no dedicated studies yet exist [62], for

N ~ 2.8 it is likely that BBN excludes this possibility,
and we will not consider it further in our study.2

C. Reducing the energy density in neutrinos
and enhancing the one in photons

We now turn to option (iii), in which the neutrino energy
density is reduced while the electromagnetic energy density
is increased. One can imagine a scenario in which, soon
after neutrino decoupling at 7 ~ 2 MeV, neutrinos produce
a new state y through oscillations or other interactions. This
state then decays out of equilibrium into neutrinos and
electromagnetic radiation. The decay must occur out of
equilibrium; otherwise, the neutrino and photon temper-
atures would reequilibrate, typically yielding N > 3.
Considering this decay to be out-of-equilibrium would
lead to N < 3 since this would allow a net energy transfer
from the neutrinos to photons. There are mechanisms
where neutrinos thermalize via oscillations with a self-
interacting dark sector [64,65] or just by annihilations [66].
The question becomes how to transfer energy back to the
photons. One may envision doing it by an out-of-equilib-
rium decay of the type y — v + y, as featured for instance
by right-handed neutrinos with magnetic moments [67].

In the simplest models of this type, a natural tension arises:
a large primordial population of y states would be produced
early by the same interactions that lead to its decay. With a
long lifetime, when their decay produces roughly equal
electromagnetic and neutrino energy densities, and because
in the Standard Model p, < p, + p, at all epochs, the net
decay would lead to N > 3, see [67]. However, relatively
simple modifications can evade this. In the presence of a dark
sector self-interaction, the effective mixing angle can be
temperature-dependent [68,69]. This may suppress the early
production of sterile states, such that they are only produced
after neutrino decoupling [64]. As such, the energy in the
sterile states comes from the neutrino sector only. When they
subsequently decay into both sectors, this now pushes N
down. However, such a model requires a rather elaborate
conspiracy of masses and timescales. We shall not pursue it
here, but note it is a viable possibility worthy of study should
Ni < 3 be robustly found.

D. Summary

We presented in this section what we believe are the
main avenues to have N s < 3 at CMB times, and which
we summarize in Fig. 1. Out of the various possibilities,
two viable ones appear as particularly simple and have the
potential to lead to N as small as 2.8. In what follows, we
study their CMB and BBN phenomenology explicitly.
These are particles that inject electromagnetic radiation
in the window dictated by Eq. (4), i.e., cases (iia) and (iib).

More complicated cosmological histories combining neutri-
nophilic decays with other phenomena may lead to a negative
AN without spoiling BBN [63].
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TABLE L.

Summary of the scenarios that we identify as most promising to give a value of N as low as ~2.8 and the specific models

that realize them and for which we explicitly work out the phenomenology in Secs. III and IV.

Scenario

Specific model realization

Interaction Lagrangian

iia) Thermal electrophilic particles

Complex scalar dark matter, ¢) interacting

L = —igpA;,(p* "¢ — po*p*) — eeA, Jem

with a kinetically mixed A’

iib) Out-of-equilibrium decaying
relics into et e™ /yy

Photophilic axionlike particle, a
Dark photon, A’

L= agameI:"””/4
L = —eeA,Jin

In Table I we summarize the two scenarios with the key
benchmark models that reproduce them.

III. ELECTROMAGNETIC ENERGY INJECTIONS:
THE THERMAL CASE

In this section, we study thermal energy injections. Out-
of-equilibrium injections are discussed in Sec. I[V. We will
consider explicit, simple, well-motivated models featuring
this phenomenology.

A. The model

Particles in thermal equilibrium during BBN have been
studied in detail in the literature [28-36]. We revisit this
scenario with a specific goal: to identify which particles can
produce N4 ~ 2.8 while remaining consistent with BBN in
light of the new Yp measurement in Eq. (2). A particularly
appealing setup corresponds to a two-particle system made
of a stable complex scalar ¢ and a dark photon A’, both with
MeV-scale masses and with m, > 2my, see, e.g., [70,71].
¢ will be a thermal dark matter relic, and its freeze-out
abundance will be dictated by annihilations into e™e”
mediated by a virtual A" that interacts with the Standard
Model via kinetic mixing with the photon.

