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We investigate the impact of a nonstandard electron massme on early-Universe thermal history, focusing
on neutrino decoupling and big bang nucleosynthesis (BBN). In the standard cosmology, neutrino-electron
interactions keep neutrinos in thermal contact with the electromagnetic plasma until shortly before e�

annihilation. Varyingme shifts the decoupling epoch and the entropy transfer from e� annihilation, thereby
modifying the neutrino energy density and the inferred effective number of relativistic species, Neff .
Independently, during BBN, the rates of charged-current weak processes, and hence the neutron-to-proton
ratio, depend on me. By confronting BBN predictions for the primordial light-element abundances with
observations and imposing cosmological constraints on Neff , we obtain the following 1σ bounds on me

in the early Universe: me ¼ 0.505þ0.006
−0.007 MeV (for the NACRE II nuclear reaction network) or

me ¼ 0.509þ0.005
−0.004 MeV (for the PRIMAT nuclear reaction network). These bounds have been derived

by adopting the recent determination of the primordial helium-4 abundance by the Large Binocular
Telescope observations of 54 metal-poor H II regions. If instead we adopt the Particle Data Book helium-4
abundance, the bounds are me ¼ 0.503þ0.011

−0.015 MeV (NACRE II) or me ¼ 0.521þ0.009
−0.007 MeV (PRIMAT) The

obtained allowed ranges are close to the present laboratory value at the level of ∼0.4%–2%, depending on
the dataset and nuclear network, thus supporting the constancy of the electron mass over cosmological
timescales.

DOI: 10.1103/s3c6-h22g

I. INTRODUCTION

In the early Universe, the epoch when the plasma had a
temperature around the MeV scale is extremely interesting.
At that time, the Universe is radiation dominated, and the
particles that mostly constitute the thermal plasma are
photons, neutrinos, and electrons, with a small fraction of
protons and neutrons [1]. The interactions among these
particles are central to this manuscript.
Within the ΛCDM framework (see, e.g., Ref. [2]), one

can compute key cosmological observables, including
the cosmic microwave background (CMB) anisotropy
spectra, the matter power spectrum, and the primordial
light-element abundances produced during big bang
nucleosynthesis (BBN) [3,4]. These predictions have been

extensively tested. In particular, the CMB has been mea-
sured with high precision by Planck [5,6], yielding some of
the tightest constraints on the parameters of the standard
cosmological model.
It is usually assumed that fundamental constants and

symmetries are invariant throughout cosmic history, but it is
well motivated to test this assumption observationally; see,
for example, Refs. [7–11]. As an example, variations of the
electron mass me relative to its laboratory value have been
studied in Refs. [12–16]. Those works showed that me
affects Thomson scattering and hence the CMB anisotropy
spectra, implying thatme at recombination must be close to
its present value, with allowed deviations at the percent
level (depending on the adopted datasets and cosmological
model extensions).
In this work, we probe earlier times, when the temper-

ature of the electromagnetic plasma was comparable to me,
i.e., at the MeV scale. This epoch encompasses both
neutrino decoupling and BBN. As we discuss below, each
process is sensitive to me, providing complementary con-
straints on the electron mass in the early Universe. We also
stress that the electron mass effects on BBN have been
partially discussed in Ref. [17], although with a focus on
the solution of the Hubble tension. Let us emphasize that in
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our analysis we investigate the effect of a variation of me
only and we do not concurrently vary other fundamental
constants.

II. NEUTRINO DECOUPLING

In the standard hot big bang cosmology supplemented
by the Standard Model, at photon temperatures T ∼
Oð10Þ MeV, the energy density is dominated by a nearly
ultrarelativistic QED plasma of photons and electrons/
positrons, together with three generations of neutrinos
and antineutrinos. At these temperatures, frequent weak
and electromagnetic interactions maintain all species close
to thermal equilibrium and hence at a common temperature.
As the Universe expands and cools to T ∼Oð1Þ MeV, the
interaction rate of neutrinos with the e� plasma falls below
the Hubble expansion rate H, and neutrinos decouple.
After neutrino decoupling, the electromagnetic plasma

continues to evolve through eþe− → γγ annihilations.
When the temperature drops to T ∼me, most e� pairs
annihilate, transferring entropy to the photon bath. This
entropy injection heats photons relative to the decoupled
neutrinos, generating a temperature ratio Tγ=Tν ≃
ð11=4Þ1=3 ≃ 1.401 in the instantaneous-decoupling limit.
In the Standard Model, the ratio receives small corrections
because neutrino decoupling is not instantaneous.
Assuming equilibrium Bose-Einstein (photons) and

Fermi-Dirac (neutrinos) distributions, the temperature ratio
can be used to define the effective number of relativistic
species, Neff :

Neff ≡ 3

�
11

4

�
4=3

�
Tν

Tγ

�
4

: ð1Þ

In the Standard Model, accounting for noninstantaneous
decoupling, its momentum dependence, and neutrino
oscillations, one finds Neff ≃ 3.044 [18–20], consistent
with current observational constraints [6].
To compute Neff in the presence of entropy production,

one must solve a coupled system of evolution equations,
including the continuity equation for the total energy
density. The energy density and pressure of species i are

ρi ¼
gi

ð2πÞ3
Z

Eðp⃗Þfðp⃗Þd3p; ð2Þ

Pi ¼
gi

ð2πÞ3
Z jp⃗j2

3Eðp⃗Þ fðp⃗Þd
3p; ð3Þ

fðp⃗Þ ¼ 1

eEðp⃗Þ=T � 1
; ð4Þ

where fðp⃗Þ is the Fermi-Dirac (þ) or Bose-Einstein (−)
distribution function (with vanishing chemical potential), gi

counts internal degrees of freedom of particle species i,
and d3p ¼ 4πp2dp.
The continuity equation is usually written as

dρ
dt

¼ −3Hðρþ PÞ; ð5Þ

where ρ and P are the total energy density and pressure and
H is the Hubble rate. Neutrino-decoupling calculations are
often performed in terms of comoving variables as func-
tions of the scale factor aðtÞ,

x≡mea; y≡ pa; z≡ Ta; ð6Þ

with aðtÞ normalized such that aT → 1 at sufficiently high
temperatures. Defining comoving energy density and
pressure as ρ̄≡ a4ρ and P̄≡ a4P, Eq. (5) becomes

x
dρ̄
dx

¼ ρ̄ − 3P̄: ð7Þ

Here, we instead adopt a fixed mass scale m0 to define
the comoving time variable,

x0 ≡m0a; x ¼ kx0; k≡me

m0

; ð8Þ

so that variations in me do not change the definition of the
independent variable x0.
An additional ingredient in the thermodynamics of the

plasma is provided by finite-temperature QED corrections
(FTQED), discussed, e.g., in Refs. [21,22]. These effects
modify the energy density and pressure of the electromag-
netic plasma,

