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Despite the impressive success of the standard cosmological model, several anomalies defy its triumph.
Among them is the so-called lensing anomaly: The Planck satellite observes stronger cosmic microwave
background (CMB) gravitational lensing than expected. The role of neutrinos in this anomaly has been
mostly overlooked, despite their key role in CMB lensing, because in the standard scenario they tend to
increase the tension. Here, we show that this strongly depends on the assumed neutrino equation of state.
We demonstrate that if neutrinos have yet undiscovered long-range interactions, the lensing pattern is
significantly affected, rendering the lensing anomaly as a statistical fluctuation. Our results, thus, open up a
window to link anomalous CMB lensing with present and future cosmological, astrophysical, and
laboratory measurements of neutrino properties.
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I. INTRODUCTION

The standard cosmological model, remarkably simple
but with profound implications, remains strikingly suc-
cessful in many diverse environments [1–11]. The precision
is such that self-consistency tests are feasible and accurate.
These tests check not only if individual datasets are
consistent with the model, but also whether the same
model simultaneously explains all observations or if, on
the contrary, new ingredients are needed.
It is in these consistency tests where the standard model

may meet its match. Indeed, there exist several anomalies
that cannot be fully understood in the minimal cosmologi-
cal constant plus cold dark matter (ΛCDM) scenario. The
most statistically significant one is the discrepancy of the
Hubble constant extracted from nearby Universe probes
and that derived from cosmic microwave background
(CMB) measurements [12–14]. Another one is related to
the clustering parameter σ8, whose values differ for CMB
and weak lensing estimates [15]. The third one, the so-
called lensing anomaly [7,16], is the focus of this work.
CMB anisotropies get blurred due to gravitational

lensing by the large-scale structure of the Universe:
Photons from different directions are mixed, and the peaks
at large multipoles are smoothed. The amount of lensing is
a precise prediction of the ΛCDM model: The consistency

of the model can be checked by artificially increasing
lensing by a factor Alens [17] (a priori an unphysical
parameter). If ΛCDM consistently describes all CMB data,
observations should prefer Alens ¼ 1.
Intriguingly, Planck CMB data show a preference for

additional lensing. Indeed, the reference analysis of tem-
perature and polarization anisotropies suggest Alens > 1 at
3σ. CMB lensing also introduces a nontrivial four-point
correlation function, and, therefore, it can be independently
measured. Adding this information somewhat diminishes
the tension, albeit the value of the lensing amplitude is
still above the canonical one by about 2σ. The lensing
anomaly is robust against changes in the foreground
modeling in the baseline likelihood and was already
discussed in previous data releases, although it is currently
more significant due to the lower reionization optical depth
preferred by the Planck 2018 data release. A recent result
from the Atacama Cosmology Telescope is compatible with
Alens ¼ 1 [11], but the results are consistent with Planck
within uncertainties.
Barring systematic errors or a rare statistical fluctuation,

the lensing anomaly could have its origin in new physics
scenarios. Attempts in the literature have changed either the
geometrical or the gravitational sectors of the theory. A
closed Universe [18] has been shown to solve the internal
tensions in Planck concerning the cosmological parameter
values at different angular scales, alleviating the Alens
anomaly. However, the positive curvature scenario is
strongly rejected by other cosmological observations such
as baryon acoustic oscillations (BAOs) [19]. Modified
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gravity theories or a modified primordial perturbation
spectrum have also been considered as possible scenarios
to solve the Alens anomaly [20–24], but it is also
unclear if BAO measurements are compatible with these
solutions [23].
Here, we show that nonstandard neutrino properties can

lead to unexpected lensing and dilute the preference for
Alens ≠ 1. Neutrinos are key to structure formation in our
Universe, but, due to a competition of different effects, in
the standard paradigm they reduce CMB lensing [25,26].
However, we demonstrate that this dramatically depends on
the assumed equation of state for the cosmological neutrino
fluid. Under the presence of long-range neutrino inter-
actions [27], largely allowed by other constraints [28–35],
the generally assumed ideal gas equation of state no longer
holds. This pivotal difference makes neutrinos increase
CMB lensing, alleviating the Alens anomaly. Crucially,
other cosmological datasets such as BAO do not compro-
mise this effect.
The structure of the manuscript is as follows. We start in

Sec. II by describing the neutrino interaction model and its
impact on the equation of state. In Sec. III, we show how
different cosmological observables are affected, describing
in detail the effect on CMB lensing. Section IV presents our
quantitative results on the anomaly. We draw our con-
clusions and highlight future directions in Sec. V.

