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Assuming a minimal A cold dark matter (ACDM) cosmology with three massive neutrinos, the joint
analysis of Planck cosmic microwave background data, DESI baryon acoustic oscillations, and distance
moduli measurements of type la supernovae from the Pantheon 4 sample sets an upper bound on the total
neutrino mass, > m, < 0.06-0.07 eV, that lies barely above the lower limit from oscillation experiments.
These constraints are mainly driven by mild differences in the inferred values of the matter density
parameter across different probes that can be alleviated by introducing additional background-level degrees
of freedom (e.g., by dynamical dark energy models). However, in this work, we explore an alternative
possibility. Since both ©,, and massive neutrinos critically influence the growth of cosmic structures, we
test whether the neutrino mass tension may originate from the way matter clusters, rather than from a
breakdown of the ACDM expansion history. To this end, we introduce the growth index y, which
characterizes the rate at which matter perturbations grow. Deviations from the standard ACDM value
(y =~ 0.55) can capture a broad class of models, including nonminimal dark sector physics and modified
gravity. We show that allowing y to vary significantly relaxes the neutrino mass bounds to
> m, £0.13-0.2 eV, removing any tension with terrestrial constraints without altering the inferred
value of Q. However, this comes at the cost of departing from standard growth predictions: to have
>~ m, 2 0.06 eV, one needs y > 0.55, and we find a consistent preference for y > 0.55 at the level of ~26.
This preference increases to ~2.5-3¢ when a physically motivated prior Y m, > 0.06 eV from oscillation

experiments is imposed.

DOI: 10.1103/njfc-pd1w

I. INTRODUCTION

What began as Pauli’s desperate remedy to preserve
energy conservation in beta decay—the postulation of
light, electrically neutral, and almost undetectable par-
ticles, soon to be called neutrinos—has since grown into
one of the most remarkable success stories in modern
physics. Despite Pauli’s own skepticism about the
testability of his hypothesis, not only have three distinct
families of neutrinos been experimentally confirmed, but
neutrino oscillation experiments have also precisely
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measured two independent mass-squared differences:
|Am3,|=|m3 —m3|~25%x 103 eV? and Am3, =m} -
m?~7.5x% 1075 eV? [1-3].

On the one hand, these measurements imply that at
least two neutrino species have nonzero mass, providing
concrete evidence for physics beyond the Standard
Model, where neutrinos are originally treated as massless
particles. Explaining neutrino masses—either through the
effective dimension-five Weinberg operator [4], which
induces small Majorana masses by violating Ilepton
number, or via more elaborate seesaw mechanisms that
introduce heavy right-handed neutrinos [5-8]—remains
an open challenge that attracts significant research
interest.

On the other hand, since the sign of Am%1 remains
unknown, two possible mass orderings are still allowed:
the normal ordering (NO) Am3, > 0 and the inverted
ordering (10) Am3, <0. In both orderings, assuming
the lightest neutrino mass is zero, neutrino oscillation
experiments provide a lower limit on the total neutrino
mass, »_ m,=my+ my+ms. This reads > m, >
0.06 eV for the NO and > m, > 0.1 eV for the 10 [2].
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Given their intrinsic importance,’ determining the neu-
trino mass ordering and precisely measuring the total
neutrino mass »_ m, remain key objectives of neutrino
physics. To this end, a number of ongoing and future
neutrino oscillation experiments have been designed to
resolve the mass ordering while simultaneously improving
constraints on »_ m, [l11-15]; see also Ref. [16].
Complementing these efforts, direct searches such as the
KATRIN experiment provide competitive upper bounds on
the total neutrino mass, currently > m, < 1.35 eV [17].

On the cosmological side, in the simplest scenario—
that is, within the standard A cold dark matter (ACDM)
model and three degenerate neutrino states—the DESI
Collaboration has recently reported that when DESI-
2025 baryon acoustic oscillation (BAO) measurements
are combined with Planck-PR4 cosmic microwave back-
ground (CMB) likelihoods, the cosmological upper limit on
the total neutrino mass reads »_ m, < 0.064 eV [18] at
95% confidence level (CL). This is worryingly close to the
lower limits set by oscillation experiments within the NO
and in strong tension with the 10. Furthermore, when
extending the analysis to other sources of cosmological and
astrophysical data, the cosmological bound on the total
neutrino mass can be pushed even below the minimum
scale predicted by terrestrial oscillation experiments, i.e.,
around »  m, < 0.05 eV [19], leading to an overall tension
between oscillation results and cosmological observations
[20].2 Although part of this tension may reflect differences
or inconsistencies across datasets, an even more striking
feature emerges when the well-motivated physical prior
> m, > 0 (used in the DESI analyses) is relaxed, and the
unphysical region Y m, <0 is allowed. In this case,
negative neutrino masses are found to be favored by the
data, as reported by several independent groups [25-29].

It now appears well established that, within the minimal
ACDM framework, the extremely small values inferred for
the total neutrino mass largely originate from a mismatch in
the preferred value of €,, [18,25,30-33]. In particular,

'For example, neutrinoless double beta decay searches, which
investigate the possible Majorana nature of neutrinos (namely,
whether neutrinos are their own antiparticles), depend crucially
on both the absolute neutrino mass scale and their hierarchical
ordering [9,10].

Note that pre-2024 cosmological constraints on )  m, ranged
from the conservative 95% CL limit Y m, < 0.2 eV quoted by
the Planck Collaboration in Ref. [21] all the way up to the tightest
bounds > m, < 0.09 eV [22-24] resulting from joint analyses of
Planck PR3 CMB data and late-time expansion history probes in
the form of distance measurements from BAO and type la
supernovae (SNIa). While the most constraining results placed
the IO under some tension, the exact preference for the NO over
the IO (and more broadly, the tightest limits themselves) varied
significantly depending on the number of underlying assumptions
and datasets involved in the different analyses. Therefore, before
DESI BAO data, discussions surrounding preferences for specific
orderings and tensions in neutrino cosmology were somewhat
academic in nature.

BAO distance measurements from DESI favor a lower
matter density, which lies in moderate (2 —30) tension with
values inferred from CMB observations. This tension often
manifests as a preference for unnaturally small values
of om,.?

Interestingly, when considering extended cosmological
scenarios—most notably those allowing for dynamical
dark energy—the discrepancy is somewhat alleviated.
As originally shown by the DESI Collaboration [46—48]
and subsequently corroborated by multiple reanalyses
[39,43,45,49-94], adopting a Chevallier Polarski Linder
(CPL) parametrization [95,96], in which the dark energy
equation of state varies linearly with the expansion history
of the Universe, leads to a significantly improved consis-
tency between DESI BAO and Planck CMB data. In this
extended scenario, a preference for dynamical dark energy
emerges at the 2.8 —4.2¢ level, depending on the specific
dataset combination. At the same time, the neutrino mass
bounds are relaxed up to Y m, < 0.16 eV, restoring
agreement with oscillation experiments [3,47].

