arXiv:2305.01383v2 [astro-ph.CO] 6 Sep 2023

Extended Analysis of Neutrino-Dark Matter Interactions with Small-Scale CMB
Experiments

Philippe Brax,' 2

Valentino,® ¥ William Giare,® % and Sebastian Trojanowski

* Carsten van de Bruck,® ' Eleonora Di

4,5, 9

Institut de Physique Théorique, Université Paris-Saclay,
CEA, CNRS, F-91191 Gif-sur-Yvette Cedex, France
2CERN, Theoretical Physics Department, Geneva, Switzerland.
38chool of Mathematics and Statistics, University of Sheffield,
Hounsfield Road, Sheffield S8 TRH, United Kingdom
4 Astrocent, Nicolaus Copernicus Astronomical Center Polish Academy of Sciences, ul. Rektorska 4, 00-614, Warsaw, Poland
5 National Centre for Nuclear Research, ul. Pasteura 7, 02-093 Warsaw, Poland

We explore an extension of the standard ACDM model by including an interaction between neu-
trinos 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 72
dependent cross-section) is obtained at the 1o 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 Neg = 3.044, and allowing Neg to be a free cosmologi-
cal parameter. Furthermore, when performing a Bayesian model comparison, the interacting vDM
(+Neg) scenario is mostly preferred over a baseline ACDM (+Neg) 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.

I. INTRODUCTION

A vast number of astrophysical and cosmological obser-
vations point towards the existence of dark matter (DM).
DM dominates the matter content of the universe and
yet can only interact very weakly with normal matter,
if at all. The nature of DM and its properties remain
unknown, but it is widely believed that DM consists of
non-relativistic (‘cold’) massive particles. The strongest
constraints on properties of DM come from cosmological
observations and direct searches [1-3].

One intriguing possibility which has been widely dis-
cussed in the literature is an interaction between DM
and neutrinos [4-10]. Constraints on ¥DM couplings
can be obtained by a variety astrophysical, cosmologi-
cal or accelerator-based experiments [11-40]. Cosmolog-
ical tests of such interactions include studies of CMB
anisotropies, probes of the LSS power spectrum and
Lyman-a data. Theories with DM interactions predict
a suppression of perturbations at length scales smaller
than the collisionless damping scale. As a consequence,
structure formation on smaller length scales differ from
the uncoupled case. It has been pointed out that vDM
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
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vDM coupling, DM perturbations entering the horizon
in the radiation 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 processes 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 multi-
pole numbers ¢) with a few percent accuracy provide a
significant amount of information on vDM interactions,
while their imprint on larger angular scales, as those
probed e.g. by Planck, would require much larger sen-
sitivity [43]. In this work we will continue our study of
vDM interactions on the CMB anisotropies at large mul-
tipoles (I = 3000), emphasising the role of recent and
future CMB data at high multipoles to constrain such
interactions. We will consider mainly the case of a tem-
perature independent cross-section, but briefly comment
on the case of a T2 dependent cross-section as well. Fol-
lowing the literature, we quantify the interaction by the
parameter

oM [ mpm \!
M = (100 GeV) ’ (1)

where o7 is the Thomson scattering cross section and
mpwm is the mass of the DM particle.

The paper is organized as follows. In section II we
describe the codes and data used for the analysis, in sec-
tion IIT we present our constrains for the cases explored
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Figure 1: Theoretical temperature (TT) and polarization (EE

and TE) angular power spectra DX~ (top panel) and the per-

centage difference |AD,|/D? with respect to the non interact-
ing case (D}) for different values of the coupling.

in this paper, in section IV we show the impact of our
results on a specific model of YDM interaction via a ster-
ile neutrino portal, and finally in section V we draw our
conclusions.

Parameter ovpm ~ T° oM ~ T2
Qph? [0.005, 0.1] [0.005, 0.1]
QuPMp2 [0.005, 0.1] [0.005, 0.1]
100 Onic [0.5, 10] [0.5, 10]
T [0.01, 0.8] [0.01, 0.8]
log(10*° As) [1.61, 3.91] [1.61, 3.91]
s [0.8,1.2] [0.8,1.2]
Negr [0, 10] [0, 10]
log, tupM [-8, —1] [-18, —12]

Table I: List of the uniform parameter priors.

II. METHODS

In this paper we examine extended cosmological mod-
els that include interactions between DM and neutrinos
to determine the constraints that can be obtained from
the latest Cosmic Microwave Background (CMB) and
large-scale structure probes. To this end, we make use
of the publicly available code COBAYA [44]. The code ex-
plores the posterior distributions of a given parameter
space using the Monte Carlo Markov Chain (MCMC)
sampler developed for CosmoMC [45] and tailored for pa-
rameter spaces with speed hierarchy implementing the
“fast dragging” procedure detailed in Ref. [46]. To com-
pute the theoretical model and introduce the possibility
of interactions between neutrinos and DM, we exploit a
modified versions of the Cosmic Linear Anisotropy Solv-
ing System code, CLASS [47].! We treat neutrinos as
massless and ultra-relativistic in the early universe. This
approximation is widely used in literature and simpli-
fies 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
ACDM parameters, namely the baryon wy, = Q,h? and
cold dark matter w?PM = QVPMp2 energy densities, the
angular size of the horizon at the last scattering surface
Onic, the optical depth 7, the amplitude of primordial
scalar perturbation log(10'°A,) and the scalar spectral
index ng. In addition, we consider the logarithm of the
coupling parameter log;, u,pm defined in Equation 1, ex-
ploring two scenarios: a temperature-independent ¥DM
cross-section (O’VDM ~ TO) and a squared-temperature-
dependent cross-section (o,pm ~ T2). In both cases, we
begin by setting the effective number of ultra-relativistic
particles at recombination (Neg) to its reference value of

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].
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Negg = 3.044 [50-52]. We then allow Neg to be an addi-
tional free parameter of the sample, enabling us to relax
this requirement and explore a wider range of possibili-
ties. The prior distributions for all the sampled param-
eters 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 (7) 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 conver-
gence of R — 1 < 0.02.