ρ̄ ¼
X

i¼γ;νi;e;μ

ρ̄i þ δρ̄; ð9Þ

P̄ ¼
X

i¼γ;νi;e;μ

P̄i þ δP̄; ð10Þ

where δρ̄ and δP̄ encode the QED interactions among
photons and charged leptons at finite temperature (see, e.g.,
Ref. [22] for explicit expressions).
Combining Eq. (7) with the expressions for ρi and Pi

relevant at these temperatures (neutrinos, electrons/
positrons, and photons; see the Appendix), we obtain the
evolution equation for the comoving photon temperature,

dz
dx0

¼ k2 x0
z J2 −

1
2z3

P
α
dρ̄να
dx0 þG1ðx0; zÞ

k2 x02
z2 J2 þ J4 þ 2

15
π2 þ G2ðx0; zÞ

; ð11Þ

where J2;4, G1ðx0; zÞ, and G2ðx0; zÞ are defined in the
Appendix and ρ̄να is the comoving energy density of
neutrinos of flavor α.
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A. Liouville equation

After decoupling, neutrinos are not, in general, charac-
terized by the same temperature as photons. Out of
equilibrium, the evolution of the neutrino phase-space
distribution is described by the kinetic (Boltzmann-
Liouville) equation,

∂f
∂t

−Hp
∂f
∂p

¼ C½f�; ð12Þ

where p is the physical momentum, H is the Hubble rate,
and C½f� is the collision term. In a homogeneous and
isotropic Universe,

H2 ¼ 8πG
3

ρT ¼ 8π

3

ρT
m2

pl

; ð13Þ

where ρT is the total energy density, G is Newton’s
constant, and mpl ¼ 1.22 × 1019 GeV is the Planck mass.
Multiplying Eq. (12) by gE and integrating over momen-

tum space yields the energy-transfer form of the continuity
equation for a species with g internal degrees of freedom,

dρ
dt

þ 3Hðρþ PÞ ¼ δρ

δt
¼

Z
gEd3p
ð2πÞ3 C½f�; ð14Þ

where δρ=δt is the net energy transfer rate between the
species and the rest of the plasma. Summing Eq. (14) over
all species reproduces Eq. (5), since the collision terms
cancel in the total.
Using dρ=dt ¼ ðdT=dtÞð∂ρ=∂TÞ when ρ depends on

time only through T, Eq. (14) implies

dT
dt

¼ −3Hðρþ PÞ þ δρ=δt
∂ρ=∂T

: ð15Þ

In the remainder of this section, we outline our solution
strategy for neutrino decoupling. We follow the approx-
imations of Refs. [23,24] (see also Ref. [25]) as imple-
mented in the public NUDEC_BSM code,1 which we modify
to allow for a varying me. Specifically, we assume:

(i) Thermal neutrino spectra. Neutrinos are described
by Fermi-Dirac distributions with a (time-depen-
dent) temperature. Nonthermal spectral distortions
in the Standard Model affect the neutrino energy
density at the ∼1% level [20]; given the level of
precision targeted here, we neglect these distortions.

(ii) No neutrino oscillations. We neglect flavor oscil-
lations during decoupling. Their impact on Neff in
the Standard Model is small (a few ×10−4) and well
below the sensitivity expected for the effects con-
sidered here. We therefore evolve separate temper-

atures for νe and for νμ;τ, capturing the leading flavor
dependence from charged-current interactions.

(iii) Vanishing chemical potentials. We set μγ ¼ μe ¼
μνα ¼ 0. The electron chemical potential is sup-
pressed by the small baryon-to-photon ratio, and
constraints on lepton asymmetries motivate negli-
gible neutrino chemical potentials in the temperature
range of interest (see the discussion in Appendix A.3
of Ref. [23]).

Under these assumptions, for ultrarelativistic neutrinos, one
has ρνα ¼ gνα

7
8
π2

30
T4
να and Pνα ¼ ρνα=3.

The neutrino collision term, δρνα=δt, must include
interactions between neutrinos and the electromagnetic
plasma, as well as neutrino self-interactions. Following
Ref. [23], the relevant processes are:

(i) eþe− ↔ ναν̄α,
(ii) e�να ↔ e�να,
(iii) e�ν̄α ↔ e�ν̄α,
(iv) νανβ ↔ νανβ,
(v) ναν̄β ↔ ναν̄β, and
(vi) ναν̄α ↔ ν̄βνβ.

Within the approximations above, the energy-transfer rates
can be written in a compact form in terms of Tγ and Tνα ,

δρνe
δt

����FD
SM

¼ G2
F

π5
½4ðg2eL þ g2eRÞFðTγ; TνeÞ þ 2FðTνμ ; TνeÞ�;

ð16Þ

δρνμ
δt

����FD
SM

¼ G2
F

π5
½4ðg2μL þ g2μRÞFðTγ; TνμÞ − FðTνμ ; TνeÞ�;

ð17Þ

where GF is the Fermi constant [26] and geL ¼ 0.727,
geR ¼ 0.233, gμL ¼ −0.273, and gμR ¼ 0.233 [23]. The
function F is

FðT1; T2Þ ¼ 32fFDa ðT9
1 − T9

2Þ þ 56fFDs T4
1T

4
2ðT1 − T2Þ;

ð18Þ

with fFDa ¼ 0.884 and fFDs ¼ 0.829, which account for
Pauli-blocking effects in the annihilation and scattering
rates, respectively [23]. The expressions above are obtained
in the me → 0 limit of the interaction rates. While the
electron-mass dependence is subdominant, we incorporate
it by interpolating over the exact numerically precomputed
rates including me, as provided in Ref. [23].
Equation (15) then implies, for each neutrino flavor,

dTνα

dt
¼ −3Hðρνα þ PναÞ þ δρνα=δt

∂ρνα=∂Tνα

¼ −HTνα þ
δρνα=δt

∂ρνα=∂Tνα

: ð19Þ
1https://github.com/MiguelEA/nudec_BSM
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It is convenient to define the comoving neutrino temper-
ature zνα ≡ Tναa (while keeping z≡ Tγa for photons) and
recast the evolution in terms of x0. UsingH ¼ ȧ=a ¼ ẋ0=x0,
ρ̄να ¼ a4ρνα ¼ gνα

7
8
π2

30
z4να , and H̄2 ≡ a4H2 ¼ 8π

3
Gρ̄, we

obtain

dzνα
dx0

¼ zνα
x05

m6
0

δρνα=δt

4ρ̄ναH̄
: ð20Þ

Here, δρνα=δt is given by Eqs. (16) and (17), with Eq. (17)
applying also to ντ. Equations (11) and (20) fully determine
the evolution of the photon and neutrino temperatures
through neutrino decoupling and e� annihilation.