Given the mounting evidence for dynamical dark energy
and its resilience across diverse independent probes, the
predominant—though far from unanimous’—narrative sur-
rounding the neutrino mass problem is that the unphysi-
cally small cosmological upper limits on > m, may
themselves reflect the inability of the minimal ACDM
model to accurately describe the late-time expansion of the
Universe. In other terms, within the minimal ACDM
model, the late-time behavior of H(z) is tightly governed
by only two parameters: the present-day Hubble constant
H, and the matter density parameter ,,. Stringent con-
straints from DESI BAO data on the transverse comoving

*It is worth noting that, assuming a ACDM cosmology, this
tension must necessarily originate from systematic effects respon-
sible for the discrepancies among datasets. In addition to the
possibility of undetected systematics in DESI BAO measure-
ments [27,34-40], another relevant factor is the prominent role
played by CMB data [41]. Even before the release of the DESI
results, some of us had already shown that temperature and
polarization measurements particularly at large scales can be
affected by anomalies that influence constraints on parameters
tightly correlated with > m,, such as 7 and Ay, [42]. Following
the DESI results, several independent analyses confirmed that
relaxing the constraints from large-scale £E-mode polarization and
allowing A, to vary can significantly weaken the bounds quoted
earlier [3,32,33,43-45].

With no intention to underplay the robustness and intrinsic
interest of the hints for dynamical dark energy that emerged after
DESI, we note that this interpretation is not without caveats. Both
the DESI result and the preference for dynamical dark energy
have been the subject of debate and several reinterpretations
[27,30,34-36,38,40,41,49,68,97,98]. Furthermore, while dyna-
mical dark energy appears to be well supported by observations, it
is unable to resolve or alleviate other major tensions in cosmol-
ogy, such as the Hubble tension [99-113], leaving room for the
exploration of more elaborate scenarios potentially capable of
systematically accounting for all these problems simultaneously;
see, e.g., Refs. [56,78,114-117].
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distance Dj(z), the Hubble parameter H(z), and their
combination Dy(z) (all expressed relative to the sound
horizon at the drag epoch r;) translate directly into
stringent bounds on Q,,, driving the mismatch between
cosmological upper limits and terrestrial lower limits on the
total neutrino mass. Conversely, an evolving dark energy
equation of state introduces additional freedom into H(z),
allowing more flexibility in fitting BAO measurements at
different redshift while accommodating values of €, that
are in line with CMB-derived estimates. As a result, the
differences in the inferred value of the matter density,
combined with the enlarged parameter space, weaken
the degeneracy between Q,, and > | m,, relaxing the upper
bounds on the neutrino mass.’ In this sense, one could
argue that dynamical dark energy can be regarded as a
solution that operates almost entirely at the level of back-
ground dynamics, leaving minimal effects at the level of
perturbations in the CMB spectra.

Although this interpretation has gained significant trac-
tion, in this work, we wish to propose and explore a
complementary perspective on the neutrino mass discrep-
ancy by shifting the focus from the expansion history to
the growth of cosmic structures. The key observation
motivating this shift is that both Q,, and }_ m, not only
affect the background expansion but also critically influ-
ence the growth of cosmic structures, driving gravitational
clustering of overdensities and suppressing structure for-
mation at small scales, respectively. Consequently, a mis-
match between cosmological and terrestrial bounds on the
total neutrino mass may point to new physics impacting not
only the background expansion but also the dynamics of
the growth rate of matter perturbations over time, and
structure formation more broadly—either alongside or
instead of modifications to the expansion history.

To test this possibility, we consider a nonstandard growth
of structure by introducing a free growth index parameter, y
[151,152]. This index effectively captures the physics of
structure growth across a wide range of alternative scenar-
ios, from dark energy models to beyond-FEinstein gravity.
Crucially, y does not alter the background expansion.
Instead, it directly impacts observables sensitive to matter
perturbations, such as the CMB spectra and the matter
power spectrum. This makes it possible to disentangle
different models based on their perturbation-level effects,
even when their expansion histories are identical. In this
sense, it offers a clean framework to test whether new
physics affecting the growth of structure can provide an
alternative and complementary route to reconcile

>We note that yet another key assumption underlying cosmo-
logical limits on the total neutrino mass is the standard neutrino
physics. Many alternative models of new physics in the neutrino
sector have been proposed and remain viable and actively
explored alternatives, often leading to weaker cosmological
bounds on > m,. Without any claim of completeness, see,
e.g., Refs. [25,118-150].

cosmological and terrestrial bounds on the neutrino mass.
To this end, we perform a comprehensive analysis combin-
ing the latest DESI BAO data, Planck CMB likelihoods,
and type la supernova distance moduli measurements,
explicitly allowing for departures from ACDM at the
perturbation level while keeping the background fixed
to the baseline model.

The structure of the manuscript is as follows. We start in
Sec. II by describing the linear growth factor and the
growth index parameter, illustrating the degeneracy
between the former and the neutrino mass. Section III
presents the different datasets employed in the analyses and
the methodology followed to derive the results presented in
Sec. IV. We draw our conclusions in Sec. V.

II. GROWTH INDEX AND NEUTRINOS

As emphasized in the Introduction, our goal is to assess
whether the unphysically tight bounds on the total neutrino
mass, arising from the mild tension between the values of Q,,,
preferred by geometric probes like BAO and those inferred
from perturbation-sensitive observables such as the CMB in
ACDM, may be driven, at least in part, by the assumption of
standard structure growth, without necessarily indicating a
failure of the standard background expansion, as in dynami-
cal dark energy models. In this regard, many well-motivated
extensions of the standard cosmological model predict a
background evolution virtually identical to that of ACDM.
Consequently, these models exhibit degeneracy in Q,,(a)
and cannot be distinguished based on background-level
predictions alone. This happens, for instance, in those
ACDM extensions where the effective equation of state of
the accelerating component in the Hubble equation (whether
this is dark energy or a modification of gravity) is free to vary
slightly around —1 [153]. Similarly, in the DGP model [154],
one can reproduce the same expansion history predicted by
fixing wy = —0.78 and w, = 0.32 in the CPL parametriza-
tion [151], making it hard to distinguish different models by
means of background quantities only. However, such models
can still produce distinct signatures in structure formation. If
the actual growth of structures deviates from the ACDM
expectation, these deviations could partially mimic or offset
the effects usually attributed to massive neutrinos. Hence, the
evolution of matter perturbations offers a powerful probe of
alternative scenarios, ranging from modified gravity theories
to nonminimal dark sector physics.

The growth of density perturbations can be studied using
the perturbed equations of motion derived from the under-
lying gravitational theory. In the subhorizon, linear regime,
the physical interpretation is straightforward: the growth is
driven by a source term proportional to the amount of
matter that can cluster, and suppressed by a friction term—
often referred to as Hubble drag—associated with the
expansion of the Universe [155,156].

A key observable in this regime is the growth rate of
structure, defined as
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dns, &,

f=dma 5, (1)

where &, is the matter density contrast and ’ denotes the
derivative with respect to the scale factor. The growth rate
captures how efficiently matter overdensities grow over
time, from their primordial seeds to the observed large-
scale structure.

A commonly used approach to capture deviations from
standard structure formation history is to introduce the so-
called growth index y [151,157], defined as the exponent
that yields a power-law solution to the growth rate equation
in terms of the matter density parameter,

f@=anay=[2 @

Qde(a) + Qma_3
Note that, in this expression, Q,,(a) denotes the matter
density fraction at scale factor a.

