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A B S T R A C T 

We revisit the possibility of using cosmological observations to constrain models that involve interactions between neutrinos 
and dark matter. We show that small-scale measurements of the cosmic microwave background (CMB) with a few per cent 
accuracy are critical to unco v er unique signatures from models with tiny couplings that would require a much higher sensitivity 

at lower multipoles, such as those probed by the Planck satellite. We analyse the high-multipole data released by the Atacama 
Cosmology Telescope, both independently and in combination with Planck and baryon acoustic oscillation measurements, 
finding a compelling preference for a non-vanishing coupling, log 10 u νDM 

= −5 . 20 

+ 1 . 2 
−0 . 74 at 68 per cent confidence level. This 

aligns with other CMB-independent probes, such as Lyman- α. We illustrate how this coupling could be accounted for in the 
presence of dark matter interactions with a sterile neutrino. 

Key words: neutrinos – cosmic background radiation – dark matter. 
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 I N T RO D U C T I O N  

recision measurements of cosmic microwave background (CMB)
adiation (Choi et al. 2020 ; Planck Collaboration VI 2020c ; Balken-
ol et al. 2022 ) have substantially furthered our understanding
f dark matter (DM) by offering a convincing, albeit indirect,
upporting evidence for its existence and precise constraints on its
roperties. Nevertheless, despite these advances, DM is still elusive,
s confirmed by a variety of unsuccessful experiments, including
irect searches and astrophysical observations. 
The enigmatic nature of DM can be attributed to its poorly

nderstood interactions with other particles: apart from gravitational
nteractions, its fundamental couplings to the Standard Model remain
nknown and debated. Building on this unresolved uncertainty
urrounding the interaction strengths of DM with other particles,
 fascinating and persistent idea is the possibility of a coupling
etween DM and neutrinos through an as-yet-undisco v ered inter-
ction channel. The literature offers a wide range of possible forms
f the cross-section go v erning such interactions, with significant
mplications for various observables spanning from cosmology to
strophysics and accelerator-based searches (Kolb & Turner 1987 ;
 alomares-Ruiz & P ascoli 2008 ; Serra et al. 2010 ; Shoemaker 2013 ;
ilkinson, Lesgourgues & Boehm 2014a ; Wilkinson, Boehm &

esgourgues 2014b ; Bertoni et al. 2015 ; de Salas, Lineros & T ́ortola
016 ; Shoemaker & Murase 2016 ; Di Valentino et al. 2018 ; Escudero
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Published by Oxford University Press on behalf of Royal Astronomical Socie
Commons Attribution License ( https:// creativecommons.org/ licenses/ by/ 4.0/ ), whi
t al. 2018 ; Oli v ares-Del Campo et al. 2018 ; Batell et al. 2018a ;
atell, Han & Shams Es Haghi 2018b ; Blennow et al. 2019 ; Choi,
im & Rott 2019 ; Kelly & Zhang 2019 ; P ande y, Karmakar & Rakshit
019 ; Kelly et al. 2022 ). In this work, we revisit the possibility of
sing CMB observations to constrain models that involve interactions
etween neutrinos and dark matter ( νDM) described in terms of a
ingle parameter 

 νDM 

= 

σνDM 

σT 

( m DM 

100 GeV 

)−1 
, (1) 

here σ νDM 

and σ T are the νDM and Thomson scattering cross-
ections and m DM 

is the mass of the DM particle, respectively. The
mpact of such an interaction on the CMB angular power spectra and
he late-time matter power spectrum can be significant, depending
n its strength. Therefore, e xtensiv e studies hav e been conducted
o understand the cosmological implications of these effects and
onstraints from current CMB and large-scale structure observations,
s well as forecasts for ne xt-generation surv e ys (Escudero et al.
015 ), are available in the literature. 
The state-of-the-art cosmological analyses on νDM interactions

rise primarily from the CMB data released by the Planck Collabo-
ation, which provides precise measurements of the angular power
pectra of temperature and polarization anisotropies in the multipole
ange 2 � � � 2500. Assuming a temperature-independent νDM
ross-section σ νDM 

∼ T 

0 , constraints on the interaction strength can
e derived, typically resulting into upper limits u νDM 