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

e The full Planck 2018 temperature and polarization
likelihood [54-56], in combination with the Planck
2018 lensing likelihood [57], constructed from mea-
surements of the power spectrum of the lensing po-
tential. We refer to this dataset as “Planck”.

e The full Atacama Cosmology Telescope tempera-
ture and polarization DR4 likelihood [58], assuming
a conservative Gaussian prior on 7 = 0.065+0.015.
We refer to this dataset as "ACT”.

e The full Atacama Cosmology Telescope tempera-
ture and polarization DR4 likelihood [58], in com-
bination with the Planck 2018 TT TE EFE likeli-
hood [54-56] in the multipole range 2 < ¢ < 650.
We refer to this dataset as "ACT+Planck”.

e The Baryon Acoustic Oscillations (BAO) and Red-
shift Space Distortions (RSD) measurements from
BOSS DR12 [59]. We refer to this dataset as
”BAOﬁ.

Finally, to conduct a model comparison, we calculate
the Bayesian evidence of each model and then estimate
the corresponding Bayes factors In Bij using the publicly
available package MCEvidence [60, 61],° that has been
suitably modified to be compatible with COBAYA. In par-
ticular, for the case with Nyg fixed to Nog = 3.044, we
calculate InBij as the difference between the evidence
for ACDM and the interacting ¥DM cosmology (In Bij =
In Z1,cpm — In Z,pm). When instead Neg is allowed to
vary, we compute InBij as the difference between the
evidence for ACDM+Neff and the respective interact-
ing scenario (IHBZ] = IHZLCDM+Neff —In ZuDM+NefT)~
Within this convention, negative In Bij values indicate a
preference for an interacting dark sector, while positive
values indicate a preference for ACDM or ACDM+ Neff.
We consider the evidence to be inconclusive if 0 <
|InB;;| < 1, weak if 1 < |InB;;| < 2.5, moderate if
2.5 < |InByj| < 5, strong if 5 < |In B;;| < 10, and very
strong if |In B;;| > 10, following the modified Jeffreys’
scale [62, 63].

2 The package is accessible at
yabebalFantaye/MCEvidence.

https://github.com/
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Figure 2: Comparison of the Planck, ACT and Planck plus
ACT best fit temperature angular power spectra for vDM and
ACDM cosmologies (with residuals in the lower panels).
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Parameter Planck Planck + BAO ACT ACT + BAO ACT + Planck + BAO
Quh? 0.02239 =+ 0.00015 0.02239 =+ 0.00013 0.02153 = 0.00030 0.02154 = 0.00030 0.02236 + 0.00012
QyPMp2 0.1196 4 0.0012 0.11958 + 0.00093 0.1185 4 0.0039 0.1198 4 0.0015 0.11975 + 0.00097
10005 1.04193 + 0.00030 1.04191 + 0.00028 1.04337 4 0.00069 1.04321 + 0.00063 1.04206 + 0.00026
Treio 0.0528 + 0.0074 0.0524 + 0.0072 0.064 & 0.015 0.062 % 0.014 0.0563 % 0.0064
log(10'° A;) 3.039 4 0.014 3.038 +0.014 3.049 £ 0.030 3.047 £ 0.030 3.053 4 0.013

e 0.9642 + 0.0044 0.9642 + 0.0038 1.004 £ 0.016 1.001 £ 0.014 0.9678 %+ 0.0036
logiotvpm < —4.42 (< —3.95) < —4.46 (< —4.39) —5.08T55 (< —3.74)  —4.86735, (< —3.70) —5.20752, (< —4.17)
Hy 68.03 +0.55 (68.07]'1)  68.05+ 0.42(68.05708))  68.2+ 1.6(68.2+33 67.66 +0.58 (67.7715)  68.01 4 0.43 (68.01752

o8 0.80670:6057 (0-80675:035) 0.80775:005, (0-80745:031) 0.82370:557 (0-82370:650) 0.82170:650 (0.82175:055) 0820775505 (0-82070:63
In BF —3.74 —2.48 ~0.194 ~0.156 0.525

Table II: 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 x? of the best fit and the Bayes Factor, with
respect to the ACDM scenario.

