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We study scatterlike interactions between neutrinos and dark matter in light of different combinations of

temperature, polarization and lensing data released by three independent CMB experiments—the Planck

satellite, the Atacama Cosmology Telescope (ACT), and the South Pole Telescope (SPT)—in conjunction

with baryon acoustic oscillation (BAO) measurements. We apply two different statistical methodologies.

Alongside the usual marginalization technique, we cross-check all the results through a profile likelihood

analysis. As a first step, working under the assumption of massless neutrinos, we perform a comprehensive

(re)analysis aimed at assessing the validity of some recent results hinting at a mild preference for

nonvanishing interactions from small-scale CMB data. We find compelling resilience in the results already

documented in the literature, confirming that interactions with a strength uνDM ∼ 10−5–10−4 appear to be

globally favored by ACT (both alone and in combination with Planck). This result is corroborated by the

inclusion of additional data, such as the recent ACT-DR6 lensing likelihood, as well as by the profile

likelihood analysis. Interestingly, a fully consistent preference for interactions emerges from SPT, as well,

although it is weaker than the one obtained from ACT. As a second step, we repeat the same analysis

considering neutrinos as massive particles. Despite the larger parameter space, all the hints pointing

towards interactions are confirmed also in this more realistic case. In addition, we report a very mild

preference for interactions in Planckþ BAO alone (not found in the massless case) which aligns with

small-scale data. While this latter result is not fully confirmed by the profile likelihood analysis, the profile

distribution does confirm that interactions are not disfavored by Planck.

DOI: 10.1103/PhysRevD.109.063516

I. INTRODUCTION

In recent decades, remarkable advancements in the field

of observational cosmology and astrophysics have provided

a refined tool for testing our understanding of fundamental

physics, revealing evidence (both direct and indirect) of

previously unknown and unforeseen phenomena.

In the list of ground breaking discoveries, we can

mention the fact that the current expansion of the

Universe is accelerating (as originally determined via

observations of distant type Ia supernovae [1,2], and

now directly and indirectly corroborated by a wide variety

of other probes [3–14]) and the indirect evidence for a

nonbaryonic matter, commonly known as dark matter

(DM), that was originally highlighted through anomalies

in the rotation of galaxies and the velocities of stars within

them [15–19], and subsequently supported by a multitude

of other observations, including measurements of the

cosmic microwave background (CMB) and the large-scale

structure of the Universe [7,13,20–46].

These discoveries have significantly advanced our under-

standing of the Universe, leading to the development of the

standard ΛCDM model of cosmology which provides a

robust framework to describe observational data probing

very different cosmic epochs and scales. However, despite

this remarkable success, it is not an exaggeration to say that

our comprehension of the ingredients of the model, such as

DM and dark energy (DE), remains largely elusive, lacking

a well-established theoretical foundation as well as direct

experimental confirmation.

The most stringent constraints on the properties of DM

arise from observations in the field of cosmology and
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ongoing efforts in direct detection experiments [47–49].

Despite several attempts aimed at explaining DM in terms

of modified gravity, the prevailing consensus is that it

consists of nonrelativistic (or “cold”) massive particles that

do not interact with other particles, except through gravity.

Within this interpretation, the enigmatic nature of DM is

actually rooted in its poorly understood interactions with

other particles that remain a subject of ongoing debate and

study. Several possible channels of interactions have been

tested and studied both in cosmology and particle physics,

including interactions with photons, baryons, dark radia-

tions and neutrinos,
1
see, e.g., Refs. [115–149].

Despite the vast majority of these studies not yielding any

conclusive evidence supporting DM interactions, recently, a

few scattered and very mild hints in favor of an elastic

scattering between neutrinos and DM (νDM) have been

documented in the literature. Originally, in Ref. [150] a

preference for νDM interactions at the level of∼3σ has been

found by analyzing Lyman-α data. Subsequently, in

Ref. [151] it was argued that observations of temperature

and polarization anisotropies in the CMB at small angular

scales could be crucial in revealing unique signatures for

νDM interactions that would be challenging to detect on

larger angular scales. This has motivated a comprehensive

reanalysis of νDM interactions in light of the most recent

small-scale CMB data and in Refs. [151,152] a very mild

preference for interactions (in perfect agreement with

Lyman-α data) emerged at a statistical significance ranging

between 1 and 2 standard deviations.

Needless to say, taking each of these individual results at

face value, none of them is enough to claim any compelling

evidence for νDM interactions. However, while exercising

caution is a fundamental requirement, it is equally imper-

ative to acknowledge that these hints present intriguing

signals that at least warrant further investigation and

rigorous cross-checking. This holds particularly true in

the context of next-generation CMB experiments whose

declared goal is to significantly enhance our understanding

of neutrino physics and the dark sector of the cosmologi-

cal model.

In this paper, we take other steps forward in this direction

and carry out a comprehensive reanalysis of these scattered

hints aimed at definitively assessing their robustness and

validity. More specifically, we broaden our analysis of the

CMB data to address the following key aspects:

(i) We extend the study of νDM interactions to all

the most recent CMB temperature, polarization

and lensing measurements, as well as to different

combinations of them. This includes novel and

independent measurements, such as the recent lensing

data release 6 from the Atacama Cosmology Tele-

scope (ACT) [27,153] that has provided a compre-

hensive reconstruction of CMB lensing over 9400 sq.

deg. of the sky
2
and the measurements of temperature

and polarization anisotropies released by the South

Pole Telescope (SPT) [24,161].

(ii) For all experiments, we reanalyze νDM interactions

under the assumption of massless neutrinos. Then,

we address this theoretical approximation and extend

the results to νDM interactions in the presence of

massive neutrinos. To maintain generality, we treat

the mass value as a free parameter to be determined

by data.

(iii) We asses the validity of all our findings using

the commonly used Markov chain Monte Carlo

(MCMC) method and applying two different (com-

plementary) statistical methodologies to interpret

the information stored in the chains. Alongside the

usual marginalization technique, we cross-check all

our results through a profile likelihood analysis in

order to duly assess the impact of volume effects on

our results.

Our findings reveal a remarkable robustness of these

trends: despite the statistical significance of our results may

be limited given the current data sensitivity, their resilience

becomes apparent through cross-validation in independent

experiments, as well as through the consistency observed

when comparing the marginalized and profile distributions.

The paper is organized as follows: in Sec. II, we briefly

review the theoretical framework adopted for describing

νDM interactions, as well as their cosmological phenom-

enology. In Sec. III, we discuss the methodology and data

exploited in this work. In Sec. IV, we systematically derive

and discuss the constraints on νDM interactions from all

available CMB experiments (and combinations of them)

under the assumption of massless neutrinos. In Sec. V, we

repeat the same analyses, considering neutrinos as massive

particles whose mass value has to be determined by data. In

both these sections we cross-check all our findings using

both marginalization and profile likelihood analyses.

Finally, in Sec. VI, we summarize our major conclusions.

II. νDM INTERACTIONS

We provide a concise overview of the theoretical

framework adopted for describing νDM interactions, along

with a brief discussion of their cosmological implications.

In this section our goal is to provide some background

1
More exotic scenarios that involve DM-DE interactions have

been largely considered in light of their apparent ability to reduce
current tensions in cosmology; see e.g., Refs. [50–109] and
Refs. [110–114] for more general reviews.

2
Precise reconstructions of the DM distribution through the

lensing spectrum hold particular relevance in the study of the
properties of neutrinos and other light particles; see, e.g.,
Ref. [154], where late-time-only constraints on the total neutrino
mass were derived and are often stronger than early-time
constraints in certain extended cosmologies [155–160].
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useful to correctly interpret and clarify the results presented

later on in the manuscript.

We work in the Newtonian gauge characterized by two

scalar potentials ψ and ϕ which appear in the line element

of a perturbed flat Friedmann-Lemaître-Robertson-Walker

universe as

ds2 ¼ a2ðτÞ½−ð1þ 2ψÞdτ2 þ ð1 − 2ϕÞdxidx
i�; ð1Þ

where dτ ¼ dt=aðτÞ is the conformal time and xi the

comoving coordinates.

In order to derive equations for perturbations, we start

from the relativistic Boltzmann equation [162,163],

∂f

∂τ
þ
dxi

dτ

∂f

∂xi
þ
dp

dτ

∂f

∂p
þ
dni

dτ

∂f

∂ni
¼

�

∂f

∂τ

�

C

; ð2Þ

with ni the components of a unit vector n̂ pointing in the

direction of the comoving momentum p, i.e. p ¼ pn̂, and
f the distribution function, which is defined through the

number of particles in a phase-space volume element,

fðxi; Pj; τÞdx
1dx2dx3dP1dP2dP3 ¼ dN; ð3Þ

being Pi the canonical momentum conjugate. Defining the

perturbation of the distribution function, Ψ, as

fðxi; Pj; τÞ ¼ fð0ÞðpÞ½1þ Ψðx;p; τÞ�; ð4Þ

in the Newtonian gauge, the Boltzmann equation for Ψ in

momentum space reduces to [162]

∂Ψ

∂τ
þ i

p

E
ðk · n̂ÞΨþ

d ln fð0ÞðpÞ

d lnp

�

ϕ̇ − i
E

p
ðk · n̂Þψ

�

¼
1

fð0ÞðpÞ

�

∂f

∂τ

�

C

; ð5Þ

where dots denote the derivatives with respect to conformal

time and E is the comoving particle energy.

A. νDM perturbations for massless neutrinos

We start deriving the equations for perturbations under

the assumption of massless neutrinos. Starting from Eq. (5),

for most standard species (including DM and baryons) it is

possible to perform a Legendre decomposition and integrate

analytically over the particle momentum p. Subsequently,
one can evolve integrated quantities such as the density

fluctuation δ and the divergence of fluid velocity θ.

In the presence of scattering processes between DM and

massless neutrinos, the perturbation equations for the DM

fluid are governed by the following equations:

δ̇DM ¼ −θDM þ 3ϕ̇ ð6Þ

θ̇DM ¼ k2ψ −HθDM −
4

3

ρν

ρDM
μ̇ðθDM − θνÞ; ð7Þ

where H ¼ ȧ=a, while δDM and θDM are the DM density

fluctuation and the divergence of fluid velocity, respec-

tively. Here, μ̇ ¼ anDMσνDM represents the νDM interac-

tion rate defined in terms of the DM number density

nDM ¼ ρDM=mDM (i.e., the ratio between the DM energy

density and the mass of DM particles) and the νDM cross

section σνDM. Notice that, depending on the specific portal

for νDM interactions, σνDM may have a temperature

dependence. The two most common cases studied in the

literature are σνDM ∼ const and σνDM ∼ T2. In this work, we

will focus exclusively on the former case, deriving all

results by assuming no temperature evolution in σνDM.