Although y can, in general, acquire a time and/or scale
dependence according to the underlying theory of gravity
or dark energy, in many relevant cases, it can be accurately
approximated as a constant. For a dark energy fluid with
constant equation of state w, one finds y ~3(w —1)/(6w —
5) [152], which gives the canonical value y = 6/11 ~0.55
in the ACDM case (w = —1) [151]. In many alternative
scenarios, however, y can differ substantially. Just to
mention a few concrete examples: in DGP braneworld
gravity, one finds y = 0.68, with less than 2% variation
when treated as constant [151,152], while in f(R) gravity
models with mild scale dependence, y =~ 0.4 [158], though a
significant time dependence may still arise, with present-
day slopes as large as y’ ~ —0.2 [159].

Overall, the growth index plays a central role in linking
theory to observations concerning the clustering of matter
perturbations. Specifically, in linear perturbation theory, the
evolution of matter inhomogeneities is governed by the linear
growth function, defined as D(a) = §,(a)/dm(ag), and
satisfying f(a) =d In D(a)/d In a. Assuming the para-
metrization in Eq. (2) with constant y, we obtain [160,161]

D(y.a) = exp [— / ‘ Mda}, 3)

a

where the growth function is normalized such that D(y,a =
1) =1 for all values of y. This introduces an important
subtlety that will be crucial for interpreting the following
results in the context of massive neutrino cosmologies.
Namely, models predicting a larger growth index, i.e.,
y > 0.55, imply a slower growth rate at any given epoch.
Indeed, since Q,,(a) < 1 by construction, Eq. (2) implies
fly >0.55,a) < f(y = 0.55,a), corresponding to a lower
formation rate. However, due to the normalization
D(a = 1) = 1, a slower growth rate today implies that the
linear growth function must have been /arger in the past to
reach the same amplitude at present. In other words, we find
that D(y > 0.55,a) > D(y = 0.55, a) fora < 1. Asaresult,

models with larger y predict an enhanced growth function in
the past, despite a systematically reduced growth rate
throughout cosmic history.

Keeping this result in mind, when it comes to massive
neutrinos, many important observations are in order to
clarify their impact on structure formation and their
connection with the growth index y.

First and foremost, once neutrinos become non-relativistic
particles, they contribute to the total nonrelativistic matter
density—a contribution that depends ultimately on the value
of the total neutrino mass. It is therefore unsurprising that
different values of ) m, would inherently affect the theo-
retical value of the growth index y, even within the standard
ACDM framework. An analytical expression for the growth
rate f in the presence of massive neutrinos was derived in
Ref. [162]. However, we have numerically confirmed that,
even for total neutrino masses well above the current
observational limits, the theoretical variations in y remain
negligible compared to the uncertainties in its inferred value.
Consequently, having established that the theoretical impact
of treating neutrinos as massive particles on y is effectively
negligible for the purpose of this study, we will use y = 0.55
as our reference value in the following analysis to test
deviations from the ACDM model.

A second, more subtle but important point—partially
noted in the Introduction—is that both massive neutrinos
and deviations from the canonical growth index value
impact cosmological observables related to perturbations
(such as the CMB angular power spectra and the matter
power spectrum) in distinct yet qualitatively similar ways.

Massive neutrinos affect the angular power spectra of
CMB temperature and polarization anisotropies through
several mechanisms: by contributing to the late-time non-
relativistic energy density, they alter the angular scale
relation at the last scattering surface and modify the late
integrated Sachs-Wolfe (ISW) effect. Moreover, the exact
value of Y m, influences the neutrino transition to the
nonrelativistic regime by changing their pressure-to-density
ratio, inducing metric fluctuations visible in the early ISW
effect. Most significantly, massive neutrinos suppress the
growth of structure, reducing the amplitude of the matter
power spectrum. This suppression also affects the weak
lensing of the CMB, damping power on small angular
scales. The overall impact on the CMB power spectra
includes a reduction in the amplitude of the first acoustic
peak (mainly due to the ISW effect) and also a shifting of
higher acoustic peaks toward lower multipoles. These effects
are illustrated in the left panel of Fig. 1, which compares two
reference total neutrino mass values: > m, = 0.06 eV (the
minimum mass consistent with oscillation experiments and
commonly assumed in ACDM) and an unphysically large

®For constraints on the neutrino mass based on CMB lensing or
damping tail effects, see Refs. [163,164].
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CMB temperature, polarization and cross-correlation power spectra for different values of the total neutrino mass (left panels),

and for different values of the growth index y (right panels), see text for details.

mass of »_ m, = 2 eV, chosen to clearly highlight the effects
described above.

Similarly, noncanonical values of the growth index y
directly modify the rate at which matter perturbations grow
over time, affecting the amplitude and evolution of matter
density fluctuations, which in turn influence secondary
anisotropies in the CMB through gravitational lensing.
Roughly speaking, since the lensing potential is highly
sensitive to the distribution and amplitude of matter
fluctuations along the line of sight, a growth index different
from the canonical y ~0.55 will alter the clustering
strength of matter, changing the gravitational potential
wells that CMB photons traverse on their journey toward

us. This modification of the gravitational potentials affects
the lensing of the CMB by smoothing the acoustic peaks in
the temperature and polarization power spectra. This
smoothing occurs because lensing deflects the paths of
CMB photons, mixing power between different multipoles
and reducing the sharpness of the acoustic peaks. As shown
in the right panel of Fig. 1, increasingly large values of
y > 0.55 produce more pronounced smoothing at small
angular scales (high multipoles)—exactly where the tem-
perature anisotropy spectrum becomes approximately lin-
early dependent on the lensing power spectrum [165]. This
effect can be easily compensated by increasing the neutrino
mass, since neutrinos, which are hot dark matter particles,
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FIG. 2. Matter power spectrum at redshift z =1.5 for a
standard growth scenario (y = 0.55, dashed lines) and a modi-
fied one with y = 0.7 (solid lines). The different colors depict
different values of the total neutrino mass, namely > m, = 0.06,
0.1, and 0.3 eV. In the bottom panel, we show the ratios of the
power spectra for the different parameter cases relative to the
ACDM model.

reduce CMB lensing as they suppress clustering at small
scales [166,167], leading to a less pronounced smoothing at
low multipoles. Consequently, a large, positive degeneracy
is expected among these two parameters, as we will
precisely see in the results of our numerical analyses when
both y and ) m, are free parameters of the model.
Another way to understand the similar effects of y and
> m, is by examining their impact on the matter power
spectrum. This key complementary observable (which is
ultimately linked to the CMB power spectra, especially at
high multipoles) provides a direct way to quantify how
deviations in y and the total neutrino mass impact the
amplitude and shape of matter fluctuations. Figure 2
depicts the matter power spectrum at z = 1.5 for the
standard structure formation scenario with y = 0.55 and
a modified one with y = 0.7. Three different possible
values for Y m, have been considered, namely the smallest
total neutrino mass consistent with particle physics experi-
ments (> m, =0.06 eV) and two other possible cases,
> m,=0.1¢eVand > m, =0.3 eV. As expected, larger
neutrino masses suppress the matter power spectrum.

Neutrinos are hot dark matter relics with very large velocity
dispersions, suppressing the growth of structure at scales
smaller than their free-streaming scale when they turn
nonrelativistic. The amount of suppression depends on the
precise value of the total neutrino mass.

