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Abstract: We derive constraints on the neutrino mass using a variety of recent cosmological
datasets, including DESI BAO, the full-shape analysis of the DESI matter power spectrum
and the one-dimensional power spectrum of the Lyman-α forest (P1D) from eBOSS quasars
as well as the cosmic microwave background (CMB). The constraints are obtained in the
frequentist formalism by constructing profile likelihoods and applying the Feldman-Cousins
prescription to compute confidence intervals. This method avoids potential prior and volume
effects that may arise in a comparable Bayesian analysis. Parabolic fits to the profiles allow
one to distinguish changes in the upper limits from variations in the constraining power σ of
the different data combinations. We find that all profiles in the ΛCDM model are cut off by
the

∑
mν ≥ 0 bound, meaning that the corresponding parabolas reach their minimum in the

unphysical sector. The most stringent 95% C.L. upper limit is obtained by the combination of
DESI DR2 BAO, Planck PR4 and CMB lensing at 53 meV, below the minimum of 59 meV set
by the normal ordering. The corresponding constraining power σ is 43 meV, which highlights
the importance of the cut-off by negative values in the determination of the upper limit.
Extending ΛCDM to non-zero curvature and w0waCDM relaxes the constraints past 59 meV
again, but only w0waCDM exhibits profiles with a minimum at a positive value. Additionally,
we extend the formalism to constrain the lightest neutrino mass. For DESI DR2 BAO,
Planck PR4 and CMB lensing, we find confidence limits at 20 and 19 meV for normal and
inverted ordering, respectively. Using a combination of DESI DR1 full-shape, BBN and
eBOSS Lyman-α P1D, we successfully constrain the neutrino mass independently of the CMB.
This combination yields ml ≤ 97 and 98 meV in the normal and inverted orderings, and total
neutrino mass

∑
mν ≤ 285 meV (95% C.L.). The addition of DESI full-shape or Lyman-α

P1D to CMB and DESI BAO results in small but noticeable improvement of the constraining
power of the data. Lyman-α free-streaming measurements especially improve the constraint.
Since they are based on eBOSS data, this sets a promising precedent for upcoming DESI data.
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1 Introduction

Neutrino oscillations were first observed with solar neutrinos [1–7] and confirmed with
atmospheric neutrinos [8–12], accelerators [13–19], and reactor experiments [20–24]. By
convention, the neutrino masses are labeled m1, m2 and m3, with m1 < m2. The collective
experimental results (see Particle Data Group [25]) show that at least two of the neutrinos
have non-zero masses. The oscillation experiments are sensitive to the difference between
squared masses of the neutrinos, ∆m2

21 ∼ 7.5 × 10−5 eV2 and
∣∣∆m2

32
∣∣ ∼ 2.5 × 10−3 eV2.

Thus, two of the masses, m1 and m2, are close to each other, while m3 is either larger than
m1 and m2 (m1 < m2 < m3), referred to as normal ordering (NO), or smaller than m1
and m2 (m3 < m1 < m2), referred to as inverted ordering (IO). By setting the lightest of
the three masses to 0, one can determine the smallest possible total mass

∑
mν allowed

by either ordering,

(∑
mν

)NO
> (58.980 ± 0.304) × 10−3 eV,

(∑
mν

)IO
> (99.824 ± 0.581) × 10−3 eV. (1.1)

– 1 –
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A cosmic neutrino background with a present-day temperature of 1.9 K and number
density 340 cm−3 is a central prediction of the standard model of cosmology (ΛCDM), and
while not directly observed, is essential in the understanding of Big-Bang Nucleosynthesis
(BBN), the cosmic microwave background (CMB) anisotropies, and large scale structure in the
Universe (see J. Lesgourgues and L. Verde in section 26 of [25]). Neutrinos uniquely behave as
radiation at the time of CMB acoustic oscillations and as dark matter at the time of structure
formation. At least two of the three species of cosmic neutrinos are non-relativistic today.
Cosmological data are sensitive to neutrino masses through gravitational effects, providing
a remarkable connection between particle physics and cosmology.

Cosmology is primarily sensitive to
∑

mν , and largely insensitive to the individual masses
themselves [26–30], providing complementary information to that from neutrino oscillations.
In the very early universe, neutrinos have large kinetic energies and are highly relativistic.
As time passes, they eventually slow down enough to become non-relativistic, and start
contributing to the matter density ρm(z) rather than to the radiation density ρr(z). Neutrinos
become non-relativistic when their average momentum approaches their mass. The redshift
zν at which this transition takes place depends on neutrino masses: a neutrino of mass mν

transitions at zν = mν/(53 × 10−5 eV) − 1 [25]. For mν = 50 meV, zν ∼ 100. The transition
from relativistic to non-relativistic neutrinos, thus, happens in the time span between
recombination and large-scale structure formation, during the dark matter domination.

A direct consequence of this transition is that, at fixed Ωm and H0, the matter density
before the transition ρm(z ≫ zν) is lower in the case of massive neutrinos than for massless
ones. Since the redshift evolution of the expansion parameter H(z) during matter domination
is ruled by ρm(z), the value of the neutrino mass affects the angular diameter distance

dA(z) = 1
1 + z

∫ z

0
dz′ c

H(z′) . (1.2)

This is referred to as the geometrical effect. Baryon acoustic oscillation (BAO) measurements
from the Dark Energy Spectroscopic Instrument (DESI) [31–34] probe the angular diameter
distance at redshifts z ≪ zν . Conversely, the determination of the peak scale in CMB
surveys such as Planck [35–37] or the Atacama Cosmology Telescope (ACT) [38] measures
dA(z) well before the non-relativistic transition. Individually, neither of these probes are
able to constrain the geometrical effect of the neutrino mass. The BAO measurement by
DESI only spans redshifts at which the transition has long taken place; as for the CMB,
the impact of the neutrino mass is degenerate with the late time expansion history and
Ωm. However, their combination probes dA(z) over a range of redshifts that encompasses
the non-relativistic transition, and the DESI measurement breaks the degeneracies in the
CMB. The combination of BAO and CMB data is thus sensitive to the neutrino mass by
means of the geometrical effect.

Another consequence of non-relativistic neutrinos is that they participate in clustering.
After the non-relativistic transition, neutrinos behave as hot dark matter. Thus, unlike
cold dark matter and baryons, neutrinos have a large enough velocity dispersion that they
free-stream at small scales and only engage in clustering at scales above some free-streaming
scale λfs. This results in a suppression of power in the matter power spectrum at scales
below λfs, compared to massless neutrinos [39–43]. This effect is commonly referred to as

– 2 –
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the free-streaming or small-scale suppression effect. In current cosmological datasets, it is
measurable in two ways. The reduced clustering weakens the lensing of CMB photons [44],
measured by Planck and ACT [45–48]. Additionally, improvements in perturbation theory
models have allowed exploitation of the full-shape information from large-scale structure
(LSS) to constrain the neutrino mass through the measurement of free-streaming [40, 42, 43].

