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Using a new sample of extremely metal poor systems, the EMPRESS survey has recently reported a
primordial helium abundance that is 3σ smaller than the prediction from the standard big bang
nucleosynthesis (BBN) scenario. This measurement could be interpreted as a hint for a primordial lepton
asymmetry in the electron neutrino flavor. Motivated by the EMPRESS results, we present a
comprehensive analysis of the lepton asymmetry using measurements of the abundances of primordial
elements, along with cosmic microwave background (CMB) data from Planck. Assuming that there is no
dark radiation in our Universe, we find an electron neutrino chemical potential ξνe ¼ 0.043� 0.015, which
deviates from zero by 2.9σ. If no assumption is made on the abundance of dark radiation in the Universe,
the chemical potential is ξνe ¼ 0.046� 0.021, which deviates from zero by 2.2σ. We also find that this
result is rather insensitive to the choice of nuclear reaction rates. If the true helium abundance corresponds
to the EMPRESS central value, future CMB observations from the Simons Observatory and CMB-S4 will
increase the significance for a nonzero lepton asymmetry to 4σ and 5σ respectively, assuming no dark
radiation, or to 3σ when no assumption is made on the abundance of dark radiation.

DOI: 10.1103/PhysRevD.107.035024

I. INTRODUCTION

We appear to be living in a Universe composed mostly
by matter and with very little antimatter [1]. This strongly
suggests the existence of a mechanism generating a
primordial asymmetry between baryons and antibaryons
in the very early Universe [2]. The abundance of baryons in
the Universe has now been measured with ≲1% precision
using observations of the cosmic microwave background
(CMB) [3], and by comparing the observed and predicted
primordial element abundances as synthesized during big
bang nucleosynthesis (BBN) [4–7]. These observations
point to a baryon asymmetry, defined as the number
density of baryons minus antibaryons normalized to the
photon number density, given by ηB ≡ ðnB − nB̄Þ=nγ ¼
ð6.14� 0.04Þ × 10−10 [3].
However, much less is known about the primordial

lepton asymmetries, ηLα
, with α ¼ e, μ, τ. Naively one

would expect the lepton and baryon asymmetries to be of
similar magnitude, due to sphaleron transitions in the early

Universe [8–11]. However, this does not necessarily need
to be the case. Indeed, several scenarios have been con-
structed where the lepton asymmetries at the time of BBN
can be much larger than the baryon asymmetry. In these
scenarios the lepton asymmetry is typically generated at
temperatures below the sphaleron freeze-out via Affleck-
Dine leptogenesis [12,13], decays of topological defects
[14], freeze-in leptogenesis [15,16], resonant-leptogenesis
[17,18] or Q-ball decays [19,20]. Furthermore, there are
scenarios where large lepton asymmetries are generated
before sphaleron freeze-out but in which the total lepton
asymmetry in the Universe is zero [21], see also [22] for
new further cosmological constraints on such scenarios.
The main effect of a nonzero electron lepton asymmetry

at the time of BBN is to change the value of the primordial
helium abundance, YP [23–30]. This happens because
electron neutrinos participate in processes that interconvert
protons and neutrons, such as the weak interaction
process n νe ↔ pe−. At the time of BBN, corresponding
to Tγ ≃ 0.073 MeV [31], almost all of the neutrons present
in the plasma form 4He. Therefore, any excess of νe
over ν̄e in the early Universe will translate into a smaller
abundance of neutrons, and correspondingly to a smaller
helium abundance compared to the Standard Model
expectation.
The most common method to determine the primordial

helium abundance consists in measuring the helium
abundance in metal poor galaxies, and extrapolating the
value to zero metallicity [32–36]. Alternatively, the helium
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abundance could be measured in intergalactic gas clouds
[37]. In a cosmological context, the helium abundance at
the time of recombination affects the number of free
electrons, thus leaving an imprint in the CMB temperature
and polarization power spectra at small angular scales
[38,39]. A summary of recent determinations is shown
in Fig. 1, and show a fairly good agreement with the
Standard Model expectations. On the other hand, very
recently the EMPRESS survey [40] increased the sample of
extremely metal poor systems, and reported a value for
the primordial helium abundance which is 3σ smaller
than the value predicted by the Standard Model [25],
suggesting the existence of a nonzero (electron) lepton
asymmetry.
Motivated by the recent result by the EMPRESS