B. Numerical results

We now solve the coupled system described above to
obtain the evolution of the plasma temperatures. We
implement the numerical integration in PYTHON, starting
from the public NUDEC_BSM code [23,24] (see also
Ref. [25]) and modifying it to allow for a varying me.
The integration focuses on Eqs. (11) and (20). We integrate
over x0 corresponding to the standard range in x ¼ mea,
namely, x∈ ½0.01; 100�, which translates into

x0min ¼ 0.01
m0

me
; x0max ¼ 100

m0

me
: ð21Þ

We fix m0 ¼ me;0 ¼ 0.511 MeV and treat me as a free
parameter. In this part of the analysis, we evolve Tνe ≠ Tνμ

(with Tντ ¼ Tνμ).
Figure 1 shows the evolution of zγ, zνe , and zνμ as

functions of x0 for three illustrative values of me: the
standard 0.511 MeV (solid), a smaller value 0.1 MeV
(dashed), and a larger value 5 MeV (dotted). In the standard
case, e� annihilation occurs when neutrinos are already
close to decoupling, so only a small fraction of the released
entropy is transferred to neutrinos. As a result, zγ asymp-
totes to a value close to the instantaneous-decoupling
limit, while zνe and zνμ remain only slightly above unity.

For larger me (e.g., 5 MeV), e� annihilation occurs earlier,
while neutrinos are still more efficiently coupled to the

plasma; neutrinos then absorb a larger share of the entropy
release, reducing the photon heating and increasing zνe and
zνμ . For smaller me (e.g., 0.1 MeV), annihilation occurs
later, when neutrinos are more completely decoupled, and
the evolution approaches the instantaneous-decoupling
behavior with zγ ≃ 1.4 (apart from FTQED corrections).
A consistent picture emerges when considering the

comoving energy densities ρ̄i as functions of x0, shown
in Fig. 2. If e� are heavier (hereme ¼ 5 MeV), their energy
density becomes Boltzmann suppressed at earlier times
than in the standard case (me ¼ 0.511 MeV) or in the
lighter-mass example (me ¼ 0.1 MeV). When annihilation
occurs while neutrinos are still coupled, part of the e�
entropy is shared with the neutrino sector, and both ρ̄γ and
ρ̄ν increase accordingly. Conversely, if annihilation hap-
pens after neutrino decoupling, the dominant increase is in
the photon energy density.
Finally, we summarize the impact of a varying electron

mass in terms of Neff . Figure 3 shows Neff as a function
of me obtained from the numerical solution of Eqs. (11)
and (20). For me ¼ 0.511 MeV, the code reproduces the
Standard Model prediction (within rounding, consistent
with Ref. [23]). As me increases, Neff grows and
approaches the asymptotic value Neff → 3ð11=4Þ4=3 ≃
11.56, corresponding to the limiting case in which neu-
trinos remain tightly coupled to the electromagnetic plasma

FIG. 1. Evolution of the comoving temperatures zγ , zνe , and zνμ
as functions of x0.

FIG. 2. Evolution of the comoving energy density ρ̄ as a
function of x0.

FIG. 3. Evolution of Neff as a function of me.
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through e� annihilation. In this regime, neutrinos share the
entropy released by e� annihilation, so the photon heating
is reduced and the neutrino energy density is enhanced.

III. BIG BANG NUCLEOSYNTHESIS

Having established how a nonstandard electron mass me
affects neutrino decoupling, we now turn to the subsequent
stage of cosmic evolution: BBN. BBN provides one of the
most robust probes of the early Universe, offering precise
predictions for the primordial abundances of light nuclei
synthesized from neutrons and protons.
In minimal (standard) BBN, the primordial yields are

primarily determined by the baryon-to-photon ratio,

ηB ≡ nB
nγ

; η10 ≡ 1010ηB; ð22Þ

once Standard Model microphysics and the cosmic expan-
sion history are specified. The parameter ηB can be inferred
independently from precision measurements of CMB
temperature anisotropies, via the baryon density that
controls the acoustic peak structure. This enables a com-
parison of the same quantity measured at two widely
separated epochs. In standard cosmology, ηB is conserved
between BBN and photon decoupling, so the CMB-inferred
value can be used as an input for BBN predictions and
confronted with the observed primordial abundances.
Using CMB fits, Ref. [27] finds η10 ¼ 6.040� 0.118,
which reproduces the observed primordial abundances
well, with the notable exception of lithium. This long-
standing discrepancy—the “lithium problem” [28,29]—
will be discussed further below.
Light-element synthesis is sensitive to the physical

conditions in the radiation-dominated Universe at temper-
atures T ∼ ð0.1 − 0.01Þ MeV, corresponding to timescales
from Oð102Þ s to Oð104Þ s. At higher temperatures, weak
interactions maintain chemical equilibrium between neu-
trons and protons, yielding

n
p
¼ e−Q=T; ð23Þ

where Q ¼ 1.293 MeV is the neutron-proton mass differ-
ence. As the temperature decreases, the n ↔ p intercon-
version rate per nucleon falls faster than the Hubble rate,
and chemical equilibrium is lost (“freeze-out”) at
Tfr ∼Oð1Þ MeV, when n=p ≃ e−Q=Tfr ≈ 1=6. The freeze-
out ratio is sensitive to both microphysics and the expan-
sion rate: Q is set by strong and electromagnetic effects,
while Tfr depends on weak interaction rates and gravity.
After freeze-out, free neutrons undergo β-decay, while the
inverse process becomes inefficient, reducing the ratio to
n=p ∼ 1=7 by the time nuclear reactions begin.
Deuterium is the first nuclear bound state to form

efficiently. Despite its binding energy ΔD ≃ 2.22 MeV,

deuterium production is delayed by photodissociation from
the high-energy tail of the photon distribution until the
photon temperature drops to T ∼ 0.07 MeV (equivalently
t ∼ 180 s). Observationally, deuterium is widely regarded
as of primordial (pregalactic) origin [30–33], since it is
weakly bound and is efficiently destroyed when cycled
through stars. Consequently, the primordial D abundance is
measured in distant, chemically unprocessed environments
where stellar processing is minimal. The PDG compilation
[26] quotes

D
H

����
p
× 106 ¼ 25.47� 0.29; ð24Þ

a weighted mean of the measurements reported in
Refs. [34–40].
Once deuterium can survive, helium-3 and tritium are

produced and rapidly processed into helium-4, the most
abundant and stable BBN product. Since the majority of
neutrons available at the onset of nucleosynthesis end up
bound in 4He, the primordial helium mass fraction can be
estimated as

YP ≡ ρð4HeÞ
ρb

≃
2ðn=pÞ

1þ ðn=pÞ ≃ 0.25; ð25Þ

where ρb is the total baryonic mass density. The primordial
4He abundance is inferred from recombination emission
lines of He and H in metal-poor extragalactic H II regions.
Because 4He is also synthesized in stars, the observed
helium abundance must be extrapolated to zero metallicity,
exploiting the expected correlation between helium and
metal production. The PDG [26] quotes YP ¼ 0.245�
0.003, reported as a weighted mean of Refs. [41–47].
During the final stages of manuscript preparation, a new
helium determination appeared as a preprint [48] (see also
Refs. [49,50]), reporting YP ¼ 0.2458� 0.0013. This cen-
tral value, obtained from the Large Binocular Telescope
(LBT) observations of 54 metal-poor H II regions, is
consistent with earlier estimates but with improved pre-
cision. In our analysis, we consider both the LBT and the
PDG measurements and derive the bounds on the electron
mass for both cases.
The third stable element produced in appreciable

amounts during BBN is 7Li. Its primordial abundance is
commonly inferred from old, metal-poor halo stars, where
7Li is observed to be approximately constant over a range of
metallicities (the Spite plateau). It is useful to quantify
metallicity through