For massless neutrinos, the modified Boltzmann hier-

archy (following the same notation of Ref. [162], also for

the definition of the harmonic expansion coefficients Fν;l in

the following equations) is given by

δ̇ν ¼ −
4

3
θν þ 4ϕ̇; ð8Þ

θ̇ν ¼ k2
�

δν

4
− σν

�

þ k2ψ − μ̇ðθν − θDMÞ; ð9Þ

Ḟν;l ¼
k

2lþ 1
½lFν;ðl−1Þ − ðlþ 1ÞFν;ðlþ1Þ� − αlμ̇Fν;l; ð10Þ

with σν ¼ Fν;2=2 the shear stress and Eq. (10) being valid

for l ≥ 2. The Boltzmann equation has been transformed

into an infinite hierarchy of moment equations that must be

truncated at some finite order lM. We adopt the commonly

used truncation scheme [162],

Fν;ðlMþ1Þ ≈
ð2lM þ 1Þ

kτ
Fν;lM

− Fν;ðlM−1Þ; ð11Þ

based on approximating Fν;lðkτÞ ∝ jlðkτÞ and extrapolating
the behavior to l ¼ ðlM þ 1Þ using a recurrence relation for

spherical Bessel functions jlðkτÞ. Note that, as in the case of
DM perturbations, νDM interactions alter the equations for

θν. In this case, they also affect the equations for Fν;l with

l ≥ 2. The modifications involve a set of numerical coef-

ficients αl ¼ Oð1Þ, whose exact values are determined by

the dependence of the matrix element for the scattering

process on the cosine of the angle between the incoming and

the outgoing neutrino.
3

3
In practice, following Ref. [67], one can set α2 ¼ 9=5 and

αl ¼ 1 for l ≥ 3 or determine the angular coefficients of the
interaction terms of the higher-order multipoles as done in
Ref. [76]. As shown in this latter work, the differences between
the two cases are very small.
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B. νDM perturbations for massive neutrinos

Even though the massless approximation appears to

effectively capture the phenomenology induced by νDM

interactions, it appears by now to be established that

neutrinos should be regarded as massive particles. For

instance, the tightest lower limit set by neutrino oscillation

experiments on the total neutrino mass at 95% confidence

level (C.L.) reads
P

mν ≳ 0.06 eV [164–166]. In this

study, we aim to get rid of this theoretical approximation

and consider the more realistic case where neutrinos are

considered massive particles. Therefore, here we extend the

formalism presented in the previous subsection to this latter

scenario.

In order to include the effect of massive neutrinos, we

strictly follow Ref. [86]. Assuming neutrinos have a small

but nonzero mass implies that they are neither inherently

ultrarelativistic (like photons) nor nonrelativistic (like

baryons or DM). This holds true in presence of νDM

interactions, as well. Therefore, one must solve the full

hierarchy in a momentum-dependent manner. Using again

the conventions of Ref. [162], for the noninteracting case,

equations read

Ψ̇0 ¼ −
pk

EνðpÞ
Ψ1 − ϕ̇

d ln fð0ÞðpÞ

d lnp
; ð12Þ

Ψ̇1 ¼
1

3

pk

EνðpÞ
ðΨ0 − 2Ψ2Þ −

EνðpÞk

3p
ψ
d ln fð0ÞðpÞ

d lnp
; ð13Þ

Ψ̇l ¼
1

2lþ 1

pk

EνðpÞ
ðlΨl−1 − ðlþ 1ÞΨlþ1Þ; l ≥ 2: ð14Þ

For massive neutrinos, scatterlike interaction with DM

produces an additional collision term in the Euler equation

as well as a damping term to the higher momenta of the

Boltzmann hierarchy. As a result, the final equations in

presence of νDM interactions can be expressed as

½Ψ̇0�νDM ¼ Ψ̇0; ð15Þ

½Ψ̇1�νDM ¼ Ψ̇1−CνDM

�

θDMEνðpÞ

3kfð0ÞðpÞ

dfð0ÞðpÞ

dp
þΨ1

�

; ð16Þ

½Ψ̇2�νDM ¼ Ψ̇2 −
9

10
CνDMΨ2; ð17Þ

½Ψ̇l�νDM ¼ Ψ̇l − CνDMΨl; l ≥ 3; ð18Þ

where Ψ̇l are the standard parts given by Eqs. (12)–(14),

and

CνDM ¼ aσνDM

�

nDMp
2

E2
νðpÞ

�

ð19Þ

is a moment-dependent interaction rate. In this case we

truncate the Boltzmann hierarchy as follows:

½Ψ̇lMþ1�νDM¼
ð2lMþ1ÞEνðpÞ

pkτ
½Ψ̇lM

�
νDM

− ½Ψ̇lM−1�νDM: ð20Þ

The corresponding Boltzmann equations for DM can be

obtained by integrating over momenta and be expressed in

the following form:

δ̇DM ¼ −θDM þ 3ϕ̇; ð21Þ

θ̇DM ¼ k2ψ −HθDM − ð1þ wνÞ
ρν

ρDM
μ̇ðθDM − θνÞ: ð22Þ

When compared to the massless case, we can see that the

only difference arises from Eq. (22), where in the momen-

tum conservation factor wν ¼ Pν=ρν is no longer always

equal to 1=3. Additionally, it is worth stressing that, unlike

the massless case, here μ̇ does not have a simple analytical

expression while keeping the same physical meaning. For

additional details and discussions, we refer to Ref. [86].

C. νDM phenomenology

By incorporating equations for perturbations into the

most widely used Boltzmann solver codes, one can pre-

cisely integrate them and calculate the effects of νDM

interactions on cosmological observables. As a result,

numerous constraints on νDM interactions have emerged

from a wealth of cosmological and astrophysical observa-

tions. Typically, these constraints are formulated in terms of

a single dimensionless parameter,

uνDM ≐

�

σνDM

σTh

��

mDM

100 GeV

�

−1

; ð23Þ

that essentially quantifies the strength of the interaction

normalizing the νDM cross section to the Thomson scatter-

ing rate and the mass of DM particles in units of 100 GeV.

Since the value of uνDM determines the collisional damping

scale, as we argue in this section, depending on its value, the

imprints left by νDM interactions can be different and

manifest themselves at different scales.

One of the most significant νDM effects (which is also

the primary focus of this work) is observed in the CMB

angular power spectra of temperature and polarization

anisotropies. To gain a better physical understanding of

the phenomenology induced by νDM interactions, we can

naively note that we expect them to influence the behavior

of DM and neutrinos during both the radiation-dominated

and matter-dominated phases. In fact, the shape of the

CMB angular spectra is sensitive to the gravitational forces

experienced by the coupled photon-baryon fluid before

decoupling. These gravitational forces, in turn, are deter-

mined by free-streaming neutrinos and DM. In the standard
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scenario without interactions, when breaking down the

solution to the cosmological perturbation system into slow

and fast evolving modes, we observe that photon-baryon

and neutrino perturbations are characterized as fast modes,

while DM perturbations fall into the category of slow

modes. Consequently, the photon-baryon fluid exhibits

significant gravitational interactions only with free stream-

ing neutrinos. More precisely, during the era of radiation

domination and shortly after crossing the Hubble horizon,

photon-baryon perturbations undergo a gravitational ampli-

fication which is gradually reduced due to free streaming

neutrinos that develop anisotropic stress and cluster less

effectively compared to a relativistic perfect fluid.
4
In the

presence of interactions, the situation becomes quite differ-

ent since DM experiences damped oscillations similar to

neutrinos rather than undergoing slow gravitational cluster-

ing. Consequently, DM perturbations also contribute to the

fast modes. In addition, neutrinos, being coupled to DM

particles, do not free-stream anymore and their anisotropic

stress is reduced, causing them to behave more similarly to a

relativistic perfect fluid. As a result, the gravitational boost

of photon-baryon perturbations increases. Similarly, if DM

is still efficiently coupled to neutrinos when perturbations

cross the Hubble radius during the matter-dominated era

before recombination, being gravitationally coupled to the

photon-baryon fluid, it contributes to the fast mode solution.

This leads to another gravitational boosting effect. All these

differences in the dynamics of perturbations may lead to

various effects on the CMB spectra, which have been

extensively examined in the literature. Without aiming to

provide a comprehensive treatment, it is worth mentioning,

for example, that the enhanced gravitational boost felt by

photon-baryon perturbations in the radiation-dominated

epoch can potentially amplify all acoustic peaks except

the first one while the second boost experienced during the

matter-dominated Universe can amplify the first acoustic

peak, as well. Other effects involve the fact that if DM is still

efficiently coupled to neutrinos at the time of photon

decoupling, metric fluctuations can get strongly suppressed,

slightly enhancing even peaks and suppressing odd peaks.

Additionally, νDM-fluid typically has a lower sound speed

compared to the baryon-photon fluid, and this can produce a

shift in the acoustic peaks towards slightly larger l. For

more detailed discussions see Refs. [128,129].

Another widely studied signature arising from νDM

interactions is the significant impact on the matter power

spectrum [50,76,86,126,129]. Interactions lead to an effec-

tive νDM fluid with nonzero pressure, and this pressure

induces diffusion-damped oscillations in the matter power

spectrum, analogous to the acoustic oscillations in the

baryon-photon fluid. Therefore, the most remarkable effect

on the matter power spectrum is a suppression of power on

small scales. The characteristic scale of damped oscillations

(kd) depends on the strength of the interactions: larger

couplings will correspond to later epochs of neutrino-DM

decoupling and a regime of damped oscillation on larger

scales. Conversely, for smaller interaction strengths, the

suppression becomes relevant on much smaller scales

(higher wave number k). This has been documented in

several studies involving both massless and massive neu-

trinos and was clearly pointed out in Ref. [50], where—see

their Eq. (22)—a proportionality kd ∝ ð1=uνDMÞ
1=2 was

derived between the wave number associated with the

diffusion-damped oscillations and the intensity of inter-

actions in the case of temperature-independent cross section.

In general, this suppression of power on small scales can

also influence the CMB angular spectra. Always without

claiming to be exhaustive, we note that in the high

multipole regime l ∼Oð103Þ, the spectrum of temperature

anisotropies becomes directly proportional to the lensing

power spectrum (see, for instance, Eq. (4.16) in

Ref. [167]), which, in turn, depends on the distribution

of matter in the Universe.
5
Furthermore, the matter power

spectrum influences the growth of cosmic structures over

time, which has an impact on the distribution of galaxies

and, consequently, on the integrated Sachs-Wolfe effect.

This contributes to CMB anisotropies caused by the

gravitational evolution of structures. For this reason, we

expect that as the strength of the interaction decreases, the

effects on the CMB spectra should primarily manifest at

smaller scales, akin to what occurs in the matter power

spectrum.
6
This was argued in Refs. [151,152], where it

was also shown that including small-scale CMB measure-

ments can be crucial for revealing unique signatures from

interactions that would be challenging to detect on larger

angular scales.

