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ABSTRACT: The invisible decay of cold dark matter into a slightly lighter dark sector particle
on cosmological time-scales has been proposed as a solution to the Sg tension. In this work
we discuss the possible embedding of this scenario within a particle physics framework, and
we investigate its phenomenology. We identify a minimal dark matter decay setup that
addresses the Sg tension, while avoiding the stringent constraints from indirect dark matter
searches. In our scenario, the dark sector contains two singlet fermions Nj o, quasi-degenerate
in mass, and carrying lepton number so that the heaviest state (N2) decays into the lightest
(N1) and two neutrinos via a higher-dimensional operator Ny — Nyvv. The conservation of
lepton number, and the small phase-space available for the decay, forbids the decay channels
into hadrons and strongly suppresses the decays into photons or charged leptons. We derive
complementary constraints on the model parameters from neutrino detectors, freeze-in dark
matter production via vv — NjNs, collider experiments and blazar observations, and we
show that the upcoming JUNO neutrino observatory could detect signals of dark matter decay
for model parameters addressing the Sg tension if the dark matter mass is below ~ 1 GeV.
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1 Introduction

The ACDM model describes with remarkable accuracy numerous cosmological observations,
including the anistropies in the cosmic microwave background (CMB) and the large-scale
structure (LSS) of our Universe. On the other hand, a few observations seem to be in
tension with the ACDM model and may indicate the necessity of an extension. The most
conspicuous tension is the discrepancy between the values of the Hubble constant inferred
from early and late Universe observables; this is the well known Hubble tension (see for
example [1]). Furthermore, a tension between the amplitudes of density perturbations inferred
from primary CMB or from LSS probes has been reported. This is the so-called Sg tension,
where Sy = 051/,/0.3 (here, og describes the matter fluctuations at scales of 8 Mpc/h
and €, is the matter density parameter).

More specifically, various LSS measurements, including e.g. weak lensing shear, galaxy
clustering and cluster number counts have reported lower values compared to the one derived
from Planck CMB data with Sg = 0.830 £ 0.013 [2]. While the significance for each data set
is typically only at the level of 1 — 30, they all seem to show a common trend [3, 4]. The
strongest deviation was found from weak lensing by the Kilo-Degree Survey KiDS-1000 [5]



with Sg = 0.75970:02}, while the Dark Energy Survey (DES) reports Sg = 0.7769-017 [6], and
an updated combined analysis of the two obtained Sy = 0.79079:01% [7] (for measurements
sensitive to larger scales see for example [8-10]). Despite efforts to explain the Sg tension with
baryonic or systematic effects it is not easily resolved [11, 12]. Another strategy to address
the tension is to go beyond ACDM by changing the dark sector to achieve a suppression of
dark matter (DM) clustering, see e.g. [3]. Even though some models are able to lower the Sg
value and thus decrease the tension, there is no definite preference over ACDM for any of
them yet. New surveys, like Euclid [13], DESI [14] and the LSST survey at the Vera C. Rubin
observatory [15], will probe the amplitude of density perturbations on a wide range of scales

and redshifts, and may elucidate in the near feature whether the Sg tension is real.

A promising scenario that addresses the Sg tension is decaying cold dark matter (DCDM).
In this scenario, a cold dark matter (CDM) particle decays into invisible final states on
cosmological time-scales. The cosmological signatures have been studied extensively for
massless secondaries [16-25] as well as for massive ones [26-42], including probes from the
CMB as well as large- and small-scale structure like baryon acoustic oscillations, galaxy
clustering, weak lensing, the Lyman-a forest and Milky Way satellites. Here we focus on a
scenario in which the CDM particle is quasi-degenerate in mass with one of the daughter
particles in the decay, but with a mass difference that allows the other decay products to
be relativistic, being one of the setups that has received increased attention in the context
of the Sg tension lately [26-42]. In this scenario, there is a conversion of the rest energy of
the mother particle into kinetic energy of the heaviest massive daughter, which gradually
builds up a population of warm dark matter (WDM) particles coexisting with the population
of CDM particles. This leads to a mild suppression of the matter power spectrum on small
scales and at late times. The amount and scale of power suppression depend on the lifetime 7
as well as the available fraction of kinetic energy e, respectively. Typical values for alleviating
the Sg tension are 7 ~ O(10 — 100) Gyrs and € ~ 1072 — 1073 [36, 37, 39, 40, 42].