½Fe=H� ¼ log10

�
NFe

NH

�
star

− log10

�
NFe

NH

�
⊙
; ð26Þ

which measures the iron abundance relative to the Sun.
Observations indicate a marked drop and increased scatter
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in 7Li=H at very low metallicity, particularly for ½Fe=H� <
−3.0 and down to ½Fe=H� ≃ −4.5, complicating a robust
extrapolation to zero metallicity. The PDG [26] quotes

7Li
H

����
p
¼ ð1.6� 0.3Þ × 10−10; ð27Þ

based on stars with metallicity in the range −2.8<
½Fe=H�< −1.5. A well-known tension persists between
this value and the standard BBN prediction, which for a
baryon density consistent with deuterium and CMB data is
7Li=H ∼ 5.4 × 10−10 [28,29]. This factor of about 3 of
discrepancy may reflect astrophysical systematics in stellar
lithium abundances and/or their interpretation, missing or
underestimated nuclear inputs to BBN, or physics beyond
the minimal scenario.
In the following, we compute BBN predictions using

the PRyMordial code [51],2 which evolves a nuclear reaction

network across threematched regimes: (i) a high-temperature
stage in which the evolution can be restricted to nucleons
(starting at T ¼ Oð10Þ MeV down to temperatures near
neutrino decoupling), (ii) an intermediate stage from
Oð1Þ MeV to Oð0.1Þ MeV in which photodissociation
of bound states is important, and (iii) a low-temperature
stage beginning atOð0.1Þ MeVwhere the full set of nuclear
species is tracked down to T ¼ Oð1Þ keV. The solution
in each regime provides initial conditions for the sub-
sequent stage.
Figure 4 shows the primordial abundances of 4He, D,

3He, and 7Li predicted by PRyMordial within the Standard
Model as functions of the baryon density. The observed
light-element abundances (yellow) and the CMB constraint
on the baryon-to-photon ratio (cyan) are taken from
Fig. 24.1 of the PDG [26]. Overall, the agreement between
standard BBN predictions and the inferred primordial
abundances is striking (again with the exception of 7Li),
providing strong support for the hot big bang picture and
the Standard Model description of the early Universe
[26,52–55]. The lithium problem is clearly visible in
Fig. 4: the observed 7Li=H corresponds to values of η10
incompatible with those preferred by D=H (and also with
4He, albeit less constraining).
Up to this point, we have assumed the standard electron

mass, me ¼ 0.511 MeV. Since the weak rates governing
n ↔ p conversion depend on me, varying me modifies the
freeze-out value of n=p and thus the initial conditions for
light-element synthesis, as we discuss next.

IV. BBN WITH A NONSTANDARD
ELECTRON MASS

The cosmological implications of an electron mass
different from its laboratory value have been explored in
a variety of contexts, including Refs. [14,56–58], primarily
through its impact on recombination (and hence on the
sound horizon) and in connection with possible resolutions
of the Hubble tension. In this work, instead, we focus on an
earlier epoch—the first few minutes—when neutrino
decoupling and BBN occur. The key point is that light-
element abundances provide a sensitive probe of variations
in me, because me affects (i) the weak rates governing
neutron-proton interconversion, (ii) the available phase
space for neutron β-decay and therefore the neutron life-
time, and (iii) the expansion history through the thermo-
dynamics of the electromagnetic plasma and the associated
change in Neff .
The weak rates depend on the kinematics and on the

phase-space volume available to the final-state particles.
Increasing me raises the energy threshold for producing an
electron in processes such as n → pþ e− þ ν̄e and reduces
the kinetic energy available to be shared among the decay
products. Both effects decrease the phase-space volume and
therefore suppress the decay rate. To keep neutron decay

FIG. 4. Primordial abundances of 4He, D, 3He, and 7Li as
predicted by PRyMordial within the Standard Model (NACRE II
compilation package used for the key processes), as a function of
the cosmic baryon density. The cyan vertical band indicates the
CMB constraint η10 ¼ 6.040� 0.118 [27].

2https://github.com/vallima/PRyMordial/tree/main

GARRAMONE, FORNENGO, and GARIAZZO PHYS. REV. D 113, 123008 (2026)

123008-6

https://github.com/vallima/PRyMordial/tree/main
https://github.com/vallima/PRyMordial/tree/main


possible, we restrict our analysis to the case me < Q ¼
1.293 MeV when BBN is involved. This will not affect
our final bounds on me, since they will turn out to be
very close to the standard value of the electron
mass me ¼ 0.511 MeV.
Using the general scaling Γ ∝

R jMj2 × ðphase spaceÞ,
a reduced phase-space volume implies a smaller decay rate
and hence a longer neutron lifetime. Following the notation
of Ref. [59], we write

τ−1n ¼ G̃2
F m

5
e F n; ð28Þ

whereF n (defined precisely in Ref. [60]) includes the zero-
temperature phase-space factor and electroweak radiative
corrections [61], and

G̃F ≡GF Vud

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ 3g2A
2π3

s
; ð29Þ

with Vud related to the Cabibbo angle [62] and gA the
nucleon axial coupling [63]. Since τn is a critical ingredient
in setting the neutron-to-proton ratio at the onset of
nucleosynthesis, even modest changes in me can propagate
into observable shifts in the predicted light-element abun-
dances. For instance, if neutrons survive longer than in the
standard case, the neutron abundance at the onset of nuclear
reactions increases, favoring a larger 4He mass fraction.
We study these effects with a modified version of the

PRyMordial code [51] that allows for variations in me and
retains the refinements beyond the Born approximation
needed for accurate BBN predictions. In particular, the
code includes:

(i) QED radiative corrections (vacuum) to the n ↔ p
amplitudes at OðαemÞ, including virtual and real-
photon emission;

(ii) finite nucleon-mass effects and weak magnetism,
which induce relative shifts of order ΔΓ=Γ ∼
Oð10−2Þ in the weak rates; and

(iii) finite-temperature corrections required for subper-
cent accuracy.

These ingredients are implemented in the public PRyMordial

release. That code also allowsone to treat the neutron lifetime
as an external parameter (by setting tau_n_flag=False); here, we
instead regard me as the fundamental input and let the
corresponding weak rates (and hence the effective τn) follow
from the modified microphysics, rather than imposing the
present-day neutron-lifetime measurement. Regarding the
values of GF; Vud; Q; gA, and other fundamental physics
parameters, these are kept fixed at their standard values.With
these assumptions, PRyMordial predicts the time evolution of
the light-element abundances YiðtÞ, shown in Fig. 5. The top
and bottom panels differ only in the compilation adopted for
thermonuclear reaction rates:

(i) The top panel uses the NACRE II compilation [64],
which provides evaluated charged-particle reaction

rates for targets with A < 16 (based on a potential-
model description of cross sections in the relevant
energy range).