Finally, we conclude this section with a last important

remark: in this scattering-type interaction between neutri-

nos and DM (at least to first order), no direct differences are

expected at the level of background expansion. This is very

different from, e.g., models of DM-DE interactions which

modify the background expansion as well.

D. Cosmological model

We extended the cosmological model to include νDM

interactions and determine the constraints that can be

obtained from different combinations of the latest CMB

4
Note that modes that cross the Hubble radius during the

matter-dominated epoch do not undergo this effect since the
gravitational potential remains constant, while DM perturbations
grow proportionally with the expansion of the Universe δDM ∝ a.

5
Hence, we expect the inclusion of the reconstructed lensing

power spectrum of the CMB (i.e., the four-point function) in data
analysis to be of great significance.

6
Given the direct proportionality between k and l, it is

reasonable to expect that for lower coupling values, these effects
will intensify with increasing l, becoming noticeable at higher l
values.
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and large-scale structure data. Specifically, we consider two

different cosmological parametrizations.

(i) Massless neutrinos: We begin with the most com-

monly used parameterization in the study of these

interactions, where neutrinos are treated as massless

and ultra-relativistic particles in the early Universe.

This approximation is widely employed because it

simplifies the equations for perturbations while

capturing the overall νDM phenomenology quite

accurately. Specifically, we employ the equations

discussed in Sec. II A. In our analysis, we account

for the interaction between neutrinos and the entire

fraction of DM energy density, setting the effective

number of ultrarelativistic particles at recombina-

tion (Neff) to its reference value of Neff ¼ 3.044. As

demonstrated in Refs. [151,152], no significant

differences are observed when relaxing this latter

assumption. It is important to note that considering

neutrinos as massless particles is clearly an approxi-

mation and that we will get rid of it in the work.

However, it is instructive to start with this simple

case since it allows us to test some verymild hints in

favor of interactions documented in the literature

(which mostly involve this approximation, see

Refs. [151,152]), thereby corroborating existing

results with a profile likelihood analysis and ex-

tending them to different combinations of data.

Hopefully, this will also facilitate a better under-

standing of the results obtained when considering

the most realistic case where neutrinos are regarded

as massive particles.

(ii) Massive neutrinos: We then extend the model to

the case where neutrinos can be considered

massive particles adopting the formalism detailed

in Sec. II B. Despite the common practice in the

standard cosmological model to fix the total neutrino

mass to
P

mν ¼ 0.06 eV, in our study, we proceed

with full generality and leave it as a free parameter to

be constrained by data.
7
Specifically, we assume that

all families of neutrinos interact with DM under the

same interaction strength, we set the effective

number of relativistic degrees of freedom at recom-

bination to Neff ¼ 3.044, and we consider inter-

actions between neutrinos and the entire fraction

of DM.

In both cases, we compute the theoretical model and

introduce the possibility of interactions between neutrinos

and DM using a modified version of the cosmic linear

anisotropy solving system code, CLASS [168].
8

III. METHODOLOGY AND DATA

A. Markov chain Monte Carlo

In order to perform the MCMC analysis, we make use of

the publicly available sampler COBAYA [169]. The code

explores the posterior distributions of a given parameter

space using the MCMC sampler developed for CosmoMC

[170] and tailored for parameter spaces with speed hier-

archy, implementing the “fast dragging” procedure detailed

in Ref. [171]. Our baseline sampling considers the six

ΛCDM parameters, namely the baryon ωb ≐ Ωbh
2 and cold

dark matter ωdm ≐ Ω
νDM
c h2 energy densities, the angular

size of the horizon at the last scattering surface θMC, the

optical depth τ, the amplitude of primordial scalar pertur-

bation logð1010AsÞ, and the scalar spectral index ns. In
addition, we consider the logarithm of the coupling param-

eter log10 uνDM—where uνDM is defined in Eq. (23)—and

perform a logarithmic sample to cover several orders of

magnitude. Finally, when regarding neutrinos as massive

particles, we include the total neutrino mass
P

mν as a free

parameter as well, imposing the lower bound
P

mν > 0.06

that is found in neutrino oscillation experiments. This is

important to get tighter and more realistic constraints on this

parameter [172]. The prior distributions for all the sampled

parameters involved in our analysis are chosen to be

uniform along the range of variation provided in Table I,

with the only exception of the optical depth at reionization τ

for which the prior distribution is chosen according to

the CMB datasets discussed in Sec. III C. Apart from the

sampling cosmological parameters listed above and the

nuisance parameters used to model the theory and the CMB

experiment systematics, we also obtain constraints on some

important derived parameters, as H0, the root-mean-square

of mass fluctuations at the scale R8 ¼ 8h−1Mpc, σ8, and

S8 ¼ σ8ðΩm=0.3Þ
0.5. The convergence of the chains

obtained with this procedure is tested using the Gelman-

Rubin criterion [173]. The threshold for chain convergence

may need to vary from case to case to ensure sufficiently

low levels of noise in the profile likelihoods. For most

models, a good threshold for convergence has been found to

be R − 1≲ 0.02, while for some cases, a better convergence

has been needed (all the way up to R − 1≲ 0.001).

B. Marginalization and profile likelihood analyses

The most straightforward way of extracting constraints

for a particular subset of parameters of a model from the

corresponding Monte Carlo Markov chains is by applying

the so-called marginalization procedure, which basically

7
Fixing

P

mν ¼ 0.06 eV and comparing the CMB spectra for
the massless and the massive case, we tested afterward that the
differences are minimal, regardless of the value of uνDM. This is
predictable since one expects to recover the massless regime in
the small mass limit. However, the differences between the two
cases can substantially grow for larger mass values. This is the
reason why we decided to keep

P

mν free to vary.

8
A publicly available version of this modified CLASS can be

found at https://github.com/MarkMos/CLASS_nu-DM; see also
Refs. [76,86].
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consists in integrating the original posterior distribution

over those parameters we are not interested in. If the

parameters of our model are contained in the vector

θ ¼ fθ1; θ2g, with θ1 and θ2 two nonintersecting subsets

of parameters, the marginalized distribution for θ1 simply

reads

Pðθ1Þ ¼

Z

Pðθ1; θ2Þdθ2: ð24Þ

In practice, this integral can be trivially computed from the

chains just by binning θ1 and counting the number of points

in the chain that fall in each bin. This can be done pretty

fast. The resulting histogram is an approximation of the

marginalized distribution Pðθ1Þ. Better convergence of the
chains leads to more accurate results, of course. Although

this method is very efficient, it can introduce biases due to

volume (also known as marginalization) effects when the

original posterior distribution has important non-Gaussian

features, as it is clearly illustrated in Ref. [174].

Profile likelihoods stand as a good alternative to the

marginalized distributions. The former can be regarded as

being complementary to the latter because they carry

different information. The main advantage of the profile

likelihood is that it is not subject to volume effects, since it

does not involve any integration. The profile likelihood

associated to θ1 is defined as follows:

P̃ðθ1Þ ¼ max
θ2

Pðθ1; θ2Þ; ð25Þ

up to a normalization factor. Despite the simplicity of this

expression, its computation can be quite time-consuming

due to the fact that it requires to bin θ1 and perform the

maximization of the original posterior distribution over θ2
in each of these bins. This is why the vast majority of the

profile likelihood analyses in cosmology have focused on

only one or two parameters; see e.g. [175–182]. However,

Ref. [174] showed that it is also possible to compute the

profile likelihood directly from the chains and with enough

precision to assess the impact of volume effects in the usual

marginalization process. This is done much faster, even if in

some occasions larger chains are needed to decrease the

noise. This method allowed to obtain the full set of one-

dimensional marginalized and profile likelihood constraints

for the main and derived parameters of the ΛCDM and

several models beyond it [174], and has been already

applied in other works, as in Ref. [183].

The use of profile likelihoods is important to detect biases

in the interpretation of the output of standard Monte Carlo

analyses, which are in general based on marginalization. For

instance, Refs. [174,175,178,182] showed that in the con-

text of the ultralight axionlike early dark energy models,

volume effects might play a non-negligible role, producing

important shifts in several parameters that are pivotal in the

discussion of the H0 tension. Quantifying these biases is

always useful (even in ΛCDM [174,184]), but it becomes

particularly relevant when discussing new physics because

they can influence our conclusions.

In this paper we apply the methodology of Ref. [174] to

compute the one-dimensional profile likelihoods for the

models with νDM interactions explained in Sec. II, using

the datasets described in the next section. We will compare

these results with those obtained with the corresponding

marginalized distributions, which we generate making use

of the PYTHON package GetDist [185]. This will allow us to

test the robustness of the results reported in Refs. [151,152].

C. Cosmological data

Our reference datasets in the study of νDM interactions

are the following:

(i) The Planck 2018 temperature and polarization

(TT TE EE) likelihood, which also includes low

multipole data (l < 30) [7,22,186] and the Planck

2018 lensing likelihood [187], constructed from

measurements of the power spectrum of the lensing

potential. We refer to this dataset as P18.

(ii) Atacama Cosmology Telescope DR4 likelihood,

combined with a Gaussian prior on τ ¼ 0.065�
0.015, as done in [26]. We refer to this dataset

as ACT-DR4.

(iii) The gravitational lensing mass map covering

9400 deg2 reconstructed from CMB measurements

made by the Atacama Cosmology Telescope from

2017 to 2021 [27,153]. In our analysis we include

only the conservative range of lensing multipoles

40 < l < 763. We refer to this dataset asACT-DR6.

(iv) The South Pole Telescope temperature and polari-

zation (TT TE EE) likelihood [24,161] combined

with a Gaussian prior on τ ¼ 0.065� 0.015. We

refer to this dataset as SPT.

(v) Baryon acoustic oscillations (BAO) measurements

extracted from data from the 6dFGS [188], SDSS

TABLE I. List of the uniform parameter priors. In some of our

analyses we also employ a Gaussian prior for τ with a width much

smaller than the uniform prior reported in this table, which

depends on the concrete CMB data set under study. We provide

the mean values and standard deviations of these Gaussian priors

in Sec. III C.

Parameter Massless neutrinos Massive neutrinos

Ωbh
2 [0.005, 0.1] [0.005, 0.1]

ωdm ≡ Ω
νDM
c h2 [0.005, 0.1] [0.005, 0.1]

100θMC [0.5, 10] [0.5, 10]

τ [0.01, 0.8] [0.01, 0.8]

logð1010ASÞ [1.61, 3.91] [1.61, 3.91]

ns [0.8, 1.2] [0.8, 1.2]

log10uνDM ½−8;−1� ½−8;−1�
P

mν [eV] � � � [0.06, 10]
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MGS [189] and BOSS DR12 [31] surveys. We refer

to this dataset as BAO.