≤ (4.5–9.0) ×
0 −5 at 95 per cent confidence level (CL; Di Valentino et al. 2018 ;
osbech et al. 2021 ; Paul et al. 2021 ). As clearly shown in the bottom

anel of Fig. 1 , these bounds reflect the limited (albeit remarkable)
© 2023 The Author(s). 
ty. This is an Open Access article distributed under the terms of the Creative 
ch permits unrestricted reuse, distribution, and reproduction in any medium, 
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Figure 1. The top panel displays the theoretical D 

T T 
� , while the percentage 

difference | �D � | /D 

0 
� with respect to the non-interacting case ( D 

0 
� ) for 

different coupling values is shown in the bottom panel. The figure highlights 
that feeble interactions can result in undetectable changes in the Planck ’s 
probed multipole range, but can produce substantial differences on smaller 
scales (i.e. higher multipoles) like those measured by Atacama Cosmology 
Telescope (ACT). 
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Figure 2. Posterior probability distribution functions for the coupling 
log 10 u νDM 

resulting from different combinations of CMB and BAO + RSD 

measurements. 
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1 A publicly available version can be found at https:// github.com/ MarkMos/ 
CLASS nu-DM [see also Stadler, Bœhm & Mena ( 2019 ) and Mosbech et al. 
( 2021 )]. 
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ensitivity reachable by CMB observations. Indeed, on the scales 
robed by experiments similar to Planck , values u νDM 

� 10 −5 would
roduce corrections smaller than one part in 10 5 when compared to 
he non-interacting case. This implies that any differences between 
he two cases would essentially be undetectable as it would require 
 precision well beyond the current accuracy of data. 

Ho we v er, the ke y observation underlying our study is that small
ouplings have a more significant impact on smaller scales (higher 
ultipoles), where differences can reach a few per cents when 

ompared to the non-interacting case, as illustrated in Fig. 1 . 
herefore experiments with high precision in the damping tail at � �
000 provide a unique opportunity to gain novel insight into models 
hat would otherwise be indistinguishable at lower multipoles. This 
olds true for both the next-generation of CMB experiments and 
ecent measurements of the CMB angular power spectra released 
y ground-based telescopes. In fact, by probing higher multipoles 
han the Planck satellite, these measurements can provide valuable 
omplementary information that can impro v e the sensitivity of 
urrent results and contribute to the study of νDM interactions. 

 ANA LY SIS  

ased on previous considerations, we extend the state-of-the-art 
nalyses on neutrino DM interactions, investigating the impact of 
ecent CMB measurements obtained from ground-based telescopes. 
ur analysis focuses specifically on the ACT temperature and 
olarization DR4 likelihood (Choi et al. 2020 ), which explores 
igher multipoles (600 � � � 4500) compared to the full Planck
018 likelihood (2 � � � 2500) Planck Collaboration I, V, VI
 2020a , b , c ). This produces precise data on small scales where
he effects of small couplings start to become comparable with 
he observational constraining power. Additionally, alongside CMB 

bservations, we take into account measurements of baryon acoustic 
scillations (BAO) and redshift space distortions (RSD) from the 
aryon Oscillation Spectroscopic Surv e y (BOSS DR12) (Da wson 
t al. 2013 ). 

To parametrize our cosmological model, we employ a common 
pproximation in the literature, i.e. treating neutrinos as massless and 
ltra-relativistic in the early universe. This simplifies calculations 
or scenarios involving interactions with DM. In addition, we 
xamine the interplay between neutrinos and the entire fraction 
f energy-density associated with DM, with a specific focus on a
emperature-independent cross-section. By doing so, we only need 
ne extra parameter in addition to the usual six Lambda cold dark
atter ( � CDM) parameters, which is the logarithm of the coupling

arameter log 10 u νDM 

, as defined in equation ( 1 ). To compute the
osmological model and study the effects of νDM interactions, we 
ake use of a modified version of the Cosmic Linear Anisotropy
olving System code CLASS 1 (Blas, Lesgourgues & Tram 2011 ). 
e explore the posterior distributions of our parameter space by 

xploiting the publicly available code COBAYA (Torrado & Lewis 
020 ) and the Monte Carlo Markov Chain sampler developed for
OSMOMC (Lewis & Bridle 2002 ). 
Firstly, by considering the full temperature and polarization Planck 

ikelihood in the multipole range of 2 � � � 2500, in combination
ith BAO and RSD measurements, we are able to replicate the

esults previously discussed in the literature yielding an upper bound 
f log 10 u νDM 