In this work, we perform a frequentist analysis based on profile likelihoods [49] to
determine constraints on the neutrino mass from different combinations of cosmological
likelihoods. The profile method enables convenient visual comparison between datasets, and
provides information on the statistical strength of the data even in situations where the
profile is cut off by the physical

∑
mν > 0 bound. Other works have implemented neutrino

mass models that can be effectively extended to negative masses [50–53] to deal with this
limitation. In our case, although the profiles are graphically extrapolated into the negative
sector for ease of visual comparison, computations are strictly kept to

∑
mν > 0, and the

upper limit computations take this lower bound into account. We also derive upper limits
constrained by 0.059 eV and 0.100 eV lower bounds, according to the minima imposed by
normal and inverted orderings presented in eq. (1.1).

The rest of our work is organized as follows: in section 2, we describe the frequentist
framework used to build and analyze the profile likelihoods and derive the corresponding con-
fidence limits. Section 3 lists the various datasets and codes used for the analysis. In section 4,
we report results based on datasets combinations that strongly rely on geometrical information
and where small-scale suppression measurement stems from CMB lensing measurements.
Section 5 focuses on exploiting free-streaming information from full-shape measurements of the
matter power spectrum. Finally, in section 6, we consider individual neutrino masses instead
of

∑
mν . We investigate the impact of the mass splitting modeling in the Boltzmann solver

when computing profile likelihoods, and consider the impact of shifting minimal
∑

mν to that
allowed by normal or inverted ordering. We summarize our findings and conclude in section 7.

2 Inference methodology

2.1 Profile likelihoods

We use a frequentist approach to report constraints on the sum of neutrino masses
∑

mν .
Specifically, we construct profile likelihoods by performing likelihood maximization over
a span of

∑
mν values. Let ℒ (

∑
mν ,𝒞,𝒩) be the likelihood of interest where 𝒞 is our

cosmological basis, excluding
∑

mν , and 𝒩 are the possible nuisance parameters associated
with the likelihood. The profile likelihood is defined as a function of

∑
mν : for a fixed

neutrino mass, it is the result of the maximization of the likelihood over all other parameters
— cosmological or nuisance. It is generally considered in log-space, so for a Gaussian likelihood,
this corresponds exactly to a χ2 function, and we refer to the profile likelihoods as χ2(

∑
mν).

Since we have a one-dimensional problem, the profiles are simple parabolas. In the rest
of this work, we perform minimization of −2 logℒ for several fixed values of

∑
mν and fit

the resulting points to a parabola.
The next step is to build a likelihood ratio for the best

∑
mν , the neutrino mass that

minimizes the profile. Normally, this amounts to reporting ∆χ2 by subtracting the parabola

– 3 –
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Figure 1. Profile likelihoods in the regular and interrupted case, with parabolic fit parameters.

minimum (see figure 1). In the case of the neutrino mass, however, there is a natural lower
bound at

∑
mν = 0 beyond which we cannot proceed. Furthermore, considering the results

of oscillation experiments, one can even argue for a lower bound at 59 or 100 meV for the
normal and inverted orderings, respectively. Since cosmological constraints tend to favor
very low neutrino masses, most of the profiles we present in sections 4 and 5 are actually cut
off by the

∑
mν = 0 bound before the minimum of the parabola. This has been observed

in previous works on neutrino mass profile likelihoods [54, 55], and is analogous to the
Bayesian posteriors [34, 53, 56] that do not peak at positive values. Since the minimum
of the parabola is in a forbidden region, we instead report ∆χ2 as the difference between
χ2 and the minimal computed χ2. In the most frequent case where we can only probe a
branch of the parabola, this reduces to

∆χ2
(∑

mν

)
= χ2

(∑
mν

)
− χ2

(∑
mν = 0.005 eV

)
, (2.1)

where the last term has been set to an arbitrary lower mass bound near zero of 0.005 eV. We
fit ∆χ2 to a parabola of the form x 7→ (x − µ0)2 /σ2 −χ2

0, and report µ0 and σ. The latter can
directly be interpreted as the constraining power of the data. In the case where the parabola
is cut off, the offset χ2

0 corresponds to the tension between
∑

mν = 0 and the parabola’s
minimum. Graphically, we extend the profile into the

∑
mν ≤ 0 sector, which allows for easy

visual comparison of different profiles. A simplified example is shown in figure 1.
For a standard, uninterrupted profile, 95% C.L. limits can be reported by finding the

mass such that ∆χ2 = 3.84. In the case of cut-off profiles, the overlap between the parabola
and negative values make this reasoning invalid. Instead, we report 95% C.L. limits following
the Feldman-Cousins prescription [57] as described in section 2.2. Nevertheless, unless µ0 is
negative and several σ away from zero, ∆χ2 = 3.84 is a reasonable proxy for the 95% C.L.
limit. We thus display the ∆χ2 = 3.84 line on plots to aid with visual comparison.

2.2 Confidence limits

In the case of the neutrino mass, there exists a physical limit
∑

mν > 0. Because current
constraints are very close to this boundary, the classical confidence interval often overlaps with
negative values, and is thus rendered incorrect. In [57], the authors describe the construction
of a corrected confidence interval for a Gaussian likelihood whose mean should be positive,

– 4 –
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often called the Feldman-Cousins prescription after the authors. The prescription can be
directly followed to build upper limits for the neutrino mass which take into account that∑

mν must be positive.
Current neutrino mass constraints also overlap with oscillation-based lower limits. It

is thus desirable to build modified upper limits with physical boundaries
∑

mν ≥ 59 meV
(NO) and

∑
mν ≥ 100 meV (IO), which we do by adapting the Feldman-Cousins prescription

as described below.
Following the convention used in [57], let µ be the neutrino mass, whose true value

is unknown, and x the corresponding observable such that the likelihood 𝒫(x|µ) (i.e., the
probability of measuring x given some conditioning µ) is a Gaussian with mean µ and scale
1. We add the constraint that µ must be greater than some boundary µinf (in practice 0,
59 or 100 meV), while x may take values below µinf .1

We define µbest as the physically allowed µ ≥ µinf that maximizes the likelihood of
a given observed x. This amounts to µbest = max (x, µinf). We then consider the ratio
R(x, µ) of the likelihood 𝒫(x|µ) to its maximum 𝒫(x|µbest) as an ordering principle to
construct acceptance intervals:2

R(x, µ) = 𝒫(x|µ)
𝒫(x|µbest)

=

e− 1
2 (x−µ)2 if x ≥ µinf

e− 1
2 (x−µ)2

/e− 1
2 (µinf−µ)2 if x < µinf

(2.2)

For a coverage probability α and a given µ, the acceptance interval is [x1, x2] such that
R(x1, µ) = R(x2, µ) and

∫ x2
x1

R(x, µ) dx = α. Using these acceptance intervals, one can then
determine confidence intervals [µ1, µ2] for a measured x0. This confidence interval is the set
of all µ such that x0 belongs to the corresponding acceptance interval.