This model is attractive because it avoids several important
constraints. In particular, CMB bounds on annihilating dark
matter are evaded as the annihilation is p-wave suppressed
[72]. If ¢ constitutes the dark matter, the scenario can be
probed through ¢e — ¢e scattering in direct-detection
experiments such as SENSEI [73], DAMIC-M [74,75],
and Oscura [76]; see [77,78]. For my > 2m,, the dark
photon decays invisibly. This greatly weakens laboratory
bounds, since invisible decays are harder to probe, and values
as large as € ~ 107 can remain compatible with existing
searches; see, e.g., [78-80]. Such a large kinetic mixing also
implies efficient production in supernova cores, where
thermal equilibrium is established, and particles are trapped.
This is expected not to modify the cooling time of core-
collapse supernovae [81], and at present no supernova bound
excludes this region of parameter space [82,83].

To obtain the right relic abundance, an interplay between
the dark gauge-coupling g, and the kinetic mixing needs
to take place, and this leads to further constraints. In the
tens of MeV window for ¢ that we are interested in,
dark matter self-interactions in the model may not be

negligible. Requiring the self-scattering cross section
per unit dark-matter mass to satisfy the Bullet Cluster
bound, oyr/m, < cm?/g, implies gp < 0.9 [84-86]. This,
together with the requirement of the correct relic abundance
and the bounds from NA64 [79] on invisibly decaying dark
photons, implies

my/my < 2.7 [Bullet cluster + NA64]. (5)

Furthermore, a fairly similar limit can be cast from the lack
of observed signals at direct detection dark matter experi-
ments [77]. All in all, the available window for particles
with masses in the tens of MeV is 2my, < my < 2.7my, and
we will focus our attention on it. With what respects to the
cosmology, the A’ interacts extremely efficiently in the
early Universe with e*e™ pairs and its partial decay width
Iy satisfies T'y/H ~ 10" (¢/1073)%, making the entire
system of ¢ and A’ coupled to et e™ and y particles. We find
it is quite remarkable that such a simple model may have
simultaneous implications for Ny, dark matter self-inter-
actions, missing energy searches at accelerators, and dark
matter direct detection experiments.

B. The cosmology

With this in mind, we can easily solve for the early
Universe thermodynamics. We will follow [7,87,88] and
consider all species to be described by thermal equilibrium
distributions, and we will consider Ty = Ty = T, = T, but
T, #T,. We assume that electromagnetic interactions are
extremely efficient. It then suffices to solve for the evolution
of the neutrino and photon temperatures, while accounting
for energy injection and energy exchange between the
electromagnetic (y) and neutrino (v) sectors. The evolution
equations for these temperatures are fairly simple and read

ar, Oveem
= —HT ) 6

dt vt 4pp/Tu ( a)

dr,

- =~ |4Hp, + 3H(pe + pe) + 3H(py + py)
dpinl

+3H(py + pa) + 3HT, + OQveem

ar,

-4+

d d d dpy
ﬁ Pe + ﬁ + PA
dr, " dr, " 4T, " dT,

42 Pinc] !
T 21 . (6b

075017-5



ESCUDERO ABENZA, OVCHYNNIKOV, and WEINER

PHYS. REV. D 114, 075017 (2026)

3.5 T T —T —

2.8 T T —T T T

105 X D/H‘p

20— :

8 10 15 20 30

m, [MeV]

0.250 T T —T —

0.248} 1

0.246

Ye

0.244

0.242 ]

15 20 30

13 16 20 30

78 10
m, [MeV]

FIG. 2. N, Yp and D/H|p for the case of a thermal complex scalar ¢ interacting with a massive dark photon A’ with mass
my = 2.7my (upper blue lines) and m, = 2.01my (lower blue lines). The gray lines indicate the 1o and 26 confidence levels from
observations, and for D/H|p we have added the theory uncertainty in quadrature to the measurement error. The lower-right panel shows
the combined »? from these three observables (using £,4> from CMB observations). The minimum of the y?> ~ 1.4 and in red we
highlight the ~1¢ preferred region m, = 8-13 MeV. This region is statistically preferred over ACDM only at the ~1o level.

where here p and p refer to energy densities and pressure of
the various species, H is the Hubblerate, Q, .., represents the
energy transfer rate from the electromagnetic sector of the
plasma to the neutrinos, and p;, represents the QED correc-
tions to the pressure. To solve for these equations, we will use
the publicly available nudec BSM_v2 code and we employ the
newly calculated rates and QED corrections from [7].