Parameter Planck Planck + BAO ACT ACT 4+ BAO ACT + Planck + BAO
O, h? 0.02230 + 0.00022 0.02233 + 0.00018 0.02102 + 0.00045 0.02116 + 0.00040 0.02210 + 0.00017
QuPMp? 0.1180 + 0.0030 0.1181 + 0.0028 0.1101 4 0.0065 0.1104 + 0.0059 0.1151 £ 0.0025
1000, 1.04217 + 0.00052 1.04214 + 0.00048 1.0448 + 0.0012 1.0445 + 0.0011 1.04279 + 0.00046
Treio 0.0521 £ 0.0076 0.0522 + 0.0069 0.060 +0.015 0.062 +0.014 0.0548 + 0.0066
log(10%° A,) 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

Negt 2934 0.19(2.937337) 296 +0.16(2.967932)  2.36 +0.43(2.367387) 2.52 +0.33 (2.52795%) 2.74 4 0.15 (2.7475:39
logiotupm < —4.47 (< —4.01) < —4.48 (< —4.06) —4.771855 (< —3.53) —5.08 46 (< —3.77) —5.29183, (< —4.21)
Hp 67.34 1.4 (67.372%) 67.5+1.1(67.57%1) 63.0 & 3.6 (6317) 64.8 + 1.9 (64.8737) 66.1 1.0 (66.17%9)

o8 0.80315-012 (0.80379:52%) 0.80415-012 (0.80473522) 0.791 4 0.030 (0.791F5-958) 0.798 + 0.023 (0.79873:545)  0.807 + 0.011 (0.807F5522)
In BF —-3.01 —-2.37 —0.707 —0.157 —-1.43

Table III: Temperature independent cross section with Neg: 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 x? of the best fit and the Bayes
Factor, with respect to the ACDM+ Neg scenario.

III. RESULTS

In Table IT we report the constraints on the cosmologi-
cal parameters at 68% (and 95% CL) for the temperature
independent ¥DM cross-section case when N is fixed to
its standard value 3.044 [50-52, 64]. We defer the discus-
sion about the T2 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 Equation 1, using a logarithmic sampling, i.e.
we are in complete agreement with a model without in-
teraction. In particular we have that log;q u,pm < —4.42
(logip uwpm < —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 II.

However, it is when we analyze the alternative CMB
data obtained by the ground based telescope ACT that
we find the most important result of our paper, as already
anticipated in Ref. [43]. Indeed we have an indication
for a non-vanishing coupling between DM and neutri-
nos at slightly more than 68% CL, namely log;, u,pm =
—5.08%55, at 1o. Despite the fact that the indication
vanishes at 95% CL, we still consider this result signifi-
cant because it does not arise from the typical discrepan-
cies between various CMB experiments [66—69)], i.e. pro-
ducing controversial results on the extensions of the stan-
dard cosmological scenario,® but rather to a better fit of

3 See for example the results on Early Dark Energy [70, 71|, infla-
tionary parameters [72, 73|, curvature of the universe [74], etc.



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 Figure 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
ACDM scenario is improved as the coupling prevents neu-
trinos from free-streaming until they are decoupled from
the DM and therefore increasing the damping of the fluc-
tuations in that regime (see Figure 1). This lo indication
for a ¥YDM coupling is very robust under the assumption
of different priors for the parameter log,, u,pm 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 £ = 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 II, while all the
other cosmological parameters are affected by the inclu-
sion of the first peak from Planck, drifting away from
the ACT only values, the 1o indication for a ¥DM cou-
pling is strengthened as the errors shrink. In particu-
lar, we find log;ou,pm = —5.20752, at 68% CL, with
a definite distribution of the minimum of the x2 around
this peak, as we can see in Figure 3, that is not dis-
favored by a Bayesian model comparison. It is impor-
tant to notice here that this value of the coupling fa-
vored by the full combination is not in disagreement with
the Planck data, as we can see in the top panel of Fig-
ure 2, as in the Planck multipole range this model is
indistinguishable from the ACDM 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 statisti-
cal evidence, and this could certainly be a goal for future
experiments. We will describe the phenomenological im-
plications of having a vDM coupling different from zero
in section IV.

In a second step, we consider Neg free to vary and
report the constraints on the cosmological parameters at
68% (and 95% CL) in Table III for the temperature inde-
pendent vDM cross-section case. The reason behind the
variation of the effective number of relativistic degrees
of freedom at recombination, different from the expected
Neg = 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 III and Figure 4,
this is not the case for all the combinations of datasets
explored in this work. Indeed, the constraints on Neg ob-
tained in this scenario are the same obtained assuming
a model without coupling between DM and neutrinos,
i.e. a ACDM+Ngg model. This happens because Nqg
is very strongly constrained by the CMB data, and the
preferred mean value is slightly below the expected 3.044.
However, interestingly, all the features regarding the re-

Planck+ACT+BAO
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Figure 3: Distribution of x? values for different models of the

samples in the two-dimensional plane (log,q u.pM, QubM hz).

The color gradient indicates the magnitude of the x? 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 log;, u.pwm.

sults on the coupling in Table II are still valid in this one
parameter extension.

In particular, we find only an upper limit for
log,y uypm from Planck and Planck+BAO, while we have
the same lo indication for a non-vanishing ¥DM cou-
pling by ACT as well as by its combination with BAO
and the low-multipoles Planck data. We therefore ob-
tain for the full dataset combination ACT+Planck+BAO
data log;o u,pm = —5.29753, at 68% CL (log;o uupm <
—4.21 at 95% CL). In the latter case the Bayes Factor
weakly favors the interacting model against the model
without interaction.

In conclusion, a non-zero coupling between DM and
neutrinos has a very robust lo indication coming from
the ACT CMB data (alone and in combination with
Planck and BAO) and it is also favored by a Bayesian
model comparison. This remains true both fixing and
varying Neg.