Notice that we will often consider combinations of

different CMB experiments. Most notably, we will com-

bine Planck data at large angular scales with ACT or SPT

data at small scales. The reason for doing so is that both

ACT and SPT lack data around the first acoustic peaks. In

the absence of such data, a large degeneracy among

cosmological parameters typically arises.
9

Additionally,

precise measurements of the first peaks are crucial in

determining the total neutrino mass. As it is well known,

when light neutrinos switch from a relativistic to a non-

relativistic regime, they alter the gravitational potentials and

leave characteristic signatures in the CMB angular power

spectra through the integrated Sachs-Wolfe effect. Such

effects are typically remarkable on the multipole range

missed by ground-based telescopes.
10

On the other hand,

as pointed out previously in this work, small-scale mea-

surements provided by ground-based telescopes can be

crucial to probe small νDM coupling values. In general,

when combining different CMB experiments, we will ensure

that we consider Planck data only in the multipole range not

covered by the other experiment. For instance, when

considering the high-l ACT multipoles in combination with

Planck data, we will use Planck data only in the multipole

range between 2≲ l≲ 650. This is necessary to avoid

including the region where the two experiments overlap,

which would result in double counting of the same sky patch

if a covariance matrix is not considered [26]. Similar

considerations apply when combining SPT and Planck data.

IV. RESULTS FOR MASSLESS NEUTRINOS

In this section, we present the results obtained under the

approximation of massless neutrinos. It is important to

emphasize once again (as the saying goes, “repetita

iuvant”) that although many of the results we will mention

in this section have already been addressed in the literature

(see, e.g., recent Refs. [151,152]), this analysis aims to

further validate these findings using different statistical

methodologies such as the profile likelihood analysis (PL

hereafter) and to extend the discussion to other experiments

and data that have not been explored in relation to these

models (such as the ACT-DR6 lensing data and the SPT

data). Given the large amount of data and experiments to

consider, in order to promote better organization and

clarity, we will proceed by dividing this section into

different subsections, each dedicated to discussing in detail

the results obtained from a specific CMB experiment and

eventually its combinations with others. Finally, we will

dedicate the last subsection to point out some concluding

remarks, condense the main findings of our analysis, and

provide a takeaway message. Note also that, in order to

keep the discussion of the results clear and concise, we will

only present results and plots related to the parameters of

interest for this model; see Table II and Figs. 1 and 2.

Additional tables containing the results for all cosmological

parameters, their correlations in the form of contour plots,

as well as a detailed parameter-by-parameter comparison

between the PL and the marginalized posterior distributions

are provided in Appendix C. More concretely, they are

presented in Table IV and Figs. 5–11. We encourage the

reader to consult the Appendix C whether they wish to

obtain a more complete overview of the results.

A. Planck

Let us begin our analysis with the Planck 2018 data. We

recall that we take into account both temperature and

polarization measurements, as well as the lensing spectrum

reconstruction. In addition, we consider BAO measure-

ments, referring to the final combination of data as

P18þ BAO. In this case, no clear preference for νDM

interaction of any kind is found. This is consistently

TABLE II. Results for log10ðuνDMÞ in the scenarios of massless

and massive neutrinos derived from both marginalized posteriors

and profile likelihoods. The datasets used are combinations

of different CMB and BAO data described in Sec. III. The

central values correspond to the peaks of their respective one-

dimensional distributions, and all confidence intervals are

reported at 68% C.L. Conversely, the upper bounds are con-

sistently reported at 95% C.L. We employ the conservative lower

bound log10ðuνDMÞ ¼ −8 in the computation of the distribution

normalization factors.

Dataset

Massless

neutrinos log10uνDM

Massive

neutrinos log10uνDM

P18þBAO Mar∶ < −4.27 Mar∶ − 4.11þ0.73
−0.93

PL∶ < −4.34 PL∶−5.00þ0.90
−1.80

ACT-DR4þ BAO Mar∶−4.12þ0.49
−0.90 Mar∶−4.05þ0.94

−1.21

PL∶−4.17þ0.58
−0.87 PL∶−3.90þ0.65

−1.25

ACT-DR4þ DR6

þBAO

Mar∶−4.35þ0.52
−0.79 Mar∶−4.12þ0.68

−1.32

PL∶−4.37þ0.48
−0.80 PL∶−4.00þ0.59

−0.91

ACT-DR4þ P18

þBAO

Mar∶−4.64þ0.60
−0.67 Mar∶−4.19þ0.39

−0.45

PL∶−4.60þ0.46
−0.58 PL∶−3.96þ0.44

−0.66

SPTþBAO Mar∶ < −3.56 Mar∶ < −3.15

PL∶ < −3.51 PL∶ − 4.6þ1.1
−1.7

SPTþ P18þ BAO Mar∶ < −3.90 Mar∶ − 5.5� 1.2

PL∶−4.58þ0.46
−2.04

PL∶ − 5.7� 1.2

9
This is the case, for instance, with parameters like ns and

Ωbh
2 whose constraints in the absence of large-scale data do not

always agree with the ones derived considering comprehensive
multipole coverage [26,158,190–194].

10
For this reason, cosmological bounds on the total neutrino

mass derived from ground-based telescope data are typically
much more relaxed, exceeding the eV value. See, e.g.,
Refs. [157,195].
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confirmed both through a marginalization analysis and a PL

analysis. Using both methodologies, we get a 95% C.L.

upper limit on the parameter quantifying the interaction

strength,

Marg∶ log10uνDM < −4.27 ð26Þ

PL∶ log10uνDM < −4.34: ð27Þ

The one-dimensional marginalized and profile distributions

for this parameter are depicted in the top-left plot of Fig. 1.

From the figure, it is evident that there are no strong

preferences for interactions, and when the value of νDM

coupling becomes very small, the probability distributions

become flat. The PL analysis makes it clear that this

happens because models with small interactions do not

exhibit significant differences in the χ2 of the fit and are

essentially indistinguishable from each other, offering

FIG. 1. Comparison of the one-dimensional marginalized and profile distributions of log10uνDM (in black and red,

respectively) considering massless neutrinos (with dashed lines) and massive neutrinos (with solid lines), for each of the

datasets considered in this paper.
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equally valid descriptions of the data. The negligible impact

of volume effects is corroborated by Fig. 8 and Table IV for

the other cosmological parameters, as well. The differences

between the marginalized and PL distributions (and, hence,

between the constraints derived from them) are minimal.

B. Atacama Cosmology Telescope

A relatively recent development in the study of νDM

interactions emerged when it was noticed that, for weak

interaction strengths, effects left by interactions can be

orders of magnitude more pronounced in the damping tail

than at larger angular scales. As a result, the inclusion of

small-scale CMB data can significantly enhance our ability

to constrain these models. Interestingly, analyzing temper-

ature and polarization measurements from the Atacama

Cosmology Telescope (which covers angular scales up to

approximately l ∼ 4200, significantly smaller than those

explored by the Planck satellite), a modest preference for

interactions has been noted [151,152].

First and foremost, we underscore that this preference is

further validated in light of the present reanalysis. When

considering the ACT-DR4 data in combination with the

BAO data, the results we obtain at 68% C.L. read

Marg∶ log10uνDM ¼ −4.12þ0.49
−0.90 ð28Þ

PL∶ log10uνDM ¼ −4.17þ0.58
−0.87 : ð29Þ

Of significant importance is the fact that the PL analysis

confirms the preference for νDM interactions, unequivo-

cally demonstrating that it arises by an actual decrease of

the χ2 value of the fit and showing a perfect agreement with

the results obtained from the marginalized distribution.

This improvement essentially happens in the region of large

multipoles (l > 2000) of the ACT-DR4 TTTEEE like-

lihood; see Appendix B.

Secondly, we take another step forward in the study of

these intriguing signals by expanding our analysis to include

the recent ACT-DR6 lensing likelihood [27,153]. As

already mentioned, the different behavior of neutrino

free-streaming in the presence of νDM interactions, as well

as the broader phenomenology described in Sec. II, can

result in a reduction of power in the matter spectrum at small

scales, thereby leaving imprints on the lensing potential. In

addition, the spectrum of temperature anisotropies at high-l

becomes proportional to the lensing spectrum. All these

reasons lead us to anticipate that ongoing efforts in the

reconstruction of the DM distribution through the lensing

spectrum could potentially improve our constraints on

interactions. Considering ACT-DR4 in conjunction with

ACT-DR6 and BAO data, we get

Marg∶ log10uνDM ¼ −4.35þ0.52
−0.79 ð30Þ

PL∶ log10uνDM ¼ −4.37þ0.48
−0.80 ; ð31Þ

at 68% C.L. Remarkably, such a hint of interaction remains

stable when including lensing data and considering the PL

distribution.

Finally, we check whether combining temperature and

polarization data from ACT with Planck data at larger

angular scales preserves this preference intact. As mentioned

earlier, if DM is still efficiently coupled to neutrinos when

perturbations cross the Hubble radius during the matter-

dominated era, an amplification of the first peak of the

spectrum of temperature anisotropies may be induced. Since

ACT temperature measurements lack data around the first

acoustic peaks (they probe a range of multipoles l≳ 600

in TT), we may not be able to accurately constrain this

possibility, potentially missing crucial information. By

considering the combination of ACT-DR4þ Planckþ
BAO (where Planck is considered only in the multipole

range where it does not overlap with ACT), we eventually

obtain at 68% C.L.,

Marg∶ log10uνDM ¼ −4.64þ0.60
−0.67 ð32Þ

PL∶ log10uνDM ¼ −4.60þ0.46
−0.58 : ð33Þ

We notice that when combining large and small-scale data,

not only does the preference for interactions persist, but it

becomes even slightly more pronounced due to a reduction

in uncertainties. Once again, the PL analysis confirms that

this preference arises from a global improvement in the fit

to small scales without worsening the fit to larger-scale

CMB data.

In light of these findings, we can confidentially conclude

that a mild preference for interaction log10uνDM ∼ −4.5 is

found in ACT data. Indeed, in all the cases considered, over

FIG. 2. Comparison of the profile distributions of log10 uνDM
obtained with the various datasets described in Sec. III C and

considering massless neutrinos. See Sec. IV for details.
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68% of the total probability distribution is contained

within the peaked range of −5≲ log10uνDM ≲ −3, while

the remaining probability lies in the long left tail

log10uνDM ≲ −5. This results in a non-negligible detection

of νDM at a confidence level exceeding 68%, but falling

short of the 95% confidence level. Alternatively, this

corresponds to a statistical significance ranging between

1 and 2 standard deviations. As clear from Fig. 9, the fact

that this hint disappears when considering the 95% C.L.

results is due to our choice to maintain a highly conservative

approach and perform logarithmic sampling with a very

wide prior for the interaction strength, covering several

orders of magnitude down to log10uνDM ∼ −8. Clearly, for

such exceedingly modest values of coupling, the effects of

interactions become negligible at any scale, resulting in flat

tails of the distributions, both for the marginalized and

profile distributions. This latter makes it clear that the

minimum χ2 stops changing as this parameter changes.