To explore the BBN phenomenology, we implement
these equations in our Mathematica BBN code. The code
uses the main nuclear reaction rates as tabulated in the
PRIMAT BBN code repository [89,90]. We implement the
proton-to-neutron conversion rates in the Born approxima-
tion and then add radiative corrections using a scaling
function as derived in the Standard Model, which is
accurate enough for our purposes. With this, we are able
to simultaneously calculate N, Yp and D/H|p as a
function of my, m, /m, and Q,h?. For the latter, we will
use 100Q,h% =2.238 +0.009 as obtained within the
ACDM model from Planck + ACT + SPT CMB observa-
tions [24]. For D/H|p, we will use the particle data group
recommended value of 10° x D/H|p = 2.55 £0.03 [91].
In addition, we shall use the deuterium burning rates as in
the PARTHENOPE BBN code [55,56]. This leads to a D/H|p

prediction compatible with the observed one, and implies a
theoretical error in the prediction of £0.07 x 107> for
D/H|p.}

The results from our analysis are shown in Fig. 2. It
highlights that only a narrow mass window is favored
over ACDM. It corresponds to m, = 8-13 MeV and
my = (2-2.7)m. This represents a clear target for dark
matter direct detection via dark matter-electron scatterings.
In addition, for moderately large couplings, the dark photon
in the model can also be searched for with beam-dump
experiments such as NA64, see Fig. 9.4 of [78]. We note
that our analysis shows that my < 6 MeV is strongly
disfavored by BBN and CMB observations.

How does this model evade the strong bounds from Yp
while leading to a fairly sizable impact on N ? The reason
is a partial cancellation between two effects affecting the
helium synthesis. The helium abundance is dominated by

*We should note that the deuterium burning rates output in
[89,90] are also perfectly valid ones, but that they lead to a
deuterium abundance that falls ~2¢ low compared to the
measured value. We elaborate upon the potential implications
of this result in the conclusions.
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Parameter space of the thermal scenario (iia) of Table I for two values of gp: gp = 0.9, the largest value allowed by the Bullet

Cluster bound (left), and g, = 0.01 (right). The gray dotted lines show, for the indicated value of m, /m,, the kinetic mixing at which ¢
reproduces the observed dark matter abundance. The red band marks the dark photon masses for which N.¢ ~ 2.8, and the blue region
marks the masses excluded by the BBN and CMB analysis of Fig. 2. The remaining colored regions are excluded by the laboratory
searches indicated, and the dashed lines are the lower boundaries of the regions that laboratory searches are projected to reach within the
next two decades [78]. The NA64 constraints and sensitivities are taken from Ref. [80], DAMIC-M from Ref. [74], and SHiP from
Refs. [78,92]. The direct detection limits and projections are quoted as a function of m, and to draw them here we use my = 2.5m;
choosing instead m, = (2-2.7)m,, does not change them significantly.

the neutron one, as effectively all neutrons available at
BBN bind into helium-4. In this model, the energy release by
¢¢ annihilations leads to a larger T,/T, than in the Standard
Model at T~ 1 MeV, which is when proton-to-neutron
interactions freeze out. Here is where the two effects almost
cancel. First, for fixed T,, the Hubble rate is lower than in the
Standard Model, which tends to decrease the helium abun-
dance. Second, the weak interaction rates are also smaller
because they depend on the neutrino temperature, and this
tends to increase it. As a result, I',_,/H remains approx-
imately unchanged, and the primordial helium abundance
stays close to its Standard Model value. Importantly, since
this happens at T ~ 1 MeV, the deuterium abundance, which
builds up at T ~ 0.075 MeV, is strongly correlated to the
value of N as seen in Fig. 2.

This scenario can be tested simultaneously in missing
energy searches for invisibly decaying dark photons, in dark
matter direct detection experiments, and through its impact
on dark matter self-interactions. We show this synergy
between the cosmological and the laboratory signatures in
Fig. 3, for two values of gp: the largest value allowed by the
Bullet Cluster bound, ¢, ~0.9, where direct detection
experiments provide the strongest sensitivity, and a smaller
coupling, gp = 0.01, where accelerator searches dominate
the sensitivity.