(ii) The bottom panel uses the PRIMAT compilation
[65,66], an extensive catalog (hundreds of reactions)
with cross sections obtained from refined statistical
analyses within R-matrix theory or computed with
dedicated tools such as TALYS.

The two compilations are known todiffer in specific channels
[64–66], notably in the deuterium prediction, which is
systematically lower in PRIMAT. We nevertheless consider
both, since NACRE II is a general-purpose compilation for a
broad range of astrophysical applications, whereas PRIMAT
is designed to maintain internal consistency within a com-
plete BBN framework (thermodynamics, weak sector, and
network), enabling a particularly direct comparison to the
standard theoretical baseline.
In Fig. 5, the dashed curves correspond to the standard

case me ¼ 0.511 MeV. The solid and dot-dashed curves
illustrate two representative nonstandard values, me ¼
0.300 MeV and me ¼ 1.270 MeV, while the lighter curves
show intermediate masses used to map the overall trend.
Qualitatively, increasing me tends to (i) suppress the weak
rates through reduced phase space and altered e� densities
and (ii) increase the neutron lifetime, both of which favor a
larger neutron abundance when nucleosynthesis begins. At
the same time, changing me also affects the expansion
history through the plasma equation of state and through

FIG. 5. Time evolution of primordial abundances for different
values of me, using the NACRE II (top panel) and PRIMAT
(bottom panel) compilations.
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the associated shift in Neff . The net result in our numerical
solutions is that larger me values yield a delayed onset of
the reaction network in time, but with a higher available
neutron fraction, leading to enhanced production of neu-
tron-rich nuclei, most prominently 4He. Conversely, smaller
me values tend to increase the weak rates and shorten τn,
reducing the neutron abundance at the onset of nucleosyn-
thesis and shifting the network evolution accordingly. The
proton abundance is comparatively less sensitive, since it is
set primarily by baryon number conservation and by the
much smaller neutron fraction.
The same study can be summarized by considering the

final abundances of deuterium, helium-4, and lithium-7 as
functions of me (Figs. 6–8). For deuterium and helium-4
(Figs. 6 and 7), the full calculation shows an overall
increase of the predicted abundances with me across the
range considered here. This trend reflects the combined
microphysical impact of me on the weak sector (including
τn) and the thermodynamic/expansion effects discussed
above. The difference between NACRE II (orange)
and PRIMAT (blue) is most visible for deuterium, with
PRIMAT predicting a systematically lower value for the
ratio between the deuterium and hydrogen abundances
D=H. This is consistent with known differences between
the compilations: PRIMAT adopts larger low-energy

astrophysical S factors for relevant channels than
NACRE II, leading to more efficient deuterium destruction
during BBN. The same sensitivity is not present for 4He.
Once the neutron abundance at the onset of nucleosynthesis
is fixed, nearly all surviving neutrons are incorporated into
4He, so small variations in nuclear rates have little effect on
YP. As a result, the NACRE II and PRIMAT predictions for
4He largely overlap in Fig. 7.
A similar information can be obtained by looking at the

four panels of Fig. 9. The contours represent lines of
constant values for YD=H and YP using both NACRE II and
PRIMAT, while the coloring of the contours shows how
these quantities vary across the parameter space of Ωbh2

and me. The panels show again that as me increases the
abundances of both deuterium and helium-4 increase.
Moreover, it is possible to focus on the dependence of
these primordial nuclei on the baryon density parameter.
Deuterium (top row of Fig. 9) is more affected by changes
in Ωbh2: a higher baryon density leads to more deuterium
production, but if it is too high, deuterium can be destroyed
by nuclear reactions. In fact, the sloped contours show that
a change in the baryon density could alter significantly the
synthesis-destruction equilibrium of YD=H in the early
Universe. On the other hand, the bottom row of Fig. 9
shows that the helium-4 contours are more horizontal,
leading to the conclusion that YP is not altered by Ωbh2 due
to its limited relation with nuclear reactions.
To disentangle expansion effects from direct changes

in the weak rates, we also study the impact of varying
Neff alone, keeping the weak rates fixed to their standard
values. For this test, for reasons related to the treatment
of neutrino temperatures in the PRyMordial code, we
assume a single neutrino temperature, Tνe ¼ Tνμ;τ , and
adopt the standard value Neff ¼ 3.046 for me ¼
0.511 MeV (consistent with the second-to-last line of
Table 1 in Ref. [23]). We then compute NeffðmeÞ from
Fig. 3 and propagate only

ΔNeff ≡ NeffðmeÞ − Neffðme ¼ 0.511 MeVÞ ð30Þ

FIG. 6. Deuterium abundance as a function of me.

FIG. 7. Helium-4 abundance as a function of me.

FIG. 8. Lithium-7 abundance as a function of me.
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into PRyMordial, without altering the weak sector. Over
the range me ∈ ½0.300; 1.270� MeV, we find ΔNeff ∈
½−0.0235; 0.1872�. The resulting abundance shifts (green
and magenta curves in Figs. 6–8) are comparatively
small: deuterium shows an almost flat dependence, while
helium-4 exhibits only a mild increase with me through the
faster expansion associated with larger Neff. This confirms
that, in the parameter range considered here, the dominant
impact of varying me on BBN arises from the direct micro-
physical modifications of the weak rates (including τn), with
expansion effects playing a subleading role.
The lithium-7 case is more intricate. We normalize to the

standard PRyMordial prediction at me ¼ 0.511 MeV, which
is already in tension with observations. Since the lithium
problem is often attributed to astrophysical systematics
and/or nuclear inputs [28,29], variations in fundamental
parameters are not expected to provide a simple resolution.
In our full BBN computation (orange/blue curves in Fig. 8),
low me values lead to an enhanced 7Li yield, followed
by a decrease and eventual stabilization at larger me. This
nonmonotonic behavior reflects the interplay between the

7Be=7Li production channels, the 3He and tritium bottle-
necks, and the available neutron abundance. In contrast,
varying only Neff (green/magenta) produces a nearly flat
response, again highlighting that 7Li is comparatively
insensitive to the expansion history alone in this setup.
Overall, the changes in the final abundances are driven
primarily by the direct dependence of the weak sector and
thermodynamics on me.

