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a b s t r a c t

We explore an extension of the standard ΛCDM model by including an interaction between neutrinos
and dark matter, and making use of the ground based telescope data of the Cosmic Microwave
Background (CMB) from the Atacama Cosmology Telescope (ACT). An indication for a non-zero coupling
between dark matter and neutrinos (both assuming a temperature independent and T 2 dependent
cross-section) is obtained at the 1σ level coming from the ACT CMB data alone and when combined
with the Planck CMB and Baryon Acoustic Oscillations (BAO) measurements. This result is confirmed by
both fixing the effective number of relativistic degrees of freedom in the early Universe to the Standard
Model value of Neff = 3.044, and allowing Neff to be a free cosmological parameter. Furthermore, when
performing a Bayesian model comparison, the interacting νDM (+Neff) scenario is mostly preferred over
a baseline ΛCDM (+Neff) cosmology. The preferred value is then used as a benchmark and the potential
implications of dark matter’s interaction with a sterile neutrino are discussed.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

A vast number of astrophysical and cosmological observations
oint towards the existence of dark matter (DM). DM domi-
ates the matter content of the universe and yet can only in-
eract very weakly with normal matter, if at all. The nature of
M and its properties remain unknown, but it is widely be-
ieved that DM consists of non-relativistic (‘cold’) massive par-
icles. The strongest constraints on properties of DM come from
osmological observations and direct searches [1–3].
One intriguing possibility which has been widely discussed in

he literature is an interaction between DM and neutrinos [4–10].
onstraints on νDM couplings can be obtained by a variety astro-

physical, cosmological or accelerator-based experiments [11–40].
Cosmological tests of such interactions include studies of CMB
anisotropies, probes of the LSS power spectrum and Lyman-
α data. Theories with νDM interactions predict a suppression
of perturbations at length scales smaller than the collisionless
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damping scale. As a consequence, structure formation on smaller
length scales differ from the uncoupled case. It has been pointed
out that νDM interactions potentially address shortcomings of
standard CDM models, such as the missing satellites or the
too-big-to-fail problems [4,16,41,42]. In the presence of a νDM
coupling, DM perturbations entering the horizon in the radia-
tion dominated epoch no longer simply grow via gravitational
instability. Instead, the coupled DM–neutrino fluid experiences
damped oscillations, similar to the coupled photon–baryon fluid.
Neutrinos no longer free-stream because they are bound to the
dynamics of the DM particles. One consequence of these pro-
cesses is a change of the CMB anisotropy power spectrum. We
refer to [15,19] for detailed discussions on the physical processes
involved.

We have recently pointed out that measurements of CMB
anisotropies on small angular scales (large multipole numbers ℓ)
with a few percent accuracy provide a significant amount of infor-
mation on νDM interactions, while their imprint on larger angular
scales, as those probed e.g. by Planck, would require much larger
sensitivity [43]. In this work we will continue our study of νDM
interactions on the CMB anisotropies at large multipoles (l ≳
3000), emphasizing the role of recent and future CMB data at
high multipoles to constrain such interactions. We will consider
mainly the case of a temperature independent cross-section, but
rticle under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
List of the uniform parameter priors.
Parameter σνDM ∼ T 0 σνDM ∼ T 2

Ωbh2
[0.005 , 0.1] [0.005 , 0.1]

ΩνDM
c h2

[0.005 , 0.1] [0.005 , 0.1]

100 θMC [0.5 , 10] [0.5 , 10]
τ [0.01 , 0.8] [0.01 , 0.8]
log(1010AS) [1.61 , 3.91] [1.61 , 3.91]
ns [0.8 , 1.2] [0.8 , 1.2]
Neff [0 , 10] [0 , 10]
log10 uνDM [−8 , −1] [−18 , −12]

briefly comment on the case of a T 2 dependent cross-section as
ell. Following the literature, we quantify the interaction by the
arameter

νDM =
σνDM

σT

( mDM

100 GeV

)−1
, (1)

where σT is the Thomson scattering cross section and mDM is the
ass of the DM particle.
The paper is organized as follows. In Section 2 we describe

he codes and data used for the analysis, in Section 3 we present
ur constrains for the cases explored in this paper, in Section 4
e show the impact of our results on a specific model of νDM

nteraction via a sterile neutrino portal, and finally in Section 5
e draw our conclusions.

. Methods

In this paper we examine extended cosmological models that
nclude interactions between DM and neutrinos to determine
he constraints that can be obtained from the latest Cosmic Mi-
rowave Background (CMB) and large-scale structure probes. To
his end, we make use of the publicly available code COBAYA [44].
he code explores the posterior distributions of a given parameter
pace using the Monte Carlo Markov Chain (MCMC) sampler
eveloped for CosmoMC [45] and tailored for parameter spaces

with speed hierarchy implementing the ‘‘fast dragging’’ procedure
detailed in Ref. [46]. To compute the theoretical model and intro-
duce the possibility of interactions between neutrinos and DM,
we exploit a modified versions of the Cosmic Linear Anisotropy
Solving System code, CLASS [47].1 We treat neutrinos as massless
and ultra-relativistic in the early universe. This approximation is
widely used in literature and simplifies calculations for scenarios
involving interactions with DM. In our analysis, we take into
account the interaction between neutrinos and the entire fraction
of DM energy density. Our baseline sampling considers the six
usual ΛCDM parameters, namely the baryon ωb

.
= Ωbh2 and cold

dark matter ωνDM
c

.
= ΩνDM

c h2 energy densities, the angular size of
the horizon at the last scattering surface θMC, the optical depth τ ,
he amplitude of primordial scalar perturbation log(1010As) and
the scalar spectral index ns. In addition, we consider the logarithm
of the coupling parameter log10 uνDM defined in Eq. (1), exploring
two scenarios: a temperature-independent νDM cross-section
(σνDM ∼ T 0) and a squared-temperature-dependent cross-section
(σνDM ∼ T 2). In both cases, we begin by setting the effective
number of ultra-relativistic particles at recombination (Neff) to its
reference value of Neff = 3.044 [50–52]. We then allow Neff to be
an additional free parameter of the sample, enabling us to relax
this requirement and explore a wider range of possibilities. The
prior distributions for all the sampled parameters involved in our
analysis are chosen to be uniform along the range of variation

1 A publicly available version of this modified CLASS can be found at https:
/github.com/MarkMos/CLASS_nu-DM, see also Refs. [48,49].
2

provided in Table 1, with the only exception of the optical depth
at reionization (τ ) for which the prior distribution is chosen
accordingly to the CMB datasets. The convergence of the chains
obtained with this procedure is tested using the Gelman–Rubin
criterion [53] and we choose a threshold for chain convergence
of R − 1 ≲ 0.02.