survey, we will undertake a comprehensive study of current
BBN and CMB constraints on the lepton asymmetries
(see [25,40–44] for related analyses). Moreover, we will
also explore the sensitivity of upcoming cosmological
observations to a nonzero primordial lepton asymmetry.
Specifically, we will make a forecast for the upcoming
Simons Observatory [45,46], a fully funded ground base
experiment that is expected to finalize data taking by 2027,
and for a Stage-IV experiment such as CMB-S4 [47,48],
which will provide a measurement of the primordial
helium abundance with a precision of ∼1% − 2% (see
Fig. 1).
This work is structured as follows. In Sec. II we briefly

review the impact of a nonzero lepton asymmetry for BBN
and CMB observations. In Sec. III, we summarize the
current information on the abundance of primordial ele-
ments and we present the result of our analysis of the lepton
asymmetry. Then, in Sec. IV we present forecasts for the
Simons Observatory and CMB-S4. Lastly, in Sec. V we
present our conclusions.

II. IMPLICATIONS OF A PRIMORDIAL LEPTON
ASYMMETRY FOR BBN AND THE CMB

The primordial lepton asymmetry is normally parame-
trized by the (comoving) neutrino chemical potential, ξν,
through [24]:

ηLα
≡ nνα − nν̄α

nγ
¼ 1

12ζð3Þ
�
Tνα

Tγ

�
3

ðπ2ξνα þ ξ3ναÞ;

≃ 0.25 ξνα ½1þ ξ2να=π
2�; ð1Þ

where ζð3Þ ≃ 1.20206, and where in the last step we have
used the value of Tγ=Tν expected from neutrino decoupling
in the Standard Model [49].
The implications of a nonzero lepton asymmetry in BBN

and the CMB have been studied in the past (for reviews, see
e.g. [23–26]). The effect of a lepton asymmetry in cosmol-
ogy depends critically upon its flavor. As discussed in the
introduction, a nonzero asymmetry in the electron-neutrino
flavor alters the helium abundance by changing the rate of
proton-to-neutron conversions in the early Universe. More
concretely, it leads to a shift in the primordial helium
abundance of [25]:

YPðξνeÞ ≃ YPjSBBN × e−0.96ξνe ; ð2Þ

where YPjSBBN refers to the primordial helium abundance in
the standard BBN scenario, namely when the neutrino
chemical potential vanishes, YPjSBBN¼0.24709�0.00017
[25]. A nonzero lepton asymmetry also affects the abun-
dances of the rest of the light elements. For deuterium the
effect is [25]:

D=HjPðξνeÞ ≃ D=HPjSBBN × e−0.53ξνe : ð3Þ

where again, D=HPjSBBN refers to the value of the primor-
dial deuterium abundance for a zero lepton asymmetry. It is
important to note, however, that in contrast to helium, this
abundance is strongly sensitive to the baryon energy
density, D=HjP ∝ ðΩbh2Þ−1.6 [50]. Therefore, the sensitiv-
ity to ξνe from D=HjP is lost unless Ωbh2 is given as an
input by other methods.
In addition, the presence of a nonzero asymmetry alters

the energy density carried out by neutrinos. It is important
to stress that this effect is independent of the flavor of the
asymmetry or its sign. This explicitly amounts to a
contribution to the number of effective relativistic neutrino
species of:

ΔNeff ¼
Xe;μ;τ
α

�
30

7

�
ξα
π

�
2

þ 15

7

�
ξα
π

�
4
�
; ð4Þ

where ΔNeff≡Neff−NSM
eff with NSM

eff ¼3.044ð1Þ [49,51–53].
Due to neutrino oscillations in the early Universe, one
expects jξνe j ≃ jξνμ j ≃ jξντ j [54–57]. Therefore, and in view