V. RESULTS AND DISCUSSION

In this section, we derive constraints on the electron mass
me during the BBN epoch. We combine CMB bounds on
Neff with observations of primordial light-element abun-
dances, as discussed in the previous sections. Specifically,
we perform a χ2 analysis using deuterium, helium-4, and
Neff , considering both their individual contributions and
their combined constraint. Furthermore, in the global
analysis, we have added a scan on the Ωbh2 parameter,
in order to appropriately take into account the dependence
of the deuterium abundance on this parameter. We do not

FIG. 9. Deuterium abundance (top row) and helium-4 abundance (bottom row) as a function ofme and Ωbh2 using the NACRE II (left
column) or PRIMAT (right column) compilation. The orange horizontal line highlightsme ¼ 0.511 MeV, while the vertical white lines
and overlayed band show the Planck [6] constraint Ωbh2 ¼ 0.02238� 0.00019.
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include 7Li in the fit: the well-known tension between the
observed and standard-BBN predictions is likely domi-
nated by astrophysical systematics and/or poorly under-
stood nuclear inputs, so incorporating lithium alongside
better-controlled observables could bias the inference.
For each observable, we define

χ2i ¼

0
B@Xth

i ðmeÞ − Xobs
iffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

σ2i;exp þ σ2i;th

q
1
CA

2

; ð31Þ

χ2tot ¼
X
i

χ2i ; ð32Þ

where Xi ∈ fðDHÞp; YP; Neff ;Ωbh2g, σi;exp is the quoted
experimental uncertainties, and σi;the is the theoretical
uncertainty. The observational inputs are taken from the
PDG [26] for deuterium, from the LBT results in Ref. [48],
and from the PDG [26] for helium 4, while we take the
values obtained from Planck [6] (full CMB plus lensing and
baryon acoustic oscillations observations for the ΛCDMþ
Neff þ YP model) for Neff and Ωbh2. We therefore use

D
H

����
p
× 106 ¼ 25.47� 0.29; ð33Þ

YP ¼ 0.2458� 0.0013 ðLBTÞ; ð34Þ

YP ¼ 0.245� 0.003 ðPDGÞ; ð35Þ

Nobs
eff ¼ 2.99� 0.17 ðfixedYPÞ; ð36Þ

Nobs
eff ¼ 2.97� 0.29 ðfreeYPÞ; ð37Þ

ðΩbh2Þobs ¼ 0.02238� 0.00019 ðfreeYPÞ: ð38Þ

The theoretical predictions Xth
i ðmeÞ are obtained from

the modified PRyMordial runs (for D=H and YP), from the
neutrino-decoupling calculation (for Neff ). For Ωbh2 we
consider 15 values in a 3σ range around the central value
defined above. For the BBN theory errors, we adopt the
rate-induced uncertainties quoted in Ref. [67], namely,

σYP;th ¼ 1.1 × 10−4ð1.4 × 10−4Þ; ð39Þ

σD=H;th ¼ 2.6 × 10−7ð1.0 × 10−6Þ; ð40Þ

for PRIMAT (NACRE II), respectively. We neglect the
theoretical uncertainty on Neff , which is expected to be
much smaller than the current experimental error even in
our simplified setup [19,20,23].

FIG. 10. Δχ2 analysis for Neff, deuterium and helium-4, considered individually and combined. The total Δχ2 analysis includes the
contribution of the Ωbh2 parameter, too. The vertical dashed lines indicate the 1σ and 2σ confidence limits obtained for both the
PRIMAT (blue and green) and NACRE II (orange and red) reaction-rate compilations.
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For each dataset, we compute χ2ðmeÞ and present results
in terms of

Δχ2ðmeÞ≡ χ2ðmeÞ − χ2min; ð41Þ
which aligns the best-fit point at Δχ2 ¼ 0 and facilitates a
comparison of the relative preference for nearby values of
me. For a single parameter, Δχ2 ¼ 1 and Δχ2 ¼ 4 corre-
spond to the 1σ (68.27%) and 2σ (95.45%) confidence
intervals, respectively.

The individual constraints from Neff , deuterium, and
helium-4 are shown in the top row panels and in the left
bottom row panel of Fig. 10. The blue (orange) curves
correspond to PRIMAT (NACRE II) and adopt the LBT
4He abundance, while the green (red) curves correspond to
PRIMAT (NACRE II) for the PDG 4He value. The standard
value me ¼ 0.511 MeV is shown by a vertical dotted black
line. The corresponding confidence intervals are summa-
rized in Table I and illustrated in Fig. 11.

FIG. 11. Constraints on me derived from different observables. The figure shows the Table I results. Thick (thin) bars refer to 1σ (2σ)
bounds.

TABLE I. me constraints at 68.27% CL (1σ) and 95.45% CL (2σ). We report the corresponding best-fit values and their ratios to the
laboratory value me ¼ 0.511 MeV. All entries are in MeV. For each observable (except Neff ), the first row corresponds to NACRE II,
and the second corresponds to PRIMAT.

1σ 2σ

Observations Nuclear networkme range (MeV) me (MeV) me=ð0.511 MeVÞme range (MeV) me (MeV) me=ð0.511 MeVÞ
Neff (fixed 4He) <1.055 <2.064 <1.530 <2.994

Neff (free 4He) <1.477 <2.890 <2.104 <4.117

D NACRE II [0.475, 0.562] 0.518þ0.044
−0.043 1.014þ0.086

−0.084 [0.437, 0.613] 0.518þ0.095
−0.081 1.014þ0.185

−0.158
PRIMAT [0.532, 0.569] 0.552þ0.017

−0.020 1.080þ0.033
−0.039 [0.514, 0.587] 0.552þ0.035

−0.038 1.080þ0.068
−0.074

4He ðLBTÞ NACRE II [0.497, 0.511] 0.505þ0.005
−0.008 0.988þ0.009

−0.015 [0.490, 0.518] 0.505þ0.013
−0.015 0.988þ0.025

−0.029
PRIMAT [0.497, 0.510] 0.503þ0.007

−0.006 0.984þ0.014
−0.012 [0.489, 0.517] 0.503� 0.014 0.984� 0.027

4He ðPDGÞ NACRE II [0.483, 0.516] 0.500þ0.016
−0.017 0.978þ0.031

−0.033 [0.466, 0.531] 0.500þ0.031
−0.034 0.978þ0.060

−0.066
PRIMAT [0.483, 0.515] 0.499� 0.016 0.976� 0.031 [0.465, 0.531] 0.499þ0.032

−0.034 0.976þ0.062
−0.066

Dþ 4He ðLBTÞ NACRE II [0.498, 0.511] 0.504þ0.007
−0.006 0.986þ0.013

−0.011 [0.490, 0.518] 0.504� 0.014 0.986� 0.027
PRIMAT [0.503, 0.517] 0.508þ0.009

−0.005 0.994þ0.017
−0.009 [0.498, 0.522] 0.508þ0.014

−0.010 0.994þ0.027
−0.019

Dþ 4HeðPDGÞ NACRE II [0.487, 0.517] 0.502� 0.015 0.982� 0.029 [0.470, 0.531] 0.502þ0.029
−0.032 0.982þ0.056