II. LONG-RANGE NEUTRINO INTERACTIONS

We consider neutrino self-interactions mediated by a
very light scalar field ϕ with mass Mϕ, so that neutrinos
source a classical field making long-range interaction
effects relevant [27,36–41]. The corresponding interaction
Lagrangian is

Lint ¼ −gϕν̄ν; ð1Þ

the standard scenario corresponding to g ¼ 0. For simplic-
ity, we consider one scalar field universally coupled to all
three neutrino mass eigenstates, that we assume to have a
common mass mν (cosmological effects of neutrino mass
splittings are very challenging to detect [42–44]).
The phenomenology depends on the parameter values

(more details are given in Ref. [27]). For Mϕ ≪ mν, the
interaction range is larger than interneutrino distances, and
long-range effects are relevant as long as the scalar field is
dynamical. This requires Mϕ ≫ H (with H the Hubble
parameter) at all relevant times, which for CMB observ-
ables corresponds to Mϕ ≳ 10−25 eV. Long-range effects
are governed by the ratio gmν=Mϕ. The main constraint,
from the observation of neutrino oscillations, is gmν=Mϕ ≲
105 (although this can be evaded if the interaction has
flavor structure). Scattering effects depend on g for light
mediators, so they can be small even if long-range effects
are large (and vice versa). An example of models with extra

scattering are those invoked to alleviate the Hubble tension
[29,45–54]. SN1987A and other laboratory constraints
[28–35] require g≲ 10−7. Since we are interested in
long-range effects, we focus on the regime where the
coupling is tiny, g ≪ 10−7. This guarantees that scatterings
can be neglected and that the scalar field is never produced
on shell (so Neff does not change from its standard
value [55]).
The impact of long-range interactions on cosmic neu-

trinos is simple (see Ref. [27] for more details): When the
density is large and the typical energy is of the order of the
neutrino mass, neutrinos source a classical scalar field.
This, in turn, induces an effective neutrino mass m̃ ¼
mν þ gϕ ≠ mν via the Lagrangian; see Eq. (1). The energy
and pressure of the scalar field are also relevant, and they
modify the equation of state. Finally, when neutrinos
become nonrelativistic, the scalar field induces an attractive
force among them. This abruptly condenses all cosmic
neutrinos into lumps of size ≲M−1

ϕ [56–62].
Figure 1 summarizes how long-range interactions affect

the evolution of cosmic neutrinos by changing their
equation of state (defined as the ratio between pressure
and energy density) as a function of redshift z. Under the
presence of a long-range interaction, neutrinos behave as
radiation for longer times (because m̃ < mν due to scalar
interactions being attractive). Later, the negative pressure of
the scalar field promptly changes the equation of state to
that of dust. This effect is further enhanced by the abrupt
formation of lumps.

FIG. 1. Modified neutrino equation of state w due to long-
range interactions (see Ref. [27] for the numerical computation).
As w controls the rate of neutrino energy density dilution,
_ρ=ρ ¼ −3Hð1þ wÞ, the neutrino energy at different redshifts
is dramatically affected, which directly impacts many cosmo-
logical observables.
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III. IMPACT ON CMB OBSERVABLES

The modified equation of state directly impacts the
precisely measured CMB anisotropies. As we shall show
below, it also increases the observed lensing.
Figure 2 shows how neutrino masses and interactions

impact CMB temperature anisotropies. The bottom panel
shows the anisotropy ratios to the canonical ΛCDM
scenario with massless neutrinos, together with Planck
data. In this figure, we have fixed the cosmological
parameters fθs;ωb;ωcdm; As; ns; τreiog.
The main effects of long-range interactions arise due to

the integrated Sachs-Wolfe effect (for l≲ 500), directly
sensitive to the neutrino equation of state; and a reduced
Silk damping scale when the neutrino energy density
redshifts as dust (visible as an enhancement for large l).
These are also the standard effects of neutrino masses on
CMB temperature anisotropies [27,63], but, since they can
be traced back to how the neutrino equation of state gets
modified when they become nonrelativistic, they are
directly impacted by long-range interactions. As a conse-
quence, strong long-range interactions completely remove
the CMB bound on neutrino masses [27].
Interestingly, we also observe additional wiggles at large

l that mimic the scenario with artificially modified lensing
Alens ≠ 1. The effect of noninteracting massive neutrinos is
out of phase with Alens > 1, indicating that neutrino masses
typically reduce CMB lensing as we describe below.
However, as we show below, introducing a long-range
interaction increases the lensing. This effect is key to our
results.
Indeed, the orange shaded region in Fig. 2 corresponds to

the massless neutrino case with the value of Alens inferred
from a fit to Planck temperature and polarization measure-
ments [7]. As we see, it lies very close to the interacting

neutrino scenario. However, it is not fully degenerate, as
long-range interactions introduce additional effects (par-
ticularly a reduced Silk damping). This allows future
observations to disentangle long-range interactions from
other solutions to the lensing anomaly.
Figure 3 shows how neutrino masses and interactions

affect the CMB lensing pattern. The bottom panel shows
the ratios to the canonical ΛCDM scenario with massless
neutrinos. The data points in the upper plot correspond to
Planck [64], while in the bottom panel they refer to the
errors expected by the next-generation ground-based CMB
experiment CMB-S4 [65,66]. The orange band shows the
enhanced lensing preferred by a fit to Planck CMB
temperature, polarization, and lensing [7].
In the standard scenario, neutrinos reduce CMB lensing,

because they are hot thermal relics with a very large
velocity dispersion, and, therefore, they suppress clustering
at small scales. Furthermore, when they become non-
relativistic, their energy density dilutes slower, enhancing
the expansion of the Universe and further suppressing
structure formation. However, they also have lensing-
enhancing effects. On the one hand, they cluster as matter
at large scales, enhancing density perturbations and, thus,
the lensing. On the other hand, their modified equation of
state before recombination would affect the well-measured
CMB sound horizon, which must be compensated by
slightly decreasing H0, and a slower expansion rate of
the Universe also enhances structure formation. Without
long-range interactions (dotted line in Fig. 3), the last two
effects are subdominant, particularly at large l. Overall,
neutrino masses tend to reduce CMB lensing.