In this work, we identify a minimal embedding of the DCDM scenario within a particle
physics framework (see [43-50] for related works). We first discuss the necessary elements of a
DCDM scenario which addresses the Sg tension while complying naturally with the stringent
limits from gamma-ray and cosmic-ray observations. We then construct a gauge-invariant
and Lorentz-invariant operator leading to DCDM, show that it is the simplest one under
certain assumptions, and discuss the associated phenomenology in the Early Universe, as
well as the possible signatures in laboratory experiments or in astrophysical observations.

The paper is structured as follows: In section 2, we give a brief overview of DCDM
and its existing phenomenology and cosmological signatures. Then, the concrete minimal
model is developed and motivated in section 3, including an evaluation of the main decay
channel. Next, in section 4 we derive limits from diffuse neutrino flux measurements. In
section 5 we consider freeze-in production of DM within the minimal model. In section 6
we discuss complementary signatures, including higher-order decays into charged particles
and gamma-rays, invisible Higgs decay, as well as neutrino flux attenuation from blazars
due to neutrino-DM scatterings. We conclude in section 7. The appendices provide further
technical material, relevant for the computation of decay rates, for freeze-in, neutrino-DM
scattering, as well as a discussion of the limit of very low DM masses.



2 The decaying cold dark matter scenario and the Sg tension

The simplest DCDM scenario addressing the Sg tension consists of a population of initially
cold dark matter (DCDM) decaying into one massive and one massless particle species, that
act as warm dark matter (WDM) and dark radiation (DR), respectively [36, 37, 39, 40, 42]

DCDM — WDM + DR. (2.1)

From the point of view of cosmology all “dark” particle species are assumed to have negligible
interactions with visible matter at the relevant time-scales, i.e. during and after the recombi-
nation epoch. We note that the Standard Model (SM) neutrinos satisfy all the requirements
to be “dark radiation” with this definition, as we will emphasize below.

The effects of DCDM on cosmology can be entirely captured by two parameters: the decay
rate I' (or equivalently the lifetime 7 = I'"!), and the relative mass splitting €, defined as

m2
EE;<1_]\42> ) (2.2)

where M and m are the masses of the DCDM and the WDM particles, which determines the
fraction of rest mass that is converted into kinetic energy in the decay. In this paper, we focus
on the limit when the DCDM and the WDM particles are quasi-degenerate in mass, namely
€ < 1, so that there is a gradual “heating” of the DM as more and more CDM particles
decay, and that is investigated in view of the Sg tension [26-42].

The Boltzmann equations for this setup include source and loss terms for the respective
new dark species. At the homogeneous and isotropic background level, they are given by [36]

facam(q,7) = —al facam(q, 7) ,
aFNdcdm

- -bo ) 2.
42 5(q — apap dy) (2.3)

fwdm(Qa T) = fdr(Q7 T) =
where f are the respective phase-space distribution functions, ¢ = ap is the co-moving
momentum, a the scale-factor and Ngeqm the number density of the mother particle, which
drops exponentially in time. A dot denotes derivative with respect to conformal time 7,
related to the usual cosmic time t via dn = dt/a. Multiplying the Boltzmann equations with
the respective particle energies and integrating over all momentum modes yields equations
for the average energy densities denoted by p,

/L)dcdm = _3Hﬁdcdm - arﬁdcdm P
par = —4Hpar + €al Pacdm »
/L)de = _3(1 + W)Hﬁwdm + (1 - 6)al—‘ﬁdcdm ’ (24)

with ‘H = aH where H is the Hubble rate, and with the equation-of-state parameter
w = Pwdm/ Pwdm for WDM where Podm is the average pressure. On top of the usual
cosmological evolution, the terms involving I" describe the impact of the decay on the
background densities.



The phenomenology of this scenario has been discussed in various works, e.g. [26, 36, 39,
40, 42, 51]. The most prominent implication is a suppression of the matter power spectrum
on small scales, being linked to the Sg tension. Since the massive decay product receives
a velocity kick, part of the DM develops a non-zero pressure and acts like a warm DM
component building up over time. Compared to CDM, the additional WDM can more
easily escape overdensities and wash out structure on small physical scales. This leads to
a gradual suppression of the power spectrum for large wavenumbers k. Since € determines
the momentum of the WDM, it sets the free-streaming scale and thus the wavenumber at
which the suppression starts. In contrast, the decay time 7 controls the fraction of WDM at
any given redshift z and is responsible for the amount of suppression. Notably, the decay
implies a pronounced redshift-dependence of the amplitude of suppression.