On the other hand, in cosmologies with a nonstandard
growth rate, the linear matter power spectrum can be
expressed as [160,161]

Py(y.k.a) = PacPM(k.a = 1)D*(y. a), (4)

where PAPM(k, a = 1) is the fiducial linear matter power
spectrum evaluated today, while D(y,a) is the growth
function defined in Eq. (3). As previously pointed out, a
larger value of the growth index y suppresses the growth
rate f, while enhancing the growth function D(y,a) at
earlier times. According to Eq. (4), this translates into an
enhanced matter power spectrum in the past (as seen in
Fig. 2 at z=1.5). As a result, a positive degeneracy
between Y m, and y is expected: the suppression of
structure formation due to larger neutrino masses can
be partially compensated by a larger value of y, which
boosts the amplitude of D(y,a) and hence of the matter
power spectrum. This is the case illustrated in Fig. 2, where
the matter power spectrum obtained for > m, = 0.1 eV
and y = 0.55, is nearly indistinguishable from the case of
S m, =03 eVandy = 0.7, atleast for k/h > 0.1 Mpc~L.
It is therefore expected that modified growth scenarios with
y > 0.55 can easily accommodate larger neutrino masses,
and this very interesting possibility should be carefully
analyzed with the most recent cosmological observations,
as we shall present in the following sections.

III. METHODOLOGY AND DATASETS

The considerations outlined in Sec. II motivate us
to analyze extensions of the ACDM parameter space—
hereafter referred to as A—by including y and ) m, as
additional free parameters.’ In particular, we consider the
following extended parameter space combinations:

@ Au{d> m,},

(i) AU {r}, and

(ifi) 20 {3 m,.v}.

The cosmology calculations have been performed with a
patched version of the Boltzmann solver cAMB [168,169],
specifically adapted for the y parametrization of modified
gravity: CAMB_GammaPrime_Growth [160]. We stress that,
while y can, in general, be time-dependent, in this paper,
we take it to be constant at all redshifts.

"Note that A includes the six standard model parameters,
namely: the matter densities of baryons (Q,4?) and dark matter
(Q.h?), the optical depth to reionization (z), the amplitude (A,)
and spectral index (n) of the primordial scalar fluctuations, and
the angular size of the sound horizon at last scattering (Gyic)-
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TABLE 1. Flat priors adopted for the parameters presented in
Sec. III. The label “NO” denotes an additional prior restriction on
> m,, accounting for the normal neutrino ordering constraints
from particle physics experiments [2].

Parameter Prior
Qh? [0.005, 0.1]
Q.h? [0.001, 0.99]
T [0.01, 0.8]
ng [0.8, 1.2]
log(loloAs) [1.61, 3.91]
1000y [0.5, 10]
S m, [eV] [0, 5]

> m, [eV] (NO) [0.06, 5]
Y [0, 1]

To efficiently explore the extended parameter spaces, we
perform Markov chain Monte Carlo (MCMC) analyses using
the Cobaya sampler [170], varying the cosmological param-
eters within the flat priors listed in Table I. Note
that, as explained in more detail in the next section, for
the total neutrino mass we consider two relevant cases: one in
which we impose a lower prior limit )  m, > 0.06 eV, based
on oscillation experiment results assuming the NO, and
another in which this lower limit is relaxed to Y m, > 0 eV.
We ensure that all produced chains satisfy the Gelman Rubin
convergence criterion, requiring a convergence threshold of
R < 0.01. These chains are then analyzed using the GetDist
package [171] to derive constraints on the parameter space
and generate the plots presented in Sec. IV.

The dataset employed in our analysis includes two differ-
ent combinations of likelihood releases for the CMB spectra
measured by the Planck satellite. In particular,

(i) Plik: This includes the Planck-PR3 likelihood PLIK
[172] for the temperature (TT), polarization (EE),
and temperature polarization cross-correlation (TE)
spectra at £ > 30, the siMALL likelihood [21] for
E-mode polarization measurements at £ < 30, and
the Commander likelihood [173] for temperature
anisotropies at £ < 30. The pLIK lensing likelihood
[174] is also included in this combination.

(i) Camspec: This includes the Camspec [175] likelihood
for the TT, TE, and EE spectra at £ > 30, based on
the Planck-PR4 NpiPE CMB maps [176], always in
combination with the SIMALL likelihood [21] for E-
mode polarization and the Commander likelihood
[173] for temperature anisotropies at £ < 30. In this
combination, for CMB lensing, we use the Planck-
PR4 ~piPE lensing likelihood [176,177].

Note that we consider these two independent combina-
tions of likelihoods for very important reasons: over the
years, several mild anomalies have been identified in the
Planck-PR3 data, many of which can alter the constraints on
the parameters of interest in this study. The most significant
example is the excess smoothing of acoustic peaks observed

in the Planck-PR3 spectra, which appears to be reduced in the
PR4 likelihoods based on the NPIPE maps.8 Several groups
have highlighted that these differences in excess smoothing
between the PR3 and PR4 high-multipole likelihoods can
significantly impact constraints on the total neutrino mass
[3,20,27,182-186]. Similarly, as first shown by some of us in
Ref. [187] and subsequently confirmed by the DESI
Collaboration itself [188,189], the overall differences in
smoothing between the Planck-PR3 and Planck-PR4 spec-
tra also have important consequences for constraints on the
growth index y. Depending on which high-multipole CMB
likelihood is used, CMB constraints on y can vary signifi-
cantly, resulting in either better or worse agreement with
the baseline ACDM prediction [187]. Given the significant
impact of choosing either the Planck-PR3 or Planck-PR4
likelihoods on the constraints of both parameters of interest,
itis not only important, butin fact essential, to consider both
combinations in order to draw reliable conclusions.

In addition to the CMB data outlined above, we consider
geometrical probes of the late Universe in the form of
precise constraints on the transverse comoving distance, the
Hubble rate, and their combination (all relative to the sound
horizon at the drag epoch), derived from BAO data and
distance modulus measurements from SNIa. In particular,
we consider

(1) DESI: This includes the isotropic and anisotropic
BAO measurements from the second data release by
the DESI Collaboration, based on observations of
over 14 million extragalactic objects such as gal-
axies and quasars [190], as well as Lyman-a tracers
[191]. These measurements are summarized in
Table IV of Ref. [47].

(i) PP: These are the distance moduli obtained from
observations of 1550 SNIa up to z = 2.26 in the
Pantheon 4 sample, without the inclusion of Ceph-
eid host distances [192].

In closing, we would like to spend a few words on
the choice of the SNIa sample adopted in this analysis.
At present, three independent compilations are available—
Pantheon+ [192], DESy5 [193-195], and Union3 [196]—
each constructed from different observational datasets and
calibration strategies. Including all of them would con-
siderably inflate the number of combinations under

¥This effect can be accurately quantified through the phenom-
enological parameter Ay, [178], which captures the amplitude of
the lensing power spectrum inferred from the smoothing of acoustic
peaks in the temperature and polarization spectra. Analyses based
on the Plik PR3 spectra suggest that Ay, deviates from the
expected baseline value (A, = 1) at the level of about 2.8¢
[21,179-181]. In contrast, when using the temperature and
polarization PR4 spectra from Camspec, the preference for
Ajens > 1 is reduced to below 1.70 [175], even if this comes at
the cost of a moderate internal disagreement between the value of
the angular size of the sound horizon, 6, inferred from temperature
and polarization data, as well as an overall worse global fit to the
different spectra.
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TABLE IL

Mean values and 68% CL errors on the most relevant cosmological parameters, including the growth index y, together with

the 95% CL upper limits on the total neutrino mass m, arising from different combinations of cosmological datasets.