The reasoning can be applied to any Gaussian likelihood of scale σ ̸= 1 by normalizing
it and scaling the resulting confidence interval again. In the following, we will use this
construction at α = 0.95 with µinf = 0, 59 and 100 meV to report 95% confidence intervals
named µ95, µ

(NO)
95 and µ

(IO)
95 respectively.

Applied to the profile likelihoods computed in this work, the procedure is the following:
instead of an observed x0, we consider the parabolic fit parameter µ0. For our choice of
µinf , we compute the confidence interval that corresponds to the minimum of the parabola
µ0, accounting for σ ̸= 1. In all cases in this work, µ0 is small enough that the confidence
interval takes the form [µinf , µ95], so that only the value of the upper limit is of interest.
Figure 2 exhibits how this upper limit varies as a function of the minimum location µ0, for
a fixed constraining power σ and different boundaries µinf . It showcases that for current
measurements of the neutrino mass, for which µ0 can be lower than µinf by a few σ, the
upper limit derived from the Feldman-Cousins prescription is a non-negligible correction
to the standard Gaussian one.

1A simple context in which this may arise is an experiment measuring some amplitude A, with known
background B. If the measured data just stochastically happen to average below the background value B, one
would measure negative amplitude (x = A(measured) < 0 = µinf), even though its true value should theoretically
be positive (µ = A(theory) > 0 = µinf).

2In the standard case with no physical boundary, µbest = x and R(x, µ) ∝ 𝒫(x|µ). The acceptance interval
is symmetric and centered in x = µ.
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Figure 2. 95% C.L. upper limit of a profile with constraining power σ = 0.05 eV, as a function of
the profile’s minimum position µ0. The different colors correspond to different values of the physical
boundary µinf , and black corresponds to the standard, boundary-less case. The dashed lines represent
two hypothetical example measurements µ0. When the measurement is well below the boundary (e.g.,
the dashed line at µ0 = −0.05 eV), the upper limit is strongly increased compared to the boundary-less
case, and confined at values above the boundary µ95 > µinf . However, for a measurement above µinf
(e.g., the dashed line at µ0 = 0.10 eV), the upper limits almost coincide with the boundary-less case.

3 Data and software

Cosmological inference is performed in a 7-parameter ΛCDM+
∑

mν model, comprised of Ωm,
H0, ln

(
1010As

)
, ns, Ωbh2, τ and

∑
mν , which refer to the matter energy density fraction,

the Hubble parameter, the logarithm of the amplitude of primordial density fluctuations, the
spectral index, the baryon energy density fraction times h2, where h = H0/100 km s−1 Mpc−1,
the reionization optical depth, and the summed neutrino masses, respectively. In the following,
we detail data, data products and codes used in our analysis as well as the corresponding
nomenclature for the article.

3.1 Cosmological likelihoods

Cosmic Microwave Background. We make use of cosmic microwave background (CMB)
measurements by Planck [35] and ACT [38]. We combine Planck low-ℓ EE and TT likelihoods
with high-ℓ TT, TE, and EE. The low-ℓ data products are the Commander and SimAll
likelihoods from the 2018 Planck data release [35]. For high-ℓ information, we use both 2018
(PR3) and 2020 (PR4) TTTEEE likelihoods. In the following, Planck PR3 refers to the
official plik likelihood from the 2018 data release [35], while Planck PR4 corresponds to
the CamSpec likelihood based on the Planck 2020 analysis [58].

We also use a compressed, foreground-marginalized likelihood for the ACT DR6 high-
ℓ TTTEEE data [38] referred to as ACT-lite.3 We follow the ACT collaboration and

3https://github.com/ACTCollaboration/DR6-ACT-lite.
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combine this likelihood with the low-ℓ Sroll2 Planck EE likelihood4 described in [59]. This
combination is referred to as ACT-lite in the following.

Some profiles include isolated Planck 2018 information on ns, ln
(
1010As

)
, or both. This

corresponds to the ΛCDM constraints reported on these parameters in [35], implemented
as Gaussian likelihoods.

• ns, 1σ corresponds to the Planck constraint.

• ns, 10σ is a relaxed version of the former, with a standard deviation ten times greater.

• ns, 1σ + As implements 1-σ constraints for both ns and ln
(
1010As

)
as well as the

corresponding covariance.

CMB lensing. In addition to TT, TE, EE information on the CMB, we include CMB
lensing information both from Planck PR4 and ACT DR6 [45, 46] combined in one likelihood5

as described in [48]. CMB lensing is included by default in the profiles labeled Planck PR3,
Planck PR4, and ACT-lite.

Galaxy clustering. We use galaxy clustering measurements by DESI to constrain the
neutrino mass. DESI is a spectroscopic instrument that uses 5000 robotic fiber positioners
to capture target spectra over 7 deg2 field of view [32, 60–63]. Targets are selected from the
public Legacy Surveys [64, 65] and their spectra are classified and processed into a redshift
catalog [66–68]. After the first round of survey validation for each category of target [69–76],
cosmological analysis has been performed based on the contents of the first two data releases,
the first of which is now publicly available [77].

Measurements of BAO help constrain the neutrino mass through geometrical information.
We employ such measurements from the first two DESI data releases, DR1 [33, 78, 79] and
DR2 [34, 80], and will refer to them as DR1 BAO and DR2 BAO. Additionally, we make use of
the full-shape likelihood of DESI DR1 [42, 81], which is sensitive to neutrino free-streaming, in
combination to the associated BAO measurement. We refer to this combination as DESI FS.

Big Bang nucleosynthesis. Baryon abundance in the universe can be determined from
BBN. In the following, we use the constraint Ωbh2 = 0.02218 ± 0.00055 in ΛCDM from a
recent analysis [82], and refer to it as BBN.

Supernovae. We use distance measurements from the sample of type Ia supernovae (SN)
published by the Dark Energy Survey in their Year 5 data release [83], under the form of the
corresponding Cobaya likelihood. When included, this likelihood is referred to as DES-Y5.
Detailed comparison of the Pantheon+ and Union3 SN data sets has been reported in [53]
and they are not used in this work.

4Available at https://sroll20.ias.u-psud.fr/ and https://web.fe.infn.it/~pagano/low_ell_data
sets/sroll2/.

5Specifically, we use the actplanck_baseline variant in version 1.2, available at https://github.com/A
CTCollaboration/act_dr6_lenslike.
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Lyman-α forest. The one-dimensional power spectrum of the Lyman-α forest (P1D) allows
probing small-scale suppression of the matter power spectrum. Although DESI has measured
the Lyman-α forest P1D [84, 85], the interpretation relies on the emulation of sets of high
precision hydrodynamical simulations and is still a work in progress.