< −4.39 at a 95 per cent CL. Fig. 2 displays (in green)
he posterior distribution function of log 10 u νDM 

for this combination 
f data. As illustrated in the figure, below a certain threshold of u νDM 

 10 −5 , all the models become indistinguishable, leading to a flat
osterior distribution for smaller values. 
In order to investigate the impact of small-scale CMB observa- 

ions, we first consider the ACT data in combination with BAO and
SD measurements. In Fig. 2 , we display (in red) the posterior
istribution function for this case. It is interesting to note that,
s evident from the figure, the posterior distribution function for 
his combination of data shows a clear preference for a non-zero
oupling. This preference is translated into a 68 per cent CL result
og 10 u νDM 

= −4 . 86 + 1 . 5 
−0 . 83 . Although this indication is not supported

y the Planck data, it is crucial to observe that the two data sets are
MNRASL 527, L122–L126 (2024) 
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ot in tension regarding the predicted value for this parameter. The
CT’s indication for a non-zero coupling can be explained by the

arger effects of couplings of the order of u νDM 

∼ 10 −6 –10 −4 in the
ultipole range probed by this experiment, see Fig. 1 . Therefore,
hile the effects of such a tiny coupling may not be detectable at

he scales probed by Planck , they may be easier to unveil at the
cales measured by ACT. It is also important to note that for smaller
alues ( u νDM 

� 10 −6 ), the effects of a possible interaction between
eutrinos and DM, although remaining some orders of magnitude
arger than the scales probed by Planck , become too small to be
istinguishable from the non-interacting case, even on multipoles
robed by ACT (see Fig. 1 ). Consequently, the posterior distribution
unction also becomes flat (see Fig. 2 ). As a result of this effect,
e lose the indication for a non-zero coupling at a 95 per cent CL,
btaining only an upper limit of log 10 u νDM 

< −3.70. Ho we ver, this
oss of evidence is related to the currently limited precision of data
ather than a real preference for zero coupling values. 

To validate further our argument that the preference for a non-
anishing νDM interaction comes from the high-ell ACT multipoles,
e combine Planck data between 2 � � � 650 with the small-scale
R4 ACT likelihood, along with BAO and RSD measurements. 2 We

how the posterior distribution function of this case in Fig. 2 (blue
ine). As evident, the preference for a non-zero interaction rate is
aintained by combining the two most precise CMB experiments,

o that we obtain a robust indication log 10 u νDM 

= −5 . 20 + 1 . 2 
−0 . 74 at

he 68 per cent CL. It is also important to note that including
ow- � Planck data narrows the peak amplitude of the posterior
istribution around its central value, leading to a stronger indication
or an interaction between the two species. This impro v ement is
ue to the fact that Planck data provide information around the
rst acoustic peaks, which are not probed by ACT. Since values
f u νDM 

� 10 −4 substantially increase the amplitude of the first
coustic peaks (see Fig. 1 ), including precise measurements at lower
ultipoles impro v es the constraints in this re gion, leading to the

bserved shift in log 10 u νDM 

. This improvement also helps to isolate
he impact of νDM on the ACT data by breaking the de generac y with
ther cosmological parameters and shifting their values back close to
 CDM preferred values obtained with the full Planck data set. None

he less, it is important to emphasize that for interaction strengths
elow a certain threshold ( u νDM 

� 10 −6 ), the same considerations as
entioned in the ACT-only case apply to this scenario where both
CT and Planck data are combined. In other words, the impact of

uch weak couplings on the CMB angular spectra becomes too small
ompared to the data accuracy in both the Planck and ACT multipole
anges. As a consequence, all models become indistinguishable, and
he posterior distribution function becomes flat, as shown in Fig. 2 .
his behaviour of the posterior distribution function prevents us from
btaining a two-sigma constraint. Thus, at the 95 per cent CL, we
an only derive an upper limit of log 10 u νDM 

< −4.17. 

 E X A M P LE  

iven the preference in the cosmological data that we find towards
on-diminishing DM–neutrino interactions, it is useful to consider
riefly the implications of our findings for a sample specific scenario
f beyond the Standard Model (BSM) neutrino interactions. We
NRASL 527, L122–L126 (2024) 

 Note that the cut made to the Planck data is necessary to a v oid including 
he region where the two experiments overlap, which would result in double 
ounting of the same sky in the absence of a covariance matrix Aiola et al. 
 2020 ). 