FIG. 1. Current status in the measurements and the theoretical
determinations of the primordial helium abundance, and forecasts
for the upcoming Simons Observatory and CMB-S4.
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of the current constraints on the electron lepton asymmetry
jξνe j≲ 0.1, the modification on ΔNeff due to a nonzero
chemical potential is expected to be ΔNeff ≲ 0.01, much
smaller than the current sensitivity of experiments. In what
follows we will therefore focus only on the impact of the
nonzero lepton asymmetry on YP.

III. CURRENT CONSTRAINTS ON THE LEPTON
ASYMMETRIES FROM BBN AND CMB DATA

We will analyze the electron neutrino chemical potential
from the BBN and CMB data for two possible cosmologi-
cal scenarios, namely when Neff ¼ NSM

eff ¼ 3.044 or when
Neff differs from the SM expectation (corresponding
respectively to scenarios without or with dark radiation).
In our analysis we will mainly focus on the implications

of the recent helium measurement by EMPRESS [40]:

YPjEMPRESS ¼ 0.2370þ0.0034
−0.0033 : ð5Þ

which is 3.0σ lower than the standard BBN prediction.
However, we will also consider for comparison the rec-
ommended PDG-21 value [58]:

YPjPDG−21 ¼ 0.245� 0.003: ð6Þ
We will also include the measurement of the primordial
deuterium abundance, which is typically used to constrain
the baryon energy density. The PDG recommended value
reads [58]:

D=HPjPDG−21 ¼ ð2.547� 0.025Þ × 10−5; ð7Þ

which is largely based on the analysis of [59].
Lastly, we will also use results from Planck CMB

observations [38], which provide independent determina-
tions of Ωbh2, YP and Neff . Concretely, assuming the
standard cosmological model, the Planck collaboration
reports a baryon energy density

Ωbh2jPlanck ¼ 0.02242� 0.00014; ð8Þ

from combining the full temperature and polarization
data, together with CMB lensing and baryon acoustic
oscillations.
The Planck collaboration has also made an analysis of

the CMB data under the assumption that Neff ¼ NSM
eff but

allowing for a nonstandard primordial helium abundance.
The determination of YP is correlated with Ωbh2 and
reads [39]:

Ωbh2jPlanck ¼ 0.02239� 0.00018; ð9aÞ

YPjPlanck ¼ 0.242� 0.012; ð9bÞ

ρðΩbh2; YPÞ ¼ 0.663; ð9cÞ

where ρ represents the correlation coefficient. Lastly, the
Planck collaboration has analyzed the CMB data allowing
also for variations in Neff . For this scenario, the determi-
nation of Ωbh2, YP, and Neff reads:

Planck

Ωbh2jPlanck ¼ 0.02238� 0.00019; ð10aÞ

YPjPlanck ¼ 0.245� 0.018; ð10bÞ

Neff ¼ 2.97� 0.29; ð10cÞ

ρðΩbh2; YPÞ ¼ þ0.273; ð10dÞ

ρðΩbh2; NeffÞ ¼ þ0.270; ð10eÞ

ρðNeff ; YPÞ ¼ −0.686: ð10fÞ

with their corresponding correlation coefficients.
To calculate the abundances of the primordial elements

we use the public code PArthENoPE-v3.0 [60–62]. This code
takes into account all nuclear reaction rates and weak
processes relevant for the nucleosynthesis process in the
presence of a primordial lepton asymmetry. At present,
there is agreement between all the outputs of this code and
the codes used by the other leading groups performing
global BBN analyses [25,50], with the exception of the
primordial deuterium abundance. After the measurement
by the LUNA collaboration of the dþ p → 3Heþ γ
rate [4], the error budget in the theoretical prediction
of the deuterium abundance arises from the lack of
detailed knowledge of the rates for dþ d → nþ 3He
and dþ d → pþ 3H. For these processes each of the
groups uses a slightly different set of rates [5–7], which
impacts the theoretical prediction of the deuterium abun-
dance. For a fixed value of Ωbh2 ¼ 0.02236, each group
reports:

D=HjP ¼ ð2.49� 0.08Þ × 10−5; ½Yeh et al. 22’� ð11aÞ

D=HjP ¼ð2.52�0.07Þ×10−5; ½Pisantietal. 21’� ð11bÞ

D=HjP ¼ð2.45�0.04Þ×10−5: ½Pitrouetal. 21’� ð11cÞ

While the results of Yeh et al. [7] and Pisanti et al. [5] are
(within error bars) in good agreement with each other,
Pitrou et al. [6] reports a significantly smaller value. In
order to assess the impact of this uncertainty in the
determination of the primordial lepton asymmetry, we
will perform two separate analyses using the rates of
Pisanti et al. [5] (PArthENoPE) and of Pitrou et al. [6]
(PRIMAT).
Our main results are summarized in Figs. 2 and 3 for

cosmological scenarios without and with dark radiation,
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respectively (see also Table I).1 In Fig. 2 we show the
1 and 2σ confidence regions for ξν and Ωbh2, fixing
Neff ¼ NSM

eff ¼ 3.044. The left figure shows that current
constraints on the (electron) lepton asymmetry ξνe are
dominated by BBN data, and in particular by the primordial
helium abundance, with a strong dependence on the value
of YP chosen for the analysis. The new EMPRESS result
points to a positive lepton asymmetry,

ξνe ¼ 0.043� 0.015 ½EMPRESS�; ð12Þ

which is different from zero with a ∼3σ significance.
Instead, if one adopts the PDG-21 recommended value,
one obtains:

ξνe ¼ 0.008� 0.013 ½PDG − 21�; ð13Þ

with no preference for a nonzero lepton asymmetry. The
combination with the Planck data does not alter signifi-
cantly the conclusions for the lepton asymmetry, although it
reduces the allowed range for Ωbh2.

The EMPRESS hint for a nonzero lepton asymmetry is
fairly insensitive to the choice of the nuclear reaction rates,
as shown in the right panel of Fig. 2. On the other hand, the
reconstructed value of Ωbh2 is slightly lower when adopt-
ing the PRIMAT rates than for the PArthENoPE rates (see
Table I for a quantitative evaluation of the allowed ranges).
In Fig. 3 we show the 1 and 2σ confidence regions for ξνe

and ΔNeff , corresponding to a scenario with dark radiation.
The left panel shows that also in this cosmological scenario
the determination of ξνe is dominated by BBN data. On the
other hand, the Planck measurements of Neff break the
positively correlated degeneracy between ξνe and ΔNeff ,
thereby reducing slightly the allowed range of ξνe . As for
the scenario without dark radiation, the preferred region of
parameter space strongly depends on the value of the
primordial helium abundance used in the analysis. The
preferred values of ξνe and Neff , using the EMPRESS
determination of YP, are:

ξνe ¼ 0.046� 0.021; ½YP þ D=HjP þ CMB ð14aÞ
Neff ¼ 3.12� 0.20; EMPRESSþ Planck� ð14bÞ

which amounts to a 2σ preference for a nonzero lepton
asymmetry (see Table I for a quantitative statement). If one
adopts instead the PDG-21 recommended value one finds:

ξνe ¼ 0.006� 0.019; ½YP þ D=HjP þ CMB ð15aÞ

Neff ¼ 3.03� 0.20: PDG − 21þ Planck� ð15bÞ
yielding no preference for a nonzero lepton asymmetry.