Concerning CMB and large-scale structure probes, our baseline
data sets consist of:

• The full Planck 2018 temperature and polarization likeli-
hood [54–56], in combination with the Planck 2018 lens-
ing likelihood [57], constructed from measurements of the
power spectrum of the lensing potential. We refer to this
dataset as ‘‘Planck’’.

• The full Atacama Cosmology Telescope temperature and po-
larization DR4 likelihood [58], assuming a conservative Gaus-
sian prior on τ = 0.065± 0.015. We refer to this dataset as
‘‘ACT’’.

• The full Atacama Cosmology Telescope temperature and po-
larization DR4 likelihood [58], in combination with the Planck
2018 TT TE EE likelihood [54–56] in the multipole range
2 ≤ ℓ ≤ 650. We refer to this dataset as ‘‘ACT+Planck’’.

• The Baryon Acoustic Oscillations (BAO) and Redshift Space
Distortions (RSD) measurements from BOSS DR12 [59]. We
refer to this dataset as ‘‘BAO’’.

Finally, to conduct a model comparison, we calculate the
ayesian evidence of each model and then estimate the corre-
ponding Bayes factors lnBij using the publicly available package
CEvidence [60,61],2 that has been suitably modified to be

compatible with COBAYA. In particular, for the case with Neff
ixed to Neff = 3.044, we calculate lnB[ij] as the difference
between the evidence for ΛCDM and the interacting νDM cos-
mology (lnBij = lnZLCDM − lnZνDM). When instead Neff is
allowed to vary, we compute lnBij as the difference between the
evidence for ΛCDM+Neff and the respective interacting scenario
(lnBij = lnZLCDM+Neff − lnZνDM+Neff). Within this convention,
negative lnBij values indicate a preference for an interacting
dark sector, while positive values indicate a preference for ΛCDM
or ΛCDM+Neff. We consider the evidence to be inconclusive if
0 ≤ | ln Bij| < 1, weak if 1 ≤ | ln Bij| < 2.5, moderate if
2.5 ≤ | ln Bij| < 5, strong if 5 ≤ | ln Bij| < 10, and very strong
if | ln Bij| ≥ 10, following the modified Jeffreys’ scale [62,63].

3. Results

In Table 2 we report the constraints on the cosmological
parameters at 68% (and 95% CL) for the temperature independent
νDM cross-section case when Neff is fixed to its standard value
3.044 [50–52,64]. We defer the discussion about the T 2 case to
Appendix A.

The first thing to be noticed is that there is simply an upper
bound on the coupling between DM and neutrinos defined in
Eq. (1), using a logarithmic sampling, i.e. we are in complete
agreement with a model without interaction. In particular we
have that log10 uνDM < −4.42 (log10 uνDM < −3.95) at 68%
(95%) CL for the Planck alone case, that is very consistent with
the bounds we can find in the literature [26,49,65], and robust
after the inclusion of the BAO data. The interacting model is
moderately favored by a Bayesian model comparison against the
standard model with no interaction, as we can see from the value
of the Bayes Factor reported in the last row of Table 2.

However, it is when we analyze the alternative CMB data ob-
tained by the ground based telescope ACT that we find the most

2 The package is accessible at https://github.com/yabebalFantaye/MCEvidence.

https://github.com/MarkMos/CLASS_nu-DM
https://github.com/MarkMos/CLASS_nu-DM
https://github.com/yabebalFantaye/MCEvidence
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Table 2
Temperature independent cross section: We report the 68% (95%) CL constraints/bounds on the cosmological parameters above the line, while below the line we
have the improvement of the χ2 of the best fit and the Bayes Factor, with respect to the ΛCDM scenario.
Parameter Planck Planck + BAO ACT ACT + BAO ACT + Planck + BAO

Ωbh2 0.02239 ± 0.00015 0.02239 ± 0.00013 0.02153 ± 0.00030 0.02154 ± 0.00030 0.02236 ± 0.00012

ΩνDM
c h2 0.1196 ± 0.0012 0.11958 ± 0.00093 0.1185 ± 0.0039 0.1198 ± 0.0015 0.11975 ± 0.00097

100θs 1.04193 ± 0.00030 1.04191 ± 0.00028 1.04337 ± 0.00069 1.04321 ± 0.00063 1.04206 ± 0.00026
τreio 0.0528 ± 0.0074 0.0524 ± 0.0072 0.064 ± 0.015 0.062 ± 0.014 0.0563 ± 0.0064
log(1010As) 3.039 ± 0.014 3.038 ± 0.014 3.049 ± 0.030 3.047 ± 0.030 3.053 ± 0.013
ns 0.9642 ± 0.0044 0.9642 ± 0.0038 1.004 ± 0.016 1.001 ± 0.014 0.9678 ± 0.0036
log10uνDM < −4.42 (< −3.95) < −4.46 (< −4.39) −5.08+1.5

−0.98 (< −3.74) −4.86+1.5
−0.83 (< −3.70) −5.20+1.2

−0.74 (< −4.17)

H0 68.03 ± 0.55 (68.0+1.1
−1.1) 68.05 ± 0.42 (68.05+0.81

−0.82) 68.2 ± 1.6 (68.2+3.3
−3.3) 67.66 ± 0.58 (67.7+1.1

−1.2) 68.01 ± 0.43 (68.01+0.83
−0.85)

σ8 0.806+0.013
−0.0097 (0.806

+0.024
−0.028) 0.807+0.011

−0.0084 (0.807
+0.020
−0.021) 0.823+0.025

−0.021 (0.823
+0.046
−0.050) 0.821+0.025

−0.020 (0.821
+0.044
−0.050) 0.820+0.011

−0.0093 (0.820
+0.021
−0.023)

ln BF −3.74 −2.48 −0.194 −0.156 0.525
Table 3
Temperature independent cross section with Neff: We report the 68% (95%) CL constraints/bounds on the cosmological parameters above the line, while below the
line we have the improvement of the χ2 of the best fit and the Bayes Factor, with respect to the ΛCDM+Neff scenario.
Parameter Planck Planck + BAO ACT ACT + BAO ACT + Planck + BAO

Ωbh2 0.02230 ± 0.00022 0.02233 ± 0.00018 0.02102 ± 0.00045 0.02116 ± 0.00040 0.02210 ± 0.00017

ΩνDM
c h2 0.1180 ± 0.0030 0.1181 ± 0.0028 0.1101 ± 0.0065 0.1104 ± 0.0059 0.1151 ± 0.0025