3

t
D
a
W

ote that for m DM 

∼ 1 GeV the 1 σ ranges of the σ DM–ν cross
ection obtained in our analysis correspond to values of the order
f at least one nano-barn, while being even larger for heavier
M species. As a result, it is challenging to couple directly DM

o the SU (2) L lepton doublet in the SM with such a large cross-
ection without violating stringent DM direct detection bounds
rom electron scatterings, cf. Ref. Akerib et al. ( 2022 ) for recent
e vie w. Large couplings between DM and charged leptons are further
onstrained by missing energy searches at Large Electron–Positron
ollider (LEP) and indirect detection searches for DM annihilations

nto charged leptons (Shoemaker 2013 ; Blennow et al. 2019 ). 
This can be circumvented in models employing a mixing between

ctive and sterile neutrinos together with a coupling of the sterile
eutrinos to the the DM species (Bertoni et al. 2015 ; Batell et al.
018a ; Batell, Han & Shams Es Haghi 2018b ). 3 For instance, a
ew Dirac fermion N could interact with the SM via Yukaw a-lik e
ouplings L ⊃ −λ ( ̄L 

ˆ H ) N R , where L is the SM lepton doublet and
 is the Higgs field. This gives rise to a mixing between the active and

terile neutrinos after electroweak symmetry breaking. The coupling
f DM to N is given by L ⊃ − φ χ̄ ( y L N L + y R N R ) + h.c. , where
dditional fermionic χ and scalar φ SM-singlet fields have been
ntroduced. Both of them can play the role of DM after imposing
dditional U (1) d symmetry, depending on which one is the lightest
f the BSM species. The heavier sterile neutrino dominantly decays
nto the dark states, N → χφ, therefore alleviating constraints from
isibly decaying heavy neutral leptons (Batell et al. 2022 ; Abdullahi
t al. 2023 ). 

In the mass-degenerate regime in the dark sector, m DM 

≡ m χ

 m φ , the χ DM elastic scatterings off neutrinos mediated by φ
re characterized by an ef fecti vely temperature-independent cross-
ection, 

DM −ν � 10 −34 
( g 

0 . 01 

)4 
(

20 MeV 

m DM 

)2 

cm 

2 , (2) 

here g = y L ( | U e4 | 2 + | U μ4 | 2 + | U τ4 | 2 ) 1 / 2 and U � 4 is the mixing
ngle between the sterile and active neutrino of a given fla v or
 . In the following, we will assume that the dominant mixing is
ith the tau neutrino, while we set other mixing angles to zero.
e also take m N = 10 m DM 

. In Fig. 3 , we illustrate a region in
he parameter space of this BSM model in the ( m DM 

, g ) plane, in
hich one can simultaneously fit the cosmological bounds and a v oid
ther constraints. At the top of Fig. 3 , we show the grey-shaded
egion corresponding to an upper bound on the coupling constant
 abo v e which one predicts too large active-neutrino mixing angles
or y L = 1. The leading constraints on U τ4 , in this case, arise from
tmospheric neutrino oscillation analyses, leptonic and semileptonic
au decays, and measurements of the lepton fla v our universality
n B meson decays, see (Cveti ̌c et al. 2017 ; Batell et al. 2018a ;
 AB AR Collaboration 2022 ). Light DM species that thermalize

n the early Universe due to their interactions with neutrinos are
ubject to additional bounds from their possible contribution to the
umber of relativistic degrees of freedom, N eff , which excludes DM
ass below O(10 MeV ) (Boehm, Dolan & McCabe 2013 ). We note

hat bounds from heavy neutral lepton decays during the Big Bang
 While the strongest experimental bounds are associated with DM couplings 
o electrons and quarks, they could also be a v oided in models employing light 
M particles with fla v our non-universal couplings to muons or tau leptons 

nd to respective neutrinos, e.g. the U (1) L μ−L τ gauge boson portal to DM. 
e leave a detailed investigation of such scenarios for future studies. 
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(this work)
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ΩDMh2 > 0.12

Δ
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Belle-II

N - ντ  mixing, mN = 10 mDM,  yL = 1

Figure 3. The parameter space of the neutrino portal DM model shown in 
the ( m DM 

, g ) plane, where m DM 

≡ m χ � m φ and one assumes m N = 10 m DM 

, 
y L = 1. ACT + Planck + BAO exclusion bounds obtained in this study are 
shown as a blue-shaded region, while the mean value of σDM–ν in our fit is 
obtained along the blue dashed line. 
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ucleosynthesis (BBN) epoch can be a v oided as N decays preferably
n the dark sector in this scenario. 