FIG. 2. Modified CMB temperature anisotropies by massive
and interacting neutrinos, together with the prediction for
Alens ≠ 1. Neutrino long-range interactions mimic an enhanced
lensing contribution, as preferred by the data.

FIG. 3. Modified CMB lensing power spectrum by massive and
interacting neutrinos and the prediction for Alens ≠ 1. Unlike
neutrino masses, neutrino long-range interactions enhance lens-
ing, closely mimicking Alens > 1. Future observations could
discriminate among these two effects (see the main text for more
details).
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However, long-range interactions flip this effect. The
relativistic to nonrelativistic transition is more abrupt:
Neutrinos move close to the speed of light for a shorter
time (cf. Fig. 1). The energy density in neutrinos is also
smaller as scalar interactions are attractive [27]. Therefore,
the physical effects that suppress CMB lensing are dimin-
ished, and those enhancing it are increased. The overall
effect is now the opposite: Neutrino masses and interactions
enhance the lensing power spectrum.
Intriguingly, we note from Fig. 3 that the effect of

massive neutrinos with
P

mν ¼ 3 eV and gmν=Mϕ ¼ 102

is almost degenerate with the massless neutrino case with
Alens ¼ 1.07� 0.04. Given current uncertainties, it is
always possible to tune the neutrino mass and the inter-
action strength to produce a CMB lensing pattern very
similar to that obtained with Alens ≠ 1. Since the degen-
eracy is not perfect, next-generation CMB observations, as
those from CMB-S4, might disentangle between these two
effects, as the error bars in the bottom panel in Fig. 3
show [67].
The presence of a long-range interaction in the neutrino

sector, thus, generates very rich physics. Its effects turn on
at a specific time (when neutrino masses start to be
relevant) and make neutrinos behave as radiation even if
they have large masses, at the same time enhancing CMB
lensing as neutrinos increase perturbation growth in a
different way than they would do in the noninteracting
case. This makes long-range neutrino interactions a very
attractive and predictive scheme to solve the Alens anomaly.

IV. METHODOLOGY AND RESULTS

Below, we quantify how neutrino long-range inter-
actions alleviate the Alens anomaly. For this, we use the
temperature and polarization CMB anisotropies from
Planck 2018 [68] (at both high and low multipoles
with the reference PLIK and alternative CamSpec like-
lihoods, which among other differences use different
polarization masks, dust subtraction, and calibration) that
we refer to as TTTEEEþlowl; the Planck CMB lensing
reconstruction from the four-point correlation function
[69], that we refer to as lensing; and the BAO observa-
tions from 6dFGS [1], SDSS-DR7 MGS [2], and BOSS
DR12 [4], that we refer to as BAO.
We compute cosmological observables by varying all

parameters (that is, the standard ΛCDM parameters, the
lensing parameter Alens, the total neutrino mass

P
mν, and

the interaction strength gmν=Mϕ) using the extension of the
code CLASS [70,71] from Ref. [27] (publicly available
[72]). We compute Δχ2eff by modifying the MontePython [73]
code, and we carry out all our minimizations with
the BOBYQA minimizer [74] and its PYTHON implementa-
tion [75]. This minimizer is robust against nonsmooth
likelihoods, making it ideal for the problem studied
here [76,77].

Figure 4 shows that neutrino long-range interactions
dilute the preference toward extra lensing. We show the
Bayesian 90% credible regions in two-parameter spaces ofP

mν, H0, σ8, Alens, and gmν=Mϕ for the ΛCDM plus Alens

model and for the interacting long-range scenario after
marginalizing over all other parameters. We combine
Planck temperature, polarization, and lensing data with
BAO measurements, and we perform a Bayesian Markov
chain Monte Carlo sampling that we have checked to
converge as all Gelman-Rubin parameters satisfy
R − 1 < 0.02. In the hatched region, cosmological neutri-
nos would still be relativistic today, with potential impact
on other observables depending on the flavor structure of
the interaction [27]. This figure illustrates the shift induced
in the different parameters by the presence of a long-range
force: The value of Alens is lowered, as CMB lensing is
reduced in the presence of these long-range interactions. As
the interaction strength increases, the parameter Alens
becomes more consistent with the canonical Alens ¼ 1. In
this model, the cosmological neutrino mass bound is
largely relaxed. The other cosmological parameters suffer
a mild shift in their best-fit values. In addition, the H0 and
σ8 tensions are not worsened.
Precisely quantifying the significance of the lensing

anomaly through Fig. 4 is subject to prior dependence
and Bayesian volume effects. There is infinite parameter
space where long-range interactions are degenerate with

FIG. 4. Allowed parameter values and correlations after in-
cluding all relevant datasets. The significance of the Alens
anomaly as read from this figure is prior dependent and subject
to Bayesian volume effects (see the text); hence, we do not draw
our main quantitative conclusions from here. Allowing for
neutrino long-range interactions dilutes the anomalous preference
for Alens > 1. The shift in other parameters is mild.
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ΛCDM: for very large gmν=Mϕ, where neutrinos behave as
a massless ideal gas (see Fig. 1); for small gmν=Mϕ, where
the interaction is negligible; and for small