Parameter Plik + DESI + PP Plik + DESI + PP (NO) Camspec + DESI + PP Camspec + DESI + PP (NO)
Q,h? 0.02260 £+ 0.00014 0.02264 £+ 0.00014 0.02236 4+ 0.00013 0.02240 + 0.00013
Q. 0.117170%98 0.116510%9%, 0.11740:002! 0.11682:300!
1006,,¢ 1.04123 £+ 0.00029 1.04129 + 0.00029 1.04101 + 0.00024 1.04106 + 0.00023
. 0050070055 00502005 0049070056 0049470055
In(10'°A,) 3.02750018 3.0261001% 3.02470018 3.02370018

ng 0.9726 + 0.0038 0.9739 + 0.0037 0.9696 + 0.0037 0.9711 £ 0.0036
Y 0.707 +0.075 0.742 4+ 0.069 0.660 £ 0.063 0.696 + 0.060
> my, [eV] < 0.188 < 0.208 <0.134 <0.164

Q, 0.2993 + 0.0040 0.3000 + 0.0040 0.3004 + 0.0039 0.3016 + 0.0038
H, [km/s/Mpc] 68.52 +0.35 68.42 £+ 0.34 68.36 4 0.32 68.21 £ 0.31

Ss 0.79125013 0.78025013 0.798:5015 0.78725011

consideration, making the analysis unnecessarily cumber-
some and less easy to interpret. For this reason, we restrict our
analysis to Pantheon+, which is typically regarded as the more
conservative catalogue, yielding constraints more consistent
with Planck ACDM results. In contrast, DESyS5 tends to favor
deviations, especially in dynamical dark energy models.
However, the nature of this shift remains debated. For
instance, Ref. [97] links the tension with Planck ACDM
cosmology to a ~0.04 mag calibration offset in low-redshift
DESy5 SNIa. In response to these findings, the DES
Collaboration, in Ref. [197], argued that such an offset arises
from improved modeling of intrinsic scatter and host galaxy
properties, as well as differences in the selection functions
used across different samples. While we do not take a stance
on this issue, these considerations motivate our use of
Pantheon+, as it offers a conservative, well-tested compila-
tion, limits residual systematics, and avoids unnecessary
complexity. Last but not least, Pantheon + yields the tightest
neutrino mass constraints across both ACDM and dynamical
dark energy scenarios (see, e.g., Ref. [47] or Table 8
of Ref. [3]).”

IV. RESULTS

We present our main findings in Table II, which
compares the results obtained by simultaneously varying
the neutrino mass and the growth index y using different
CMB likelihoods in combination with DESI BAO and
Pantheon + SNIa measurements. For reference, results
obtained by varying each of these parameters individually
while keeping the other fixed are reported in Table III, and
discussed in the Appendix. As already noted in the previous
section, we consider two distinct prior choices for > m,, as
listed in Table 1. Specifically, the label “NO” refers to the
case where we impose the lower bound on ) m, from

°For example, combining CMB and DESI with Pantheon +
gives > m, < 0.117 eV in the dynamical dark energy model,
while DESy5 leads to > m, < 0.129 eV [47].

particle physics experiments, i.e., enforcing a prior
> m, > 0.06 eV, consistent with current neutrino oscil-
lation measurements [2].

First and foremost, we confirm that the constraints on the
neutrino mass are significantly relaxed compared to the
minimal ACDM + ) m,, case with the growth index fixed
to y = 0.55. When both > m, and y are allowed to vary
simultaneously, the most constraining bound, > m, <
0.134 eV at 95% CL, is obtained using the Camspec like-
lihood in combination with DESI and PP data. This limit
remains substantially larger—by more than a factor of 2—
than the corresponding bound obtained for the same dataset
combination when fixing y = 0.55, which yields Y m, <
0.0643 eV at 95% CL, remarkably close to the lower bound
expected from terrestrial measurements.

Secondly, we confirm a non-negligible dependence on
the specific CMB likelihood adopted in the analysis. As
shown in Table II, when varying both parameters, the
bound on the neutrino mass changes from the aforemen-
tioned > m, <0.134eV to > m, <0.188 eV upon
replacing the Planck-PR4 Camspec and lensing likelihoods
with the older Plik PR3 counterparts, further relaxing the
upper limit on the total neutrino mass.

Either way, however, the limits on » | m, remain largely
consistent with the lower bounds from oscillation experi-
ments, both within the NO and the 10, thereby alleviating
the emerging tension observed in ACDM. Therefore, we
can relatively safely apply the NO prior in the analysis and
enforce » m, > 0.06 eV. Doing so, the neutrino mass
bound from Camspec + DESI+ PP becomes further
relaxed to Y m, < 0.164 eV, implying a shift of about
0.03 eV towards larger mass values. Similarly, when
enforcing the NO prior, the bound obtained from Plik +
DESI + PP becomes ) m, < 0.208 eV, corresponding to
a shift of approximately 0.02 eV. For both cases, the size
and magnitude of this shift can be seen in Fig. 3, which
shows the 2D 68% and 95% probability contours in the (y,
>~ m,) plane. Specifically, in the left panel, the solid green
contours correspond to the results obtained from
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TABLE III. Mean values and 68% CL errors on the most relevant cosmological parameters, including the growth index y, together
with the 95% CL upper limits on the total neutrino mass Y  m, arising from different combinations of cosmological datasets.
Parameter ACDM + > " m, ACDM +y

Plik + DESI + PP Camspec + DESI + PP Plik + DESI + PP Camspec + DESI + PP
Q, h? 0.02250 £ 0.00013 0.02229 £ 0.00012 0.02258 £ 0.00013 0.02237 £ 0.00012
Q.h? 0.11824 £ 0.00067 0.11815 £ 0.00064 0.11734 £ 0.00066 0.11733 £ 0.00064
1000y 1.04116 £ 0.00028 1.04096 + 0.00023 1.04121 £ 0.00028 1.04101 £ 0.00023

T
log(10104,)

nS

S m, [eV]

v

Qp

H, [Km/s/Mpc]
Sg

0.058027'5675
3.048 +0.014
0.9694 + 0.0033
<0.0710
0.55

0.3009 £ 0.0037
68.47 £0.30
0.8167 £ 0.0090

0.0561 £ 0.0069
3.042+0.014
0.9676 £+ 0.0034
< 0.0643
0.55

0.3018 £ 0.0036
68.28 £0.29
0.8157 £ 0.0082

004983065
3.0281 0918
0.9719 £ 0.0033
0.06
0.692 + 0.056

0.2990 £ 0.0038
68.57 £0.30
0.796 £+ 0.010

0.0488 00053
3.0247901%
0.9698 + 0.0035
0.06
0.666 + 0.052

0.3006 £ 0.0037
68.34 £0.29
0.796 £0.010

Plik + DESI + PP, while the empty dashed gray contours
illustrate how these results shift when a NO prior is
imposed. Similarly, the solid red contours in the right
panel show the constraints from Camspec + DESI + PP,
and the gray contours indicate how they change when
enforcing Y~ m, > 0.06 eV. Clearly, the impact of the prior
is more pronounced in the Camspec-based results.