We indicate, in Fig. 3 , the relic target line below which one predicts
oo large a thermal DM abundance, while a correct value of 
χ h 2 can
e obtained, e.g. in the asymmetric DM scenario (Petraki & Volkas 
013 ; Zurek 2014 ). In this case, the symmetric DM component
an be efficiently annihilated away in the early Universe due to 
he χχ̄ → νν̄ process. The remaining DM abundance driven by 
he initial asymmetry between χ and χ̄ can be higher than in the 
tandard freeze-out. In this way one also a v oids DM indirect detection
ounds (Arg ̈uelles et al. 2021 ) as the number of DM antiparticles is
epleted. In Fig. 3 , we show with a blue-shaded region cosmological
onstraints on DM–neutrino interaction cross-section that we obtain 
ased on ACT + Planck + BAO data. We also present coloured
ines with fixed values of the u urDM 

parameter between −3 and 
8, as well as with a blue dashed line the mean value of this

arameter from our fit. For comparison, a light red-shaded region is
ho wn, inside which Lyman- α observ ations can be better explained 
ssuming non-negligible DM–neutrino interactions (1 σ ; Hooper & 

ucca 2022 ). The DM–neutrino interaction strength obtained this 
ay lies remarkably close to the mean value of σ DM–ν obtained in 

his work. Future cosmological data and Lyman- α observations will 
onstrain further the allowed region in the parameter space of this
odel. In Fig. 3 , we also illustrate expected sensitivity of the Dark
nergy Spectroscopic Instrument (DESI) to probe νDM interaction 
trength following Escudero et al. ( 2015 ) and a (optimistic) future
ound on the U τ4 mixing angle from the Belle-II experiment where 
arger couplings would be excluded (Kobach & Dobbs 2015 ). 

 C O N C L U S I O N S  

n this work, we have analysed the effects of the interaction between
M and neutrinos, assuming a temperature-independent interaction 

ross-section. Considering small-scale CMB data from the ACT, 
e find a preference for a non-zero interaction strength. This 

esult remains consistent when combining observations from the 
wo most accurate CMB experiments to date ( Planck and ACT)
nd including astrophysical measurements of BAO and RSD. We 
ave also indicated how scenarios involving a sterile neutrino portal 
etween DM and the SM could accommodate such a coupling. 

In order to validate the robustness of our findings, we have
onducted a significant number of additional tests, all of which have
onfirmed this preference for a non-zero interaction. Specifically, 
e have observed the same preference when including or excluding 
AO, and when varying or fixing the effective number of relativistic
articles ( N eff ) in the cosmological model. Moreo v er, we hav e
ound that a similar preference emerges even when considering a 
emperature-dependent cross-section σ νDM 

∝ T 

2 , indicating that this 
s not an artifact of assumptions made in the parametrization of the
nteraction (Brax et al. 2023 ). 

To gain a better understanding of our results, we have thoroughly
xamined the data provided by both experiments and verified that 
he peak in the distribution of the interaction strength is associated
ith a genuine reduction of the χ2 of the fit. We have conducted
 Bayesian model comparison to assess the plausibility of both 
nteracting and non-interacting models in explaining the current 
bservations. We found that while both models are plausible, the 
nteracting case is often fa v oured o v er the non-interacting one with

oderate preference. We will present the results of all the additional
ests in a separate work (Brax et al. 2023 ). 

Finally, it is important to note that the interaction strength value
btained from our analysis ( log 10 u νDM 

= −5 . 20 + 1 . 2 
−0 . 74 ) is consistent

ith the result obtained in Hooper & Lucca ( 2022 ) from Lyman- α
robes. The latter found a significant preference for an interaction 
trength ( log 10 u νDM 

= −5 . 42 + 0 . 17 
−0 . 08 ) approximately 3 σ away from

ero when considering Lyman- α data. This effect is attributed to 
he additional tilt in the Lyman- α flux power spectrum which 
ffects small scales and leads to an impro v ed fit compared to the
 CDM model. The remarkable correspondence between these two 

osmological probes provides further hints of possible departures 
rom the standard cosmological scenario. Interactions between DM 

nd neutrinos can also affect the small-scale structure of the Universe
nd have been proposed to address some of the persisting problems
f � CDM, e.g. the missing satellite issue (see Boehm et al. 2014 ;
ertoni et al. 2015 ; Schewtschenko et al. 2016 ). We leave detailed
nalyses of the interplay between these effects for future studies. 