The dependence of the prior on the results obtained in this

study certainly warrants careful consideration, and we

encourage the interested reader to consult Appendix A

for further details.

C. South Pole Telescope

We conclude our analysis of νDM interactions in the

limit of massless neutrinos by extending our study to

the South Pole Telescope data. It is worth noting that, up to

this point, SPT temperature and polarization measurements

have never been examined in the context of this interacting

model. Nonetheless, despite larger uncertainties compared

to other CMB experiments, SPT still provides sufficiently

precise data to (at least try to) independently test the results

obtained by Planck and ACT.

As usual, we start by combining SPT and BAO. When

doing so, we get only an upper bound on the interaction

strength which at 95% C.L. reads

Marg∶ log10uνDM < −3.56; ð34Þ

PL∶ log10uνDM < −3.51: ð35Þ

Clearly, when it comes to SPT, the increasing uncertainties

make it challenging to derive definitive conclusions. In

spite of this, it is worth looking at the PL and the

marginalized probability distribution functions given in

Fig. 11. Choosing to see the bright side, we can speculate

about the presence of a modest peak at log10uνDM ∼ −4,

which seems to point more in the direction indicated by

ACT than Planck. The same mild preference is confirmed

by the PL distribution: the fact that this peak does not

disappear reassures us that it is given by a genuine

improvement in the χ2 and not by volume effects.

However, the fraction of probability contained below the

peak is ∼60%, and therefore it does not reach the level of 1

standard deviation. One must also consider that we are

adopting a very conservative large prior range for the

parameter quantifying interactions. Smaller prior ranges

would lead to larger levels of significance. Once more, we

encourage referring to Appendix A for further details.

That being said, any SPT preference for interactions

appears to be reduced compared to ACT. This result

was somewhat expected as SPT probes multipoles up to

l ∼ 3000 (comparable to Planck) without delving into the

small angular scales reached by ACT.

Another aspect to take into account is that SPT shares

similar limitations with ACT, particularly regarding the

lack of data around the first acoustic peaks in the spectrum

of temperature and polarization anisotropies. As already

explained, such a deficiency can produce additional loss of

information when constraining this model. For this reason,

we perform the same test detailed in the previous sub-

section and combine SPTwith Planck in order to cover the

missing multipole range while avoiding overlap between

the two experiments. Considering SPTþ P18þ BAO, we

obtain

Marg∶ log10uνDM < −3.90 ð95% C:L:Þ; ð36Þ

PL∶ log10uνDM ¼ −4.58þ0.46
−2.04 ð68% C:L:Þ: ð37Þ

We observe that combining SPTwith Planck the preference

mentioned for SPTþ BAO translates into an actual indi-

cation at 68% C.L. in the PL that aligns perfectly with the

results obtained from ACT (with or without Planck).

Nevertheless, it is important to notice that in this case

we obtain much larger uncertainties than when combining

ACT and Planck and the peak in the marginalized and PL

distributions is also much broader. This can be understood

looking at Fig. 2. The most preferred values of log10 uνDM
according to SPTþ BAO fall a bit away from the plateau of

the PL distribution obtained with P18þ BAO. This

explains why the signal weakens when we combine SPT

and Planck. However, it is still present and in full agree-

ment with the results obtained with ACT.

Overall, when considering these results individually,

(even paying attention to these minor peaks) one may

conclude that they do not convincingly support the hypoth-

esis of interactions in the SPT data or that their statistical

significance is certainly not sufficient to draw any con-

clusions. Anyway, if we step back and look at the bigger

picture, it appears interesting that models with uνDM ∼ 10−5

to 10−4 could potentially lead to modest improvements in

fitting data from two out of three independent experiments

as unequivocally confirmed by the PL analysis.

D. Concluding remarks

In this section, in light of different statistical methods and

additional experiments, we reviewed and reassessed some

recently emerged hints suggesting a very mild preference

for νDM interactions. Specifically, we confirmed that the
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Planck satellite data do not exhibit any distinct preference

towards interactions, while ACT CMB measurements at

smaller angular scales (where the impact of weak couplings

are expected to be more pronounced) hint at a slight

preference, ranging between 1 and 2 standard deviations.

Notably, this preference persists including the recent ACT-

DR6 lensing measurements, as well as combining ACT and

Planck together. Given the limited level of statistical

significance, such indications could potentially result from

statistical fluctuations. However, the PL analysis confirms

that our results are linked to a genuine improvement in the

overall fit when uνDM ∼ 10−5–10−4. Although to a much

lesser extent and with an increased level of ambiguity, one

may speculate about the presence of similar indications also

in the SPT data. However, in this latter case, the larger

experimental uncertainties make it challenging to derive any

reliable conclusion.

V. RESULTS FOR MASSIVE NEUTRINOS

We make no secret that the results derived in the

previous section, although intriguing, appear to be quite

scattered. Clearly, an important element of uncertainty

derives from assuming neutrinos as massless particles.

With the goal of getting rid of this approximation and

minimizing the number of assumptions, in this section, we

replicate the same analysis considering neutrinos as

massive particles and leaving their total mass a free

parameter to be constrained by data. We maintain the

same structure presented in the previous section, dividing

the narration experiment by experiment and concluding

with some general remarks. The main results are presented

again in Table II and Fig. 1. Additional details and results

can be found in n Appendix C, in Table Vand Figs. 12–18.

A. Planck

Much like the massless scenario, our initial step involves

combining Planck and BAO data. When focusing on this

particular combination (which usually sets a precision and

reliability standard among the highest attainable), we get

what might be considered the most interesting result of

this paper,

Marg∶ log10uνDM ¼ −4.11þ0.73
−0.93 ð38Þ

PL∶ log10uνDM ¼ −5.00þ0.90
−1.80 : ð39Þ

Surprisingly, for massive neutrinos, we find a marginalized

posterior distribution function for log10 uνDM that clearly

peaks at coupling values consistent with those favored by

small-scale CMB experiments. However this feature, which

for the same dataset was absent in the massless limit, is not

fully validated by the PL analysis; see the top-left plot in

Fig. 1. In particular, the profile distribution confirms an

overall improvement in the χ2 statistics for interacting

models, but the distribution is much wider, and it does not

appear to be peaked at the same values obtained by the

marginalized distribution. Therefore, while the results

obtained by the two methods are not in tension, a clear

confirmation of this preference is missing. As usual,

another element of uncertainty is that this indication nearly

vanishes at the 68% C.L., due to the same prior-dependent

effects mentioned in the case of massless neutrinos.

Specifically, as the coupling becomes small, the tail of

the posterior distribution becomes flat because the effects

of interactions become subdominant at all scales. We once

again encourage the reader to refer to Appendix A for

further details.

For the sake of comprehensiveness, we also explore how

neutrino mass bounds change in the presence of inter-

actions. The limits we get at 95% C.L. are
11

Marg∶
X

mν < 0.15 eV; ð40Þ

PL∶
X

mν < 0.15 eV: ð41Þ

By comparing the results presented in Tables IV–V we can

see that our constraints are not substantially different from

those obtained in the previous section assuming massless

neutrinos. Current cosmic data have sufficient power to

constrain log10uνDM and
P

mν independently so that

leaving the total neutrino mass as a free parameter does

not produce strong degeneracy with the interaction

strength. Our results resonate well with those reported

in [86].

B. Atacama Cosmology Telescope

Turning now to the study of small-scale CMB measure-

ments, an important result is that the same preference for

interactions observed in ACT under the assumption of

massless neutrinos persists when considering neutrinos as

massive particles. Indeed, considering ACT-DR4þ BAO

for the interaction strength we obtain

Marg∶ log10uνDM ¼ −4.05þ0.94
−1.21 ; ð42Þ

PL∶ log10uνDM ¼ −3.90þ0.65
−1.25 ; ð43Þ

at 68% C.L. while the limits on the total neutrino mass read

Marg∶
X

mν < 0.39 eV; ð44Þ

11
We do not explicitly show the lower bound

P

mν > 0.06 eV
in any of the results reported in this paper. However, as shown in
Table I, this lower bound holds in all the analyses performed in
Sec. V. It is motivated by the results obtained in neutrino
oscillation experiments [164–166].
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PL∶
X

mν < 0.36 eV; ð45Þ

at 95% C.L. We observe a persistent indication of inter-

actions, although now the uncertainties on the interaction

parameter are much larger compared to the massless case.

As for
P

mν, in principle a nonzero neutrino mass can

impact on the damping tail, potentially resulting in corre-

lations with the effects of interaction. However, our con-

straints on
P

mν are predominantly driven by BAO data

that effectively eliminates any degeneracy. This can be

easily understood by noting that the results obtained on the

total neutrino mass only from small-scale CMB data

typically exceed the eV value [157,195].

The next step is to incorporate the latest ACT-DR6

lensing data into our analysis. When considering the dataset

ACT-DR4þ DR6þ BAO, we obtain

Marg∶ log10uνDM ¼ −4.12þ0.68
−1.32 ; ð46Þ

PL∶ log10uνDM ¼ −4.00þ0.59
−0.91 ; ð47Þ

at 68% C.L. and

Marg∶
X

mν < 0.24 eV; ð48Þ

PL∶
X

mν < 0.24 eV; ð49Þ

at 95% C.L. As already demonstrated for massless neu-

trinos, lensing data can significantly increase the precision

obtained when constraining cosmological parameters,

including νDM interactions. This holds true also for the

massive case. For this dataset, the preference for interactions

remains unchanged as highlighted by both the marginalized

and profile distributions in Fig. 1. Furthermore, we observe

an overall reduction of error bars in cosmological param-

eters, including the upper limit obtained on neutrino mass.

This is consistent with our intuition that precise measure-

ments of lensing effects (here captured by the recent ACT-

DR6 lensing likelihood) can play a significant role in

advancing our understanding of thermal relics and their

properties [154].

Finally, we conclude by considering the combination

ACT-DR4þ P18þ BAO. In this case the results for uνDM
are

Marg∶ log10uνDM ¼ −4.19þ0.39
−0.45 ; ð50Þ

PL∶ log10uνDM ¼ −3.96þ0.44
−0.66 ; ð51Þ

at 68% C.L. while for and
P

mν we get

Marg∶
X

mν < 0.18 eV; ð52Þ

PL∶
X

mν < 0.17 eV; ð53Þ

at 95% C.L. For this combination of data the preference for

interactions becomes more pronounced compared to any

other case analyzed in this study. As we can observe in

Fig. 1, the central part of the probability distribution is very

narrow, while the tails decay rapidly, though they always

remain flat for very low values of log10 uνDM. This means

that within the 95% C.L., a null (or very low) coupling

between neutrinos and DM is consistent with the data,

although interaction values on the order of uνDM ∼

10−5–10−4 seem to be favored by both the marginalized

and profile distributions. Regarding the mass of neutrinos,

the constraint we obtain is the tightest one for the

combination of data involving ACT. This is not surprising

and is primarily due to the inclusion of data at large angular

scales and specifically around the first acoustic peaks.