100θs 1.04217 ± 0.00052 1.04214 ± 0.00048 1.0448 ± 0.0012 1.0445 ± 0.0011 1.04279 ± 0.00046
τreio 0.0521 ± 0.0076 0.0522 ± 0.0069 0.060 ± 0.015 0.062 ± 0.014 0.0548 ± 0.0066
log(1010As) 3.033 ± 0.017 3.034 ± 0.015 3.021 ± 0.036 3.027 ± 0.033 3.036 ± 0.016
ns 0.9599 ± 0.0084 0.9614 ± 0.0066 0.956 ± 0.034 0.972 ± 0.023 0.9562 ± 0.0068
Neff 2.93 ± 0.19 (2.93+0.37

−0.37) 2.96 ± 0.16 (2.96+0.32
−0.32) 2.36 ± 0.43 (2.36+0.87

−0.81) 2.52 ± 0.33 (2.52+0.65
−0.63) 2.74 ± 0.15 (2.74+0.30

−0.29)
log10uνDM < −4.47 (< −4.01) < −4.48 (< −4.06) −4.77+1.5

−0.93 (< −3.53) −5.08+1.6
−0.98 (< −3.77) −5.29+1.3

−0.81 (< −4.21)

H0 67.3 ± 1.4 (67.3+2.8
−2.8) 67.5 ± 1.1 (67.5+2.1

−2.1) 63.0 ± 3.6 (63+7
−7) 64.8 ± 1.9 (64.8+3.7

−3.7) 66.1 ± 1.0 (66.1+2.0
−2.1)

σ8 0.803+0.013
−0.012 (0.803

+0.025
−0.026) 0.804+0.012

−0.011 (0.804
+0.022
−0.024) 0.791 ± 0.030 (0.791+0.058

−0.064) 0.798 ± 0.023 (0.798+0.046
−0.047) 0.807 ± 0.011 (0.807+0.022

−0.023)

ln BF −3.01 −2.37 −0.707 −0.157 −1.43
important result of our paper, as already anticipated in Ref. [43].
Indeed we have an indication for a non-vanishing coupling be-
tween DM and neutrinos at slightly more than 68% CL, namely
log10 uνDM = −5.08+1.5

−0.98 at 1σ . Despite the fact that the indication
vanishes at 95% CL, we still consider this result significant because
it does not arise from the typical discrepancies between various
CMB experiments [66–69], i.e. producing controversial results on
the extensions of the standard cosmological scenario,3 but rather
to a better fit of the very small scales of the ACT data, that are
beyond the range measured by Planck [43]. Actually, as can be
seen in the middle panel of Fig. 2 with the interaction between
DM and neutrinos, the fit of the data points at high multipoles
that are lower than the prediction of the ΛCDM scenario is
improved as the coupling prevents neutrinos from free-streaming
until they are decoupled from the DM and therefore increasing
the damping of the fluctuations in that regime (see Fig. 1). This 1σ
ndication for a νDM coupling is very robust under the assump-
ion of different priors for the parameter log10 uνDM sampled in
our analysis, and the inclusion of additional large scale structure
data such as BAO.

In order to prove that this indication is not due to the absence
of the first peak in the ACT data and the failure in breaking the
possible correlation between the cosmological parameters, we
include in the analysis the Planck data up to multipoles ℓ =

650 (as done in Ref. [75] to avoid the overlapping of the two
experiments), and we study the combination ACT+Planck+BAO.
As we can see in the last column of Table 2, while all the other
cosmological parameters are affected by the inclusion of the first
peak from Planck, drifting away from the ACT only values, the
1σ indication for a νDM coupling is strengthened as the errors

3 See for example the results on Early Dark Energy [70,71], inflationary
arameters [72,73], curvature of the universe [74], etc.
3

shrink. In particular, we find log10 uνDM = −5.20+1.2
−0.74 at 68% CL,

with a definite distribution of the minimum of the χ2 around
this peak, as we can see in Fig. 3, that is not disfavored by a
Bayesian model comparison. It is important to notice here that
this value of the coupling favored by the full combination is
not in disagreement with the Planck data, as we can see in
the top panel of Fig. 2, as in the Planck multipole range this
model is indistinguishable from the ΛCDM scenario (see also
the discussion in Ref. [43]). However, unfortunately, also this
ACT+Planck+BAO dataset combination is not powerful enough to
bound the interaction with a stronger statistical evidence, and
this could certainly be a goal for future experiments. We will
describe the phenomenological implications of having a νDM
coupling different from zero in Section 4.

In a second step, we consider Neff free to vary and report the
constraints on the cosmological parameters at 68% (and 95% CL)
in Table 3 for the temperature independent νDM cross-section
case. The reason behind the variation of the effective number of
relativistic degrees of freedom at recombination, different from
the expected Neff = 3.044, is that we can expect a contribution
to this parameter for the interaction between DM and neutrinos.
However, as we can easily see in Table 3 and Fig. 4, this is not the
case for all the combinations of datasets explored in this work.
Indeed, the constraints on Neff obtained in this scenario are the
same obtained assuming a model without coupling between DM
and neutrinos, i.e. a ΛCDM+Neff model. This happens because Neff
is very strongly constrained by the CMB data, and the preferred
mean value is slightly below the expected 3.044. However, inter-
estingly, all the features regarding the results on the coupling in
Table 2 are still valid in this one parameter extension.

In particular, we find only an upper limit for log10 uνDM from

Planck and Planck+BAO, while we have the same 1σ indication for
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Fig. 1. Theoretical temperature (TT) and polarization (EE and TE) angular power
spectra DXX

ℓ (top panel) and the percentage difference |∆Dℓ|/D0
ℓ with respect to

the non interacting case (D0
ℓ) for different values of the coupling.

a non-vanishing νDM coupling by ACT as well as by its combina-
tion with BAO and the low-multipoles Planck data. We therefore
obtain for the full dataset combination ACT+Planck+BAO data
log10 uνDM = −5.29+1.3

−0.81 at 68% CL (log10 uνDM < −4.21 at
5% CL). In the latter case the Bayes Factor weakly favors the
nteracting model against the model without interaction.

In conclusion, a non-zero coupling between DM and neutrinos
as a very robust 1σ indication coming from the ACT CMB data
alone and in combination with Planck and BAO) and it is also
4

Fig. 2. Comparison of the Planck, ACT and Planck plus ACT best fit temperature
angular power spectra for νDM and ΛCDM cosmologies (with residuals in the
lower panels).

favored by a Bayesian model comparison. This remains true both
fixing and varying Neff.