In the following, we use the results from two sets of such simulations on the parameters
nLya, ALya of the P1D. Both works use the quasars from Data Release 14 of the Sloan
Digital Sky Survey, SDSS DR14 [86]. The first is described in [87] and referred to as Taylor,
while the second results from the work in [88] and is referred to as Lyssa. Both likelihoods
are implemented as compressed information using the chains from [88]; for Lyssa, we use
the chain that includes a mean transmission prior. The results of the minimizations that
involve either likelihood lie within the cosmological parameter space covered by the respective
simulation grids [88–90].

3.2 Inference framework

All likelihoods are implemented in Cobaya [91, 92], using the CAMB Boltzmann solver [93, 94].
In order to perform the minimization, likelihoods are interfaced with the Minuit2 [95]
minimizer through its Python frontend iminuit [96]. The baseline cosmological model is flat
ΛCDM in which neutrinos are modeled as three species of degenerate mass. The effect of
this assumption of degenerate neutrino masses is explored in section 6.

The minimization is run in a parameter space consisting of the cosmological basis (Ωm,
H0, ln

(
1010As

)
, ns, Ωbh2, τ ,

∑
mν) as well as any nuisance parameters required by the

likelihoods involved. In section 4.2, we consider extensions to the base ΛCDM+
∑

mν model:

• The Chevallier-Polarski-Linder (w0waCDM) dynamical dark energy [97, 98], in which
the equation of state of dark energy is parametrized as w(z) = w0 + (z/(1 + z)) wa.

• A universe with non-zero curvature, where ΩK is free.

In those cases, we extend the basis to include w0 and wa or ΩK. Depending on the choice of
likelihoods, the dimension of the parameter space for the minimization may range from 8
to more than 40. The cosmological basis has been chosen for easy compatibility with the
likelihoods used in this work. It should however be noted that unlike Bayesian inference
techniques, such as Markov chain Monte Carlo, minimization — and, thus, profile likelihoods

— are invariant under a reparametrization of the parameter basis.
It can happen that the whole cosmological basis is not needed. For instance, in the data

combinations of section 5, the function to minimize is completely independent of τ . In such
situations, we freeze the parameter in question. The CMB and DESI full-shape likelihoods
introduce numerous nuisance parameters. For these, we implement penalties and limits on
the explored parameter space as prescribed in their original frameworks. The cosmological
parameters are allowed to vary within the domain described in table 1. The nominal observed
values of the parameters are summarized by O. Lahav and A. R. Liddle in section 25 of [25].
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Ωm H0 log A ns Ωbh2 τ w0 wa ΩK

Minimum 0.2 60 2.8 0.92 0.015 0.02 -3.0 -3.0 -0.3
Maximum 0.4 90 3.9 1.02 0.03 0.1 0.0 2.0 0.3

Table 1. Minimization domain for each cosmological parameter.
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Figure 3. Profile likelihoods for different combinations of BAO with CMB data from Planck and
ACT. Including lensing information and switching from DESI DR1 BAO to DESI DR2 BAO improves
the constraining power of the data, and shifts the minima toward the positive values. Combined,
these effects lead to a lower upper limit. Replacing CMB data from Planck with that from ACT-lite
slightly relaxes the constraint from DESI DR2 BAO + Planck PR4 without shifting the parabola.

4 Geometry and small-scale suppression with the CMB

In this section, we present profiles in the ΛCDM and w0waCDM frameworks using combi-
nations of BAO and CMB data. The constraints derive from the geometrical effect as well
as measurement of small-scale suppression from the CMB.

4.1 Flat ΛCDM

4.1.1 CMB and DESI BAO

As explained in section 1, combining BAO and CMB data breaks parameter degeneracies
specific to each dataset and allows one to constrain the neutrino mass through the geometrical
effect. Including CMB lensing information adds sensitivity to the neutrino mass through
a different effect, the suppression of small scales in the matter power spectrum. Recent
BAO data are available from DR1 and DR2 of DESI, and CMB data from Planck and ACT.
In figure 3, we compare various combinations of these datasets. Several conclusions can be
drawn from one-on-one comparisons of the profiles.

First, in the most constraining combination (DESI DR2 BAO + Planck PR4), replacing
Planck PR4 with ACT-lite yields little difference. The upper limit is slightly increased, which
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is consistent with results reported by Bayesian analyses [99, 100]. The increase is only due to
a slight relaxation of the parabola, whose position does not change. Since a significant part
of the ACT likelihood is shared with Planck, including CMB lensing, this is not unexpected.6

On the contrary, the switch from DR1 to DR2 BAO and the addition of CMB lensing
each cause the parabola minimum to shift, toward the positive. At constant σ, this should
cause the upper limit to increase. However, the gain in constraining power offered by these
changes is large enough that the upper limit actually decreases in each case. The addition
of CMB lensing allows sensitivity to the free-streaming effect, bringing σ down by 13 meV.
The upgrade from DR1 to DR2 for the BAO measurement tightens the constraint on Ωm,
leading to an 11 meV decrease of σ. In both cases, the improvement in constraining power
is higher than the change in upper limit could have suggested.

In the end, the most constraining combination (DESI DR2 BAO + Planck PR4) yields
σ = 43 meV and a 95% C.L. limit at

∑
mν < 53 meV. To put things in perspective, the final

design report of DESI originally forecast DESI Y5 to achieve σ ∼ 20 to 30 meV [101]. The
tension with regard to positive values, indicated by the vertical offset of the parabola χ2

0,
remains below 1 in all cases and tends to decrease with the inclusion of new data.

In addition to the BAO measurement, we can also use the full-shape information from
the DESI data. Like CMB lensing, the full-shape measurement of the power spectrum should
contribute to the constraint through the free-streaming effect. We follow the Bayesian analysis
in the original DESI publication [42] and consider the combination of DESI full-shape and
BAO from DR1 with Planck PR3 plik. The corresponding profiles are plotted in figure 4.
We first note that the change from Planck PR3 plik to Planck PR4 CamSpec has very little
impact on the profile, save for a slight decrease of the upper limit, also observed in the
corresponding Bayesian analyses with DESI DR2 [53].

The addition of full-shape information causes the profile to shift toward the negative
by 17 meV, while the constraining power barely improves by 2 meV. As a consequence, the
upper limit is pulled down from 68 to 53 meV, just like the DESI DR2 BAO + Planck
PR4 combination. However, unlike DESI DR2 BAO, the gain from DESI DR1 BAO to
full-shape is predominantly driven by the shift of the parabola. At σ = 53 meV, the data
is about as constraining with full-shape as it is without. This indicates that small-scale
suppression measurements from DESI full-shape are not competitive with CMB lensing yet.
Lastly, in the case of the DESI full-shape profile, there is more significant tension between
the parabola’s minimum and positive values.