P
mν, where

interaction effects turn on very late (see Fig. 1). Thus,
Bayesian inferences that integrate over

P
mν and/or g=Mϕ

will receive large contributions from parameter regions
with no new effects and large Alens. Even if some parameter
region with beyond-ΛCDM effects and Alens ∼ 1 provided
an equally good fit—hence alleviating the anomaly—its
small relative volume would bias conclusions toward no
new effects and a significant lensing anomaly. Moreover,
the relative volume of these regions depends on the chosen
priors (e.g., linear vs logarithmic) and parameter limits.
Hence, to draw our quantitative conclusions we follow

the Planck Collaboration [7], and we quantify the signifi-
cance of the lensing anomaly by computing

Δχ2eff ¼ χ2effðAlens ¼ 1Þ − χ2effðAlens ≠ 1Þ; ð2Þ

where χ2eff is the value of χ2 after minimizing over all
cosmological and nuisance parameters. A larger Δχ2eff
corresponds to a more significant anomaly. As no integral
is performed, this figure of merit avoids any Bayesian
volume effect.
Table I shows our main results. As described above, we

compute Δχ2eff for different datasets and for the two Planck
likelihoods, the reference PLIK and the alternative CamSpec,
for ΛCDM and with long-range neutrino interactions. In
the former case, we follow the Planck analysis and assumeP

mν ¼ 0.06 eV [7]. In the latter, both the total neutrino
mass

P
mν and the interaction strength gmν=Mϕ are free

parameters to be determined by data. We also show the
frequentist p values for excluding Alens ¼ 1. (Below, we
further quantify the tension with the Akaike information
criterion.)
We first note that, when no long-range forces are present

in the neutrino sector, the fit to CMB temperature and
polarization anisotropy data greatly improves if we intro-
duce the extra parameter Alens. From a frequentist point of

view, there is a 3σ preference for Alens ≠ 1 if we use the
PLIK likelihood and somewhat smaller for CamSpec.
Interestingly, this preference drops drastically when con-
sidering additional datasets, indicating some internal
inconsistency.
The preference for Alens ≠ 1 dilutes when we include

neutrino long-range interactions. Its statistical significance
merely reaches the ∼1.5σ–2σ level (or < 1σ if we consider
Planck temperature, polarization, and lensing data), and,
therefore, it can be interpreted as a simple statistical
fluctuation. Furthermore, the values of Δχ2eff become more
uniform and consistent among the different datasets. This is
unlike other proposed solutions to the lensing anomaly
such as curvature, where BAO data fully restore the
preference toward Alens ≠ 1.
In order to further assess the impact of our results, we

also use one of the information criteria widely exploited in
astrophysical and cosmological studies to discriminate
between competing models (see, e.g., Refs. [78,79])—
the frequentist Akaike information criterion (AIC):

AIC≡ χ2eff þ 2k; ð3Þ

where k is the number of free parameters in the model; the
second term penalizes models with more free parameters.
The best model is the one with the smallest AIC. Following
Jeffreys’ scale, we rate a difference ΔAIC > 5 or > 10 as
strong or decisive evidence, respectively, against the dis-
favored model [78].
This statistical criterion also reflects that neutrino long-

range interactions dilute the lensing anomaly. Focusing on
the TTTEEEþ lowl dataset and the PLIK likelihood,
ΔAIC ¼ 7.66, and, therefore, Alens ¼ 1 is penalized in a
strong-to-decisive manner with respect to the case in which
the lensing amplitude is a free parameter. For the very same
dataset and likelihood, ΔAIC < 5 when long-range inter-
actions are switched on, and, therefore, no significant claim
can be stated concerning a preference for Alens ≠ 1. Similar
results hold for other datasets and the CamSpec likelihood. A
nonminimal neutrino sector, thus, dilutes the preference for

TABLE I. Significance of the lensing anomaly without and with neutrino long-range self-interactions, for the two official Planck
likelihoods (see the text for details). Introducing long-range interactions removes the significant preference for extra lensing, rendering
the CMB data self-consistent with the assumed cosmology.

Δχ2eff ¼ χ2effðAlens ¼ 1Þ − χ2effðAlens ≠ 1Þ
TTTEEEþ lowl TTTEEEþ lowlþ lensing TTTEEEþ lowlþ lensingþ BAO

PLIK (reference): ΛCDM 9.66 3.43 4.26
p ¼ 0.2% p ¼ 6% p ¼ 4%

PLIK (reference): self-interactions
4.87 0.76 2.71

p ¼ 3% p ¼ 38% p ¼ 10%

CamSpec (alternative): ΛCDM 4.82 2.01 1.96
p ¼ 3% p ¼ 16% p ¼ 16%

CamSpec (alternative): self-interactions
2.06 1.39 1.79

p ¼ 15% p ¼ 24% p ¼ 18%
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extra artificial lensing, making CMB data consistent with
the assumed cosmological history of the Universe.
Table II shows the neutrino parameters that alleviate the

lensing anomaly. We show the best-fit values for the total
neutrino mass

P
mν and the long-range interaction

strength gmν=Mϕ assuming a canonical lensing amplitude
Alens ¼ 1, for both likelihoods and for the three possible
datasets here exploited. We note that, in general, CMB data
prefer moderate interaction rates gmν=Mϕ ∼ 10–103. The
preferred neutrino masses, still lying in the sub-eV region
compatible with laboratory data [80], typically exceed the
current cosmological limits for noninteracting neutrinos.
More precise measurements of the neutrino mass in the
laboratory, which are more model independent [27], could
thus shed complementary light onto these models and their
early Universe phenomenology. Although the precise best
fit changes from one dataset to another, we notice from the
contours in Fig. 4 that a wide parameter range points
toward Alens ¼ 1. No fine-tuning of the best-fit values is
needed to alleviate the Alens tension.