IV. 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 x couple to a new scalar
¢ and a heavy neutral lepton N mixing with the SM
neutrinos, see also Ref. [10] for a discussion on a model
with a mediator. The coupling in the dark sector reads
LD —¢x(yr Np +yrNg) +hc [4,9, 25]. The Dirac
fermion N mixes with the SM neutrinos via a Yukawa-
like coupling, £ D —\ (L H) Ng, where H is the Stan-
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Figure 4: 2D contours at 68% and 95% CL and 1D pos-

terior probability distributions for the coupling parameter

log,, uvpm and the effective number of relativistic degrees of

freedom Neg, as obtained by the different combinations of
CMB and BAO data listed in the legend.

dard Model (SM) Higgs field, H = im,H*, and L is the
lepton doublet. After electroweak symmetry breaking,
this gives rise to the sterile neutrino mass eigenstate 4
with admixtures of SM flavor eigenstates. We denote the
relevant mixing angles by Upy, where £ = e, u, 7. In the
following, we focus on the dominant mixing with the tau
neutrinos and assume Ury # 0 = Ueq = U,a. 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, 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 v4 — x¢ are kinematically allowed while the
semi-visible decay modes are highly suppressed.

For the heavy dark scalar species and low neutrino en-
ergies, mg > my, E,, the vDM scattering cross section
in this model is T?-dependent and its present-day value
reads [4]

_ g \* /100 MeV\* /T \?
oy = (10772 cm?) (ﬁ) (m¢ T, ) (2)

where g = yr, |Urs|, To =~ 0.2348 meV [78], and we have
assumed (E2) = 15[¢(5)/¢(3)]T? ~ 12.94T2 for the
Fermi-Dirac statistics. The corresponding Feynman di-
agram is shown in Figure 5. This predicted benchmark
value of the cross section leads to log;, u,pm < —15, and
is orders of magnitude below the target values obtained
in our cosmological simulations with o,pm ~ T2 given
in Table IV and Table V in Appendix A. One could im-
prove this by increasing the coupling constant g close to
the perturbativity limit and by reducing the DM mass

m,. The model, however, is then also subject to vari-
ous constraints. Strong positive temperature-dependence
of the ¥DM 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, o,pym becomes suppressed for F, ~ 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 extragalactic neutri-
nos interacting in the Galactic DM halo [24, 29]. Impor-
tant bounds, however, can be deduced from observables
sensitive to lower neutrino energies where the 72 depen-
dence of the cross section holds. In particular, Lyman-a
observations can give rise to substantially stronger limits
on o,pum in this case than the ones derived from the CMB
data [13, 17, 19, 21]. The vDM interactions of this type
can also be constrained by observing dips in the diffuse
supernova neutrino background. This affects scenarios
with g 2 0.1 and the dark sector masses of the order of
tens of MeV or below [20]. See also Refs. [30, 3235, 37|
for further astrophysical bounds on vDM interactions.
We conclude that it remains hard to reconcile this sce-
nario in the limit of mg > m,, E, with our cosmological
fits.

The specific temperature-independent regime of the
cross section can also be obtained in this model at low
energies assuming a mass degeneracy between the dark
sector fermion and scalar species, m, ~ mg [43]. In the
limit of a small mass splitting, (mg — m,) < E,, the
vDM cross section in this scenario is given by

o = (1073 em?) (ﬁf (W)2 (3)

My

My 2 (Trec. 2 5 \?
20 MeV) ( T, ) <108) ’
where § = (my — m,)/m,. As can be seen, in order
to guarantee that o, becomes effectively temperature-
independent until the recombination epoch with Tiec. ~
0.25 eV, one requires (mg —my) < 100 meV for the dark
sector masses of the order of tens of MeV. For larger
mass splittings, the cross section first starts to grow with
a decreasing temperature, o,py ~ 772, in a narrow re-
gion relevant for mgy —m, < E,, and then it enters the
oupm ~ T? regime characteristic of many ¥DM interac-
tion models with a substantial mass difference between
the dark sector particles. The transition between the two
regimes occurs via a possible resonant ¢ production for
which the vDM cross section substantially grows.

We illustrate the temperature dependence of the u,py
parameter obtained in this model in Figure 6 for several
benchmark scenarios with § = 107%,107%,1072,1 and
my = 20 MeV, g = 0.01. In the plot, we show with a
black solid line the expected result for the model with a
tiny § ~ 1078, As can be seen, in this case, the vDM
cross section is effectively temperature-independent for
MeV 2 T 2 Tiee. and it can fit the 1o region around
the mean value of our ACT+Planck+BAO fit shown as

x |1+ 0.075 (
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Figure 5: Feynman diagrams for ¥DM interactions (top) as

well as x DM self-interactions (bottom) in the sterile neutrino

portal model. Neutrino coupling to the dark species is sup-
pressed by active-sterile neutrino mixing angle.

a blue-shaded horizontal region. Instead, for larger tem-
peratures and E, 2 m, the cross section becomes sup-
pressed, o,pm ~ 1/E,. In this case, the transition be-
tween the T° and T2 regimes occurs for T < Tyee. This
transition is shifted towards larger temperatures for in-
creasing d’s. Interestingly, for § = 1075, the vDM cross
section can fit the ACT+Planck+BAO 1o regions char-
acteristic for both the 70 regime at 7' > 10 eV and the ef-
fectively T2-dependent regime characteristic for T ~ eV,
i.e. around the time of matter-radiation equality. The
latter is shown as green-shaded region in the plot follow-
ing Table V. Instead, for § > 107> the scattering cross
section becomes much suppressed at lower temperatures,
although it can still be within the ACT+Planck+BAO
lo region for higher T during the radiation-dominated
epoch unless the mass splitting grows too high, 6 = 0.1.