FIG. 2. 1 and 2σ C.L. regions for ξνe and Ωbh2 from nucleosynthesis data, CMB data, and their combination for a cosmological
scenario without dark radiation (i.e. assumingNeff ¼ NSM

eff ¼ 3.044). The left panel compares the favored regions for two determinations
of the helium abundance (EMPRESS survey and the PDG-21 recommended value) adopting the PArthENoPE nuclear rates, while the
right panel compares the favored regions for two choices of the nuclear reaction rates (PArthENoPE or PRIMAT) adopting the
EMPRESS measurement of the helium abundance.

1We use Gaussian distributions for the different input values
and we construct isocontours for the Δχ2 relative to the mini-
mum. In our analysis we also take into account the theoretical
uncertainty from the neutron lifetime and the nuclear reaction
rates adding in quadrature to the observational uncertainties.
Concretely, for helium we take σTheoðYPÞ ¼ 0.00017 [25], while
for the deuterium to hydrogen ratio we take the corresponding
values from Eq. (11): σTheoðD=HjPÞ ¼ 0.07 × 10−5 when using
PArthENoPE rates [5], and σTheoðD=HjPÞ ¼ 0.04 × 10−5 when
using PRIMAT rates [6].
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The conclusions on ξνe do not depend strongly on the
choice of the nuclear reaction rates, as shown in the right
panel of Fig. 3. On the other hand, the preferred values for
ΔNeff can vary sizably depending on this choice. More
concretely, using PRIMAT rates and the EMPRESS deter-
mination of YP we find:

ξνe ¼ 0.052� 0.020; ½YP þ D=HjP þ CMB ð16aÞ

Neff ¼ 3.29� 0.19; EMPRESSþ Planck� ð16bÞ

while for the PDG-21 recommended value,

ξνe ¼ 0.014� 0.018; ½YP þ D=HjP þ CMB ð17aÞ

Neff ¼ 3.19� 0.18: PDG − 21þ Planck� ð17bÞ

which should be compared to Eqs. (14) and (15),
respectively.
It is noteworthy that if one requires ΔNeff to be positive,

as occurs in most models of dark radiation then the
preference for a positive lepton asymmetry further
increases. We, however, note that in the few cosmological
settings that feature ΔNeff < 0, notably MeV-scale reheat-
ing [63,64] and scenarios with MeV-scale electrophilic
particles [65,66], these models actually lead to a higher YP,
see [67,68] and would thus enhance the tension with the
EMPRESS measurement.

IV. FORECASTS FOR THE SIMONS
OBSERVATORY AND CMB-S4

Future CMB observations will be instrumental to further
probe the hint for a nonzero lepton asymmetry from
EMPRESS. The reason is twofold. First, they will provide
an independent and precise measurement of YP, and

second, they will yield an unprecedented sensitivity to
Neff which, as shown e.g. in Fig. 3, is positively correlated
with ξνe . In this section we consider specifically the
prospects for detecting a nonzero primordial asymmetry
with the upcoming Simons Observatory and the projected
CMB-S4.
To this end, we take the baseline covariance matrix from

the Simons Observatory to the relevant parameters of our
analysis YP, Neff , and Ωbh2 [45]. Once marginalized over
the rest of cosmological parameters, they read [66]:

SimonsObservatory

σðΩbh2Þ ¼ 0.000073; ð18aÞ

σðYPÞ ¼ 0.0066; ð18bÞ

σðNeffÞ ¼ 0.11; ð18cÞ

ρðΩbh2; YPÞ ¼ 0.33; ð18dÞ

ρðΩbh2; NeffÞ ¼ 0.072; ð18eÞ

ρðNeff ; YPÞ ¼ −0.86: ð18fÞ

For CMB-S4, we use the results from the Fisher matrix
forecast performed in [66] which is in very good agreement
with the results reported by the collaboration [47,48]. The
relevant parameters read:

CMB − S4

σðΩbh2Þ ¼ 0.000047; ð19aÞ
σðYPÞ ¼ 0.0043; ð19bÞ

σðNeffÞ ¼ 0.081; ð19cÞ

FIG. 3. Same as Fig. 2, in the plane of ξνe and ΔNeff , without making assumptions on the dark radiation content in the Universe.
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ρðΩbh2; YPÞ ¼ 0.22; ð19dÞ