Most importantly, as clearly seen from the two-dimen-
sional allowed regions in Fig. 3, there is a strong positive
correlation between y and ) m,: larger values of the total
neutrino mass imply a suppression of the growth of

structure in the Universe, which can be compensated by
a higher growth index. Therefore, when it comes to the
growth index y, several interesting observations are in
order. Firstly, using the Camspec likelihood in combination
with DESI and SNIa observations (without assuming a NO
prior on the neutrino mass), we obtain y = 0.660 £ 0.063
at 68% CL, indicating a ~1.8¢ shift from the standard
growth rate model. This shift increases to ~2.16 when
replacing Camspec with Plik, which yields y = 0.707 £
0.075 at 68% CL. Due to the strong positive correla-
tion between y and Y m,, this tendency towards a larger

FIG. 3.

[P/Pmax]

©

IS k
1}
i

0.30
Plik+DESI+PP

Plik+DESI+PP (NO)

Camspec+DESI+PP

| Camspec+DESI+PP (NO)

One-dimensional marginalized posterior distributions and two-dimensional 68% and 95% CL contours in the (y, Y m,) plane

for different Planck CMB likelihoods combined with DESI and PP data. The horizontal black dashed line labeled “NO” marks the lower
bound on the total neutrino mass set by oscillation experiments (> m, > 0.06 eV). Values below this line are therefore in tension with
oscillation data. Instead, the horizontal black dashed line labeled “IO” indicates the lowest value of the total neutrino mass compatible
with the inverted ordering (3 m, > 0.1 eV). If the total neutrino mass lies between the NO and IO lines, only the normal ordering is
allowed, whereas for values above the 10 line both orderings remain viable. The vertical black dashed line corresponds to the standard
prediction for the growth index (y =~ 0.55).
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growth index becomes significantly more pronounced
when enforcing a NO prior on Y m,. For Camspec +
DESI+ PP we obtain y = 0.696 £ 0.060, while for
Plik + DESI 4+ PP, we get y =0.742 4 0.069—i.e.,
~2.40 and ~2.80 away from the expected value of
y = 0.55, respectively. This further shift towards larger
values of y induced by the NO prior can be clearly seen in
the 1D posterior distributions shown in the top histograms
of Fig. 3. In both the left and right panels, the dashed gray
curves (corresponding to the analysis with the NO prior)
are visibly shifted towards higher values of y compared to
the distributions obtained when this prior is not applied.

The situation becomes even more intriguing when
examining the 2D contours in Fig. 3 for the different cases.
As already noted, allowing for a nonstandard growth of
structure can reconcile the current tension in the neutrino
sector: even in the most constraining scenario, the cosmo-
logical bounds on neutrino masses remain fully compatible
with laboratory results, showing no conflict between
cosmological and terrestrial constraints. However, this
agreement comes at the cost of departing from the standard
structure growth predicted in ACDM. As illustrated in the
figure, the point defined by the intersection of y = 0.55
(i.e., the baseline prediction for the growth index) and
> m, =0.06 eV (ie., the minimal mass allowed by
oscillation experiments) lies literally at the boundary of
the 95% confidence region for Plik + DESI+ PP (i.e.,
the combination allowing the most freedom in the neu-
trino mass), and very close to the boundary for
Camspec + DESI + PP. This means that any neutrino mass
value larger than this lower limit would necessarily require
a larger y, thus moving away from ACDM predictions for
structure formation. Conversely, if we wish to remain
consistent with y = 0.55 (i.e., following the vertical black
dashed line in the figure), the only viable region lies below
> m, =0.06 eV, thereby reintroducing the tension with
oscillation experiments. Similarly, as far as the mass
ordering is concerned, while the 95% CL upper bounds
on Y m, remain consistent with both NO and IO, crossing
the lower limit set by oscillation experiments within the IO
necessarily implies a departure from standard structure
formation growth within this framework. Indeed, it is
crucial to note that the point defined by y = 0.55 and
> m, = 0.1 eV (i.e., the minimal mass allowed within the
10) always lies well outside the 95% probability contours
and consistency with the IO (i.e., restricting attention to the
region of the plane above the corresponding horizontal line
in Fig. 3) necessarily implies values of y significantly larger
than those predicted by ACDM.

We now turn to a broader exploration of the implications
of allowing departures from the standard structure growth
history, focusing on additional parameters of interest for
other outstanding cosmological tensions. We begin with the
Sg = 03(Qn/0.3)%3 parameter that quantifies the ampli-
tude of matter fluctuations on intermediate scales and
which has played a central role in the longstanding

discussions surrounding potential discrepancies between
CMB-derived results and weak lensing survey estimates
[198-217]. As shown in Fig. 4, we observe a strong
anticorrelation between y and Sg. Larger values of the
growth index tend to favour both larger values of the
total neutrino mass (see Fig. 3) and smaller values
of Sg. Quantitatively, for Plik + DESI + PP, we find
Sg = 0.7917092 which reduces to Sg = 0.780700\7 when
assuming a NO prior. Similarly, for the Camspec like-
lihood, we obtain Sy = 0.798f8_‘81126 without prior assump-
tions, shifting to Sg = 0.787709!+ under the NO prior. In
both cases, as seen in Fig. 4, the NO prior leads to a
noticeable drift of the posteriors toward lower Sg values and
away from the canonical GR limit y = 0.55, echoing the
behaviour already discussed in previous sections. This
interplay between y, > m,, and Sg can be particularly
relevant in light of ongoing discussions about the persist-
ence of the weak lensing discrepancy, generalizing the
discussion presented in Refs. [160,161] to massive neutrino
cosmologies. Despite recent claims suggesting this tension
may have been alleviated or even resolved [217,218], our
results indicate that the inclusion of a flexible growth
history introduces parameter shifts in a direction potentially
capable of reconciling lensing data with CMB-derived
inferences, should the discrepancy persist. If we aim to
be more quantitative in assessing the extent to which
varying y alleviates the Sg tension, we should first note
that weak-lensing surveys report somewhat different deter-
minations of Sg. To mention a few concrete examples,
KiDS-1000 in combination with 2dFLenS and BOSS
yields Sg = 0.766092 [209], the DES-Y3 3 x 2pt analysis
gives Sy = 0.776 £ 0.017 [216], while the more recent
KiDS-Legacy release finds Sg = 0.8157001% [217], which,
as mentioned above, shows no discrepancy with the ACDM
Planck-only based inferences of Sg = 0.834+0.016
[211."° A direct quantification of the tension is therefore
nontrivial, not only because of these differing estimates
but also because Sy is itself a model-dependent parameter.
As such, a fully consistent comparison would require
reanalyzing the weak-lensing data within the same theo-
retical framework adopted here, which lies well beyond the
scope of this manuscript. Nevertheless, even accounting for
these caveats, one can clearly see that the results presented
in the Appendix, Table III, obtained for fixed y = 0.55,
yield values scattered around Sg ~ 0.816 that, considering
the uncertainties, remain in a ~2.1-2.36 tension with
KiDS — 1000 4 2dFLenS + BOSS and DES-Y3, while
being in good agreement with KiDS-Legacy. By contrast,
when allowing the growth index y to vary freely, the
inferred values shift to Sg ~ 0.79-0.80, consistently lying
within <lo of all weak-lensing determinations. This

10 . .
For a more comprehensive review of Sg measurements from
different weak-lensing surveys, see Ref. [113].
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FIG. 4. One-dimensional marginalized posterior distributions and two-dimensional 68% and 95% CL probability contours for y and Sg
(top panels) and y and Hy (bottom panels) for the different Planck CMB likelihoods combined with DESI and PP. The horizontal black
dashed line corresponds to the standard prediction for the growth index, y ~ 0.55.

heuristic argument shows that a flexible growth history can
naturally drive the inferred clustering amplitude toward
substantially improved consistency with lensing observa-
tions. More broadly, this drift underscores the relevance of
neutrino physics assumptions in any interpretation of the
weak lensing tension, and the model dependence of derived
parameters such as Sg. Taken together, these findings
suggest that Sg remains sensitive to beyond-ACDM phys-
ics, particularly when degrees of freedom such as modified
growth or noncanonical neutrino properties are considered.