Our result will be testable and better bounds will be obtained
ith the next generation of CMB experiments, such as Abazajian 

t al. ( 2019 ), Ade et al. ( 2019 ), Hanany et al. ( 2019 ), and CMB-HD
ollaboration ( 2022 ). Also see Escudero et al. ( 2015 ) for expected

ensitivity of DESI reaching up to log 10 u νDM 

� −5.43. Future surv e ys
ensitive to high CMB multipoles will open a ne w windo w for
robing DM couplings to neutrinos. 

C K N OW L E D G E M E N T S  

T w ould lik e to thank Brian Batell for useful discussions. CvdB w as
upported (in part) by the Lancaster–Manchester–Sheffield Consor- 
ium for Fundamental Physics under STFC grant: ST/T001038/1. 
DV was supported by a Royal Society Dorothy Hodgkin Research 
ellowship. ST was also supported by the grant ‘AstroCeNT: Particle 
strophysics Science and Technology Centre’ carried out within 

he International Research Agendas programme of the Founda- 
ion for Polish Science financed by the European Union under 
he European Regional Development Fund. ST is also supported 
n part by the National Science Centre, Poland, research grant 
o. 2021/42/E/ST2/00031. ST acknowledges the support of the 
nstitut Pascal at Universit ́e Paris-Saclay during the Paris-Saclay 
stroparticle Symposium 2022, with the support of the P2IO 
MNRASL 527, L122–L126 (2024) 



L126 P. Brax et al. 

M

L  

A  

t  

S  

p  

1  

C  

s  

C  

a  

p

D

A  

R

A
A
A
A
A
A  

B
B
B  

B
B
B  

B  

B  

B  

B  

B  

C

C
C
C
D
d
D  

E  

E  

H
H
K
K  

K
K
L
M  

O  

P
P
P  

P
P
P
P
S  

S  

S
S
S
T
W  

W  

Z

T

D
ow

nloaded from
 https://academ

ic.oup.com
/m

nrasl/article/527/1/L122/7320319 by D
ESY-Zentralbiblioth
aboratory of Excellence (programme ‘Investissements d’avenir’
NR-11-IDEX-0003-01 Paris-Saclay and ANR-10-LABX-0038),

he P2I axis of the Graduate School Physics of Universit ́e Paris-
aclay, as well as IJCLab, CEA, IPhT, APPEC, the IN2P3 master
rojet UCMN and ANR-11-IDEX-0003-01 Paris-Saclay and ANR-
0-LABX-0038. This article is based upon work from COST Action
A21136 Addressing observational tensions in cosmology with

ystematics and fundamental physics (CosmoVerse) supported by
OST (European Cooperation in Science and Technology). We
cknowledge IT Services at The University of Sheffield for the
rovision of services for High Performance Computing. 

ATA  AVA ILA BILITY  

ll the data used are explained in the text and are publicly available.

E FEREN C ES  

bazajian K. et al., 2019, preprint ( arXiv:1907.04473 ) 
bdullahi A. M. et al., 2023, J. Phys. G: Nucl. Part. Phys. , 50, 020501 
de P. et al., 2019, J. Cosmol. Astropart. Phys. , 2019, 056 
iola S. et al., 2020, J. Cosmol. Astropart. Phys. , 2020, 047 
kerib D. S. et al., 2022, preprint ( arXiv:2203.08084 ) 
rg ̈uelles C. A. , Diaz A., Kheirandish A., Oli v ares-Del-Campo A., Safa I.,

Vincent A. C., 2021, Rev. Mod. Phys. , 93, 035007 
 AB AR Collaboration , 2022, Phys. Rev. D, 107, 052009 
alkenhol L. et al., 2022, Phys. Rev. D, 108, 023510 
atell B. , Han T., McKeen D., Shams Es Haghi B., 2018a, Phys. Rev. D , 97,