ρðΩbh2; NeffÞ ¼ 0.25; ð19eÞ

ρðNeff ; YPÞ ¼ −0.84: ð19fÞ

For the central value of the baryon density we will take
Ωbh2 ¼ 0.02242, as favored by Planck CMB observations,
see Eq. (8). For YP we will consider two possibilities, either
YP ¼ YPjSBBN ¼ 0.2469 or YP ¼ YPjEMPRESS ¼ 0.2370, in
order to make forecasts for the cases where the helium
abundance coincides with the standard BBN prediction, or
when it is lower as hinted by EMPRESS. For both, we
consider also a direct astrophysical determination with an
error bar of 0.003 which matches the precision of current

determinations. Finally, for Neff we will either choose
NSM

eff ¼ 3.044, as expected in the Standard Model, or the
central value inferred from the current full analysis of
BBN and CMB data using PArthENoPE rates, namely
Neff ¼ 3.12, see Eq. (14b).
In Fig. 4 we present the results of our forecast, taking for

concreteness the PArthENoPE rates (the results for the
PRIMAT rates are practically identical). In the upper
panels of Fig. 4 we show the sensitivity to ξνe from the
Simons Observatory (left) or CMB-S4 (right) as a function
of Ωbh2 for a scenario with a fixed Neff ¼ 3.044.
We compare this sensitivity to the one obtained from
current CMBþ BBN data. We note that the Simons
Observatory on its own has the power to reach a sensitivity
to ξνe that will be competitive with current combined
constraints. Furthermore, we find that CMB-S4 will

FIG. 4. 1 and 2σ C.L. forecast regions for ξνe and Ωbh2 for a scenario without dark radiation (top panels), or ξνe and ΔNeff for a
scenario without making assumptions on the amount of dark radiation (bottom panels) from nucleosynthesis data, the upcoming Simons
Observatory (left panels) or the projected CMB-S4 (right panels), and their combination.
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improve significantly upon the Simons Observatory. More
concretely, our forecast sensitivity to the lepton asymmetry
for each experiments reads:

σðξνeÞjNeff¼3.044 ≃ 0.015; ½Simons Obs� ð20aÞ

σðξνeÞjNeff¼3.044 ≃ 0.010: ½CMB − S4� ð20bÞ

More importantly, if the true value of the helium abundance
correspond to the EMPRESS central value, YP ¼ 0.2370,
and the Universe does not contain substantial amounts of
dark radiation, Neff ¼ 3.044, then the combination of
EMPRESS and the Simons Observatory would increase

the significance for a nonzero lepton asymmetry, to ∼4.4σ,
and the combination with CMB-S4 to ∼5.3σ (see Table I).
In the lower panels of Fig. 4, we leave Neff as an

unconstrained parameter. As expected, the reach of the
Simons Observatory and of CMB-S4 worsen when relaxing
the assumptions on the cosmological scenario. We obtain:

σðξνeÞ ≃ 0.04; ½Simons Obs� ð21aÞ

σðNeffÞ ≃ 0.11; ½Simons Obs� ð21bÞ
σðξνeÞ ≃ 0.02; ½CMB − S4� ð21cÞ

σðNeffÞ ≃ 0.08: ½CMB − S4� ð21dÞ

TABLE I. Summary of constraints or forecasts on the primordial (electron) lepton asymmetry, ξνe , from considering several
combinations of BBN and CMB data, for cosmological scenarios without or with dark radiation, and for two possible choices of the
nuclear reaction rates. See main text for details.