Another related effect of the velocity kick is the difference in halo evolution compared
to CDM. For small enough halos, with typical virial velocities of the order of or below
the kick velocity, WDM particles are able to disrupt or escape the halo. This suppresses
the number of small halos compared to the ACDM model [26, 51]. Apart from matter
fluctuations, DCDM can change the cosmological background evolution as described in
eq. (2.3). However, this effect is negligible for sufficiently large 7 or small e. For 10° yr <
T <K tp and sizeable €, the extra DR increases the distance to the sound horizon which
then requires a higher Q4 (and thus Hp) to not shift the acoustic peaks in the CMB
anisotropy spectrum. While this possibility has been discussed in context of the Hubble
tension, it is highly constrained by supernova, baryonic acoustic oscillation (BAO) and
CMB data [39, 52].

Overall, DCDM with 7 2 ¢y and € < 1 can primarily be probed by LSS data as well as
halo abundances and properties. In figure 1, we show a collection of cosmological constraints
on DCDM in the ¢ — 7 plane, where the upper left corner converges to ACDM. In blue,
limits from combining Planck CMB, BAO and Pantheon supernova data as obtained in [39]
are shown. Note that this result was actually reported as a confidence interval around
the best fit value, that we inverted to indicate which values are approximately excluded.
In pink, we show limits from [40], where the Lyman-« flux power spectrum measured by
BOSS at z = 3.0 — 4.2 [53] was used to constrain the matter power spectrum. In gray, we
display results from a weak lensing shear analysis performed in [42], leading to rather strong
constraints. In this work, an emulator was trained to determine the power spectrum of
DCDM on non-linear scales, including baryonic effects, in order to analyze KiDS-1000 [5]
combined with Planck CMB data [2]. Similar to the CMB constraints, we emphasize that the
original work determined confidence intervals that we inverted to map out an approximate
exclusion region. Since the analysis was only done up to € = 1072, the bound stops abruptly
at this point and it is not entirely clear how it could be extrapolated. However, even if
we assume a straight continuation of the exclusion line, our conclusions would not change
significantly. Finally, in olive we show constraints from [26] derived from Milky Way satellite
abundances and the respective halo mass functions for two different velocity kicks that are
then extrapolated to higher values.

For illustration, the dark red contour lines in figure 1 show the (e,7) parameters for
which DCDM can reproduce the Sg values reported by KiDS, Sg = 0.759 [5], and KiDS+DES,
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Figure 1. Allowed parameter space of the decaying cold dark matter scenario DCDM — WDM + DR.
The region between the two thick red lines highlights the region in parameter space addressing the Sg
tension, and the shaded regions show various constraints derived from Lyman-«, CMB, weak lensing
and Milky Way satellite data (see legend and main text for details). On the y-axis, to indicates the
age of the Universe.

Sg = 0.79 [7], respectively. All other cosmological model parameters are set to the Planck
2018 best-fit values [2] within ACDM to obtain the contour lines, motivated by the fact
that DCDM and ACDM are indistinguishable at times ¢t < 7, i.e. in particular around
recombination. For comparison, within ACDM Sg = 0.83 for Planck parameters. As can
be seen in figure 1, current cosmological constraints on DCDM still leave an open window
where the Sg value can be reduced. Typical values in this window are of the order of € ~ (0.01
and 7 ~ 100 Gyrs ~ 3 - 10%s.

This simple setup can be extended to include more DR particles in the final state, for
instance the three-body DCDM decay [30, 40]

DCDM — WDM + DR, + DR,. (2.5)

As for the two-body decays, the cosmological implications of the decay can be encoded in
the decay rate, I', and in the fraction of the energy of the mother particle that is converted
into kinetic energy, determined by the mass splitting € in eq. (2.2). On the other hand, this
scenario presents the complication that the decay products have a continuous momentum
distribution, dI'/dg;, with g; the momenta of the different daughter particles, and which is



highly model dependent. The Boltzmann equations at the background level then read [40]

fdcdm(Qa T) = *arfdcdm(% T) )

7o) aT' Ngedm (1 dr)
wdm yT)= —F7—5 |\ w73
dm 41 4rq? T'dgy
- al' Ngeam (1 dT
T 9 = p— . 26
fara, (23, 7) irs \Tdgos (2.6)

Compared to eq. (2.3) the Dirac delta is replaced by the momentum distribution. Multiplying
these equations by energy and integrating over momentum yields evolution equations for the
energy density, thus generalizing eq. (2.4) to three-body decays

ﬁdcdm = _3Hﬁdcdm - arﬁdcdm s
pLdr - _4Hﬁdr + (2<Edr>/M)aFﬁdcdm 5
ﬁwdm = _3(1 + W)Hﬁwdm + (<Ewdm>/M)aFﬁdcdm s (27)

where the average over the momentum distribution is denoted by (X) = 1/T"- [ X dT". Here pq,
is the sum of the energy densities of the two DR contributions, which evolve in the same way.