In contrast to the behaviour observed for Sg, we do not
find any significant correlation between y and H, in our
analysis. The values we obtain remain remarkably stable

across datasets and assumptions. For Plik 4+ DESI + PP,
we find Hy, = 68.52 +0.35 Km/s/Mpc, shifting only
slightly to Hy = 68.42 + 0.34 Km/s/Mpc when a NO
prior is imposed. Similarly, for Camspec + DESI + PP,
we obtain Hy = 68.36 + 0.32 Km/s/Mpc (without prior
assumptions), decreasing mildly to Hy=68.21 &+
0.31 Km/s/Mpc under the NO prior. These minor shifts
can be traced back to the known negative correlation
between H, and ) m,, and are not driven by the growth
index itself. As such, while an alternative structure growth
model with a free y can relax the neutrino mass bounds and
might remain of interest in relation to the weak lensing
discrepancy (should this issue persist rather than fade

103520-11



GIARE, MENA, SPECOGNA, and DI VALENTINO

PHYS. REV. D 112, 103520 (2025)

definitively), it does not provide a mechanism for address-
ing the Hubble tension. The path toward a coherent
explanation capable of simultaneously accounting for all
current anomalies remains, at present, largely unfulfilled.

Last but not least, it is important to consider the matter
density parameter Q,,, as it plays a key role in the inter-
pretation of our results and lies at the heart of the broader
discussion on the neutrino mass tension. As seen by
comparing the values given in Table II (as well as in
Table III in the Appendix) across all the parameter spaces
explored and for all combinations of datasets, we find values
of Q. that are consistent within one standard deviation.
Specifically, when varying only the total neutrino mass, we
find Q,, = 0.3009 £+ 0.0037 for Plik + DESI + PP and
Q. = 0.3018 £ 0.0036 for Camspec + DESI + PP. When
varying only the growth index y, these values remain
essentially unchanged: €, = 0.2990 + 0.0038 (Plik +
DESI+PP) and Q, =0.3006 £ 0.0037 (Camspec + DESI+
pp)."! Finally, when both y and ) m, are varied simulta-
neously, we obtain consistent values such as Q,, = 0.2993 +
0.0040 (Plik + DESI+ PP) and Q. = 0.3004 =+ 0.0039
(Camspec + DESI + PP). Under the NO prior, these latter
two values shift only mildly to Q, = 0.3000 + 0.0040 and
Q. = 0.3016 £ 0.0038, respectively. These results illustrate
acrucial point: fixing or varying y alongside the total neutrino
mass does not significantly alter the inferred value of Q.
However, this consistency hides an important distinction.
Fixing y = 0.55 leads to neutrino mass bounds that are very
close to lower limits from particle physics experiments, to the
extent of raising a very concerning tension. Conversely,
allowing y to vary relaxes this problem without changing
the value of Q. This finding directly challenges the often-
stated claim that the neutrino mass tension originates from
constraints on €, inferred from different probes under the
assumption of a ACDM background. We show that this is true
if one also assumes a standard ACDM structure formation
history. Once this assumption is relaxed, the tension in » _ m,,
can be alleviated without altering the background evolution.
More broadly, our results demonstrate that it is possible to
relax constraints on the total neutrino mass by modifying the
structure growth history, without changing the inferred values
of parameters describing the background dynamics and
without invoking additional degrees of freedom at the back-
ground level, such as scenarios involving dynamical dark
energy. This offers a complementary path to addressing the
neutrino mass problem, shifting the attention to the important
imprints of neutrinos on perturbation-level observables rather
than on the background expansion itself. Exploring this
interplay between perturbation-level and background-level
modifications is crucial, as changes to the expansion history
that help relax neutrino mass bounds often come at the cost of

""We note that the tendency toward larger values of the growth
index y is also present when fixing the total neutrino mass in the
cosmological model, and that it persists regardless of the CMB
likelihood employed; see the discussion in the Appendix.

lowering H,, further, thereby exacerbating the Hubble ten-
sion. If the goal is to retain enough freedom to simultaneously
address multiple anomalies within a coherent framework, it
becomes essential to introduce the necessary degrees of
freedom and explore both aspects. In this sense, alternative
structure formation histories may offer a viable and physically
well-motivated possibility.

V. SUMMARY

Assuming the minimal ACDM framework with three
degenerate massive neutrinos, the DESI Collaboration
recently reported an upper bound of Y m, <0.064 eV
at 95% CL when combining DESI-2025 BAO data with
Planck-PR4 CMB observations. This bound is uncomfort-
ably close to the lower limit set by oscillation experiments
in the case of normal ordering and firmly excludes the
inverted ordering, thus raising serious concerns. In par-
ticular, it has been argued that these tight limits mainly stem
from a mild but persistent mismatch in the preferred matter
density: BAO measurements from DESI favor lower values
of Q,, than those inferred from the CMB, resulting in an
indirect pressure toward smaller values of > m,.

An appealing way to alleviate this issue is to consider
extensions beyond the standard cosmological framework.
Models featuring dynamical dark energy, which modify
the late-time expansion history of the Universe, can
significantly relax the neutrino mass bounds and reduce
the tension. Therefore, the mainstream (but far from
universally accepted) interpretation is that the unnaturally
low bounds on > m, may themselves point to the failure of
ACDM to accurately describe the expansion history at late
times. However, matter density and massive neutrinos do
not only affect the background evolution, but also play
crucial roles in the growth of cosmic structure: matter
density drives the gravitational clustering of overdensities,
while massive neutrinos suppress the formation of structure
at small scales due to their large thermal velocities.
Therefore, new physics affecting the dynamics of primordial
perturbations and structure formation can offer a comple-
mentary possibility to alleviate the neutrino mass tension.