V. CONCLUSIONS AND FUTURE PROSPECTS

The ΛCDM picture has provided an extremely good
explanation of present cosmological observations. Never-
theless, it relies on very simplistic assumptions on the
different ingredients, reflecting our ignorance on the micro-
physics of the different components of the Universe.
Namely, dark energy is simply described by a cosmological
constant representing the vacuum energy, dark matter is
merely assumed to be a noninteracting dust, and neutrinos
are relativistic species that transition into dust as an
ideal gas.
Deviations from this simple and economical scenario

are, thus, natural as data get more precise. These may show
up in self-consistency tests that start out as anomalies
and then evolve into incontrovertible evidence pointing to
either uncontrolled uncertainties or new physics. The fact
that cosmology probes extreme densities also implies that
phenomena beyond the Standard Model of particle physics
could first appear there.
In this work, we have explored if the simplistic and

minimalΛCDM scenario could alleviate some of its current
anomalies if the neutrino sector is richer, leading to unex-
pected effects. This is somewhat expected, as neutrinos have

provided so far the only laboratory evidence for physics
beyond the Standard Model [81–89].
An especially rich cosmological observable is the CMB

lensing. Neutrinos substantially affect it, to the extent that
present and future CMB constraints on neutrino masses
strongly rely on measuring it [90]. And, as we have shown,
deviations from the minimal ideal gas scheme notably
modify the canonical expectations.
A nonideal neutrino equation of state, thus, naturally

provides a physical framework to solve the so-called
lensing (Alens) anomaly. We have shown that the presence
of a long-range interaction in the neutrino sector makes
CMB observations consistent with the canonical value
Alens ¼ 1. In addition, the interaction strength required to
decrease the lensing anomaly down to a statistical fluc-
tuation is consistent with other existing bounds.
Our scenario can be easily explored with other cosmo-

logical observations. Future CMB measurements will have
superb precision, and they could discriminate between
neutrino interactions and uniformly enhanced lensing
[65,67]. Furthermore, current surveys are rapidly improv-
ing our precision of the matter power spectrum [10,91], to
the extent that they could start being sensitive to effects
induced by neutrino self-interactions [27]. In Ref. [27], it
was explicitly shown that long-range neutrino interactions
remove the power spectrum enhancement at scales k ∼
10−3h=Mpc due to nonrelativistic neutrinos falling in the
dark matter gravitational wells and contributing to structure
growth. As shown there, the future EUCLID survey will
significantly improve the current sensitivity to long-range
interacting neutrino scenarios. The light new scalar respon-
sible for the long-range interaction could also give rise to
observable departures from standard cosmology [36–41].
More interestingly, due to the direct link to particle

physics, neutrino long-range interactions can leave imprints
on astrophysical and laboratory probes. Environments with
a large neutrino density such as the Sun or core-collapse
supernovae might get affected [92], and the precise data
that future neutrino observatories will gather open exciting
prospects [93–99]. Our scenario also predicts that the entire
cosmic neutrino background should be condensed in
relatively dense lumps that could give additional signals,
for instance, through their effect on astrophysical neu-
trinos. Furthermore, in minimal realizations of our model,
laboratory neutrino mass constraints are not affected [27].

TABLE II. Neutrino mass and long-range interaction strength preferred by different datasets. These values
alleviate the lensing anomaly.

TTTEEEþ lowl TTTEEEþ lowlþ lensing TTTEEEþ lowlþ lensingþ BAO

PLIK
P

mν (eV) 0.8 2.9 0.08
(reference) gmν=Mϕ 13 317 2 × 103

CamSpec
P

mν (eV) 0.7 0.07 0.06
(alternative) gmν=Mϕ 16 7 15
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Thus, the relatively large neutrino masses required to
alleviate the lensing anomaly could generate unexpected
signals in beta decay [80,100] or neutrinoless double-beta
decay [101] searches. Additionally, variations of our model
could also induce neutrino decay [34,45,102–115].
Finally, we have considered only the phenomenology

induced by the minimal Lagrangian (1). Electroweak gauge
invariance, or a mechanism that ensures the lightness of the
mediator, can be achieved only in a UV-complete model
with extra ingredients (see, e.g., Refs. [29,116–118]). This
may bring up additional phenomenology in other cosmo-
logical, astrophysical, or laboratory observations.
We are living in exciting times for cosmology. The

ΛCDM paradigm will be profoundly scrutinized, and any
inconsistency will shed light onto the most elusive part of
our Universe. Neutrinos, ordinarily ghostly particles, may

be the path to new cosmological models, with intriguing
links to astrophysics and particle physics observations.
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101, 123505 (2020).
[51] M. Escudero and S. J. Witte, Eur. Phys. J. C 80, 294

(2020).
[52] S. Roy Choudhury, S. Hannestad, and T. Tram, J. Cosmol.