4. Sterile neutrino portal to dark matter

We now illustrate the impact of the cosmological bounds we
have found on a specific model of DM-neutrino interactions. To
this end, and to avoid bounds from the charged lepton sector,
we focus on the scenario in which a fermionic DM species χ
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Fig. 3. Distribution of χ2 values for different models of the samples in the
wo-dimensional plane (log10 uνDM , ΩνDM

c h2). The color gradient indicates the
agnitude of the χ2 of each model’s fit to the data, with red colors indicating

higher values (i.e., worse fits). The fit to data generally improves around the peak
of the posterior distribution of log10 uνDM . (For interpretation of the references
o color in this figure legend, the reader is referred to the web version of this
rticle.)

Fig. 4. 2D contours at 68% and 95% CL and 1D posterior probability distributions
for the coupling parameter log10 uνDM and the effective number of relativistic
egrees of freedom Neff , as obtained by the different combinations of CMB and
AO data listed in the legend.

ouple to a new scalar φ and a heavy neutral lepton N mixing
ith the SM neutrinos, see also Ref. [10] for a discussion on a
odel with a mediator. The coupling in the dark sector reads
⊃ − φ χ̄ (yL NL + yR NR) + h.c. [4,9,25]. The Dirac fermion N
ixes with the SM neutrinos via a Yukawa-like coupling, L ⊃

λ (L̄ Ĥ)NR, where H is the Standard Model (SM) Higgs field, Ĥ =

τ2H∗, and L is the lepton doublet. After electroweak symmetry
reaking, this gives rise to the sterile neutrino mass eigenstate ν4
ith admixtures of SM flavor eigenstates. We denote the relevant
ixing angles by Uℓ4, where ℓ = e, µ, τ . In the following, we

ocus on the dominant mixing with the tau neutrinos and assume
τ4 ̸= 0 = Ue4 = Uµ4. This allows one to suppress bounds from

the active-sterile neutrino mixing that are more prominent for
the leptons from the first two generations [76,77]. For this reason,
 r

5

it is also useful to assume further that the sterile neutrino is
more massive than the other dark sector species such that its dark
decays ν4 → χφ are kinematically allowed while the semi-visible
decay modes are highly suppressed.

For the heavy dark scalar species and low neutrino energies,
mφ ≫ mχ , Eν , the νDM scattering cross section in this model is
2-dependent and its present-day value reads [4]

χν ≃ (10−52 cm2)
( g
0.1

)4
(
100 MeV

mφ

)4 (
T
T0

)2

, (2)

where g = yL |Uτ4|, T0 ≃ 0.2348 meV [78], and we have assumed
⟨E2

ν ⟩ = 15 [ζ (5)/ζ (3)] T 2
≃ 12.94 T 2

ν for the Fermi-Dirac statistics.
The corresponding Feynman diagram is shown in Fig. 5. This pre-
dicted benchmark value of the cross section leads to log10 uνDM ≪

−15, and is orders of magnitude below the target values ob-
tained in our cosmological simulations with σνDM ∼ T 2 given
in Tables 4 and 5 in Appendix A. One could improve this by in-
creasing the coupling constant g close to the perturbativity limit
and by reducing the DM mass mχ . The model, however, is then
also subject to various constraints. Strong positive temperature-
dependence of the νDM cross section is bounded from above by
an expected attenuation of high-energy neutrino flux from distant
blazars [38–40]. In the scenario discussed here, though, σνDM
becomes suppressed for Eν ∼ 100 TeV relevant for these bounds
so that they are alleviated. A similar conclusion is true for the
constraints based on the expected anisotropy of high-energy ex-
tragalactic neutrinos interacting in the Galactic DM halo [24,29].
Important bounds, however, can be deduced from observables
sensitive to lower neutrino energies where the T 2 dependence
of the cross section holds. In particular, Lyman-α observations
can give rise to substantially stronger limits on σνDM in this case
than the ones derived from the CMB data [13,17,19,21]. The νDM
interactions of this type can also be constrained by observing
dips in the diffuse supernova neutrino background. This affects
scenarios with g ≳ 0.1 and the dark sector masses of the order
of tens of MeV or below [20]. See also Refs. [30,32–35,37] for
further astrophysical bounds on νDM interactions. We conclude
that it remains hard to reconcile this scenario in the limit of
mφ ≫ mχ , Eν with our cosmological fits.

The specific temperature-independent regime of the cross sec-
tion can also be obtained in this model at low energies assuming
a mass degeneracy between the dark sector fermion and scalar
species, mχ ≃ mφ [43]. In the limit of a small mass splitting,
(mφ − mχ ) ≪ Eν , the νDM cross section in this scenario is given
by

σχν ≃ (10−34 cm2)
( g
0.01

)4
(
20 MeV

mχ

)2

(3)

×

[
1 + 0.075

( mχ

20 MeV

)2
(
Trec.
Tν

)2 (
δ

10−8

)2
]

,

where δ = (mφ − mχ )/mχ . As can be seen, in order to guarantee
hat σχν becomes effectively temperature-independent until the
ecombination epoch with Trec. ∼ 0.25 eV, one requires (mφ −

χ ) ≲ 100 meV for the dark sector masses of the order of
ens of MeV. For larger mass splittings, the cross section first
tarts to grow with a decreasing temperature, σνDM ∼ T−2, in
narrow region relevant for mφ − mχ ≲ Eν , and then it enters

he σνDM ∼ T 2 regime characteristic of many νDM interaction
odels with a substantial mass difference between the dark
ector particles. The transition between the two regimes occurs
ia a possible resonant φ production for which the νDM cross
ection substantially grows.
We illustrate the temperature dependence of the uνDM pa-

ameter obtained in this model in Fig. 6 for several benchmark



P. Brax, C. van de Bruck, E. Di Valentino et al. Physics of the Dark Universe 42 (2023) 101321

i
t

p
t
δ

a
c
e
t
v

s
g
r
i
i
a
b
a
I

r
r
t
c
a
h
s

r
b
c
t
(
λ

t
s
s
f
i
I
t
p
p

m
y
m
t
s
T
v
g
a
N
t
d
i
p
b
c
t
e
c
u
s
f

s
s
b
n
l
s
n
d
t
o
s
e
ν

Fig. 5. Feynman diagrams for νDM interactions (top) as well as χ DM self-
nteractions (bottom) in the sterile neutrino portal model. Neutrino coupling to
he dark species is suppressed by active-sterile neutrino mixing angle.