Bounds and Sensitivities on the Primordial Lepton Asymmetries from BBN and CMB data

YP Data Sets Nuclear Rates ξνe Neff Pref ξνe ≠ 0 χ2min

CMB Planck PArthENoPE 0.022� 0.053 3.044 0.4σ 0
PRIMAT 0.022� 0.053 3.044 0.4σ 0

PArthENoPE 0.004� 0.092 2.97� 0.29 0.0σ 0
PRIMAT 0.002� 0.094 2.94� 0.29 0.0σ 0

EMPRESS YP ¼ 0.2370ð34Þ YP þD=HjP PArthENoPE 0.043� 0.015 3.044 2.9σ 0
PRIMAT 0.042� 0.015 3.044 2.9σ 0

YP þ D=HjP þ Ωb h2jPlanck PArthENoPE 0.040� 0.015 3.044 2.7σ 1.2
PRIMAT 0.030� 0.014 3.044 2.1σ 8.1

YP þ D=HjP þ Planck PArthENoPE 0.040� 0.014 3.044 2.8σ 1
PRIMAT 0.034� 0.014 3.044 2.4σ 7.3

YP þ D=HjP þ Ωb h2jPlanck PArthENoPE 0.063� 0.026 3.39� 0.31 2.4σ 0
PRIMAT 0.079� 0.023 3.68� 0.23 3.5σ 0

YP þ D=HjP þ Planck PArthENoPE 0.046� 0.021 3.12� 0.20 2.2σ 0.9
PRIMAT 0.052� 0.020 3.29� 0.19 2.6σ 5.6

PDG-21 YP ¼ 0.245ð3Þ YP þD=HjP PArthENoPE 0.008� 0.013 3.044 0.6σ 0
PRIMAT 0.007� 0.013 3.044 0.6σ 0

YP þ D=HjP þ Ωb h2jPlanck PArthENoPE 0.006� 0.013 3.044 0.5σ 0.3
PRIMAT 0.000� 0.013 3.044 0.0σ 4.4

YP þ D=HjP þ Planck PArthENoPE 0.008� 0.013 3.044 0.6σ 0.4
PRIMAT 0.004� 0.013 3.044 0.3σ 4.9

YP þ D=HjP þ Ωb h2jPlanck PArthENoPE 0.018� 0.024 3.21� 0.31 0.7σ 0
PRIMAT 0.034� 0.020 3.50� 0.22 1.7σ 0

YP þ D=HjP þ Planck PArthENoPE 0.006� 0.019 3.03� 0.20 0.3σ 0.5
PRIMAT 0.014� 0.018 3.19� 0.18 0.8σ 4.3

Forecasted Constraints SimonsObservatory (YP ¼ 0.2370) PArthENoPE 0.044� 0.015 3.044 2.9σ � � �
PArthENoPE 0.051� 0.035 3.13� 0.11 1.4σ � � �

CMB-S4 (YP ¼ 0.2370) PArthENoPE 0.044� 0.010 3.044 4.2σ � � �
PArthENoPE 0.051� 0.023 3.13� 0.08 2.1σ � � �

SimonsObservatoryþ EMPRESS PArthENoPE 0.043� 0.010 3.044 4.4σ � � �
PArthENoPE 0.047� 0.016 3.12� 0.07 2.9σ � � �

CMB-S4þ EMPRESS PArthENoPE 0.043� 0.008 3.044 5.3σ � � �
PArthENoPE 0.045� 0.014 3.12� 0.06 3.3σ � � �

SimonsObservatoryþ YP SM PArthENoPE −0.001� 0.010 3.044 0.0σ � � �
PArthENoPE 0.001� 0.015 3.05� 0.07 0.1σ � � �

CMB-S4þ YP SM PArthENoPE 0.000� 0.008 3.044 0.0σ � � �
PArthENoPE 0.001� 0.013 3.05� 0.06 0.0σ � � �
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Yet, the combination of EMPRESS with CMB experi-
ments will significantly narrow down the allowed ranges
for ξνe and ΔNeff , and would strengthen the case for a
nonzero lepton asymmetry, should the EMPRESS hint be
correct. Concretely, while current data only give a 2σ
significance for a nonzero lepton asymmetry (when leaving
Neff unconstrained), the combination with the Simons
Observatory or CMB-S4 would increase the significance
to ∼3σ. Concretely, we obtain