4.1.2 CMB and Lyman-α

Profiles for the combination of CMB, BAO, and Lyman-α P1D are shown in figure 5. The
addition of either Lyssa or Taylor information to CMB alone results in a decreased upper
limit and a smaller σ. Although the combination with Taylor results in a higher limit
(160 meV) than Lyssa (143 meV), it actually carries the tightest constraining power, standing
at σ = 102 meV compared to the 115 meV of Lyssa. This stems from the different directions
of the shift of the minima compared to the CMB alone: positive for Taylor and negative for

6CMB lensing is a combination of Planck and ACT data, see section 3. The lower-ℓ part of the high-ℓ
ACT likelihood is taken from Planck PR3 [38].
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Figure 4. Profile likelihoods for different combinations of DESI BAO and full-shape with CMB data
from Planck. The change in Planck likelihood, from PR3 plik to PR4 CamSpec, produces extremely
similar results. Adding full-shape information to DR1 BAO shifts the parabola slightly to the negative,
with some improvement to the constraining power.
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Figure 5. Profile likelihoods for combinations of CMB information from Planck PR4, BAO from DESI
DR1 and Lyman-α likelihoods [87, 88]. Both Lyman-α likelihoods produce similar results, especially
when combined with DESI BAO. The addition of Lyman-α consistently improves the constraining
power.

– 11 –



J
C
A
P
0
1
(
2
0
2
6
)
0
4
1

Lyssa. Constraints on nLya and ALya are of the same order or weaker than the ones obtained
from Planck, so while it was not likely that introducing the Lyman-α information would
constitute a huge improvement, nevertheless a shift in the limit was observed.

Although both Lyman-α likelihoods are based on the same eBOSS data, as noted in [88],
the differences in simulations and methodology lead to different results. Typically, the authors
find Lyssa nLya and Taylor ALya agree well with Planck, while the Lyssa ALya and Taylor
nLya show some tension with Planck. The optimization performed for CMB + Lyman-α
profiles show a similar trend.

We also combine Planck PR4 and Lyman-α likelihoods with DESI DR1 BAO, to compare
the profiles to the combination of Planck PR4, DESI DR1 BAO and DESI DR1 full-shape
from section 4.1.1. As for DESI full-shape, the upper limit is slightly pulled down by the
addition of free-streaming information to the BAO+CMB combination, going from 63 meV to
55 and 53 meV for Taylor and Lyssa, respectively. However, unlike the case of the full-shape,
for which the change in upper limit stemmed almost entirely from a shift of the parabola,
the addition of Lyman-α introduces minimal shifts of the minimum. The change is driven
by the tightening of σ, which decreases from 54 meV to 50 (Taylor) and 48 meV (Lyssa).
Although the improvement remains small compared to the constraining power without the
Lyman-α information, one can expect significant improvement from the upcoming P1D
analysis of DESI data.

4.2 Extensions beyond flat ΛCDM

As previous analyses have noted, neutrino mass constraints exhibit an important model
dependence [102]. In the following, we explore two extensions to the flat ΛCDM model that
was used in section 4.1: dynamical dark energy, and non-zero curvature.

Although the introduction of a cosmological constant Λ continues to be the standard for
cosmological analysis, recent data have sparked strong interest in the possibility of dynamical
dark energy [34, 103–105]. It is commonly modeled by introducing the CPL parametrization
of the equation of state of dark energy (section 3) and the modified model is referred to as
w0waCDM. The combination of the most recent observations of the BAO feature, the CMB
and Type Ia supernovae show that tensions between datasets are alleviated in w0waCDM,
leading to a preference over ΛCDM [34]. The same data, when used for Bayesian inference
in the determination of the neutrino mass, yield one-dimensional posteriors that peak at
positive values.

Here, we investigate the effect of dynamical dark energy on the more stringent DESI
DR2 BAO + CMB combinations of the previous section. Since w0waCDM introduces
new degeneracies in the analysis, we expect the resulting constraint to be weakened. The
introduction of data from Type Ia SN partially mitigates this loss of constraining power.
Figure 6 presents the corresponding profile likelihoods. The most glaring difference with
ΛCDM is that both DESI DR2 BAO + Planck PR4 and DESI DR2 BAO + ACT-lite now
exhibit a minimum at positive values, at 24 and 41 meV respectively. This effect was also
observed in [53]. As a consequence, the upper limit from the Feldman-Cousins prescription
now coincides with ∆χ2 = 3.84. Opening up the dark energy model to w0waCDM largely
relaxes the constraints compared to ΛCDM. Although the parabolic fit is worse in w0waCDM,
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Figure 6. Profile likelihoods for combinations of BAO data, CMB data from Planck PR4 and SN
from DES-Y5, in a w0waCDM cosmological model. DESI DR2 BAO + CMB profiles now exhibit a
minimum at a positive value. Adding SN information stabilizes both profiles in the same location, but
the minimum moves back to a negative value.

we note that σ goes from 43 to about 78 meV for the DESI DR2 BAO + Planck PR4
combination. This broadening, as well as the shift of the minima, both contribute to the
relaxation of the upper limit to

∑
mν ≤ 177 meV. The inclusion of SN data from DES-Y5

pushes the minima slightly to a negative value and stabilizes both curves in the same location.
The ACT-lite combination shows slightly looser constraining power than the Planck PR4
one. This situation is fully analogous to that presented in ΛCDM (section 4.1.1).

Our base ΛCDM model assumes flat spacetime. This hypothesis is commonly assumed in
modern cosmological analyses and is supported by observation [33]. Simple inflation models
lead to zero curvature, and measurements of ΩK by the CMB alone or combined with BAO
are consistent with a flat universe [34, 36, 58, 106]. These measurements are generally carried
out at fixed neutrino mass; however, ΩK is degenerate with

∑
mν , in particular through

the geometrical effect used to determine the neutrino mass. Analyses conducted with free
curvature, thus, find relaxed constraints for BAO and CMB combinations. In [107], the
authors perform Bayesian inference and the recovered limits become compatible with the
inverted ordering minimal mass again. In figure 7, we allow non-zero curvature by letting
the parameter ΩK be free.

As ΩK can play a similar role to that of the neutrino mass in the geometrical effect,
allowing non-zero curvature should decrease the constraining power of the data. Indeed, for
the combination of DESI DR2 BAO and Planck PR4, varying the curvature degrades σ from
43 meV to 64 meV. The upper limit increases to 85 meV, which is high enough to permit
normal hierarchy, however, the minimum moves further into the negative.

Indeed, DESI DR2 BAO + Planck PR4 favors positive ΩK and only marginally higher
Ωm than flat ΛCDM [34]. As a consequence, it also should prefer even lower neutrino mass
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Figure 7. Profile likelihoods for DESI DR2 BAO + Planck PR4 in flat and non-flat ΛCDM
cosmological models.

to compensate for the increase in ΩK. This preference does not appear in the upper limit
determination due to the degeneracy on the geometrical effect weakening the constraint, but
it is visible in the overall shift of the profile.

The fit neutrino parameters are summarized in table 2.