075016 
atell B. , Han T., Shams Es Haghi B., 2018b, Phys. Rev. D , 97, 095020 
atell B. et al., 2022, preprint ( arXiv:2207.06898 ) 
ertoni B. , Ipek S., McKeen D., Nelson A. E., 2015, J. High Energy Phys. ,

2015, 170 
las D. , Lesgourgues J., Tram T., 2011, J. Cosmol. Astropart. Phys. , 2011,

034 
lennow M. , Fernandez-Martinez E., Oli v ares-Del Campo A., Pascoli S.,

Rosauro-Alcaraz S., Titov A. V., 2019, Eur. Phys. J. C , 79, 555 
oehm C. , Dolan M. J., McCabe C., 2013, J. Cosmol. Astropart. Phys. , 2013,

041 
oehm C. , Schewtschenko J. A., Wilkinson R. J., Baugh C. M., Pascoli S.,

2014, MNRAS , 445, L31 
rax P. , van de Bruck C., Di Valentino E., Giar ̀e W., Trojanowski S., 2023,

Phys. Dark Univ. , 42, 101321 
hoi K.-Y. , Kim J., Rott C., 2019, Phys. Rev. D , 99, 083018 
NRASL 527, L122–L126 (2024) 

Published by Oxford University Press on behalf of Royal Astronomical Society. This is an 
( https://cr eativecommons.or g/licenses/by/4.0/), which permits unrestricted reus
hoi S. K. et al., 2020, J. Cosmol. Astropart. Phys. , 2020, 045 
MB-HD Collaboration , 2022, preprint ( arXiv:2203.05728 ) 
veti ̌c G. , Halzen F., Kim C. S., Oh S., 2017, Chin. Phys. C , 41, 113102 
awson K. S. et al., 2013, AJ , 145, 10 
e Salas P. F. , Lineros R. A., T ́ortola M., 2016, Phys. Rev. D , 94, 123001 
i Valentino E. , Bøehm C., Hivon E., Bouchet F. R., 2018, Phys. Rev. D , 97,

043513 
scudero M. , Mena O., Vincent A. C., Wilkinson R. J., Bœhm C., 2015, J.

Cosmol. Astropart. Phys. , 2015, 034 
scudero M. , Lopez-Honorez L., Mena O., Palomares-Ruiz S., Villanue v a-

Domingo P., 2018, J. Cosmol. Astropart. Phys. , 2018, 007 
anany S. et al., 2019, preprint ( arXiv:1902.10541 ) 
ooper D. C. , Lucca M., 2022, Phys. Rev. D , 105, 103504 
elly K. J. , Zhang Y., 2019, Phys. Rev. D , 99, 055034 
elly K. J. , Kling F., Tuckler D., Zhang Y., 2022, Phys. Rev. D , 105, 075026
obach A. , Dobbs S., 2015, Phys. Rev. D , 91, 053006 
olb E. W. , Turner M. S., 1987, Phys. Rev. D , 36, 2895 
ewis A. , Bridle S., 2002, Phys. Rev. D , 66, 103511 
osbech M. R. , Boehm C., Hannestad S., Mena O., Stadler J., Wong Y . Y .

Y., 2021, J. Cosmol. Astropart. Phys. , 2021, 066 
li v ares-Del Campo A. , Bœhm C., Palomares-Ruiz S., Pascoli S., 2018, Phys.

Rev. D , 97, 075039 
alomares-Ruiz S. , Pascoli S., 2008, Phys. Rev. D , 77, 025025 
 ande y S. , Karmakar S., Rakshit S., 2019, J. High. Energy Phys. , 2019, 095 
aul A. , Chatterjee A., Ghoshal A., Pal S., 2021, J. Cosmol. Astropart. Phys. ,

2021, 017 
etraki K. , Volkas R. R., 2013, Int. J. Mod. Phys. A , 28, 1330028 
lanck Collaboration I , 2020a, A&A , 641, A1 
lanck Collaboration V , 2020b, A&A , 641, A5 
lanck Collaboration VI , 2020c, A&A , 641, A5 
chewtschenko J. A. , Baugh C. M., Wilkinson R. J., Bœhm C., Pascoli S.,

Sawala T., 2016, MNRAS , 461, 2282 
erra P. , Zalamea F., Cooray A., Mangano G., Melchiorri A., 2010, Phys.