Fig. 6. Dark matter scattering cross section off neutrinos in the sterile neutrino
ortal model shown in terms of the uνDM parameter as a function of the
emperature for several benchmark scenarios with mχ = 20 MeV, g = 0.01, and
= 10−8, 10−6, 10−3, 1, where δ = (mφ − mχ )/mχ . We also show 1σ regions
round the mean fitted value of uνDM in the T 0 and T 2 regimes of the νDM
ross section as blue- and green-shaded regions, respectively. The recombination
poch is indicated with a gray-shaded region on the right. (For interpretation of
he references to color in this figure legend, the reader is referred to the web
ersion of this article.)

cenarios with δ = 10−8, 10−6, 10−3, 1 and mχ = 20 MeV,
= 0.01. In the plot, we showwith a black solid line the expected

esult for the model with a tiny δ ∼ 10−8. As can be seen,
n this case, the νDM cross section is effectively temperature-
ndependent for MeV ≳ T ≳ Trec. and it can fit the 1σ region
round the mean value of our ACT+Planck+BAO fit shown as a
lue-shaded horizontal region. Instead, for larger temperatures
nd Eν ≳ mχ the cross section becomes suppressed, σνDM ∼ 1/Eν .
n this case, the transition between the T 0 and T 2 regimes occurs
6

for T < Trec. This transition is shifted towards larger temperatures
for increasing δ’s. Interestingly, for δ = 10−6, the νDM cross
section can fit the ACT+Planck+BAO 1σ regions characteristic for
both the T 0 regime at T ≳ 10 eV and the effectively T 2-dependent
egime characteristic for T ∼ eV, i.e. around the time of matter-
adiation equality. The latter is shown as green-shaded region in
he plot following Table 5. Instead, for δ ≳ 10−5 the scattering
ross section becomes much suppressed at lower temperatures,
lthough it can still be within the ACT+Planck+BAO 1σ region for
igher T during the radiation-dominated epoch unless the mass
plitting grows too high, δ ≳ 0.1.
We stress that a low mass splitting of the order of δ ∼ 10−8

equires some fine-tuning of the model parameters and could
e radiatively unstable. In particular, corrections to the φ mass
an occur at a loop level via a radiatively generated λφH |φ|

2
|H|

2

erm, where one estimates λφH ∼ (y2Lλ
2/16π2) log(ΛUV/m2

N ) =

g2/16π2) (mN/v)2 log(ΛUV/m2
N ) [9]. In the second step we used

= Uℓ4(mN/v) and introduced the cutoff scale λUV. This can lead
o keV − MeV corrections to mφ in the region of the parameter
pace of our model which should be taken into account when
tudying the mass-degenerate regime. These corrections can be
urther modified by introducing an additional explicit λ′

φH |φ|
2
|H|

2

nteraction term which is not forbidden in the model under study.
n the following, we assume a strong mass degeneracy between
he χ and φ dark sector species to illustrate the interesting
henomenology of the model while keeping agnostic about a
ossible origin of such a degeneracy.
An example of allowed region in the parameter space of the

odel is shown in Fig. 7. In the plot, we assume mν4 = 10mχ ,
L = 1, and δ ∼ 10−8. Current bounds from active-sterile neutrino
ixing [9,79,80] and BBN constraints due to a χ DM contribution

o the number of relativistic degrees of freedom ∆Neff [81] are
hown as gray-shaded regions, cf. Ref. [43] for further discussion.
hese bounds on the coupling g become more severe for lower
alues of the Yukawa-like coupling yL as it is shown with the
ray solid line in the plot which corresponds to yL = 0.5. They
lso grow with the increasing mass of the heavy neutral lepton
. The mean value of the νDM scattering cross section, which fits
he ACT+Planck+BAO data as given in Table 3, and the relevant 1σ
ownward deviation are shown with solid blue lines, as indicated
n the plot. Strikingly, a corresponding 1σ range of non-zero
referred values of the νDM interaction cross section has recently
een found in the Lyman-α data [82], as shown with red-shaded
olor. In the plot, we also show future expected bounds from
he Dark Energy Spectroscopic Instrument (DESI) [21] and Belle-II
xperiment [83]. As can be seen, cosmological fits to the CMB data
an be obtained in the region of the parameter space of the model
nder study which is currently not excluded by accelerator-based
earches but remains within the reach of such experiments and
uture cosmological surveys [84–87].

We also stress that the simplest version of the model with a
ingle-component DM interacting strongly with neutrinos might
uffer from other important astrophysical and cosmological
ounds. In particular, interactions between the DM species and
eutrinos can also impact small-structure of the Universe due to
ate kinetic decoupling of νDM interactions [4,16,41,42]. This can
uppress the growth of small-scale structures via non-negligible
eutrino pressure affecting DM density perturbations. The kinetic
ecoupling temperature of such interactions should remain of
he order of Tkd ∼ keV to avoid too strong a suppression while
ne could then also potentially address the persisting missing
atellite problem within the framework of this model [4]. We
stimate the kinetic decoupling temperature by comparing the
DM interaction rate that sizeably change DM momentum to the
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ubble expansion rate of the Universe, γ (Tkd) = H(Tkd), following
ef. [88]. In the strong mass-degenerate regime, one obtains

kd

⏐⏐⏐
mφ≃mχ

≃ (0.12 keV)
(
0.01
g

)2 ( mχ

20 MeV

)3/2
. (4)

or this value of the kinetic decoupling temperature, Tkd ∼

.1 keV, acoustic oscillations could erase primordial density fluc-
uations up to a large cutoff scale,Mcutoff ∼ 1011 M⊙ (0.1 keV/Tkd)3
89] where M⊙ is the solar mass.4

In order to avoid such a large suppression of the structure
rowth, departures from the benchmark scenario presented in
ig. 7 can be considered. In particular, only a fraction of DM could
e strongly-interacting with neutrinos while the remaining part
ould undergo earlier kinetic decoupling. The impact of such a
wo-component DM scenario on neutrino free streaming can be
ept equally significant by appropriately increasing the coupling
onstant g of the interacting component. Lower values of Mcutoff
an also be obtained for larger mass splittings between the χ and
species. This is particularly the case for the scenarios predicting

he transition from the T 0 to the T 2 regime at temperatures
≳ keV. We illustrate this in Fig. 7 with orange dotted lines

long which one predicts Tkd = 1 keV for δ = 10−8 and 10−3.
he difference between the shape of the two lines indicates the
istinction between the kinetic decoupling occurring in the T 0

nd T 2 regimes of the νDM cross section, respectively. In the
atter case, σχν ∼ 1/m4