Indeed it is well known that the most prominent impact of

neutrino masses on CMB anisotropies occurs through the

early integrated Sachs-Wolfe effect. Neutrinos may become

nonrelativistic around recombination, influencing gravita-

tional potentials and leaving a distinctive signature that

reaches its maximum around the first peak in the spectrum

of temperature anisotropies; see e.g. [196].

We end this subsection by commenting on the observed

systematic shift of the peaks of all the distributions of

log10uνDM when ACT and/or Planck are employed in the

analyses, compared to those obtained considering massless

neutrinos. This can be easily grasped in Fig. 1 and Table II.

These shifts are not strong enough to introduce a significant

tension between the results obtained in the two scenarios.

They remain actually compatible at ≲1σ C:L:

C. South Pole Telescope

We conclude by analyzing the SPT data. When we

consider SPTþ BAO we obtain at 95% C.L.,

Marg∶ log10uνDM < −3.15; ð54Þ

PL∶ log10uνDM ¼ −4.6þ1.1
−1.7 ; ð55Þ

and

Marg∶
X

mν < 0.41 eV; ð56Þ

PL∶
X

mν < 0.37 eV; ð57Þ

for the interaction strength and the neutrino mass, respec-

tively. As argued in the massless case, SPT currently

exhibits experimental uncertainties greater than other

CMB experiments, making it challenging to detect any

preference for interactions. This limitation becomes even

more severe here when neutrinos are considered massive,

and their mass is treated as an additional free parameter in

the cosmological model. However, taking these results

alongside the one-dimensional marginalized and profile
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posterior distributions in Fig. 1 at face value, there is no

inclination towards interaction. Regarding the constraint on

the total neutrino mass, once again, most of the constraining

power arises from BAO measurements.

Adding Planck data at large angular scales and consid-

ering the combination SPTþ P18þ BAO, our results read

Marg∶ log10uνDM ¼ −5.5� 1.2; ð58Þ

PL∶ log10uνDM ¼ −5.7� 1.2; ð59Þ

at 68% C.L. for the interaction strength, and

Marg∶
X

mν < 0.19 eV; ð60Þ

PL∶
X

mν < 0.17 eV; ð61Þ

at 95% C.L. for the total neutrino mass. The same

considerations discussed in detail in the manuscript apply

equally to the constraints on uνDM and
P

mν. In the case of

the former, the SPT data do not provide compelling

evidence in support of the interaction hypothesis. This

is crystal-clear from the bottom-right plot of Fig. 1.

Regarding the total neutrino mass, the incorporation of

data covering large angular scales significantly improves

our ability to constrain it.

D. Concluding remarks

In this section, we have improved the analysis of νDM

interactions by considering neutrinos as massive particles,

with their mass regarded as a free parameter in the

cosmological model. The most intriguing result we have

obtained is a slight preference for interactions when con-

sidering only Planck and BAO data which is in good

agreement with results obtained from ACT. However, this

preference (which for the same dataset was absent approxi-

mating neutrinos as massless particles), is only partially

confirmed by a PL analysis. In turn, ACT data continue to

exhibit the same mild preference for uνDM ∼ 10−5–10−4,

which remains consistent and more pronounced when we

include gravitational lensing data and combine ACT with

Planck. In particular, this preference becomes very clear for

ACT-DR4þ P18þ BAO, although without substantially

exceeding the level of 2 standard deviations. On the other

hand, SPT data (either on its own or in conjunction with

Planck) do not provide compelling evidence supporting

interactions. However, due to the larger uncertainties,

interactions are not disfavored either in the range preferred

by the other CMB probes. Overall, we can conclude that all

the hints for interactions found in the massless limit persist

when we relax this assumption and new consistent hints

emerge (e.g., Planckþ BAO). Consequently, while the

situation remains undoubtedly open, it is not unreasonable

to conclude that, based on all currently available CMB

experiments and BAO data, a scatterlike interaction between

neutrinos and DM with a strength uνDM ∼ 10−5–10−4

appears to offer a modest improvement in fitting data.

VI. CONCLUSIONS

A crucial and widely debated aspect in our current

understanding of the Universe, is whether DM interacts

with the other Standard Model particles, beyond gravita-

tional interactions. Various possible interaction channels

have been tested and studied in both cosmology and

particle physics, including interactions with photons, bary-

ons, dark radiation, and neutrinos.

Despite the entirety of these studies not providing

convincing evidence supporting DM interactions, very

recently, a few scattered results have been reported, hinting

at a slight preference towards DM scattering with neutrinos

when considering some independent collections of cosmo-

logical data. More precisely, in Ref. [150] a preference for

νDM interactions at the level of ∼3σ has been found by

analyzing Lyman-α data. Subsequently, in Ref. [151,152] an

independent yet consistent preference (at a statistical sig-

nificance ranging between 1 and 2 standard deviations)

emerged by analyzing CMB measurements of temperature

and polarization anisotropies at small angular scales where

the effects of tiny interactions have been argued to be

significantly larger than on larger scales.

Given the limited level of statistical significance, such

indications could potentially result from statistical fluctua-

tions and/or systematic effects in the data. For sure, at

present, they do not appear substantial enough to assert

compelling evidence for νDM interactions. In this regard, it

is also important to consider that analyses of other astro-

physical and cosmological observations, such as the galaxy

luminosity function, impose stringent constraints on inter-

actions (uνDM ≲ 10−6) [146] that are only marginally

compatible with the aforementioned results. Additionally,

incorporating interactions beyond the Standard Model

encounters the typical challenges compounded by con-

straints from particle physics, introducing additional layers

of complexity; see, e.g., the discussion in Refs. [151,152].

That being said, we believe it is equally imperative not to

overlook these intriguing signals that deserve at least further

investigation and rigorous cross-checking to be fully under-

stood. This is particularly true for indications pointing

toward interactions in the CMB. Unlike late-time con-

straints, they are not strongly influenced by the nonlinear

evolution of structures (which may introduce dependencies

on specific models) but are based on a solid understanding

of the underlying physics, where the dynamics of perturba-

tions can be accurately described within a linear regime.

In this paper, we have undertaken a comprehensive

reevaluation of all hints emerged from CMB observations

to conclusively determine their strength and credibility. In

particular, we have analyzed all available CMB experi-

ments in combination with baryon acoustic oscillations
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measurements, focusing on the most recent temperature,

polarization and gravitational lensing data released by

Planck, ACT, and SPT. In order to test the results

previously reported in the literature, for all these experi-

ments, our analysis begins by considering neutrinos as

massless particles (an assumption upon which the vast

majority of available results are based). Subsequently, we

have extended the analysis to the more general case in

which neutrinos are treated as massive particles whose

mass is left free to be determined by data. To ensure

rigorous cross-check of the results and keep control over

possible effects related to the vast volume of the parameter

space (i.e., to avoid false detection or missing detection

resulting from correlations among parameters), each com-

bination of data has been analyzed both in terms of the

usual marginalized probability distributions and by means

of a profile likelihood methodology.

While the statistical significance of our results remains

somewhat limited due to the current data sensitivity, our

findings show a remarkable resilience in the above men-

tioned hints for interactions. In fact, their resilience

becomes evident through cross-validation in independent

experiments as well as in the consistency observed when

comparing marginalized and profile distributions. In what

follows we summarize (experiment by experiment) what

we consider the most relevant and novel results of this

manuscript:

(i) Planck: The analysis of Planck temperature, polari-

zation, and lensing data combined with baryon

acoustic oscillations measurements, does not exhibit

a clear preference for νDM interactions. Considering

neutrinos as massless particles, both the marginal

distribution and the profile likelihood analysis show

a flat posterior probability distribution function for

values of the interaction strength uνDM ≲ 10−4. From

this, we can confirm that below this threshold value,

Planck data are unable to distinguish between models

with or without interactions. In the more realistic

scenario where neutrinos are regarded as massive

particles, the marginalized probability distribution

gives a slight indication (∼1σ) in favor of inter-

actions, but this indication is not fully confirmed by

the PL analysis. However, the PL analysis does

confirm that models with u ∼ 10−5–10−4 show a

modest reduction in the χ2 value of the fit. Con-

sequently, although there is not clear preference for

νDM interactions, our reanalysis conclusively dem-

onstrates that such scenarios are not in conflict with

Planck data.

(ii) ACT: Our analysis confirms the preference for

νDM interactions that has recently emerged when

including ACT data at small angular scales in the

analysis [151,152]. In particular, we confirm

that this preference persists at a level ranging between

1 and 2 standard deviations in all combinations

of data involving ACT measurements at small

scales. We observe a consistent preference for

uνDM ∼ 10−5–10−4, whether considering only ACT-

DR4 data related to temperature and polarization

measurements, including the ACT-DR6 likelihood

for the lensing spectrum, or considering ACT to-

gether with Planck data at larger angular scales. In all

these cases, the preference persists both when neu-

trinos are considered massless particles and when

they are considered massive particles. In addition, this

preference is always supported by the profile like-

lihood analysis, which unequivocally demonstrates

an overall improvement in the fit. It is important to

note that in the more realistic case where neutrinos are

considered to have mass, this preference becomes

even more evident despite the broader param-

eter space.

(iii) SPT: Since in Planck we do not find clear evidence

for interactions, while in ACT we observe a mod-

erate preference for interactions, a good method to

discriminate between the two hypotheses is certainly

to compare the results with a third independent

experiment. To do so, we extend the analysis to the

CMB measurements of the temperature and polari-

zation anisotropies provided by SPT. Clearly, this

experiment probes intermediate scales between ACT

and Planck and currently exhibits error bars that are

larger than both these experiments. Consequently,

this makes it even more challenging to interpret the

results. That being said, assuming neutrinos as

massless particles, from SPTþ BAO we observe

that both the marginalized probability distribution

and the profile distribution seem to indicate a slight

preference for interactions. However, due to the

large uncertainties and the conservative prior em-

ployed for the interaction strength, this preference

does not reach the 68% C.L. The peak obtained with

SPTþ BAO is slightly separated from the plateau

found with P18þ BAO. This explains why if we

consider large-scale data from Planck together with

SPTþ BAO, the preference weakens, giving wider

peaks. Nevertheless, these results are fully compat-

ible with ACT. Considering massive neutrinos (and

thus introducing an additional parameter to con-

strain) leads to a further reduction in constraining

power, which further complicates the interpretation

of the results.