IV. ELECTROMAGNETIC
OUT-OF-EQUILIBRIUM DECAYS

In this section, we consider a particle X that decays out of
equilibrium into electromagnetic radiation, X — eTe™ or

7Y, at times near neutrino decoupling, #; ~1s and
T ~MeV. As summarized in Table I, there are two simple
states beyond the Standard Model that feature this phe-
nomenology: one are axionlike particles decaying to
photons a — yy, and the other are dark photons decaying
into electron-positron pairs A’ — ete™.

For the moment, we remain agnostic about the under-
lying particle model. To describe the early Universe
thermodynamics, we again follow [7,87,88] and assume
thermal distributions for e e, photons, and neutrinos, with
T,=T, but T, #T,. Since the electromagnetic energy
injections will thermalize very efficiently, this represents an
accurate description of the early Universe thermodynamics,
and the phenomenology of eTe™ and yy injections is
identical. The evolution equations that dictate the evolution
of the system are

dTy QU‘—Cm
= —HT El 7
dt vt 4py/Tv ( a)
dr,
< = " |4Hpy +3H(pe + pe) — Txpx
dpint
HT
+3 ¥ dT/ + Qy(—em:|
dp, dp, A pine| !
apy T 7b
X |:dTy dT},+ v dT% ) (7b)
dp
7;( = —3Hpy — Typy, (7c)
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FIG.4. N, Yp and D/H|} for the case of a relic decaying out-of-equilibrium to the EM particles X — e™e™ or X — yy, as a function
of the relic’s lifetime 7y. The particular value of the relic mass is irrelevant as long as my < 2m,, as these electromagnetic decay
products thermalize in the plasma. We show colored lines for certain values of the number density abundance before decay, fixed in a
way such that N tends to a constant value in the limit 7y 2 1 s. In the region 0.05 s < 7y < 100 s these types of particles are
statistically favored over ACDM, although again only at the ~1¢ level. The lower right panel refers to Ay? = y? — 32| i lbwme Where

% inin lbiwe s used as it is the scenario with the lowest value of y2.

where the notation is as in Eq. (6) and where I'y = 1/7y is
the decay rate of the X particle. We have implicitly assumed
that the mass of this state is m > 10 MeV and considered
BR =1 into ete™ /yy.

If the energy density of X is never a substantial fraction
of the energy density in the Standard Model, then its
evolution equation can be integrated explicitly, see, e.g.,
[93]. For a radiation dominated Universe H = 1/(2¢) and
then it is easy to see that

px(1) = py(to)a=>e™/m = p§ (1) (t/19)?e"/™,  (8)

where 7, is some arbitrary initial time and «a is the scale
factor. The beauty of this equation is that it allows us to
integrate it to estimate the contribution to AN ;. We will
have SN ~—36p,/p, where dp, is approximately the
energy density injected into electromagnetic radiation from
X decays. This should be seen as an integral and simply
reads

Px
: )
Pyt Pe

ANeff x =3 /oo dt FX
0

We can use that p, + p, = 27%/30T(1 + f,) where f, =
7/4 at T>m, and f,=0 at T < m,. We can also
approximately trade T, with time using the Hubble equa-
tion to find: T2 ~ My /(21 x 1.66,/g,) where g, ~10.75.
With this, we can do the integral explicitly and find an
approximate relationship:

px(zx)

ANeff X — .
py (TX)

(10)

In other words, AN is proportional to the ratio of the X
energy density to the photon energy density at the time of
decay, where the constant of proportionality is ~1/6 — 1/5.
To solve for the thermodynamics, we start the system at 7', =
T, = 10 MeV and with a given initial condition for py.
Our results are shown in Fig. 4. Each colored line
corresponds to an initial condition for py leading to approx-
imately the same energy density of the X particle at the time
of its decay. As anticipated in Sec. II, the preferred injection
window is 0.05 s <7 <100 s. At times earlier than these,
the electromagnetic radiation thermalizes with neutrinos, and
Nt = Negr|gm- For 2 100 s ~ tggy, the decay dilutes the
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baryon density and produces strong tension with the pri-
mordial deuterium abundance; see the lower-left panel. Since
the injection of energy occurs roughly after proton-to-
neutron freeze-out at 7 < 0.7 MeV, the helium abundance
is not impacted significantly.