In this paper, we explore this possibility by considering a
flexible, phenomenological approach to structure growth
by allowing the growth rate f(a) to depart from its ACDM
prediction. Specifically, we parametrize it using the growth
index y through f(a)~Q,(a)’ and treat y as a free
parameter. A larger value of y suppresses the growth rate,
implying a larger growth function in the past and modifying
the way matter perturbations cluster in the (early) Universe.
This, in turn, affects both the high-multipole CMB lensing
signal and the shape of the matter power spectrum. Such
effects can be compensated by a larger neutrino mass. In
this regard, it is important to emphasize the role of CMB
lensing in driving the neutrino mass bounds, particularly
when the growth index is fixed to its standard value. The
lensing potential encodes the integrated matter distribution
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along the line of sight and is especially sensitive to the
amplitude of clustering on intermediate and small scales.
Since massive neutrinos suppress structure growth, their
effect is clearly imprinted in the lensing signal at high
multipoles. In the standard scenario with y = 0.55, any
deviation from the measured lensing power is necessarily
attributed to a lower neutrino mass, thereby tightening the
constraint on »_ m,. However, when y is allowed to vary,
structure suppression can be partially absorbed by a larger
growth index, weakening the need for extremely small
neutrino masses. This illustrates how perturbation-level
flexibility, especially in structure growth, can mitigate
tensions that appear under stricter assumptions.

Our main results can be summarized as follows:

(i) By jointly varying > m, and the growth index y, we
find that the cosmological bounds on the total neutrino
mass are substantially relaxed compared to the stan-
dard case. Across all combinations of Planck-CMB,
DESI-BAO, and Pantheon + SNIla data, we find that
allowing y to vary broadens the allowed range for
>~ m, from ~0.06-0.07 eV (assuming y = 0.55) up
to ~0.13-0.2 eV. These values are consistent with
terrestrial constraints and demonstrate that new phys-
ics at the perturbation level offers a viable, comple-
mentary solution to the neutrino mass tension.

(i) This agreement, however, comes at the cost of
deviating from the standard structure growth pre-
dictions of ACDM. As shown in Fig. 3, the point
defined by y = 0.55 (i.e., the baseline value of y) and
> m, =0.06 eV (ie., the lowest total neutrino
mass allowed by particle physics experiments) lies
on the boundary of the 95% confidence region. This
means that any neutrino mass value larger than this
lower limit would necessarily require a larger y, thus
moving away from ACDM predictions for structure
formation. Conversely, if we wish to remain con-
sistent with y = 0.55, the only viable region lies
below > m, = 0.06 eV, reintroducing the tension
with oscillation experiments.

(iii) Regarding the neutrino mass ordering, we find that
the inverted ordering remains allowed within modi-
fied structure growth models. However, accommo-
dating mass values consistent with the inverted
ordering requires values of y significantly larger
than the ACDM prediction.

(iv) Overall, we observe a consistent trend favouring
larger-than-standard values of y. This preference
persists whether one varies only y or both y and
> m,, simultaneously. In the latter case, the prefer-
ence reaches 1.8¢ for Plik + DESI+ PP and 26
for Camspec + DESI + PP. Imposing a prior con-
sistent with normal ordering (> m, > 0.06 eV)
strengthens the preference further, up to 2.4¢ and
2.80, respectively.

(v) Importantly, we find that allowing y to vary relaxes the
neutrino mass bounds without altering the inferred
value of Q. This is clearly seen by comparing the
values reported in Tables II and III. While previous
studies attributed the tight neutrino mass bounds to the
ability of ACDM to accurately describe the late-time
background dynamics, we show that this interpreta-
tion only holds under the assumption of standard
ACDM structure growth. Once this assumption is
relaxed, the tension can be alleviated without modi-
fying the ACDM background evolution.

(vi) Last but not least, Fig. 4 reveals a strong anticorre-
lation between y and Sy: larger growth indices lead
to both larger allowed neutrino masses and smaller
values of Sg. This interplay may be relevant for the
ongoing debate about the weak lensing anomaly.
While some recent analyses suggest that the Sg
tension may be subsiding, our results indicate that a
flexible growth history can still shift parameters in a
direction that could better reconcile lensing and
CMB data, if the tension persists. On the other
hand, we find no significant correlation between y
and H,, implying that growth index freedom does
not offer a mechanism for addressing the Hubble
tension.

All in all, in the absence of a definitive cosmological
detection of neutrino mass, our analysis provides a novel
and complementary angle on the tension between cosmol-
ogy and particle physics. It highlights the critical role of
perturbations in constraining new physics and underscores
the importance of testing both the background and structure
formation histories when interpreting cosmological data.
As future observations improve and our modeling of
structure formation becomes more refined, noncanonical
scenarios (e.g., modified theories of gravity or a non-
minimal dark sector) may well emerge as essential com-
ponents of a more complete cosmological paradigm that
accurately accounts for massive neutrinos.
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APPENDIX: FULL ANALYSIS RESULTS

In this appendix, we briefly illustrate the cosmological
constraints on the growth index y and on the total neutrino
mass »_ m, for cosmological scenarios in which only one
between Y m, and y is allowed to vary freely while the

Technology.” other is kept fixed in the model.
B \CDM+Ym,+y
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FIG. 5. One-dimensional marginalized posterior distributions and two-dimensional 68% and 95% CL contours for several

cosmological parameters of interest, obtained from the analysis of Plik + DESI + PP under the different cosmological models and
prior choices indicated in the figure legend. The dashed gray lines denote the lower bound on the total neutrino mass from oscillation
experiments (> m, ~0.06 eV) and the standard ACDM prediction for the growth index (y = 0.55).
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We show in Table III, the main results obtained in this
scenario, while Figs. 5 and 6 display the one-dimensional
distribution functions and the two-dimensional probability
contours obtained for the different models (including the case
where both y and ) m, are varied simultaneously), for
Plik + DESI + PP and Camspec + DESI + PP, respectively.

Focusing on the neutrino mass constraints within a
Universe with a standard growth index y = 0.55, we find
extremely tight bounds on » m,, for both the Camspec and
Plik CMB likelihoods. These 95% CL upper limits are
> m, < 0.0643 eV for Camspec + DESI + PP, and slightly

Qch?

relaxed to Y m, < 0.0710 eV for Plik + DESI+ PP. In
either case, the limits are close to the minimum bound
expected from neutrino oscillation experiments, »_ m, >
0.06 eV, hinting at a mild tension.

In the complementary case where the total neutrino mass is
fixedto ) m, = 0.06 eV and the growth index is allowed to
vary, the tendency toward larger values of y is confirmed.
Indeed, we find y = 0.692 £ 0.056 for Plik + DESI + PP
and y =0.666=+0.052 for Camspec + DESI+ PP,
deviating from the expected value by ~2.5¢ and ~2.2¢,
respectively.

B /\CDM+Ymy+y
ACDM+Y m,+y (NO)
mm N\CDM+y

s ACDM+>m,

Ho

Sg

> 07

i
i
0
4
- 4
1

0.0220

0.0225
Quh?

0.115 0.119 029 0.30 0.31

Qch? Om

0.2

0.1 .
Zm» Y

FIG. 6. One-dimensional marginalized posterior distributions and two-dimensional 68% and 95% CL contours for several
cosmological parameters of interest, obtained from the analysis of Camspec 4+ DESI + PP under the different cosmological models
and prior choices indicated in the figure legend. The dashed gray lines denote the lower bound on the total neutrino mass from oscillation
experiments (> m, ~0.06 eV) and the standard ACDM prediction for the growth index (y = 0.55).
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As for the correlations between y and the remaining cosmological parameters, they behave as expected: as seen both in
Fig. 5 and Fig. 6 y is negatively correlated with Q_.h?, due to the growth rate being parametrized as Q,,(a)".
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