5 Small-scale suppression with large-scale structures

In section 4, the constraint on neutrino mass is driven by a combination of geometrical infor-
mation from the DESI BAO data and the Planck CMB observations, as well as measurements
of the impact of neutrino free-streaming through CMB lensing measurements by Planck
and ACT. When including full-shape information from DESI on top of BAO information,
there is no significant improvement, which suggests that free-streaming constraints from
CMB lensing information dominate the free-streaming constraints from large-scale structure
measurements. It is important to investigate whether tight neutrino mass bounds can only
be obtained using CMB information, or whether other data combinations can achieve con-
straints as well. In this section, we aim to derive constraints using as little free-streaming
information from CMB as possible.

Since the high-ℓ polarization and temperature spectra of the CMB are still sensitive
to the lensing effect, we do not use the full CMB information and compress the data to
the slope and amplitude of the primordial power spectrum. We start from the DESI DR1
full-shape + BAO likelihood, and add information on Ωbh2 from BBN as well as the CMB
slope and amplitude description. The latter can be obtained from the Planck dataset by
introducing its constraints on ns and As, or by considering the quantities nLya and ALya from
the simulation grids of the Lyman-α forest 1D power spectrum. In the ΛCDM framework,
these approaches should be equivalent.
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µ0 σ µ95

ΛCDM
DESI DR1 BAO + Planck PR4 (no lensing) -0.068 0.067 0.074
DESI DR1 BAO + Planck PR4 -0.048 0.054 0.063
DESI DR2 BAO + Planck PR4 -0.036 0.043 0.053
DESI DR2 BAO + ACT-lite -0.038 0.048 0.060
DESI DR1 BAO + Planck PR3 plik -0.046 0.055 0.068
DESI DR1 FS+BAO + Planck PR3 plik -0.063 0.053 0.053
Planck PR4 -0.067 0.130 0.192
Planck PR4 + SDSS Lyman-α Taylor -0.042 0.102 0.160
Planck PR4 + SDSS Lyman-α Lyssa -0.093 0.115 0.143
Planck PR4 + SDSS Lyman-α Taylor + DESI DR1 BAO -0.052 0.050 0.055
Planck PR4 + SDSS Lyman-α Lyssa + DESI DR1 BAO -0.048 0.048 0.053
w0waCDM
DESI DR2 BAO + Planck PR4 0.024 0.078 0.177
DESI DR2 BAO + Planck PR4 + DES-Y5 -0.007 0.068 0.126
DESI DR2 BAO + ACT-lite 0.041 0.066 0.171
DESI DR2 BAO + ACT-lite + DES-Y5 -0.009 0.077 0.132
ΩK + ΛCDM
DESI DR2 BAO + Planck PR4 -0.044 0.064 0.085

Table 2. Parabolic fits and derived parameters for data combinations in section 4. Parameters are
reported in eV. Unless specified otherwise, CMB data includes CMB lensing.

5.1 Constraints on
∑

mν with compressed primordial information from the
CMB

Figure 8 presents the profiles for combinations of DESI full-shape and Planck information
on the primordial power spectrum. We expect the switch from a loosened constraint on
ns to the original Planck one, and then the inclusion of As to improve the constraining
power of the data combination.

The fit parameters reported in table 3 indeed show that σ improves by about 20 meV
each time, going from 203 to 184 and then 163 meV. We also observe a strong decrease of the
upper limit, by about 75 meV. The tightening of the parabola alone only contributes to about
half of this shift; the rest is caused by the displacement of the parabola minimum toward
the negative. Although important, especially after the inclusion of As, this shift leaves the
profiles in reasonable tension with

∑
mν ≥ 0, at χ2

0 ∼ 0.5 at most.
Compared to the ΛCDM constraints given by the combination of BAO and CMB data,

both constraining power and upper limits are greatly relaxed here. Several factors are at
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Figure 8. Combination of DESI full-shape (FS), BBN, and Planck information on ns and As. Adding
more constraining information from Planck drives a more stringent upper limit, but also tips the
curves to negative values. The width of the parabolas σ also steadily decreases, which also contributes
to the lowering of the upper limit.

play in this relaxation, and can be broken down in two categories depending on the neutrino
mass effect — geometrical or free-streaming — that they affect.

First and foremost, the data combination does not include the CMB lensing measurement
of small-scale suppression, which we determined in section 4.1.1 to be much more constraining
than DESI full-shape. In the case in where the CMB lensing likelihood was not included, the
constraining power in section 4.1.1 was about three times stronger. This is partly because, as
mentioned above, even without including the lensing in the likelihood, the CMB spectra are
sensitive to the lensing at small angular scales and, thus, to the free-streaming effect. Planck
PR4 without the lensing is able to set a 68% C.L. upper limit at

∑
mν < 0.161 eV [58], which

is of the same order as the 68% C.L. confidence limit of the loosest profile in figure 8. When
reducing the information to ns and As, this sensitivity is severely limited.

The remaining difference lies in disappearance of the geometrical effect. Although the
DESI full-shape likelihood includes the BAO measurement, since we do not include the full
CMB data in this section, there is essentially no geometrical constraint that comes into
play, as highlighted in figure 1 of [53].

Unlike results from section 4, the profiles in figure 8 exhibit constraints on the neu-
trino mass that are based on DESI free-streaming measurements. Although the bounds
are very relaxed compared to those obtained through leveraging of the CMB free-streaming
measurement or the geometrical effect, they are fully compatible with these same results.
Upcoming data releases should tighten the constraint. They will constitute another inde-
pendent tool to constrain the neutrino mass, to be checked against those derived through
other effects and probes.
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Figure 9. Combination of DESI full-shape (FS), BBN, and Lyman-α likelihoods from either the
Taylor (red) or Lyssa (blue) simulation grids. All combinations result in comparable minimum
positions. The Taylor-based profile is more constraining than the Lyssa one. The combination with
Planck ns and As from section 5.1 (black) is included for comparison.

5.2 Constraints on
∑

mν with compressed primordial information from the
Lyman-α forest

Although we successfully constrain the neutrino mass in section 5.1 using only the free-
streaming effect measured by DESI, the constraint still relies on CMB information for the
shape of the primordial power spectrum. In this section, our goal is to obtain bounds
using exclusively large-scale structure probes. In order to do so, we drop the compressed
CMB information and instead introduce the parameters nLya, ALya of the Lyman-α P1D
of eBOSS quasars.

In figure 9, we present profiles for combinations of DESI full-shape with BBN and
several Lyman-α likelihoods. The corresponding fit parameters are reported in table 3. The
cosmological parameter basis used in the Taylor and Lyssa analyses [87, 88] is composed
of Ωm and H0 in addition to nLya and ALya. The Lyman-α likelihoods do not provide
significant constraints on Ωm and H0, especially compared to the other likelihoods included
in the analysis. In addition, both of these parameters are almost uncorrelated to nLya and
ALya.7 For these reasons, we remove them from the analysis, and expect this should not
strongly impact the constraint.