We stress that a low mass splitting of the order of
§ ~ 1078 requires some fine-tuning of the model pa-
rameters and could be radiatively unstable. In par-
ticular, corrections to the ¢ mass can occur at a loop
level via a radiatively generated Ay |¢|?|H|? term, where
one estimates Agy ~ (y2A?/1672) log(Ayy/m%) =
(¢%/1672) (mn /v)? log(Auv/m3;) [9]. In the second step
we used A = Upy(mpy/v) and introduced the cutoff scale
Ayy. This can lead to keV—MeV corrections to mg in the
region of the parameter space of our model which should
be taken into account when studying the mass-degenerate
regime. These corrections can be further modified by in-
troducing an additional explicit \); 7|6?|H|? interaction
term which is not forbidden in the model under study.
In the following, we assume a strong mass degeneracy
between the y and ¢ dark sector species to illustrate the
interesting phenomenology of the model while keeping
agnostic about a possible origin of such a degeneracy.

m, = 20 MeV, g = 0.01

recombination

10-12 . . . . \
102 10° 102 10* 10® 10°®
T, (GeV)

10710

Figure 6: Dark matter scattering cross section off neutrinos
in the sterile neutrino portal model shown in terms of the
u,pM parameter as a function of the temperature for several
benchmark scenarios with m, = 20 MeV, g = 0.01, and 6 =
107%,107%,1073, 1, where § = (mg —my)/my. We also show
1o regions around the mean fitted value of u,pwm in the T° and
T? regimes of the vDM cross section as blue- and green-shaded
regions, respectively. The recombination epoch is indicated
with a gray-shaded region on the right.

An example of allowed region in the parameter space
of the model is shown in Figure 7. In the plot, we assume
my, = 10m,, yp = 1, and § ~ 1078, Current bounds
from active-sterile neutrino mixing [9, 79, 80] and BBN
constraints due to a x DM contribution to the number
of relativistic degrees of freedom ANg [81] are shown
as gray-shaded regions, cf. Ref. [43] for further discus-
sion. These bounds on the coupling g become more se-
vere for lower values of the Yukawa-like coupling y; as
it is shown with the gray solid line in the plot which
corresponds to yr, = 0.5. They also grow with the in-
creasing mass of the heavy neutral lepton V. The mean
value of the ¥vDM scattering cross section, which fits the
ACT+Planck+BAO data as given in Table III, and the
relevant 10 downward deviation are shown with solid blue
lines, as indicated in the plot. Strikingly, a correspond-
ing 1o range of non-zero preferred values of the vDM
interaction cross section has recently been found in the
Lyman-« data [82], as shown with red-shaded color. In
the plot, we also show future expected bounds from the
Dark Energy Spectroscopic Instrument (DESI) [21] and
Belle-IT experiment [83]. As can be seen, cosmological
fits to the CMB data can be obtained in the region of
the parameter space of the model under study which is
currently not excluded by accelerator-based searches but
remains within the reach of such experiments and future



cosmological surveys [84-87].

We also stress that the simplest version of the model
with a single-component DM interacting strongly with
neutrinos might suffer from other important astrophysi-
cal and cosmological bounds. In particular, interactions
between the DM species and neutrinos can also impact
small-structure of the Universe due to late kinetic de-
coupling of DM interactions [4, 16, 41, 42]. This can
suppress the growth of small-scale structures via non-
negligible neutrino pressure affecting DM density pertur-
bations. The kinetic decoupling temperature of such in-
teractions should remain of the order of Ty ~ keV to
avoid too strong a suppression while one could then also
potentially address the persisting missing satellite prob-
lem within the framework of this model [4]. We esti-
mate the kinetic decoupling temperature by comparing
the vDM interaction rate that sizeably change DM mo-
mentum to the Hubble expansion rate of the Universe,
Y(Tka) = H(Tka), following Ref. [88]. In the strong mass-
degenerate regime, one obtains

0.01\> / my \3/2
T ~ (0.12 k x e
| = (012 KeV) < 9 > (20 MeV) )

For this value of the kinetic decoupling temperature,
Tra ~ 0.1 keV, acoustic oscillations could erase pri-
mordial density fluctuations up to a large cutoff scale,
Meutoft ~ 10 Mg (0.1 keV /Trq)? [89] where M, is the
solar mass."

In order to avoid such a large suppression of the struc-
ture growth, departures from the benchmark scenario
presented in Figure 7 can be considered. In particular,
only a fraction of DM could be strongly-interacting with
neutrinos while the remaining part could undergo earlier
kinetic decoupling. The impact of such a two-component
DM scenario on neutrino free streaming can be kept
equally significant by appropriately increasing the cou-
pling constant ¢ of the interacting component. Lower
values of M.yt can also be obtained for larger mass
splittings between the x and ¢ species. This is particu-
larly the case for the scenarios predicting the transition
from the T° to the T? regime at temperatures T > keV.
We illustrate this in Figure 7 with orange dotted lines
along which one predicts Tiq = 1 keV for § = 10~% and
1073, The difference between the shape of the two lines
indicates the distinction between the kinetic decoupling
occurring in the T° and T? regimes of the vDM cross
section, respectively. In the latter case, oy, ~ 1 /mi and
its strong increase for decreasing m, needs to be com-
pensated for with smaller values of the coupling constant
g, cf. Equation 2. As can be seen, in the § = 1073 case,
the Trq = 1 keV line for m,, 2 30 MeV corresponds to the

4 Notably, the impact of this on our cosmological fits presented
in section III is expected to be negligible, as it affects large
wavenumbers with kcyt ~ 3.7 Mpc*1 which translates into
£ > 50k in the CMB power spectrum.

lo ACT+Planck+BAO region around the mean value of
uypM- We leave detailed analyses of the two-component
DM model and the models with a larger mass splitting
0 characterized by earlier vDM kinetic decoupling, for
future studies.