Overall, when considering SPT data individually,

one may be tempted to conclude that they do not

convincingly support the hypothesis of interactions

and that their statistical significance is certainly not

sufficient to draw reliable conclusions. While this is

of course true, it is also true that models with uνDM ∼

10−5 to 10−4 are fully consistent with SPT and so

that they are not disfavored either.
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In conclusion, there is a reasonable basis to hypoth-

esise that an interaction resembling elastic scattering

between neutrinos and DM, characterized by a strength

of uνDM ∼ 10−5–10−4, could potentially be supported by

current CMB experiments, contributing to a modest

improvement in the fit of data. Despite the undeniable

uncertainty surrounding this hypothesis (which is, in turn,

linked to the current limited experimental sensitivity), the

consistency of the results observed across independent

observations along with their resilience made evident

by the profile likelihood analysis, provide intriguing

hints that can be definitively tested in light of future

experiments.
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APPENDIX A: PRIOR DEPENDENCE

OF log10uνDM

We devote this brief appendix to discuss the impact of the

lower bound of the flat prior employed for the interaction

strength. As shown in Table I, in all the analyses of this

paper we have sampled this parameter in the range

log10uνDM ∈ ½−8;−1�. This is certainly a very conservative

choice, since our datasets are essentially unable to distin-

guish interacting models with uνDM ≲ 10−6 from ΛCDM,

which is formally recovered in the limit uνDM → 0 (or

log10uνDM → −∞). However, in the light of the con-

straining power of the data found in this study, the standard

model is already retrieved when uνDM ∼ 10−6. This means

that for the data under consideration all the points in the

region log10 uνDM < −6 correspond in practice to a ΛCDM

model. Therefore, it is clear that we have been quite

conservative in this study, giving a larger weight to the

standard model due to the small lower bound employed in

our prior of the coupling. The normalization factors of our

distributions are larger than what they would have been if

we had used a larger lower bound, of course, and this

translates into slightly smaller evidences for the interaction

between dark matter and neutrinos. For illustrative pur-

poses, we show this explicitly in Table III, where we

compare the constraints we get on log10 uνDM when the

lower bound of the prior is set to −8, −7 and −6,

considering massless neutrinos. The constraints are tight-

ened by ∼20%–30% in the analyses involving ACT data

and by ∼50% in the case of SPTþ P18þ BAO. Therefore,

the choice of the prior, to some extent, can actually have a

non-negligible impact on the constraints we get on the

coupling. This is the reason why we are indeed choosing a

very conservative prior.

To explicitly discuss why we believe the choice of the

prior is very conservative, we consider a direct example

and examine the SPTþ P18þ BAO dataset in Table III.

In this case, narrowing the prior for the coupling results

in a significant difference in the outcomes, specifically

a 68% C.L. interval rather than an upper limit on

log10 uνDM.Therefore, for illustrative purposes, it is

instructive to focus on this case and explain why we

believe we have been very conservative in choosing our

priors, reinforcing the robustness of our results.

The 1D posteriors (obtained from GetDist) for the cou-

pling with three different priors are shown in Fig. 3. As

depicted in the figure, decreasing the prior range for the

parameter has no effect other than increasing the fraction of

total probability under the peak and reducing the fraction of

probability in the left tail of the probability distribution. For

this specific dataset, when considering a broad prior, the

fraction of probability under the peak does not reach 68%,

and therefore, we can report an upper limit at 95% C.L. On

the contrary, when we reduce the prior, the total probability

fraction under the peak clearly increases, reaching

68% C.L. Consequently, it could be stated that the peak

TABLE III. Comparison between the results for massless neutrinos obtained for the parameter log10ðuνDMÞ when we use the lower

bounds log10ðuνDMÞ ¼ −8;−7;−6 in the computation of the distribution normalization factors. Two-sided constraints are reported at

68% C.L. and one-sided constraints at 95% C.L.

P18þ BAO ACTDR4þ P18þ BAO ACT ðDR4þ DR6Þ þ BAO SPTþ BAO SPTþ P18þ BAO

log10uνDM > Mar. PL Marg. PL Marg. PL Marg. PL Marg. PL

−8 < −4.27 < −4.34 −4.64þ0.60
−0.67 −4.60þ0.46

−0.58 −4.37þ0.52
−0.77 −4.35þ0.52

−0.79
< −3.56 < −3.51 < −3.90 −4.58þ0.46

−2.04

−7 < −4.17 < −4.27 −4.64þ0.54
−0.59 −4.60þ0.43

−0.53 −4.35þ0.47
−0.66 −4.37þ0.43

−0.66
< −3.53 −3.84þ0.46

−0.95 −4.75þ0.39
−1.49 −4.58þ0.48

−1.44

−6 < −4.04 < −4.18 −4.64þ0.46
−0.51 −4.60þ0.39

−0.47 −4.35þ0.42
−0.56 −4.37þ0.39

−0.57
< −3.50 −3.84þ0.38

−0.56 −4.75þ0.45
−1.02 −4.58þ0.44

−0.91
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corresponds to a 1 standard deviation preference for non-

vanishing interactions.

Therefore assuming a lower limit of minðlog10uνDMÞ ¼
−8 is a conservative choice as all indications are obtained

within very broad priors for this parameter.

APPENDIX B: THE ACT PREFERENCE

FOR νDM

Based on the results presented in this paper and

discussed in previous works on the same model [151,152],

we can conclude that the apparent preference for νDM

interactions arises from the inclusion of ACT tempera-

ture and polarization data. In this regard, it is worth

stressing one more time that, although probing a range

of multipoles that partially overlaps with the Planck

satellite measurements, ACT extends to much smaller

angular scales (i.e., larger multipoles) than the latter.

For instance, ACT has sensitivity in the spectrum of

temperature anisotropies covering the multipole range

l∈ ½650; 4200�, while Planck, for the same spectrum,

probes scales l∈ ½2; 2500�. Since the effects of new

physics in the cosmological model may manifest differ-

ently at various angular scales, small-scale CMB mea-

surements may provide crucial insights when testing

models beyond ΛCDM, serving as an independent test

of the results derived from the Planck satellite data and

extending them to scales not measured by the latter.

Interestingly, as emphasized in several recent studies, a

few intriguing hints for new physics supporting the last

statement have already surfaced from ACT data. To high-

light two of the most interesting results, a preference at

approximately 3 standard deviations in favor of a prere-

combination early dark energy has been pointed out in

Ref. [197] while in Ref. [198], it was argued that,

combining ACT data with large-scale information from

WMAP, delayed onset of neutrino free streaming, possibly

caused by significantly strong neutrino self-interaction,

seems to be statistically favored at a level ranging from

2 to 3 standard deviations. In light of these results, we find

it imperative and interesting to highlight how our con-

clusions fit into this context and eventually clarify the

relation between the hint for νDM interactions discussed

here and the other ACT indications for new physics beyond

the standard cosmological model.

Firstly, we observe that, as noted in Ref. [197], the

preference for EDE arises from the ACT TE and EE

polarization measurements. On the other hand, in

Ref. [198], it has been shown that the potential preference

for neutrino self-interaction can be attributed to the multi-

pole range 700≲ l≲ 1000 in the ACT E-mode polariza-

tion measurements. In both cases, the Planck satellite

measures the multipole range (in temperature and polari-

zation) from which the ACT preference for new physics

emerges without, however, confirming these intriguing

FIG. 3. Comparison among the marginalized 1D posterior probability distribution functions for log10uνDM obtained for SPTþ
P18þ BAO in the massless neutrinos scenario considering three different priors on this parameter.

FIG. 4. 2D contours at 68% and 95% C.L. and 1D posterior

probability distributions for the coupling parameter log10 uνDM
and the total interacting cold dark matter energy density Ω

νDM
c h2

obtained with the full ACT-DR4 TTTEEE likelihood (dashed

grey contours) and only considering multiples l≳ 2000 (full

blue contours).
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results. As argued in the same abstract of Ref. [197], tight

constraints on early dark energy can be derived from Planck

high-lTT data alone, and no preference is found.

Furthermore, when comparing the best-fit early dark energy

spectra obtained for ACT and Planck, coherent differences

emerge across a broad range of multipoles in TE and EE.

As argued in Refs. [151,152] (and as we aim to

conclusively demonstrate in this appendix), this is not

the case for νDM interactions. Indeed, as discussed in

Ref. [151] and reiterated in this work, the effects of νDM

coupling, at the order favored by ACT, can become

significantly large at small scales while remaining quite

modest at the scales measured by the Planck satellite. This

has been explicitly shown in Fig. 2 of Ref. [152], where the

angular power spectra of temperature anisotropies corre-

sponding to the ACT and Planck best-fit values are

compared. As clear from the figure, despite the preference

arising from ACT, assuming a nonzero coupling does not

lead to significant differences in the multipole range of

Planck, contrary to what occurs, for example, with EDE.

For this reason, the preference for νDM interactions was

argued to arise from ACT temperature and polarization

measurements at very small scales not measured by Planck.

However, to unequivocally prove the last claim, here we

consider the likelihood of ACT-DR4, which includes

measurements of temperature and polarization anisotropies,

and derive constraints on νDM interactions under two

scenarios: (i) analyzing the entire ACT-DR4 TTTEEE

likelihood, and (ii) truncating the same likelihood into

different bins, retaining only datapoints at l > 2000. This

second option in practice implies discarding all ACT

temperature and polarization measurements at scales mea-

sured by the Planck satellite while keeping data points on

small scales not probed by the latter. The results obtained

for these two cases are shown in Fig. 4 where we present

the 1D marginalized posterior for log10 uνDM and its 2D-

correlation with Ω
νDM
c (as extracted from our MCMC

analysis using GetDist).

Despite an expected widening of uncertainties, consid-

ering the entire ACT likelihood or only the part corre-

sponding to l > 2000, does not lead to significant

differences, and the same preference for νDM interactions

is confirmed,

Full ACT-DR4∶ log10uνDM ¼ −5.03þ1.30
−0.92 ; ðB1Þ

ACT-DR4l > 2000∶ log10uνDM ¼ −4.9þ1.5
−1.0 : ðB2Þ

This unequivocally indicates that this preference largely

arises from small scales l≳ 2000.

APPENDIX C: SUPPLEMENTARY INFORMATION

1. Massless neutrinos

TABLE IV. Fitting results obtained with the various CMB datasets described in Sec. III and employing both, the marginalized

posteriors and profile likelihoods under the approximation of massless neutrinos. The central values refer to the location of the peaks of

the corresponding one-dimensional distributions and all the two-sided constraints are quoted at 68% C.L, while one-sided constraints are

provided at 95% C.L. For the parameter log10ðuνDMÞ we employ the conservative lower bound log10ðuνDMÞ ¼ −8 in the computation of

the distribution normalization factors.