−0.062
PRIMAT [0.512, 0.531] 0.519þ0.012

−0.007 1.015þ0.023
−0.013 [0.499, 0.543] 0.519þ0.024

−0.020 1.015þ0.046
−0.039

Dþ 4HeðLBTÞ
þNeff þΩbh2

NACRE II [0.498, 0.511] 0.505þ0.006
−0.007 0.988þ0.011

−0.013 [0.491, 0.517] 0.505þ0.012
−0.014 0.988þ0.023

−0.027
PRIMAT [0.505, 0.514] 0.509þ0.005

−0.004 0.996þ0.010
−0.008 [0.498, 0.521] 0.509þ0.012

−0.011 0.996þ0.023
−0.021

Dþ 4HeðPDGÞ
þNeff þΩbh2

NACRE II [0.488, 0.514] 0.503þ0.011
−0.015 0.984þ0.021

−0.029 [0.472, 0.530] 0.503þ0.027
−0.031 0.984þ0.052

−0.060
PRIMAT [0.514, 0.530] 0.521þ0.009

−0.007 1.019þ0.017
−0.013 [0.500, 0.543] 0.521þ0.022

−0.021 1.019þ0.043
−0.041
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a. Constraint fromNeff . TheNeff likelihood is identical
for the PRIMAT and NACRE II analyses, since Neff does
not depend on nuclear reaction rates. The Neff dependence
on me is shown in Fig. 3, while the corresponding bounds
are shown in the top-left panel of Fig. 10. We obtain
one-sided upper limits

me < 1.055 MeV ð1σÞ; me < 1.530 MeV ð2σÞ:
ð42Þ

These constraints are derived assuming a fixed YP.
However, knowing that this value could change as me

varies, alternative constraints were derived using Nobs
eff in

Eq. (37), in order to completely disengage the parameter’s
relation with BBN:

me < 1.477 MeV ð1σÞ; me < 2.104 MeV ð2σÞ:
ð43Þ

These bounds are less stringent than the ones derived from
a fixed YP Neff . To ensure consistency in the analysis, we
considered the free YP Neff in the χ2tot analysis discussed
below. In both situations, the absence of a meaningful lower
bound follows from the fact that decreasing me delays e�
annihilation to temperatures at which neutrinos are already
decoupled; the annihilation then heats only the photon bath,
and further reductions in me do not appreciably change the
entropy transfer. As a result, Neff saturates close to its
instantaneous-decoupling limit for sufficiently small me,
and present data cannot discriminate among lower values.
In contrast, increasing me shifts e� annihilation to earlier
times, while neutrinos are still coupled to the electromag-
netic plasma; neutrinos then share the entropy release,
increasing their energy density and thus Neff . For suffi-
ciently large me, the predicted Neff becomes incompatible
with the observational constraint, yielding the upper
limits above.
b. Constraint from deuterium. The right panel in the

top row of Fig. 10 shows that deuterium provides the
strongest dataset dependence between NACRE II and
PRIMAT. The NACRE II compilation yields the best
agreement with the observed deuterium abundance but
also the broadest allowed range, whereas PRIMAT pro-
duces a narrower interval with a best-fit value shifted to
slightly higher me. This behavior has two main origins.
First, the compilations differ in key reaction rates that
process deuterium into 3H and 3He. NACRE II relies
primarily on global fits to experimental data [64], whereas
PRIMAT imports and combines cross section inputs from
dedicated analyses [65,68,69] within a BBN-optimized
framework. Second, NACRE II predicts a deuterium
abundance closer to the observed value already at the
standard electron mass me ¼ 0.511 MeV, which improves
the apparent consistency of the fit. The larger theoretical

uncertainties typically associated with NACRE II broaden
the confidence intervals, but they do not by themselves
generate better agreement; rather, they enlarge the allowed
region around the best-fit point.
c. Constraint from helium-4. The situation is qualita-

tively different for helium-4, as shown in the left panel of
the bottom row of Fig. 10. Because of the higher precision
of the 4He measurement, the confidence intervals are
narrower when using the LBT [48] abundance. The inferred
bounds are nearly identical for PRIMAT and NACRE II
(Table I), and this is expected: once the neutron abundance
at the onset of nucleosynthesis is set by weak freeze-out
and neutron decay, almost all surviving neutrons are
incorporated into 4He, making YP only weakly sensitive
to details of the nuclear reaction network. In addition, the
theoretical uncertainties on YP are comparable in the two
compilations.
d. Combined constraint. We finally combine deu-

terium, helium-4, and Neff in χ2tot; the resulting Δχ2 curves
are shown in the right panel of the bottom row in Fig. 10,
and the corresponding intervals are given in the last rows of
Table I. The combined constraints are driven primarily by
helium, which dominates the error budget by being the
most precise in constraining the electron mass me during
BBN. This is particularly evident in the results obtained
using the latest measurement of the helium abundance from
LBT [48], but it remains true even when considering the
PDG helium value. The least constraining input is the free
YP Neff , whose dependence on me is relatively mild over
the relevant range compared to its current observational
uncertainty σNeff ;exp ¼ 0.29.
Overall, the combined analysis yields constraints at the

percent level on me during the BBN epoch. We notice that
the helium observations alone point toward a me value
slightly below the expected 0.511 MeV, which remains at
the limit of the 1σ constraints. The combination with
deuterium constraints obtained when considering the
PRIMAT reaction network shifts the me central value
closer to 0.511 MeV.

VI. CONCLUSIONS

Early-Universe physics provides a powerful consistency
test of the standard cosmological model and, more broadly,
a unique laboratory for probing possible time variations of
fundamental parameters. In this work, we combined
measurements of primordial light-element abundances
from BBN with the effective number of relativistic species
inferred from neutrino decoupling to constrain the value of
the electron mass in the early Universe, allowing it to differ
from the present laboratory value me;0 ¼ 0.511 MeV. This
is a particularly informative epoch, spanning from a few
seconds (neutrino decoupling) to a few minutes (BBN)
after the big bang, for which no direct terrestrial informa-
tion on me is available.
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The first part of our analysis solved the coupled
differential equations (11) and (20), which describe the
evolution of the comoving photon and neutrino temper-
atures. We implemented these equations in a modified
version of NUDEC_BSM, generalized to a nonstandard
electron mass and expressed in dimensionless variables.
This procedure yields Neff as a function of me (Fig. 3).
For sufficiently large me, eþe− annihilation occurs ear-
lier, while neutrinos are still efficiently coupled to the
electromagnetic plasma; neutrinos then share the released
entropy, increasing their energy density and driving Neff
up to values as large as ∼11.55 in the tightly coupled
limiting case.
In the second part of the work, we studied the impact

of a varying me on BBN using the PRyMordial code, modi-
fied to propagate changes in me through the weak sector
and thermodynamics. A larger electron mass suppresses
charged-current processes by reducing the available phase
space, including neutron β decay n → pþ e− þ ν̄e, thereby
lowering the neutron decay rate and increasing the effective
neutron lifetime. These microphysical changes translate
into a larger neutron abundance at the onset of nucleosyn-
thesis, enhancing the production of neutron-rich nuclei,
most notably 4He. Correspondingly, the final abundance of
free protons decreases slightly. For smaller me, nucleosyn-
thesis begins earlier in time: although neutrons decay more
rapidly, the higher temperature and density allow the
reaction network to turn on earlier than in the standard
scenario.
We also isolated the role of the expansion history by

implementing in PRyMordial only ΔNeff ≡ NeffðmeÞ−
Neffðme ¼ 0.511 MeVÞ, while keeping the weak rates
fixed. Over the range explored here, the resulting shifts
in the light-element abundances are negligible compared to
the full effect, confirming that the dominant sensitivity to
me arises from direct modifications of the weak rates,
neutron lifetime, and plasma thermodynamics rather than
from the associated change in the expansion rate.
We performed the BBN analysis using both the PRIMAT