Small mass splitting between x and ¢ can also be con-
strained from possible Yy DM self interactions. In par-
ticular, fermion upscattering to on-shell scalars with the
exchange of Majorana SM neutrinos can be made kine-
matically available, xx — ¢¢, with the relevant cross sec-
tion in the Born approximation given by oy, —ee/mMy =
(5 x 1072 em?/g) (9/0.01)* (10 MeV /m,,)3. Here, we as-
sume my, v > m, and v 2 2v/6. The latter condition
is to ensure that y species have enough kinetic energy
to produce two on-shell scalars ¢. Assuming § ~ 1078,
this can be effective already for v ~ tens of km/s, i.e.,
at the Galactic scale, while for § > 107° one requires
v ~ (few x 103 km/s) and the upscattering can only hap-
pen at scales of galaxy clusters. Inelastic y DM self-
scattering followed by a decay ¢ — xv can lead to, e.g.,
the effective cooling of the inner DM core when final-state
neutrinos escape this region. As a result, a central DM
density slope can be increased, cf. Ref. [90] for discussion
about this effect and further observational consequences.
The value of the cross section mentioned above is lower
than current bounds on DM self-scatterings, so such ef-
fects are expected to be very mild. However, it is impor-
tant to note that further corrections can arise from multi-
ple neutrino exchange diagrams. This can lead to sizeable
effects for loop-induced xx — xx self-interactions via off-
shell scalars ¢ [91], see Figure 5 for the corresponding
box diagram. In the limit of the effective contact opera-
tor, when ¢ scalars can be integrated out for interactions
of non-relativistic ys, this leads to a long-range repulsive
potential V' ~ 1/r®. Bounds at the level of g < O(0.1) for
m, =~ 20 MeV and § ~ 0.1 can then be derived from too
strong x DM self scatterings. These constraints, how-
ever, are expected to be modified when going beyond
the regime of the contact operator in the strongly mass-
degenerate limit, see also Ref. [92] for the discussion. No-
tably, DM self-interaction bounds can also be weakened
assuming that x corresponds to only a fraction of DM.
Finally, neutrino self-interactions can also be induced at
a loop level with x and ¢ species exchanged in a box di-
agram. The corresponding effective coupling in the four-
neutrino contact operator, G,sr (vy*Prv) (vy*Prv), is
given by G,s1 ~ (1073 GF) (9/0.01)* (20 MeV /m,)? [91].
This, however, remains much below current constraints,
cf. Refs. [93, 94].

Last but not least, we comment on the x DM relic den-
sity. In the mass-degenerate regime, the xy abundance is
dictated by both y and ¢ annihilations into SM neutri-
nos, (xx/¢®) — v with the latter followed by the decay,
¢ — xv. The corresponding lifetime reads

o (0.1 500) <o.;1)2 (207712(3\/) (105—8). )

For the mass splitting § > 10~® and other parameters




N - v, mixing, my =10 mpy, y =1

3x 103 p T

1.0 100
mpu (MeV)

Figure 7: The parameter space of the neutrino portal DM
model shown in the (mpwm,g) plane. One assumes my =
10 mpwMm, yr = 1 and the mass-degenerate scenario with
mpMm = My ~ mg. ACTHPlanck+BAO exclusion bounds
are shown as a blue-shaded region, while the relevant aver-
age value of the log;,u,pm parameter obtained in the fit-
ting, and its 1o deviation below the mean are illustrated with
solid blue lines. Constraints on sterile-active neutrino mixing,
the effective number of relativistic degrees of freedom A Neg,
and x DM relic density are shown as grey-shaded regions.
For comparison, we also present such bounds derived for a
lower value of the Yukawa parameter y;, = 0.5 as indicated
with a gray solid line. Lyman-a best-fit region is shown with
red-shaded color [82]. The vDM kinetic decoupling occurs at
Tha ~ 1 keV for § = 1072 and 10~® along orange dotted lines,
where § = (mg — my)/my. DM indirect detection constraint
on present-day annihilations of the symmetric x DM compo-
nent is shown with a black dotted line. This bound is avoided
in the asymmetric DM regime. Future expected sensitivity of
the Belle-II [83] and DESI [21] experiments are shown with
red and light-green dash-dotted lines, respectively.

corresponding to the benchmark in Equation 3, the ¢
species decay early, before the Big Bang Nucleosynthesis
(BBN) epoch, so they do not constitute DM. We show
the thermal target for x DM with a black dotted line
in Figure 7. Importantly, the annihilation cross section
corresponding to the benchmark values of o,, from the
ACT+Planck+BAO fit exceeds this thermal target. This
leads to a suppressed x thermal relic abundance. The
correct value of Q,h? can, instead, be obtained as a re-
sult of the x freeze-out in the presence of initial asym-
metry between x and y [95, 96]. While an additional
contribution to the y relic density could also result from
non-thermal processes, it remains essential to suppress
the symmetric DM component also in this case. Other-
wise, stringent DM indirect detection (ID) bounds appear

from y X — v annihilations, cf. Ref. [97] for review. We
show such current bounds in Figure 7 based on data from
the KamLAND [98] and Super-Kamiokande collabora-
tions [27, 99]. These bounds do not apply to asymmetric
DM scenario. They could also be weakened if y corre-
sponds to only a fraction of the total DM relic density,
in which case the annihilation rate of the x DM com-
ponent remains suppressed by a factor (2, /Qotal pm)2.
Instead, direct detection bounds on x DM remain weak
as the relevant couplings to quarks arise only at the loop
level [9].