χ and its strong increase for decreasing mχ

eeds to be compensated for with smaller values of the coupling
onstant g , cf. Eq. (2). As can be seen, in the δ = 10−3 case,
he Tkd = 1 keV line for mχ ≳ 30 MeV corresponds to the
σ ACT+Planck+BAO region around the mean value of ūνDM. We
eave detailed analyses of the two-component DM model and the
odels with a larger mass splitting δ characterized by earlier
DM kinetic decoupling, for future studies.
Small mass splitting between χ and φ can also be constrained

rom possible χ DM self interactions. In particular, fermion up-
cattering to on-shell scalars with the exchange of Majorana SM
eutrinos can be made kinematically available, χχ → φφ, with
he relevant cross section in the Born approximation given by
χχ→φφ/mχ ≃ (5 × 10−9 cm2/g) (g/0.01)4 (10 MeV/mχ )3. Here,
e assume mχ v ≫ mν and v ≳ 2

√
δ. The latter condition is

o ensure that χ species have enough kinetic energy to produce
wo on-shell scalars φ. Assuming δ ∼ 10−8, this can be effective
lready for v ∼ tens of km/s, i.e., at the Galactic scale, while for

δ ≳ 10−5 one requires v ∼ (few×103 km/s) and the upscattering
an only happen at scales of galaxy clusters. Inelastic χ DM self-
cattering followed by a decay φ → χν can lead to, e.g., the
ffective cooling of the inner DM core when final-state neutrinos
scape this region. As a result, a central DM density slope can be
ncreased, cf. Ref. [90] for discussion about this effect and further
bservational consequences. The value of the cross section men-
ioned above is lower than current bounds on DM self-scatterings,
o such effects are expected to be very mild. However, it is
mportant to note that further corrections can arise from multiple
eutrino exchange diagrams. This can lead to sizeable effects for
oop-induced χχ → χχ self-interactions via off-shell scalars
[91], see Fig. 5 for the corresponding box diagram. In the limit of

he effective contact operator, when φ scalars can be integrated
ut for interactions of non-relativistic χs, this leads to a long-
ange repulsive potential V ∼ 1/r5. Bounds at the level of g ≲
(0.1) for mχ ≃ 20 MeV and δ ∼ 0.1 can then be derived from
oo strong χ DM self scatterings. These constraints, however,
re expected to be modified when going beyond the regime of

4 Notably, the impact of this on our cosmological fits presented in Section 3 is
xpected to be negligible, as it affects large wavenumbers with kcut ∼ 3.7 Mpc−1

hich translates into ℓ > 50k in the CMB power spectrum.
 a

7

Fig. 7. The parameter space of the neutrino portal DM model shown in the
(mDM, g) plane. One assumes mN = 10 mDM , yL = 1 and the mass-degenerate
scenario with mDM ≡ mχ ≃ mφ . ACT+Planck+BAO exclusion bounds are shown
as a blue-shaded region, while the relevant average value of the log10 uνDM
parameter obtained in the fitting, and its 1σ deviation below the mean are
illustrated with solid blue lines. Constraints on sterile-active neutrino mixing, the
effective number of relativistic degrees of freedom ∆Neff , and χ DM relic density
are shown as gray-shaded regions. For comparison, we also present such bounds
derived for a lower value of the Yukawa parameter yL = 0.5 as indicated with
a gray solid line. Lyman-α best-fit region is shown with red-shaded color [82].
he νDM kinetic decoupling occurs at Tkd ≃ 1 keV for δ = 10−3 and 10−8 along
range dotted lines, where δ = (mφ −mχ )/mχ . DM indirect detection constraint
n present-day annihilations of the symmetric χ DM component is shown with
black dotted line. This bound is avoided in the asymmetric DM regime. Future
xpected sensitivity of the Belle-II [83] and DESI [21] experiments are shown
ith red and light-green dash-dotted lines, respectively. (For interpretation of
he references to color in this figure legend, the reader is referred to the web
ersion of this article.)

he contact operator in the strongly mass-degenerate limit, see
lso Ref. [92] for the discussion. Notably, DM self-interaction
ounds can also be weakened assuming that χ corresponds to
nly a fraction of DM. Finally, neutrino self-interactions can also
e induced at a loop level with χ and φ species exchanged
n a box diagram. The corresponding effective coupling in the
our-neutrino contact operator, GνSI (ν̄γ µPLν) (ν̄γ µPLν), is given
y GνSI ∼ (10−3 GF ) (g/0.01)4 (20MeV/mχ )2 [91]. This, however,
emains much below current constraints, cf. Refs. [93,94].

Last but not least, we comment on the χ DM relic density. In
he mass-degenerate regime, the χ abundance is dictated by both
and φ annihilations into SM neutrinos, (χχ̄/φφ̄) → νν̄ with the

atter followed by the decay, φ → χν. The corresponding lifetime
eads

φ ≃ (0.1 sec)
(
0.01
g

)2 (
20 MeV

mφ

) (
10−8

δ

)
. (5)

For the mass splitting δ ≳ 10−8 and other parameters corre-
sponding to the benchmark in Eq. (3), the φ species decay early,
before the Big Bang Nucleosynthesis (BBN) epoch, so they do
not constitute DM. We show the thermal target for χ DM with
black dotted line in Fig. 7. Importantly, the annihilation cross
ection corresponding to the benchmark values of σχν from the
CT+Planck+BAO fit exceeds this thermal target. This leads to

suppressed χ thermal relic abundance. The correct value of
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χh2 can, instead, be obtained as a result of the χ freeze-out
n the presence of initial asymmetry between χ and χ̄ [95,96].
hile an additional contribution to the χ relic density could also

esult from non-thermal processes, it remains essential to sup-
ress the symmetric DM component also in this case. Otherwise,
tringent DM indirect detection (ID) bounds appear from χχ̄ →

ν̄ annihilations, cf. Ref. [97] for review. We show such current
ounds in Fig. 7 based on data from the KamLAND [98] and Super-
amiokande collaborations [27,99]. These bounds do not apply
o asymmetric DM scenario. They could also be weakened if χ

orresponds to only a fraction of the total DM relic density, in
hich case the annihilation rate of the χ DM component remains
uppressed by a factor (Ωχ/Ωtotal DM)2. Instead, direct detection
ounds on χ DM remain weak as the relevant couplings to quarks
rise only at the loop level [9].