From the lower right panel of Fig. 4, we can clearly see
that the blue contour gives some of the best-fitting regions
across parameter space. This region roughly corresponds to
a particle with a primordial abundance of

250 MeV /10 s\
YXEnX/s:8x10'4< e)( S), (11)

my Tx

where s is the entropy density of the Universe. We note that
if the lifetime of the particle is 7y ~ 0.1 s, its abundance
may be larger.

On the mass of the out-of-equilibrium decaying particle.
Not only does the early Universe phenomenology require
the lifetime of the X particle to lie in a rather specific
window of 0.05 s <7y <100 s, but the following two
considerations also bound quite strongly its mass. A
particle with such lifetimes is copiously produced in
supernova cores [12,94]. This is the case, for instance,
for an axionlike particle decaying into a pair of photons
a — yy where an array of astrophysical bounds arise
[82,83,95-100] and similarly for a dark photon [101-
104]. These bounds, however, are only effective if the
particle can be produced in the core of supernovae or
neutron star mergers. Given the temperature of the super-
nova T ~ 30 MeV, particles with large masses are simply
not produced. Indeed, if the mass of this particle is above
~250-300 MeV, these limits are evaded.

However, another issue appears precisely for these large
masses: the particle will start decaying into mesons as it is
kinematically unavoidable. For the axionlike particles, this
will happen as a result of off-shell photon-mediated decays,
e.g., a = yy* —» yxtx~, while for the dark photon, this
happens directly from its mixing with the photon, and the
branching ratio is typically much larger. The effect of
mesons is potentially catastrophic, as even tiny amounts of
mesons may strongly interact with nuclei, leading to an
excess synthesis of both helium and deuterium in the
Universe, see [49,105-107]. This issue was recently
investigated by some of us in Ref. [38] in the context of
an axionlike particle that couples exclusively to photons. If
its mass is above m 2 600 MeV, the BBN bounds resulting
from the effect of mesons will not allow a significant
modification of N.. Quite remarkably, not only the life-
time of this putative particle would be constrained but
also its mass: 250 MeV < m, < 600 MeV. For the dark
photon case, the branching ratio into hadrons is much
larger, and the combination of these two issues would
require 250 MeV < m < 300 MeV.

On the abundance of the X particle. The required
primordial abundance of the X particle in Eq. (11) is another

ingredient in the model, and it would be very appealing if the
same interactions that trigger the X decay also lead to the
right primordial population in the early Universe. This is not
the case for dark photons [101] as their primordial production
is primarily dominated by inverse decays ete™ — A’, which
produce negligible abundance for a particle with my ~
250 MeV and 7y ~ 10 s. The abundance of an axionlike
particle is dominated by Primakoff interactions ey — ea. For
an ALP in a purely radiation-dominated Universe, it may
actually lead to a primordial thermal abundance of these
states which is much larger than Eq. (11). On the other hand,
if there is some entropy dilution or the reheating temperature
of the Universe is T ~ 10° GeV, one could get the right ALP
abundance [38]. It turns out that having the right abundance
requires extra ingredients in both of these models.

V. DISCUSSION AND CONCLUSIONS

We are now firmly in the era of precision cosmology.
Within the past year, the radiation content of the Universe
has been constrained with unprecedented precision, both
directly from CMB data and indirectly from BBN through a
new high-precision measurement of the primordial helium
abundance. The fact that these measurements agree to the
degree they do, even while arising from dramatically
different eras of cosmic history, is remarkable.

As we look to the future, the recently deployed Simons
Observatory is expected to deliver unprecedented precision
on N.. However, the pull of existing CMB data with a
central value Ny ~2.8 makes the prospect of a strong
detection of excess radiation (AN > 0) unlikely, at least
in the most minimal extensions of ACDM. In this context, it
is timely and interesting to understand what extensions of
the Standard Model can yield N < 3.044. In this study,
we have precisely explored such models and their compat-
ibility with all other cosmological, astrophysical, and
laboratory data, in particular given the very recent meas-
urement of the primordial helium abundance.