Astropart. Phys. 03 (2021) 084.
[53] T. Brinckmann, J. H. Chang, and M. LoVerde, Phys. Rev.

D 104, 063523 (2021).
[54] S. Ghosh, S. Kumar, and Y. Tsai, J. Cosmol. Astropart.

Phys. 05 (2022) 014.
[55] G.-y. Huang, T. Ohlsson, and S. Zhou, Phys. Rev. D 97,

075009 (2018).
[56] N. Afshordi, M. Zaldarriaga, and K. Kohri, Phys. Rev. D

72, 065024 (2005).
[57] L. Beca and P. Avelino, Mon. Not. R. Astron. Soc. 376,

1169 (2007).
[58] M. Kaplinghat and A. Rajaraman, Phys. Rev. D 75,

103504 (2007).
[59] O. E. Bjaelde, A.W. Brookfield, C. van de Bruck, S.

Hannestad, D. F. Mota, L. Schrempp, and D. Tocchini-
Valentini, J. Cosmol. Astropart. Phys. 01 (2008) 026.

[60] R. Bean, E. E. Flanagan, and M. Trodden, New J. Phys. 10,
033006 (2008).

[61] C. Gao and A. Stebbins, J. Cosmol. Astropart. Phys. 07
(2022) 025.

[62] A. Y. Smirnov and X.-J. Xu, J. High Energy Phys. 08
(2022) 170.

[63] J. Lesgourgues, G. Mangano, G. Miele, and S. Pastor,
Neutrino Cosmology (Cambridge University Press,
Cambridge, England, 2013).

[64] N. Aghanim et al. (Planck Collaboration), Astron. As-
trophys. 641, A8 (2020).

[65] K. N. Abazajian et al. (CMB-S4 Collaboration), arXiv:
1610.02743.

[66] T. Brinckmann, D. C. Hooper, M. Archidiacono, J.
Lesgourgues, and T. Sprenger, J. Cosmol. Astropart. Phys.
01 (2019) 059.

[67] F. Renzi, E. Di Valentino, and A. Melchiorri, Phys. Rev. D
97, 123534 (2018).

[68] N. Aghanim et al. (Planck Collaboration), Astron. As-
trophys. 641, A5 (2020).

[69] N. Aghanim et al. (Planck Collaboration), Astron. As-
trophys. 641, A6 (2020).

[70] D. Blas, J. Lesgourgues, and T. Tram, J. Cosmol. Astro-
part. Phys. 07 (2011) 034.

[71] J. Lesgourgues, arXiv:1104.2932.
[72] https://github.com/jsalvado/class_public_lrs.
[73] T. Brinckmann and J. Lesgourgues, Phys. Dark Universe

24, 100260 (2019).
[74] M. J. D. Powell, The BOBYQA algorithm for bound

constrained optimization without derivatives, Technical
Report No. DAMTP 2009/NA06, University of
Cambridge, 2009.

[75] C. Cartis, J. Fiala, B. Marteau, and L. Roberts, ACM Trans.
Math. Softw. 45, 1 (2019).

[76] P. A. R. Ade et al. (Planck Collaboration), Astron. As-
trophys. 571, A16 (2014).

[77] J. Prasad, arXiv:1412.3298.
[78] A. R. Liddle, Mon. Not. R. Astron. Soc. 377, L74 (2007).
[79] R. Trotta, Contemp. Phys. 49, 71 (2008).
[80] M. Aker et al. (KATRIN Collaboration), Phys. Rev. Lett.

123, 221802 (2019).
[81] B. Pontecorvo, Zh. Eksp. Teor. Fiz. 53, 1717 (1967).
[82] V. N. Gribov and B. Pontecorvo, Phys. Lett. 28B, 493

(1969).
[83] Q. R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett.

89, 011301 (2002).
[84] Q. R. Ahmad et al. (SNO Collaboration), Phys. Rev. Lett.

89, 011302 (2002).
[85] S. N. Ahmed et al. (SNO Collaboration), Phys. Rev. Lett.

92, 181301 (2004).
[86] B. Aharmim et al. (SNO Collaboration), Phys. Rev. C 72,

055502 (2005).
[87] R. Becker-Szendy et al., Phys. Rev. D 46, 3720 (1992).
[88] Y. Fukuda et al. (Kamiokande Collaboration), Phys. Lett.

B 335, 237 (1994).
[89] Y. Fukuda et al. (Super-Kamiokande Collaboration), Phys.

Rev. Lett. 81, 1562 (1998).
[90] K. N. Abazajian et al. (Topical Conveners: K.N. Abazajian,

J.E.Carlstrom,A.T. LeeCollaboration),Astropart. Phys.63,
66 (2015).

[91] M. E. Levi et al. (DESI Collaboration), arXiv:1907.10688.
[92] M. Cirelli, M. C. Gonzalez-Garcia, and C. Pena-Garay,

Nucl. Phys. B719, 219 (2005).
[93] K. Abe et al., arXiv:1109.3262.
[94] K. Abe et al. (Hyper-Kamiokande Collaboration),

arXiv:1805.04163.
[95] S. Andringa et al. (SNOþ Collaboration), Adv. High

Energy Phys. 2016, 1 (2016).
[96] F. Capozzi, S. W. Li, G. Zhu, and J. F. Beacom, Phys. Rev.