. Conclusions

In a recent study [43], we have pointed out that precise mea-
urements of CMB anisotropies on small angular scales (i.e., large
ultipoles l ≳ 3000) can provide crucial insights into neutrino
M interactions. Specifically, we have demonstrated that accurate
easurements with a few per cent uncertainty on those scales
an yield a significant amount of information, whereas detecting
hese interactions on larger angular scales (such as those probed
y the Planck experiment) would require substantially greater
ensitivity.
Interestingly, although the most recent observations of the

osmic microwave background released by the Planck satellite
o not provide any concrete evidence in support of the afore-
entioned models, the analysis of small-scale CMB data from

he Atacama Cosmology Telescope shows a preference for a non-
ero interaction strength, underscoring the significance of cur-
ent, forthcoming and future high-multipole measurements to
onstrain better such scenarios.
In order to validate further the robustness of these findings,

n this work we have presented an extended and comprehensive
nalysis of νDM interactions in the cosmic microwave back-
round, conducting a significant number of additional tests.
First and foremost, we have shown that our results remain

obust when combining observations from the two most accurate
MB experiments to date (Planck and ACT), both including and
xcluding astrophysical measurements of Baryon Acoustic Oscil-
ations and Redshift Space Distortions. In presence of the small-
cale CMB measurements provided by ACT, all of these combina-
ions of independent datasets confirm the same preference for a
on-zero interaction strength, see also Table 2.
Secondly, we have proved that the same preference is found

y both fixing the effective number of relativistic particles to the
tandard Model value of Neff = 3.044 and considering it as a free
arameter of the cosmological model, see Table 3 and Fig. 4.
To get further insights and to consolidate our results, we have

onducted a thorough examination of the data provided by both
MB experiments that are summarized in Fig. 2. We have verified
hat the peak in the distribution of the interaction strength is
ssociated with a genuine and significant reduction of the χ2 of
he fit, as also evident from Fig. 3. These two figures support the
onclusion that the observed preference for νDM interactions is
ot an artifact of the sampling method, nor a volume effect, but
nstead an actual preference of the ACT data.

In this respect, although such a preference for a non-zero
nteraction strength is not directly supported by Planck, it is note-
orthy that the two experiment do not conflict with each other
bout the predicted value for this parameter: our analysis suggest
hat the ACT’s indication for a non-zero coupling can be easily
xplained by the larger effects of couplings of the order of u ∼
νDM

8

0−6
−10−4 in the multipole range probed by this experiment, see

lso Fig. 1. In addition, we have assessed the plausibility of both
nteracting and non-interacting models in explaining the current
bservations by conducting a Bayesian model comparison for all
he different combinations of data and models studied in this
aper. We have found that, while both models are plausible, the
nteracting νDM (+Neff) scenario is often preferred over a baseline
CDM (+Neff) cosmology; even considering the Planck data alone.
herefore we can conclude that Planck does not conflict with the
ossibility of an interacting νDM cosmology.
While our analysis primarily focuses on the case of a

emperature-independent cross-section, in Appendix A we also
onsider the possibility of a temperature-dependent cross-section
νDM ∝ T 2. In this case, the results obtained fixing Neff are
ummarized in Table 4, while Table 5 summarizes those obtained
elaxing this relation and considering Neff as a free parameter
of the sample. Interestingly, a similar ∼ 1σ preference for a
non-zero interaction strength emerges in both cases. However,
due to the smaller effects on the CMB anisotropies predicted for
the temperature dependent case, such a preference is somewhat
mitigated compared to the temperature-independent scenario,
see also Appendix B where the correlation between cosmological
parameters is shown for all the cases under study in this work.
Therefore, we advise caution when interpreting the results for the
temperature-dependent cross-section and suggest that this case
warrants a more detailed and focused analysis.

Finally, we have provided a detailed example showing how
a sterile neutrino portal between DM and the Standard Model
could accommodate such a coupling. We show that the pre-
ferred values of the νDM cross section from our cosmological
fits can be made consistent with the current bounds on light
right-handed neutrinos mixing with the SM neutrinos and con-
straints from interactions of neutrinos produced in astrophysical
sources while they remain within the reach of future searches.
Notably, substantial νDM couplings can have important conse-
quences for structure formation both by affecting DM density
perturbations due to late kinetic decoupling and due to substan-
tial DM self-interactions at late times. Reconciling this scenario
with all the observations might require going beyond the simple
single-component DM model with a temperature-independent
cross section up to the recombination epoch. We leave a detailed
exploration of such scenarios for future studies investigating pos-
sible intriguing connections between the elusive SM neutrinos
and DM.
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Table 4
T 2 cross section: We report the 68% (95%) CL constraints/bounds on the cosmological parameters above the line, while below the line we have the improvement of
the χ2 of the best fit and the Bayes Factor, with respect to the ΛCDM scenario.
Parameter Planck Planck + BAO ACT ACT + BAO ACT + Planck + BAO

Ωbh2 0.02239 ± 0.00015 0.02239 ± 0.00014 0.02151 ± 0.00032 0.02148 ± 0.00030 0.02235 ± 0.00012

ΩνDM
c h2 0.1195 ± 0.0012 0.11950 ± 0.00094 0.1173 ± 0.0039 0.1196 ± 0.0015 0.11973 ± 0.00097

100θs 1.04189 ± 0.00029 1.04188 ± 0.00029 1.04342 ± 0.00072 1.04321 ± 0.00064 1.04202 ± 0.00027
τreio 0.0535 ± 0.0076 0.0529 ± 0.0070 0.063 ± 0.015 0.058 ± 0.013 0.0553 ± 0.0065
log(1010As) 3.041 ± 0.015 3.040 ± 0.014 3.046 ± 0.031 3.040 ± 0.029 3.051 ± 0.013
ns 0.9654 ± 0.0042 0.9654 ± 0.0036 1.007 ± 0.016 1.002 ± 0.013 0.9678 ± 0.0035
log10uνDM < −15.4 (< −14.1) < −15.35 (< −14.3) −15.2+1.8

−1.1 (< −13.9) −15.3+1.8
−1.1 (< −13.9) −14.9+1.5

−0.63(< −14.3)

H0 68.06 ± 0.55 (68.1+1.1
−1.1) 68.06 ± 0.42 (68.06+0.82

−0.86) 68.6 ± 1.6 (68.6+3.3
−3.1) 67.68 ± 0.58 (67.7+1.1

−1.1) 67.99 ± 0.42

σ8 0.8212 ± 0.0062 (0.821+0.012
−0.012) 0.8206 ± 0.0059 (0.821+0.011

−0.011) 0.834 ± 0.017 (0.834+0.032
−0.034) 0.838 ± 0.012 (0.838+0.023

−0.023) 0.8269 ± 0.0061

ln BF −5.54 −4.3 0.0374 0.421 0.398
Table 5
T 2 cross section with Neff: We report the 68% (95%) CL constraints/bounds on the cosmological parameters above the line, while below the line we have the
improvement of the χ2 of the best fit and the Bayes Factor, with respect to the ΛCDM+Neff scenario.
Parameter Planck Planck + BAO ACT ACT + BAO ACT + Planck + BAO