ξνe ¼ 0.047�0.016; ½EMPRESSþSimonsObs� ð22aÞ

Neff ¼ 3.12� 0.07; ½EMPRESSþ SimonsObs� ð22bÞ

ξνe ¼ 0.045� 0.014; ½EMPRESSþ CMB− S4� ð22cÞ

Neff ¼ 3.12� 0.06: ½EMPRESSþ CMB − S4� ð22dÞ

Let us finalize this section commenting on the possible
role of the primordial deuterium abundance as a third
(independent) probe of a primordial lepton asymmetry,
along with the CMB and the helium data. The current
measurement is limited by statistics, however it is expected
to improve substantially in the near future with the advent
of 30 m class optical/near-infrared telescopes [69]. On the
other hand, the theoretical prediction for D=HjP is currently
limited by uncertainties in the dþ d → nþ 3He and
dþ d → pþ 3H reaction rates. Therefore, in order to
provide a competitive probe of the lepton asymmetry, it
is mandatory to measure more precisely these reactions, or
improve the theoretical modeling [70].

V. CONCLUSIONS

The recent measurement of the primordial helium
abundance by EMPRESS could be an indication for a
nonzero lepton asymmetry in the electron neutrino flavor.
Motivated by this new measurement, we have performed a
global analysis of the primordial lepton asymmetries using
both BBN and CMB data. Our main results are summarized
in Fig. 5, which shows the current constraints on the lepton
asymmetry (parametrized by the neutrino chemical poten-
tial ξνe) and its correlation with the baryon asymmetry
(Ωbh2) and with the amount of dark radiation in the
Universe (parametrized by the extra contributions to the
effective number of neutrino species, ΔNeff ); quantitative
results are reported in Table I.
We have found that the determination of the lepton

asymmetry is currently dominated by the helium abun-
dance, and is strongly dependent on the dataset considered,
ranging from a ∼3σ indication for a nonzero lepton
asymmetry when using the EMPRESS data, to no signifi-
cant indication when using the PDG-21 recommended
value (see Fig. 2 and Table I). Our conclusions are in
agreement with other recent works also analyzing the
implications of the EMPRESS measurements on the
cosmological parameters [40,44].
Further, we have also investigated the impact of the

uncertainties in the nuclear reaction rates for the determi-
nation of the lepton asymmetry, taking specifically the rates
from PArthENoPE and from PRIMAT. We have concluded
that the choice of nuclear reaction rates does not affect
significantly the determination of the lepton asymmetry,
both when Neff is fixed and when it is allowed to float.

FIG. 5. Summary of current and forecast 1- and 2-σ allowed regions for ξνe and Ωbh2 in a scenario without dark radiation (left panel),
or ξνe and ΔNeff in a scenario without making assumptions on the amount of dark radiation (right panel) from nucleosynthesis data
(EMPRESS survey or PDG-21 recommended value) and CMB data (Planck, Simons Observatory or CMB-S4).

ESCUDERO, IBARRA, and MAURA PHYS. REV. D 107, 035024 (2023)

035024-8



Finally, we have also performed a forecast of the
sensitivity to the lepton asymmetry from the upcoming
Simons Observatory and the future CMB-S4. These experi-
ments, by themselves, will have a sensitivity to the lepton
asymmetry which is comparable to our current global fit.
Should the helium abundance be lower than the SM
prediction, the CMB data from the Simons Observatory,
combined with the results from EMPRESS, will strengthen
the hint for a nonzero lepton asymmetry to ∼3σ if no
assumption is done on the cosmological parameters, and
∼4σ if it is assumed that the Universe does not contain dark
radiation. With the future CMB-S4 data the significance
would increase to ∼5σ.
If confirmed, this result would hint toward new physics

generating a lepton asymmetry at low temperatures, to

prevent its conversion into a baryon asymmetry by spha-
leron processes. The construction of possible models and
their possible signals deserves in our opinion further
investigation.
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