The Taylor profile shown in figure 9 is more constraining than its Lyssa counterpart.
Since both likelihoods are based on the data release 14 of SDSS, this is only attributable to a
difference in modeling; either to the inclusion of a prior on H0 in Taylor, or to the emulation
differences discussed in the Lyssa publication [88].

The constraining powers σ of the combinations with either ns and As from Planck,
163 meV, or nLya and ALya from the Lyman-α forest are comparable: 169 meV and 157 meV

7For Lyssa: around 3% correlation at most, except for Ωm and nLya at about 20%.
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µ0 σ µ95

DESI FS + BBN + ns, 10σ -0.026 0.203 0.372
DESI FS + BBN + ns, 1σ -0.062 0.184 0.300
DESI FS + BBN + ns, 1σ, As -0.107 0.163 0.221
DESI FS + BBN + SDSS Lyman-α Taylor -0.068 0.157 0.243
DESI FS + BBN + SDSS Lyman-α Lyssa -0.048 0.169 0.285

Table 3. Parabolic fit parameters for data combinations in section 5. Parameters are reported in eV.

with the Lyssa and Taylor likelihoods, respectively. Although the profile based on Lyman-α
provides a less stringent upper limit, this is almost entirely attributable to a shift in the
minimum position and not to a difference in statistical strength. Indeed, the Planck-based
profile is shifted to the negative compared to Lyman-α. We expect that this shift is mostly
driven by the difference in the spectral index constrained by each dataset; both Lyman-α
likelihood combinations are minimized by lower values of ns than the one constrained by
Planck, which can be compensated by a higher neutrino mass.

As in section 5.1, the bounds we obtain with DESI free-streaming measurements are very
relaxed compared to geometry with BAO or free-streaming with CMB lensing. Nevertheless,
this particular combination of tracers successfully yields a constraint on the neutrino mass
solely based on large-scale structures probes. The constrained effect is different from a
geometry-based DESI BAO + CMB (no lensing) analysis, and the set of probes is completely
separate from CMB free-streaming constraints. The fact that independent constraints at our
disposal agree with each other constitutes an important coherence check.

6 Individual neutrino masses

6.1 Mass splitting model

All profile likelihoods presented in previous sections are computed under the so-called
degenerate mass assumption, in which there are three massive neutrinos such that

m1 = m2 = m3 = 1
3

∑
mν . (6.1)

Although we know from oscillation experiments that this hypothesis is not true, it is a standard
way of modeling the mass splitting. It has been shown to be a reasonable approximation for
cosmological determination of the neutrino mass [26, 27, 108, 109], and is the one assumed
in recent major data releases and their neutrino analysis, although they also considered
mass splittings [34, 53, 99]. Other notable approaches include the one originally taken in the
Planck data releases, which report results in ΛCDM with a fixed total mass

∑
mν = 0.059 eV

made up of one massive neutrino only, and set the two other particles to be massless. This
approach continues to be taken in current major data releases such as [34, 36, 38].

Compared to the mass splitting dictated by the normal or inverted ordering, the degenerate
approximation breaks down when the total mass approaches the boundaries set by either
scheme. In this region, the lightest neutrino mass ml becomes much smaller than the heaviest
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Figure 10. Non-normalized profile likelihoods for DESI full-shape, BBN and information on nLya,
ALya from the Lyssa likelihood, for different mass splitting modelings in CAMB.

one, however, cosmological data is primarily influenced by the total mass
∑

mν , which does
not depend on the modeling. In this section, we endeavor to study how big of an impact
the modeling choice can have on cosmological analyses.

As briefly discussed in section 1, cosmology is almost insensitive to the individual neutrino
masses. They mostly affect the non-relativistic transition redshift zν , since heavier neutrinos
transition earlier. Keeping in mind that zν = mν/(53 × 10−5 eV) − 1 [25], we are assured
that at least two of the three species have completed their non-relativistic transition between
recombination and recent times, and are participating in the gravitational effects described
in section 1. Heavier neutrinos can start affecting clustering and contributing to ρm(z) earlier,
however, which modifies the small-scale suppression effect. The free-streaming scale λfs also
technically depends on the individual neutrino masses, further affecting the small scales of
the matter power spectrum. In order to gauge whether the degenerate mass assumption is
still valid, we compute a profile likelihood for a given set of information and varied the mass
splitting model in the Boltzmann solver, CAMB. The results are presented in figure 10.

As expected, the biggest variation between modelings happens very close to the respective
boundaries of the orderings. There, the difference in χ2 compared to a degenerate mass
modeling reaches 0.11. Generally speaking, the degenerate mass assumption leads to a slight
overestimation of the maximized likelihood close to the ordering boundaries. As a consequence,
the minima of the profiles shift towards positive values, and the parabolas close up slightly.
The effect on σ is limited, however, with variations of 8% at most, as visible in table 4 where
we report parabola parameters and the associated upper limits. Similar orders of variation
were observed for other likelihood combinations of comparable constraining power, such
as the combination of DESI full-shape and Planck measurements of the primordial power
spectrum. For such data combinations, the degenerate mass modeling exhibits reasonable
differences with the inverted and normal modelings. The effect on the conclusions of the
analysis, especially the upper limit µ

(IO)
95 or µ

(NO)
95 , remain constrained to a few percents.
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µ0 σ µ95 µ0 σ µ
(NO)
95 µ0 σ µ

(IO)
95

Degenerate -0.049 0.170 0.285 -0.042 0.167 0.294 -0.039 0.166 0.302
Normal — — — -0.019 0.160 0.299 -0.022 0.161 0.306
Inverted — — — — — — -0.010 0.157 0.309

Table 4. Parabolic fit parameters for DESI full-shape, BBN and information on nLya, ALya from the
Lyssa likelihood with different mass splitting models in CAMB, as plotted in figure 10. Parameters are
reported in eV.
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Figure 11. Profile likelihoods for the lightest neutrino mass ml based on two likelihood combinations:
either DESI full-shape, BBN and Lyssa, or the most constraining DESI DR2 BAO and Planck PR4.

On the other hand, for more constraining data combinations, such a test is not suitable
anymore, for several reasons. Indeed, profiles such as those featured in section 4 result in 95%
C.L. limits below the inverted ordering limit, and even below the normal ordering limit in
some cases. Consequently, there is no doubt that comparable results cannot be obtained with
the inverted or normal modeling. Additionally, it is not conceivable to produce a profile from
such constraining data combinations, all the while requiring

∑
mν ≥ 59 meV or 100 meV.

Since such masses are very distant from the parabola’s minimum, the analysis would be
limited to a region where the parabolic fit cannot be expected to hold up.

6.2 Lightest neutrino mass

When working with neutrino mass in cosmology,
∑

mν is a natural parameter choice as it is
more directly constrained. However, for a given modeling of the mass splitting, which informs
us on mass differences, the constraint on

∑
mν may be equivalently translated to one on the

mass of the lightest neutrino. For the normal ordering, the lightest neutrino has mass m1,
while in the inverted ordering, its mass is m3. We refer to the lightest mass indifferently as
ml. Translated results for two likelihood combinations are presented on figure 11.