Parameter

P18þ BAO ACTDR4þ P18þ BAO ACT ðDR4þ DR6Þ þ BAO SPTþ BAO SPTþ P18þ BAO

Marg. PL Marg. PL Marg. PL Marg. PL Marg. PL

100ωb 2.239� 0.014 2.247þ0.012
−0.014

2.236� 0.012 2.236þ0.013
−0.012

2.158� 0.029 2.167þ0.025
−0.031

2.222� 0.031 2.219þ0.033
−0.028

2.234� 0.012 2.238þ0.010
−0.011

10ωdm 1.196� −0.009 1.194þ0.009
−0.008

1.198� 0.010 1.198� 0.009 1.199� 0.014 1.200� 0.013 1.184� 0.015 1.186þ0.013
−0.015

1.196� 0.010 1.198þ0.007
−0.010

H0 68.05� 0.42 68.15þ0.39
−0.41

68.00� 0.42 67.97þ0.43
−0.41

67.63� 0.55 67.83þ0.48
−0.57

68.06� 0.59 68.28þ0.38
−0.71

67.93� 0.42 67.95þ0.42
−0.43

τ 0.053� 0.007 0.054� 0.007 0.056� 0.007 0.056� 0.006 0.063þ0.013
−0.011 0.069þ0.010

−0.014
0.056� 0.014 0.058þ0.011

−0.013
0.054� 0.007 0.054þ0.005

−0.006

ns 0.965� 0.004 0.966� 0.004 0.968� 0.004 0.968þ0.004
−0.003

0.997� 0.012 0.998þ0.012
−0.011

0.964� 0.016 0.967þ0.014
−0.015

0.965� 0.004 0.966� 0.004

lnð1010AsÞ 3.040� 0.014 3.043� 0.013 3.053� 0.013 3.055� 0.013 3.054� 0.021 3.061þ0.020
−0.023

3.043� 0.030 3.045þ0.031
−0.025

3.041� 0.013 3.045þ0.011
−0.013

log10 uνDM < −4.27 < −4.34 −4.64þ0.60
−0.67 −4.60þ0.46

−0.58 −4.35þ0.52
−0.79 −4.37þ0.48

−0.80
< −3.56 < −3.51 < −3.90 −4.58þ0.46

−2.04

σ8 0.820þ0.007
−0.008 0.822þ0.007

−0.008 0.821þ0.010
−0.011 0.820þ0.009

−0.011 0.830þ0.013
−0.012 0.831þ0.011

−0.016 0.811þ0.018
−0.029 0.805þ0.018

−0.035 0.820þ0.009
−0.010 0.823þ0.008

−0.011

S8 0.827þ0.013
−0.012 0.829þ0.011

−0.014 0.830þ0.015
−0.014 0.831þ0.013

−0.015 0.841þ0.016
−0.014 0.843þ0.013

−0.015 0.812þ0.025
−0.031 0.798þ0.031

−0.035 0.829þ0.014
−0.016 0.838þ0.010

−0.015
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a. Correlations among cosmological parameters

FIG. 5. Massless neutrinos: One-dimensional marginalized posterior distributions and the two-dimensional joint contours inferred for

the most relevant cosmological parameters by analyzing Planck 2018 and BAO data.
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FIG. 6. Massless neutrinos: One-dimensional marginalized posterior distributions and the two-dimensional joint contours inferred for

the most relevant cosmological parameters by analyzing the ACT CMB data and their combinations with Planck and BAO

measurements.
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FIG. 7. Massless neutrinos: One-dimensional marginalized posterior distributions and the two-dimensional joint contours inferred for

the most relevant cosmological parameters by analyzing the SPT CMB data and their combinations with Planck and BAO

measurements.
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b. Comparison between the profile and marginalized distributions

FIG. 8. Massless neutrinos: One-dimensional marginalized posteriors (in black) and profile distributions (in red) obtained with the

P18þ BAO dataset for the most relevant parameters of the model.
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FIG. 9. Massless neutrinos: As in Fig. 8, but employing the ACT ðDR4þ DR6Þ þ BAO dataset.
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FIG. 10. Massless neutrinos: As in the previous figures, but using the ACT ðDR4Þ þ P18þ BAO dataset.
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2. Massive neutrinos

FIG. 11. Massless neutrinos: As in the previous figures, but making use of the SPTþ BAO dataset.

TABLE V. Same as in Table IV, but for massive neutrinos.

Parameter

P18þ BAO ACTDR4þ P18þ BAO ACT ðDR4þ DR6Þ þ BAO SPTþ BAO SPTþ P18þ BAO

Marg. PL Marg. PL Marg. PL Marg. PL Marg. PL

100ωb 2.241� 0.013 2.247þ0.012
−0.013

2.237� 0.012 2.239� 0.011 2.161� 0.030 2.168þ0.026
−0.030

2.220� 0.032 2.223� 0.026 2.236� 0.012 2.238� 0.012

10ωdm 1.192� 0.010 1.197þ0.007
−0.010

1.193� 0.010 1.193þ0.011
−0.007

1.187� 0.014 1.192þ0.012
−0.014 1.159þ0.020

−0.022 1.164þ0.016
−0.015

1.191� 0.010 1.197þ0.008
−0.011

H0 67.43þ0.45
−0.51 67.66þ0.40

−0.35 67.40þ0.46
−0.51 67.70þ0.41

−0.45
66.98� 0.66 67.43þ0.48

−0.68 67.47þ0.63
−0.65 67.91þ0.40

−0.88 67.37þ0.47
−0.51 67.55þ0.49

−0.36

τ 0.058� 0.007 0.062þ0.007
−0.005

0.057� 0.006 0.057þ0.007
−0.006

0.075� 0.013 0.072þ0.012
−0.011

0.064� 0.014 0.064þ0.012
−0.014

0.057� 0.007 0.055þ0.007
−0.006

ns 0.966� 0.004 0.966þ0.004
−0.003

0.969� 0.004 0.970� 0.003 0.996� 0.012 0.999� 0.011 0.971� 0.016 0.985þ0.008
−0.024

0.966� 0.004 0.967� 0.003

lnð1010AsÞ 3.050� 0.013 3.057þ0.007
−0.018 3.053þ0.016

−0.012 3.053þ0.018
−0.010

3.080� 0.024 3.071þ0.023
−0.020

3.053� 0.028 3.062þ0.023
−0.032

3.046� 0.015 3.058þ0.008
−0.014

log10uνDM −4.11þ0.73
−0.93 −5.00þ0.90

−1.80 −4.19þ0.39
−0.45 −3.96þ0.44

−0.66 −4.12þ0.68
−1.32 −4.00þ0.59

−0.91
< −3.15 −4.6þ1.1

−1.7
−5.5� 1.2 −5.7� 1.2

P

mν [eV] < 0.15 < 0.15 < 0.18 < 0.17 < 0.24 < 0.24 < 0.41 < 0.37 < 0.19 < 0.17

σ8 0.800þ0.010
−0.011 0.812þ0.007

−0.011 0.803þ0.009
−0.013 0.804þ0.011

−0.009
0.814� 0.013 0.821þ0.011

−0.013 0.775þ0.023
−0.034 0.775þ0.023

−0.027 0.801þ0.011
−0.013 0.813þ0.008

−0.014

S8 0.816� 0.013 0.824þ0.009
−0.011

0.819� 0.015 0.823þ0.013
−0.012

0.834� 0.015 0.838þ0.012
−0.013 0.780þ0.027

−0.034 0.799þ0.021
−0.036 0.818þ0.014

−0.016 0.833þ0.007
−0.025
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a. Correlations among cosmological parameters

FIG. 12. Massive neutrinos: One-dimensional marginalized posterior distributions and the two-dimensional joint contours inferred for

the most relevant cosmological parameters by analyzing Planck 2018 and BAO data.
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FIG. 13. Massive neutrinos: One-dimensional marginalized posterior distributions and the two-dimensional joint contours inferred for

the most relevant cosmological parameters by analyzing the ACT CMB data and their combinations with Planck and BAO

measurements.
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FIG. 14. Massive neutrinos: One-dimensional marginalized posterior distributions and the two-dimensional joint contours inferred for

the most relevant cosmological parameters by analyzing the SPT CMB data and their combinations with Planck and BAO

measurements.
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b. Comparison between the profile and marginalized distributions

FIG. 15. Massive neutrinos: One-dimensional marginalized and profile distributions (in black and red, respectively) obtained with the

P18þ BAO dataset and allowing the sum of the neutrino masses to vary freely in the Monte Carlo analysis.
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FIG. 16. Massive neutrinos: Same as in Fig. 15, but using ACT ðDR4þ DR6Þ þ BAO.
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FIG. 17. Massive neutrinos: Same as in the previous figures, but using ACT DR4þ P18þ BAO.
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WILLIAM GIARÈ et al. PHYS. REV. D 109, 063516 (2024)

063516-34



[135] M. Escudero, L. Lopez-Honorez, O. Mena, S. Palomares-

Ruiz, and P. Villanueva-Domingo, J. Cosmol. Astropart.

Phys. 06 (2018) 007.

[136] E.W. Kolb and M. S. Turner, Phys. Rev. D 36, 2895

(1987).

[137] I. M. Shoemaker and K. Murase, Phys. Rev. D 93, 085004

(2016).

[138] P. F. de Salas, R. A. Lineros, and M. Tórtola, Phys. Rev. D

94, 123001 (2016).

[139] S. Pandey, S. Karmakar, and S. Rakshit, J. High Energy

Phys. 01 (2019) 095; 11 (2021) 215(E).

[140] K. J. Kelly and Y. Zhang, Phys. Rev. D 99, 055034

(2019).

[141] M. Blennow, E. Fernandez-Martinez, A. Olivares-Del

Campo, S. Pascoli, S. Rosauro-Alcaraz, and A. V. Titov,

Eur. Phys. J. C 79, 555 (2019).

[142] K.-Y. Choi, J. Kim, and C. Rott, Phys. Rev. D 99, 083018

(2019).

[143] S. Roy Choudhury, S. Hannestad, and T. Tram, J. Cosmol.

Astropart. Phys. 03 (2021) 084.

[144] K. J. Kelly, F. Kling, D. Tuckler, and Y. Zhang, Phys. Rev.

D 105, 075026 (2022).

[145] S. Roy Choudhury, S. Hannestad, and T. Tram, J. Cosmol.

Astropart. Phys. 10 (2022) 018.

[146] M. R. Mosbech, A. C. Jenkins, S. Bose, C. Boehm, M.

Sakellariadou, and Y. Y. Y. Wong, Phys. Rev. D 108,

043512 (2023).

[147] Y.-H. Lin, T.-H. Tsai, G.-L. Lin, H. T.-K. Wong, and M.-R.

Wu, Phys. Rev. D 108, 083013 (2023).

[148] K. Akita and S. Ando, J. Cosmol. Astropart. Phys. 11

(2023) 037.

[149] N. Bostan and S. Roy Choudhury, arXiv:2310.01491.

[150] D. C. Hooper and M. Lucca, Phys. Rev. D 105, 103504

(2022).

[151] P. Brax, C. van de Bruck, E. Di Valentino, W. Giarè,
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