Rev. D , 81, 043507 
hoemaker I. M. , 2013, Phys. Dark Univ. , 2, 157 
hoemaker I. M. , Murase K., 2016, Phys. Rev. D , 93, 085004 
tadler J. , Bœhm C., Mena O., 2019, JCAP , 2019, 014 
orrado J. , Lewis A., 2020, J. Cosmol. Astropart. Phys., 2021, 057 
ilkinson R. J. , Lesgourgues J., Boehm C., 2014a, J. Cosmol. Astropart.

Phys. , 2014, 026 
ilkinson R. J. , Boehm C., Lesgourgues J., 2014b, J. Cosmol. Astropart.

Phys. , 2014, 011 
urek K. M. , 2014, Phys. Rep. , 537, 91 

his paper has been typeset from a T E 

X/L 

A T E 

X file prepared by the author. 
© 2023 The Author(s). 
Open Access article distributed under the terms of the Creative Commons Attribution License 
e, distribution, and reproduction in any medium, provided the original work is properly cited. 

ek user on 26 D
ecem

ber 2023

http://arxiv.org/abs/1907.04473
http://dx.doi.org/10.1088/1361-6471/ac98f9
http://dx.doi.org/10.1088/1475-7516/2019/02/056
http://dx.doi.org/10.1088/1475-7516/2020/12/047
http://arxiv.org/abs/2203.08084
http://dx.doi.org/10.1103/RevModPhys.93.035007
http://dx.doi.org/10.1103/PhysRevD.97.075016
http://dx.doi.org/10.1103/PhysRevD.97.095020
http://arxiv.org/abs/2207.06898
http://dx.doi.org/10.1007/JHEP04(2015)170
http://dx.doi.org/10.1088/1475-7516/2011/07/034
http://dx.doi.org/10.1140/epjc/s10052-019-7060-5
http://dx.doi.org/10.1088/1475-7516/2013/08/041
http://dx.doi.org/10.1093/mnrasl/slu115
http://dx.doi.org/10.1016/j.dark.2023.101321
http://dx.doi.org/10.1103/PhysRevD.99.083018
http://dx.doi.org/10.1088/1475-7516/2020/12/045
http://arxiv.org/abs/2203.05728
http://dx.doi.org/10.1088/1674-1137/41/11/113102
http://dx.doi.org/10.1088/0004-6256/145/1/10
http://dx.doi.org/10.1103/PhysRevD.94.123001
http://dx.doi.org/10.1103/PhysRevD.97.043513
http://dx.doi.org/10.1088/1475-7516/2015/9/034
http://dx.doi.org/10.1088/1475-7516/2018/06/007
http://arxiv.org/abs/1902.10541
http://dx.doi.org/10.1103/PhysRevD.105.103504
http://dx.doi.org/10.1103/PhysRevD.99.055034
http://dx.doi.org/10.1103/PhysRevD.105.075026
http://dx.doi.org/10.1103/PhysRevD.91.053006
http://dx.doi.org/10.1103/PhysRevD.36.2895
http://dx.doi.org/10.1103/PhysRevD.66.103511
http://dx.doi.org/10.1088/1475-7516/2021/03/066
http://dx.doi.org/10.1103/PhysRevD.97.075039
http://dx.doi.org/10.1103/PhysRevD.77.025025
http://dx.doi.org/10.1007/JHEP11(2021)215
http://dx.doi.org/10.1088/1475-7516/2021/10/017
http://dx.doi.org/10.1142/S0217751X13300287
http://dx.doi.org/10.1051/0004-6361/201833880
http://dx.doi.org/10.1051/0004-6361/201936386
http://dx.doi.org/10.1051/0004-6361/201833910
http://dx.doi.org/10.1093/mnras/stw1078
http://dx.doi.org/10.1103/PhysRevD.81.043507
http://dx.doi.org/10.1016/j.dark.2013.07.002
http://dx.doi.org/10.1103/PhysRevD.93.085004
http://dx.doi.org/10.1088/1475-7516/2019/08/014
http://dx.doi.org/10.1088/1475-7516/2014/04/026
http://dx.doi.org/10.1088/1475-7516/2014/05/011
http://dx.doi.org/10.1016/j.physrep.2013.12.001
https://creativecommons.org/licenses/by/4.0/

	1 INTRODUCTION
	2 ANALYSIS
	3 EXAMPLE
	4 CONCLUSIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY
	REFERENCES