In the case of the more relaxed combination which involves DESI full-shape, BBN and
Lyssa Lyman-α, in both normal and inverted ordering, the minimum of the parabola is at a
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µ0 σ µ95

DESI full-shape + BBN + Lyssa nLya, ALya

Normal ordering -0.009 0.054 0.097
Inverted ordering -0.007 0.053 0.098
DESI DR2 BAO + Planck PR4
Normal ordering -0.005 0.012 0.020
Inverted ordering -0.010 0.014 0.019

Table 5. Parabolic fit parameters for the lightest neutrino mass profiles of figure 11. Parameters are
reported in eV.

negative value, and the constraints are very close. This behavior is consistent with the previous∑
mν profiles, which preferred a total mass as small as possible. The similarity of the profiles

is owed to the similarity of the normal and inverted ordering profiles in figure 10. The ranges
ml ∈ [0, µ95] correspond to

∑
mν ∈ [0.059 eV, 0.305 eV] and

∑
mν ∈ [0.100 eV, 0.320 eV],

so there is important overlap in a region where the χ2 values are very similar. The 95%
upper limits derived from the profiles, for DESI full-shape, BBN and the Lyman-α Lyssa
likelihood on nLya and ALya are

ml < 0.097 eV (95%, Normal ordering)
ml < 0.098 eV (95%, Inverted ordering).

(6.2)

When applying the same process to the most constraining combination of DESI DR2
BAO and Planck PR4, although the upper limits are once again very similar, the profiles
themselves differ. Indeed, due to the tightness of the constraint, ml evolves in a domain where
the corresponding

∑
mν ranges in normal and inverted ordering do not overlap: approximately

[0.059 eV, 0.095 eV] and [0.100 eV, 0.130 eV]. The minima are once again at negative values,
consistently with the preference for masses below the ordering minima. The 95% upper
limits from DESI DR2 BAO and Planck PR4 are

ml < 0.020 eV (95%, Normal ordering)
ml < 0.019 eV (95%, Inverted ordering).

(6.3)

These results are in agreement with the similar analysis carried out in the Bayesian formalism
in [53], which found 95% credible limits at 23 and 24 meV respectively for the same data
combination.

7 Conclusion

With recent cosmological data releases, the upper bound on the sum of neutrino masses
∑

mν

is steadily decreasing. Combination of major probes such as BAO, CMB, and CMB lensing now
produce credible intervals that exclude the minimal mass imposed by the inverted ordering,
and continue to creep closer to the normal hierarchy bound of 59 meV. The interpretation
of these upper bounds is complicated by the proximity to the physical bound at

∑
mν = 0.
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Furthermore, the development of EFT-based likelihoods such as DESI full-shape and the
rising interest in alternatives to ΛCDM has caused the investigated parameter spaces to
expand greatly, leading to legitimate concern that volume effects may affect Bayesian analyses.

In this work, we have approached the problem from a frequentist point of view, and
chosen to construct profile likelihoods for the neutrino mass. Such an approach is devoid
of any prior and volume effects, and independent of the choice of cosmological basis. The
closeness of the zero mass bound can be accounted for in the confidence limit by applying
the Feldman-Cousins prescription [57]. Additionally, profiles of Gaussian likelihood take the
shape of a parabola, whose parameters can be fit and used to determine the constraining
power σ of the profiled data separately from the confidence limit. This constitutes a powerful
tool in the comparison of different datasets.

We find that in a base ΛCDM+
∑

mν cosmological model, using a variety of dataset
combinations, all profiles are cut off by the zero mass bound, and the corresponding parabolas
reach their minima at unphysical mass (

∑
mν < 0).

We first investigate classic data combinations of BAO and CMB data, wherein the bulk of
the constraint comes from the geometrical effect of the neutrino mass, with a free-streaming
contribution from CMB lensing. The most stringent data combination, made up of DESI
DR2 BAO, CMB from Planck PR4, and CMB lensing from ACT DR6 and Planck PR4,
yields a 95% C.L. limit of 53 meV, which falls below both normal and inverted ordering
minima. Changes in the CMB likelihood, such as considering Planck PR3 or ACT DR6,
leave the profiles mostly unaffected aside from a slight loosening. By contrast, the addition of
free-streaming measurements by the DESI DR1 full-shape analysis highlights the distinction
between the confidence limit and the constraining power σ. Indeed, the confidence limit is
artificially pulled down by the shift of the whole parabola, even though the constraining
power shows limited gain. Free-streaming information can also be found in the Lyman-α
P1D. Actually, despite currently stemming from SDSS data, the Lyman-α likelihood already
shows interesting added value on σ, comparable to or even exceeding that of DESI full-shape.

The determination of the neutrino mass through cosmological means is inherently model
dependent. We consider two extensions to the ΛCDM model: non-zero spatial curvature
and dynamical dark energy. These extensions have long been studied and have recently seen
renewed interest, especially in the context of the neutrino mass [53, 107]. Overall, constraints
in such extensions are very relaxed by new degeneracies, and all confidence limits now allow at
least the normal ordering. Only w0waCDM shows a migration of the profiles in the direction
of physical mass (

∑
mν ≥ 0), even exhibiting a trough firmly at positive values in some cases.

Additionally, we considered novel data combinations to derive neutrino mass constraints
that rely on free-streaming measurement by large scale structure probes exclusively. This is
made possible by combining the DESI full-shape and BAO information to BBN data and
Lyman-α P1D measurements. We find that we are able to constrain the neutrino mass
independently of the CMB to

∑
mν ≤ 0.243 eV and

∑
mν ≤ 0.285 eV, depending on the

Lyman-α implementation we use. Such data combinations still present an extrapolated
minimum at negative values. They can be put into perspective by considering CMB-only
(without lensing) constraints, that stand at 0.36 and 0.39 eV for Planck PR4 data [56, 58].
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Finally, we applied the same formalism to compute profile likelihoods of ml, the lightest
neutrino mass. This computation becomes ordering dependent, although both orderings yield
similar results. In particular, for DESI DR2 BAO and Planck PR4 in ΛCDM, we find limits
at 20 and 19 meV in the normal and inverted ordering.

Overall, the minima of the profiles most often lie below zero. While w0waCDM constitutes
an interesting exception to this trend, we note that the tensions with physical mass (

∑
mν ≥ 0)

remain very limited in the ΛCDM cosmological model, rarely exceeding χ2
0 = 1. This highlights

the need for continued research in this area. Future neutrino mass analyses will especially
benefit from upcoming DESI data, including DR1 Lyman-α, DR2 full-shape and DR3 BAO.

Data availability. The DESI data used in this analysis will be made public along the Data
Release 2 (details in https://data.desi.lbl.gov/doc/releases/). The data needed
to reproduce all figures in this paper are available on Zenodo: https://doi.org/10.5
281/zenodo.15878410.
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