V. CONCLUSIONS

In a recent study [43], we have pointed out that pre-
cise measurements of CMB anisotropies on small angular
scales (i.e., large multipoles | 2 3000) can provide crucial
insights into neutrino DM interactions. Specifically, we
have demonstrated that accurate measurements with a
few per cent uncertainty on those scales can yield a signif-
icant amount of information, whereas detecting these in-
teractions on larger angular scales (such as those probed
by the Planck experiment) would require substantially
greater sensitivity.

Interestingly, although the most recent observations of
the cosmic microwave background released by the Planck
satellite do not provide any concrete evidence in sup-
port of the aforementioned models, the analysis of small-
scale CMB data from the Atacama Cosmology Telescope
shows a preference for a non-zero interaction strength,
underscoring the significance of current, forthcoming and
future high-multipole measurements to constrain better
such scenarios.

In order to validate further the robustness of these find-
ings, in this work we have presented an extended and
comprehensive analysis of DM interactions in the cosmic
microwave background, conducting a significant number
of additional tests.

First and foremost, we have shown that our results re-
main robust when combining observations from the two
most accurate CMB experiments to date (Planck and
ACT), both including and excluding astrophysical mea-
surements of Baryon Acoustic Oscillations and Redshift
Space Distortions. In presence of the small-scale CMB
measurements provided by ACT, all of these combina-
tions of independent datasets confirm the same prefer-
ence for a non-zero interaction strength, see also Table II.

Secondly, we have proved that the same preference is
found by both fixing the effective number of relativistic
particles to the Standard Model value of Neg = 3.044
and considering it as a free parameter of the cosmological
model, see Table IIT and Figure 4.

To get further insights and to consolidate our results,
we have conducted a thorough examination of the data
provided by both CMB experiments that are summarized
in Figure 2. We have verified that the peak in the dis-
tribution of the interaction strength is associated with a



genuine and significant reduction of the x? of the fit, as
also evident from Figure 3. These two figures support
the conclusion that the observed preference for vDM in-
teractions is not an artifact of the sampling method, nor
a volume effect, but instead an actual preference of the
ACT data.

In this respect, although such a preference for a non-
zero interaction strength is not directly supported by
Planck, it is noteworthy that the two experiment do not
conflict with each other about the predicted value for
this parameter: our analysis suggest that the ACT’s in-
dication for a non-zero coupling can be easily explained
by the larger effects of couplings of the order of u,pn ~
1075 —10~* in the multipole range probed by this experi-
ment, see also Figure 1. In addition, we have assessed the
plausibility of both interacting and non-interacting mod-
els in explaining the current observations by conducting
a Bayesian model comparison for all the different com-
binations of data and models studied in this paper. We
have found that, while both models are plausible, the in-
teracting vDM (+ Negr) scenario is often preferred over
a baseline ACDM (+N.g) cosmology; even considering
the Planck data alone. Therefore we can conclude that
Planck does not conflict with the possibility of an inter-
acting vDM cosmology.

While our analysis primarily focuses on the case of
a temperature-independent cross-section, in Appendix
A we also consider the possibility of a temperature-
dependent cross-section o,pm o T2. In this case,
the results obtained fixing N.g are summarized in Ta-
ble IV, while Table V summarizes those obtained re-
laxing this relation and considering N.g as a free pa-
rameter of the sample. Interestingly, a similar ~ 1o
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 depen-
dent case, such a preference is somewhat mitigated com-
pared 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 Stan-
dard Model could accommodate such a coupling. We
show that the preferred values of the vDM cross sec-
tion from our cosmological fits can be made consistent
with the current bounds on light right-handed neutrinos
mixing with the SM neutrinos and constraints from in-
teractions of neutrinos produced in astrophysical sources
while they remain within the reach of future searches.
Notably, substantial DM couplings can have important
consequences for structure formation both by affecting
DM density perturbations due to late kinetic decoupling
and due to substantial DM self-interactions at late times.
Reconciling this scenario with all the observations might
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require going beyond the simple single-component DM
model with a temperature-independent cross section up
to the recombination epoch. We leave a detailed explo-
ration of such scenarios for future studies investigating
possible intriguing connections between the elusive SM
neutrinos and DM.
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Appendix A: T? Cross-Section

In this appendix, we briefly discuss the results for the
T?-dependent DM cross section. We report in Table IV
the constraints on the cosmological parameters at 68%
(and 95% CL) for this case when Neg is fixed to its stan-
dard value 3.044.

Also in this scenario we have just an upper bound
for the coupling between DM and neutrinos defined in
Equation 1, in complete agreement with a model with-
out interaction. In this case we have very similar bounds
for Planck only and Planck +BAO, i.e., log;qu,pm <
—15.4 (logyouypm < —14.1) at 68% (95%) CL, where
u,pM = [0,0M(T0)/or] (mpa/100 GeV)~! 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 1V.