Lett. 123, 131803 (2019).
[97] K. Abe et al. (Hyper-Kamiokande Collaboration), As-

trophys. J. 916, 15 (2021).
[98] B. Abi et al. (DUNE Collaboration), arXiv:2002.03005.
[99] F. An et al. (JUNO Collaboration), J. Phys. G 43, 030401

(2016).

IVAN ESTEBAN, OLGA MENA, and JORDI SALVADO PHYS. REV. D 106, 083516 (2022)

083516-8

https://doi.org/10.1103/PhysRevLett.93.091801
https://doi.org/10.1103/PhysRevLett.93.091801
https://doi.org/10.1103/PhysRevD.68.087301
https://doi.org/10.1103/PhysRevD.68.087301
https://doi.org/10.1103/PhysRevD.71.023527
https://doi.org/10.1016/S0370-2693(01)00966-2
https://doi.org/10.1103/PhysRevD.64.123516
https://doi.org/10.1016/j.physrep.2006.04.001
https://doi.org/10.1103/PhysRevD.78.065009
https://doi.org/10.1103/PhysRevD.78.065009
https://doi.org/10.1088/1475-7516/2010/05/035
https://doi.org/10.1088/1475-7516/2010/05/035
https://doi.org/10.1103/PhysRevD.72.103514
https://doi.org/10.1103/PhysRevD.72.103514
https://doi.org/10.1103/PhysRevD.91.065021
https://doi.org/10.1103/PhysRevD.90.123533
https://doi.org/10.1103/PhysRevD.90.123533
https://doi.org/10.1088/1475-7516/2017/07/033
https://doi.org/10.1088/1475-7516/2017/07/033
https://doi.org/10.1103/PhysRevD.100.063524
https://doi.org/10.1103/PhysRevD.101.123505
https://doi.org/10.1103/PhysRevD.101.123505
https://doi.org/10.1140/epjc/s10052-020-7854-5
https://doi.org/10.1140/epjc/s10052-020-7854-5
https://doi.org/10.1088/1475-7516/2021/03/084
https://doi.org/10.1088/1475-7516/2021/03/084
https://doi.org/10.1103/PhysRevD.104.063523
https://doi.org/10.1103/PhysRevD.104.063523
https://doi.org/10.1088/1475-7516/2022/05/014
https://doi.org/10.1088/1475-7516/2022/05/014
https://doi.org/10.1103/PhysRevD.97.075009
https://doi.org/10.1103/PhysRevD.97.075009
https://doi.org/10.1103/PhysRevD.72.065024
https://doi.org/10.1103/PhysRevD.72.065024
https://doi.org/10.1111/j.1365-2966.2007.11496.x
https://doi.org/10.1111/j.1365-2966.2007.11496.x
https://doi.org/10.1103/PhysRevD.75.103504
https://doi.org/10.1103/PhysRevD.75.103504
https://doi.org/10.1088/1475-7516/2008/01/026
https://doi.org/10.1088/1367-2630/10/3/033006
https://doi.org/10.1088/1367-2630/10/3/033006
https://doi.org/10.1088/1475-7516/2022/07/025
https://doi.org/10.1088/1475-7516/2022/07/025
https://doi.org/10.1007/JHEP08(2022)170
https://doi.org/10.1007/JHEP08(2022)170
https://doi.org/10.1051/0004-6361/201833886
https://doi.org/10.1051/0004-6361/201833886
https://arXiv.org/abs/1610.02743
https://arXiv.org/abs/1610.02743
https://doi.org/10.1088/1475-7516/2019/01/059
https://doi.org/10.1088/1475-7516/2019/01/059
https://doi.org/10.1103/PhysRevD.97.123534
https://doi.org/10.1103/PhysRevD.97.123534
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201936386
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1051/0004-6361/201833910
https://doi.org/10.1088/1475-7516/2011/07/034
https://doi.org/10.1088/1475-7516/2011/07/034
https://arXiv.org/abs/1104.2932
https://github.com/jsalvado/class_public_lrs
https://github.com/jsalvado/class_public_lrs
https://doi.org/10.1016/j.dark.2018.100260
https://doi.org/10.1016/j.dark.2018.100260
https://doi.org/10.1145/3338517
https://doi.org/10.1145/3338517
https://doi.org/10.1051/0004-6361/201321591
https://doi.org/10.1051/0004-6361/201321591
https://arXiv.org/abs/1412.3298
https://doi.org/10.1111/j.1745-3933.2007.00306.x
https://doi.org/10.1080/00107510802066753
https://doi.org/10.1103/PhysRevLett.123.221802
https://doi.org/10.1103/PhysRevLett.123.221802
https://doi.org/10.1016/0370-2693(69)90525-5
https://doi.org/10.1016/0370-2693(69)90525-5
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011301
https://doi.org/10.1103/PhysRevLett.89.011302
https://doi.org/10.1103/PhysRevLett.89.011302
https://doi.org/10.1103/PhysRevLett.92.181301
https://doi.org/10.1103/PhysRevLett.92.181301
https://doi.org/10.1103/PhysRevC.72.055502
https://doi.org/10.1103/PhysRevC.72.055502
https://doi.org/10.1103/PhysRevD.46.3720
https://doi.org/10.1016/0370-2693(94)91420-6
https://doi.org/10.1016/0370-2693(94)91420-6
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1103/PhysRevLett.81.1562
https://doi.org/10.1016/j.astropartphys.2014.05.014
https://doi.org/10.1016/j.astropartphys.2014.05.014
https://arXiv.org/abs/1907.10688
https://doi.org/10.1016/j.nuclphysb.2005.04.034
https://arXiv.org/abs/1109.3262
https://arXiv.org/abs/1805.04163
https://doi.org/10.1155/2016/6194250
https://doi.org/10.1155/2016/6194250
https://doi.org/10.1103/PhysRevLett.123.131803
https://doi.org/10.1103/PhysRevLett.123.131803
https://doi.org/10.3847/1538-4357/abf7c4
https://doi.org/10.3847/1538-4357/abf7c4
https://arXiv.org/abs/2002.03005
https://doi.org/10.1088/0954-3899/43/3/030401
https://doi.org/10.1088/0954-3899/43/3/030401