and NACRE II nuclear reaction-rate compilations available
in PRyMordial. The resulting differences are most evident for
deuterium, due to its high sensitivity to the first nuclear
reactions, as confirmed when considering this nucleus as a
function of me and Ωbh2. In particular, PRIMAT predicts
systematically lower abundances than NACRE II. This
discrepancy propagates into the inferred preferred values of
me when deuterium is included in the fit and remains
visible in the corresponding χ2 analyses, although at a
reduced significance once helium-4 is included. Lithium-7
was excluded from the statistical analysis because the long-
standing lithium problem would introduce additional,
poorly controlled systematics.
Finally, we derived constraints on me through a χ2

analysis of individual observables and of the com-
bined statistic χ2tot. Using the minima of the Δχ2 curves

as best-fit values, we obtain for the LBT 4He value
me ¼ 0.505þ0.006

−0.007 MeV at 68.27% CL and me ¼
0.505þ0.012

−0.014 MeV at 95.45% CL with NACRE II, and
me ¼ 0.509þ0.005

−0.004 MeV at 68.27% CL and me ¼
0.509þ0.012

−0.011 MeV at 95.45%CL with the PRIMAT network.
When using the PDG [26] 4He value, the obtained bounds
are me ¼ 0.503þ0.011

−0.015 MeV at 68.27% CL and me ¼
0.503þ0.027

−0.031 MeV at 95.45% CL with NACRE II and
me ¼ 0.521þ0.009

−0.007 MeV at 68.27% CL and me ¼
0.521þ0.022

−0.021 MeV at 95.45%CL with the PRIMAT network.
These bounds show that helium-4 observations dominate
the final uncertainty. This is notably evident when using the
4He LBT value in the analysis, because the 4He better
compensates for the deuterium reaction dependence. In
both cases, the shift in the preferred me depends on the
adopted reaction network: the NACRE II best fit lies
slightly below me;0 (at the level of ∼1σ), whereas the
PRIMAT result is consistent with me;0. Overall, both
compilations are suitable for this analysis and provide
complementary information, given their different nuclear
inputs and uncertainty assignments.
Our combined constraints determineme at theBBNepoch

at the percent level, with an uncertainty of order ∼1.2% at
most (considering the new LBT 4He observation [48] in the
analysis). While a number of works have constrained me at
later epochs in cosmic history [14,58,70,71], the results
presented here establish comparably stringent bounds at
significantly earlier times, during BBN. In particular, we find
that the electron mass at MeV temperatures must match its
present laboratory value to within Oð1%Þ, placing strong
limits on any cosmological evolution of me over an excep-
tionally wide range of cosmic time.
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APPENDIX: USEFUL EXPRESSIONS

In this appendix, we provide the definitions needed to
rewrite the continuity equation (7) in the form of Eq. (11).
We begin with the standard comoving (dimensionless)
energy density and pressure for thermal species.
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1. Photons

For photons,

ρ̄γ ≡ a4ργ ¼
π2

15
z4; ðA1Þ

P̄γ ≡ a4Pγ ¼
π2

45
z4; ðA2Þ

so that

x0
dρ̄γ
dx0

¼ 4π2

15
x0z3

dz
dx0

; ðA3Þ
ρ̄γ − 3P̄γ ¼ 0: ðA4Þ

2. Electrons and positrons

For the e� plasma,

ρ̄e ≡ a4ρe ¼
ge
2π2

Z
∞

0

dy
y2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
y2 þ k2x02

p
e

ffiffiffiffiffiffiffiffiffiffiffiffiffi
y2þk2x02

p
=z þ 1

; ðA5Þ

P̄e ≡ a4Pe ¼
ge
6π2

Z
∞

0

dy
y4ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

y2 þ k2x02
p 1

e
ffiffiffiffiffiffiffiffiffiffiffiffiffi
y2þk2x02

p
=z þ 1

:

ðA6Þ

It is convenient to introduce the change of variables

τ≡ kx0

z
;

ω≡ y
z
;

dy ¼ zdω; ðA7Þ
together with the auxiliary functions

J2ðτÞ ¼
1

π2

Z
∞

0

dωω2
e

ffiffiffiffiffiffiffiffiffiffi
ω2þτ2

p
�
1þ e

ffiffiffiffiffiffiffiffiffiffi
ω2þτ2

p �
2
; ðA8Þ

J4ðτÞ ¼
1

π2

Z
∞

0

dωω4
e

ffiffiffiffiffiffiffiffiffiffi
ω2þτ2

p
�
1þ e

ffiffiffiffiffiffiffiffiffiffi
ω2þτ2

p �
2
: ðA9Þ

3. Neutrinos

For neutrinos, we write

ρ̄ν ≡ a4ρν ¼
1

π2

Z
∞

0

dy y3
X

α¼e;μ;τ

fαðyÞ

¼
X
α

7

8

π2

15
z4α; ðA10Þ

where fα denotes the neutrino distribution function for
flavor α. This implies

x0
dρ̄ν
dx0

¼ x0

π2

Z
∞

0

dy y3
X
α

dfα
dx0

¼ 4x0
X
α

7

8

π2

15
z3α

dzα
dx0

¼ 4x0
X
α

ρ̄να
zα

dzα
dx0

; ðA11Þ

ρ̄ν − 3P̄ν ¼ 0: ðA12Þ

In the last equality, we assumed that fα is a Fermi-Dirac
distribution characterized by a temperature Tνα (equiv-
alently zα ≡ aTνα ), so that ρ̄να depends on x0 only
through zα. By inserting the photon, e�, and neutrino
contributions into Eq. (7) and performing straightforward
algebra, one obtains the explicit expression for dz=dx0
given in Eq. (11).

4. Finite-temperature QED corrections

The functions G1 and G2 appearing in Eq. (11) arise
from finite-temperature QED corrections at second
order [22]:

G1ðx0; zÞ ¼
e2k
2

�
1

τ

�
K2

3
þ 2K2

2 −
J2
6
− J2K2

�
þ K2

0

6

− K2K2
0 þ J20

6
þ J20K2 þ J2K2

0
	
; ðA13Þ

G2ðx0; zÞ ¼ 2e2
�
K2

2

2
−
K2

6
−
J2
6
− K2J2

�

−
e2τ
2

�
K2K2

0 −
K2

0

6
−
J20

6
− K2

0J2 − K2J20
�
:

ðA14Þ

Here, we used

K2ðτÞ ¼
1

π2

Z
∞

0

dω
ω2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ω2 þ τ2
p 1

e
ffiffiffiffiffiffiffiffiffiffi
ω2þτ2

p
þ 1

; ðA15Þ

where ω and τ are defined in Eq. (A7). A prime denotes a
derivative with respect to τ. For compactness, we do not
explicitly indicate the τ dependence of J2, K2, and their
derivatives elsewhere in the text.
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