Ωbh2 0.02228 ± 0.00022 0.02230 ± 0.00019 0.02109 ± 0.00045 0.02106 ± 0.00038 0.02210 ± 0.00017

ΩνDM
c h2 0.1177 ± 0.0030 0.1176 ± 0.0029 0.1105 ± 0.0065 0.1086 ± 0.0058 0.1147 ± 0.0024

100θs 1.04219 ± 0.00051 1.04219 ± 0.00050 1.0445 ± 0.0012 1.0448 ± 0.0011 1.04279 ± 0.00043
τreio 0.0518 ± 0.0074 0.0526 ± 0.0071 0.060 ± 0.015 0.061 ± 0.013 0.0547 ± 0.0067
log(1010As) 3.033 ± 0.017 3.034 ± 0.016 3.023 ± 0.037 3.020 ± 0.030 3.035 ± 0.016
ns 0.9601 ± 0.0085 0.9612 ± 0.0070 0.969 ± 0.033 0.969 ± 0.023 0.9568 ± 0.0066
Neff 2.91 ± 0.19 (2.91+0.38

−0.37) 2.93 ± 0.17 (2.93+0.33
−0.35) 2.49 ± 0.44 (2.49+0.87

−0.83) 2.43 ± 0.33 (2.43+0.69
−0.67) 2.73 ± 0.14 (2.73+0.30

−0.30)
log10uνDM < −15.4 (< −14.1) < −15.35 (< −14.0) −15.2+1.7

−1.2 (< −13.8) −15.3+1.6
−1.3 (< −13.8) −15.1+1.7

−0.90 (< −13.8)

H0 67.2 ± 1.4 (67.2+2.8
−2.7) 67.3 ± 1.1 (67.3+2.1

−2.2) 64.3 ± 3.6 (64.3+7.0
−7.0) 64.4 ± 1.9 (64.4+3.9

−3.6) 66.1 ± 1.0 (66.1+2.1
−2.0)

σ8 0.815 ± 0.010 (0.815+0.020
−0.020) 0.8151 ± 0.0097 (0.815+0.018

−0.019) 0.810 ± 0.025 (0.810+0.050
−0.047) 0.804 ± 0.021 (0.804+0.042

−0.040) 0.8116 ± 0.0094 (0.812+0.019
−0.018)

ln BF −4.76 −4.4 0.143 −0.00586 −0.0566
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Appendix A. T 2 Cross-section

In this appendix, we briefly discuss the results for the T 2-
dependent νDM cross section. We report in Table 4 the con-
straints on the cosmological parameters at 68% (and 95% CL) for
this case when Neff is fixed to its standard value 3.044.

Also in this scenario we have just an upper bound for the
coupling between DM and neutrinos defined in Eq. (1), in com-
plete agreement with a model without interaction. In this case
we have very similar bounds for Planck only and Planck +BAO,
i.e., log10 uνDM < −15.4 (log10 uνDM < −14.1) at 68% (95%)
CL, where uνDM = [σνDM(T0)/σT] (mDM/100 GeV)−1 corresponds
to the present-day value of the scattering cross section. This
interacting model results to be strongly favored by the value of
the Bayes Factor reported in the last row of Table 4.

Moreover, as it happens also in the temperature independent
cross-section case, when we analyze the ACT data we have an

indication at slightly more than 68% CL for a coupling between

9

DM and neutrinos different from zero and equal to log10 uνDM =

−15.2+1.8
−1.1 at 1σ . However, also in this case, we find only an upper

limit at 95% CL. The results are stable under the inclusion of the
BAO measurements.

Interestingly, once we include in the analysis the Planck data
up to multipoles ℓ = 650, and we study the combination
ACT+Planck+BAO (last column of Table 4) the 1σ indication for
a νDM coupling is slightly strengthened, but this dataset combi-
nation is not powerful enough to bound the νDM coupling with
a stronger statistical evidence. In particular we find log10 uνDM =

−14.9+1.5
−0.63 at 68% CL.

Also in this case, as a further step, we consider Neff free to
vary, and we report in Table 5 the constraints on the cosmological
parameters at 68% (and 95% CL) for the T 2 νDM cross-section
case. However, as already happened for the temperature inde-
pendent cross section case, the constraints on Neff obtained in
this scenario are the same as those obtained assuming a non-
interacting model, and all the features regarding the coupling in
Table 4 remain valid also in this extended scenario.

Therefore, we find only an upper limit for log10 uνDM from
Planck and Planck+BAO, and 1σ indication for a DM-ν coupling
different from zero for ACT, ACT + BAO, and ACT + BAO + the low-
multipoles Planck data. In particular, we find for the full dataset
combination ACT+Planck+BAO data log10 uνDM = −15.1+1.7

−0.90 at
68% CL.

To conclude, when the full ACT+Planck+BAO dataset combi-
nation is considered, this interacting model fits the cosmological
data as well as the standard ΛCDM scenario, and the two models
are indistinguishable from a model comparison point of view, as
we can deduce with the Bayes Factor in the last row of Tables 4
and 5. However, in general, the effects on the CMB anisotropies
predicted by a the temperature dependent case are smaller, so
that such the preference for a non-zero νDM interaction is some-

what mitigated with respect to the temperature-independent
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Fig. 8. Temperature independent cross section: 1-dimensional marginalized posterior distributions and the 2-dimensional joint contours inferred for the most relevant
arameters by analyzing the Atacama Cosmology Telescope (ACT) CMB observations and their combination with BAO and Planck 2018.
ase (see also Appendix B where the correlation between cos-
ological parameters is shown for all the cases under study in

his work). Therefore, we advise caution when interpreting the
esults for the temperature-dependent cross-section and suggest
hat this case warrants further analyses.
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Appendix B. Triangular plot

We show here the triangular plots for all the cases analyzed
involving the ACT data (see Figs. 8–11).
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Fig. 9. Temperature independent cross section with Neff: 1-dimensional marginalized posterior distributions and the 2-dimensional joint contours inferred for the
most relevant parameters by analyzing the Atacama Cosmology Telescope (ACT) CMB observations and their combination with BAO.
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Fig. 10. T 2 cross section: 1-dimensional marginalized posterior distributions and the 2-dimensional joint contours inferred for the most relevant parameters by
analyzing the Atacama Cosmology Telescope (ACT) CMB observations and their combination with Planck and BAO.
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Fig. 11. T 2 cross section with Neff: 1-dimensional marginalized posterior distributions and the 2-dimensional joint contours inferred for the most relevant parameters
by analyzing the Atacama Cosmology Telescope (ACT) CMB observations and their combination with Planck and BAO.
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