[100] A. Osipowicz et al. (KATRIN Collaboration), arXiv:hep-
ex/0109033.

[101] A. Giuliani, J. J. Gomez Cadenas, S. Pascoli, E. Previtali,
R. Saakyan, K. Schäffner, and S. Schönert (APPEC
Committee Collaboration), arXiv:1910.04688.

[102] Z. G. Berezhiani, G. Fiorentini, M. Moretti, and A. Rossi,
Z. Phys. C 54, 581 (1992).

[103] J. F. BeacomandN. F.Bell, Phys.Rev.D 65, 113009 (2002).
[104] V. D. Barger, J. G. Learned, S. Pakvasa, and T. J. Weiler,

Phys. Rev. Lett. 82, 2640 (1999).
[105] G. L. Fogli, E. Lisi, A. Marrone, and G. Scioscia, Phys.

Rev. D 59, 117303 (1999).
[106] V. D. Barger, J. G. Learned, P. Lipari, M. Lusignoli, S.

Pakvasa, and T. J. Weiler, Phys. Lett. B 462, 109 (1999).
[107] S. Choubey, N. P. Harries, and G. G. Ross, Phys. Rev. D

74, 053010 (2006).
[108] S. Palomares-Ruiz, S. Pascoli, and T. Schwetz, J. High

Energy Phys. 09 (2005) 048.

[109] M. Dentler, I. Esteban, J. Kopp, and P. Machado, Phys.
Rev. D 101, 115013 (2020).

[110] M. Lindner, T. Ohlsson, and W. Winter, Nucl. Phys. B622,
429 (2002).

[111] M. Kachelriess, R. Tomas, and J. W. F. Valle, Phys. Rev. D
62, 023004 (2000).

[112] S. Ando, Phys. Lett. B 570, 11 (2003).
[113] G. L. Fogli, E. Lisi, A. Mirizzi, and D. Montanino,

J. Cosmol. Astropart. Phys. 06 (2006) 012.
[114] M. Maltoni and W. Winter, J. High Energy Phys. 07 (2008)

064.
[115] M. Escudero, J. Lopez-Pavon, N. Rius, and S. Sandner,

J. High Energy Phys. 12 (2020) 119.
[116] K. Blum, A. Hook, and K. Murase, arXiv:1408.3799.
[117] J. M. Berryman, A. De Gouvêa, K. J. Kelly, and Y. Zhang,

Phys. Rev. D 97, 075030 (2018).
[118] K. J. Kelly, M. Sen, W. Tangarife, and Y. Zhang, Phys.

Rev. D 101, 115031 (2020).

NONSTANDARD NEUTRINO COSMOLOGY DILUTES THE … PHYS. REV. D 106, 083516 (2022)

083516-9

https://arXiv.org/abs/hep-ex/0109033
https://arXiv.org/abs/hep-ex/0109033
https://arXiv.org/abs/1910.04688
https://doi.org/10.1007/BF01559483
https://doi.org/10.1103/PhysRevD.65.113009
https://doi.org/10.1103/PhysRevLett.82.2640
https://doi.org/10.1103/PhysRevD.59.117303
https://doi.org/10.1103/PhysRevD.59.117303
https://doi.org/10.1016/S0370-2693(99)00887-4
https://doi.org/10.1103/PhysRevD.74.053010
https://doi.org/10.1103/PhysRevD.74.053010
https://doi.org/10.1088/1126-6708/2005/09/048
https://doi.org/10.1088/1126-6708/2005/09/048
https://doi.org/10.1103/PhysRevD.101.115013
https://doi.org/10.1103/PhysRevD.101.115013
https://doi.org/10.1016/S0550-3213(01)00603-4
https://doi.org/10.1016/S0550-3213(01)00603-4
https://doi.org/10.1103/PhysRevD.62.023004
https://doi.org/10.1103/PhysRevD.62.023004
https://doi.org/10.1016/j.physletb.2003.07.009
https://doi.org/10.1088/1475-7516/2006/06/012
https://doi.org/10.1088/1126-6708/2008/07/064
https://doi.org/10.1088/1126-6708/2008/07/064
https://doi.org/10.1007/JHEP12(2020)119
https://arXiv.org/abs/1408.3799
https://doi.org/10.1103/PhysRevD.97.075030
https://doi.org/10.1103/PhysRevD.101.115031
https://doi.org/10.1103/PhysRevD.101.115031