In Sec. II, we considered a wide variety of BSM options
featuring N ; < 3 and discussed the cosmological con-
straints they face. We focused in particular on scenarios that
can lead to N g ~ 2.8, as summarized in Fig. 1. We find that
two particularly simple scenarios can achieve this:

(ila) Thermal scalar dark matter ¢p with mass

m, € (8 — 13) MeV, (12)

accompanied by a kinetically mixed dark photon A’
with mass

As discussed in Sec. III, due to a compensation of
effects, this scenario features a helium abundance
that is Standard Model-like. Quite remarkably, this
rather simple model can be simultaneously tested
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via: (1) searches for invisibly decaying dark photons
at experiments such as NA64 [80] or LDMX [108],
(2) pe — e scatterings at direct detection experi-
ments such as SENSEI, DAMIC-M, and Oscura, see
[77], (3) its impact on dark matter structures from
non-negligible self-interactions, and (4) by the
Simons Observatory from Ny measurements. The
interplay of these probes is shown in Fig. 3.

(ilb) A particle X decaying out-of-equilibrium into
ete™ /yy with the following properties:

0.05 < 7y/s S 100 [BBN],

my
250 < < BBN
[SN] 50~MV~600[ 1,

Yo~ 8 x 104 250 MeV\ /10 s\z
X= my Tx

X [Néff ~ 28],

(14)

where we have indicated the origin of the bound/
requirement as elaborated in Sec. IV. This scenario
evades the strong Yp bounds because the injection
happens after proton-neutron conversions freeze out,
and two types of simple BSM models feature this
phenomenology: photophilic axionlike particles and
dark photons, see Table 1.
Remarkably, these very simple, specific scenarios can yield
a significantly lower N than 3.044 at CMB times and
remain compatible with all known laboratory, astrophysi-
cal, and cosmological data.

Deuterium as a key observable. As can be seen from the
lower-left panels of both Figs. 2 and 4, the deuterium
abundance is a key observable to test these scenarios where
electromagnetic radiation is injected before big bang nucleo-
synthesis, as its abundance is strongly correlated with Ng. In
these setups, the expansion rate of the Universe is lower than
in the Standard Model, which leads to a smaller deuterium
abundance (because more deuterium can burn). At present,
the situation with the deuterium abundance D/H is a bit
delicate. It has been measured with very high precision and
with small systematics from quasar absorption [109].
However, its theoretical prediction is quite sensitive to yet
not very well known reaction rates: D+ D — T + p and
D + D — *He + n. Depending upon the modeling of these
rates, various groups report different predictions for this
abundance:

10°D/H3M = 2.51 4 0.07 (Prediction),
10°D/H[SM = 2.48 + 0.08 (Prediction),

(15a)
(15b)

10°D/H|$M = 2.44 + 0.04 (Prediction), (15¢)

10°D/H|9® = 2.55 4- 0.03 (Measurement).  (15d)
It becomes clear that an accurate measurement of these
reaction rates [110] can have an important impact and allow
for a test of these scenarios [55-57,89,9091,111].
Furthermore, we note that the predictions of Refs. [89,90]
lie somewhat below the observed deuterium abundance. The
scenarios considered here, which lead to N4 < 3, generally
reduce the predicted deuterium abundance even further and
could therefore exacerbate any emerging tension. We con-
clude by remarking that if the electromagnetic injection
comes with a small number BR ~ 107> of light mesons, they
can, in principle, increase the deuterium abundance in a chain
X—atn, p+a —-n+12° and n+ p - D +y. This
can happen, for example, for the axionlike particle if it has a
mass ~500 MeV and a lifetime ~103 s, see [38]. If the
theoretical prediction for the deuterium abundance improves
in the future and it is confirmed that it is significantly below
the observed one, a particle with these properties may
simultaneously address both effects.

At present, we do not know whether N is smaller
than, equal to, or larger than three. In this study, we have
focused on scenarios leading to N < 3 and explicitly
explored the phenomenology of models that are simple
and perfectly viable. Upcoming high-precision cosmo-
logical data will determine whether these scenarios are
favored or excluded.
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