11

Parameter Planck Planck + BAO ACT ACT + BAO ACT + Planck + BAO
Quh? 0.02239 + 0.00015 0.02239 + 0.00014 0.02151 = 0.00032 0.02148 = 0.00030 0.02235 £ 0.00012
QyPMp2 0.1195 + 0.0012 0.11950 =+ 0.00094 0.1173 + 0.0039 0.1196 + 0.0015 0.11973 + 0.00097
10005 1.04189 + 0.00029 1.04188 + 0.00029 1.04342 4 0.00072 1.04321 + 0.00064 1.04202 + 0.00027
Treio 0.0535 + 0.0076 0.0529 + 0.0070 0.063 + 0.015 0.058 + 0.013 0.0553 + 0.0065
log(10'° A) 3.041 4+ 0.015 3.040 + 0.014 3.046 + 0.031 3.040 + 0.029 3.051 + 0.013

ne 0.9654 + 0.0042 0.9654 + 0.0036 1.007 £ 0.016 1.002 +0.013 0.9678 + 0.0035
logi0uupm < —15.4(< —14.1) < —15.35(< —14.3) -15.271% (< —13.9) -15.371% (< —-13.9) —14.975 35 (< —14.3)
Hy 68.06 £ 0.55 (68.111°1) 68.06 & 0.42 (68.067952) 68.6 + 1.6 (68.675%) 67.68 £0.58 (67.711) 67.99 + 0.42

o8 0.8212 £ 0.0062 (0.82173512) 0.8206 & 0.0059 (0.82170911) 0.834 £ 0.017 (0.83410057) 0.838 £ 0.012 (0.8381003) 0.8269 4 0.0061

In BF —5.54 —4.3 0.0374 0.421 0.398

Table TV: T? 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 x? of the best fit and the Bayes Factor, with respect to the ACDM

scenario.
Parameter Planck Planck + BAO ACT ACT + BAO ACT + Planck + BAO
Quh? 0.02228 + 0.00022 0.02230 4 0.00019 0.02109 + 0.00045 0.02106 + 0.00038 0.02210 4 0.00017
QyPMp? 0.1177 + 0.0030 0.1176 =+ 0.0029 0.1105 + 0.0065 0.1086 =+ 0.0058 0.1147 + 0.0024
10005 1.04219 + 0.00051 1.04219 + 0.00050 1.0445 + 0.0012 1.0448 +0.0011 1.04279 + 0.00043
Troio 0.0518 & 0.0074 0.0526 + 0.0071 0.060 + 0.015 0.061 +0.013 0.0547 4 0.0067
log(10'° A) 3.033 4+ 0.017 3.034 4 0.016 3.023 4 0.037 3.020 4 0.030 3.035 4 0.016
ns 0.9601 + 0.0085 0.9612 + 0.0070 0.969 + 0.033 0.969 + 0.023 0.9568 + 0.0066
Negt 2.91£0.19(2.9175:3%) 2.93 £0.17(2.9310:3%) 2.49 £ 0.44 (2.4975°5%) 2.43 £0.33 (2.4310:52) 2.73 £0.14 (2.7310:39)
logiotypm < —15.4(< —14.1) < —15.35 (< —14.0) —15.2717 (< —13.8) —15.371% (< —13.8) 151757, (< —13.8)
Ho 67.2 4 1.4 (67.272%) 67.34+1.1(67.3121) 64.3 4 3.6 (64.3175) 64.441.9(64.4139) 66.141.0(66.112)
a8 0.815 4 0.010 (0.81575-920) 0.8151 4 0.0097 (0.81579515) 0.810 4 0.025 (0.81075:939) 0.804 + 0.021 (0.80479:542) 0.8116 + 0.0094 (0.81279-019)
In BF —4.76 —4.4 0.143 —0.00586 —0.0566

Table V: T? cross section with Neg: 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 x? of the best fit and the Bayes Factor, with respect to the
ACDM -+ Nog scenario.

Moreover, as it happens also in the temperature in-
dependent cross-section case, when we analyze the ACT
data we have an indication at slightly more than 68%
CL for a coupling between DM and neutrinos different
from zero and equal to log;ou,pn = —15.271F at 1o.
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 £ = 650, and we study
the combination ACT+Planck+BAO (last column of Ta-
ble IV) the 1o indication for a ¥DM coupling is slightly
strengthened, but this dataset combination is not power-
ful enough to bound the vDM coupling with a stronger
statistical evidence. In particular we find log;, u,pm =
—~14.91}3. at 68% CL.

Also in this case, as a further step, we consider N.g free
to vary, and we report in Table V the constraints on the
cosmological parameters at 68% (and 95% CL) for the T2
vDM cross-section case. However, as already happened

for the temperature independent cross section case, the
constraints on N.g obtained in this scenario are the same
as those obtained assuming a non-interacting model, and
all the features regarding the coupling in Table IV remain
valid also in this extended scenario.

Therefore, we find only an upper limit for log,y u,pm
from Planck and Planck+BAO, and lo indication for
a DM-v coupling different from zero for ACT, ACT +
BAO, and ACT + BAO + the low-multipoles Planck
data. In particular, we find for the full dataset combina-
tion ACT+Planck+BAO data log;ou,pm = —15.1757,
at 68% CL.

To conclude, when the full ACT+Planck+BAO
dataset combination is considered, this interacting model
fits the cosmological data as well as the standard ACDM
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 Table IV and
Table V. 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 vDM interaction is somewhat mitigated with respect
to the temperature-independent case (see also Appendix
B where the correlation between cosmological parame-
ters is shown for all the cases under study in this work).
Therefore, we advise caution when interpreting the re-
sults for the temperature-dependent cross-section and
suggest that this case warrants further analyses.

Appendix B: Triangular Plot

We show here the triangular plots for all the cases anal-
ysed involving the ACT data.
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Figure 8: Temperature independent cross section: 1-dimensional marginalized posterior distributions and the 2-
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nation with Planck and BAO
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