In [40] it was argued that in the limit € < 1 primarily interesting to us, the impact of
the three-body decay on cosmological observables can be effectively mapped on an equivalent
two-body decay model. We review the reasoning in the following. The impact of dark matter
decay on the background evolution becomes negligible for € — 0 since then (2Eq4,) /M = O(e)
and (Fwqm) /M = 1+ O(e). This implies that pq, becomes negligibly small and the total
dark matter density pgcdm + Pwdm €volves approximately as if there was no decay. The same
argument applies to the two-body decay, such that for both cases the background evolution
is unaltered compared to ACDM for ¢ < 1. Instead, the perturbations are responsible
for the dominant effect on cosmological observables, capturing the heating of the WDM
component produced in the decay. A fluid approximation for the WDM component that
keeps track of the first two moments of the distribution function was introduced and validated
against the full Boltzmann hierarchy for € < 1 in [36]. The impact of the decay is in this
framework dominantly captured by an effective sound velocity, related to the adiabatic value
cg = Pydm/Pwdm. For the three-body decay, it can be expressed as [40]

= 2
2 p ) Pdcdm 1 Pwdm
cc=lw|db— = —al'=
g ( ( Podam Pwdm HM <3Ewdm >>

~ -1
dedm 1
- 3(1 —al —— (Fydm ,
< ( +w> ¢ ﬁwdm HM< d >>

(2.8)

where p is the pseudo-pressure [54]. The main difference to two-body decays is the appearance
of averages involving the energy Fyqm and momentum pygm, of the massive decay product
over the decay spectrum, capturing the model-dependence. The two-body case is recovered
by replacing (Ewam) — Ezbody = (1 — €)M and (p3 4,/ (3Ewdm)) = Papody/ (3E2body) =
€M/ (3 — 3e¢).

The main idea of the mapping of cosmological constraints from two- to three-body decays
is that models with a given value of cg will lead to (approximately) identical predictions of



observables such as the matter power spectrum, since their impact is mostly captured by the
sound velocity for small € [36]. We thus consider a fictitious two-body decay model (with
fictitious mass splitting €’) that leads to the same sound velocity as the three-body decay
model (with actual mass splitting €) of interest. To obtain this mapping, we note that both p
and w are suppressed with O(e?) so the numerator in eq. (2.8) is dominated by the second
term. Additionally, the denominator is the same for the two- and three-body case at leading
order in € and thus the ratio of the sound velocities for each case can be written as

Cgl3-body _ (Podm/3Ewdm)
C§|2—b0dy p%_body/SEQ-body

(2.9)

For the two-body decay, p%—body/?)EQ-bOdy = ¢>M/(3 — 3€¢) ~ ¢*M/3, while a more com-
plicated dependence on € occurs for the three-body decay, depending on the momentum
distribution. Mapping cosmological constraints from two- to three-body decays corresponds
to finding the value of ¢ such that

!

C§|3—body(€) = 0512—b0dy(5,) . (2.10)
Inserting the explicit expressions for the sound velocities yields the desired mapping € (e).
For example, when assuming a constant (momentum-independent) matrix element for the
three-body decay, one obtains [40]

é(e) = \/§e+ O(e?). (2.11)

We will apply in the next section this mapping procedure to a concrete particle physics model.

3 A minimal model of decaying cold dark matter

The SM does not contain candidates for CDM nor for WDM. Therefore, the model requires
at least two new particle species, that have to be pseudo-degenerate in mass. It is plausible
to consider that two particles with a small mass difference carry the same spin, therefore
we will consider these two new particles to be Dirac fermions, denoted by N; and Ns, with
masses of my, = M and my, = m ~ M(1 —¢€). On the other hand, as discussed in section 2,
the “dark radiation” consists of relativistic particles that have negligible interactions with
visible matter after the onset of the recombination epoch. Notably, the SM contains particles
fulfilling these properties: the active neutrinos. Therefore, in a minimal setup, one can
identify the DR particles with the neutrinos.

To describe the interaction, we will use an effective field theory approach. The lowest
dimensional operators involving N, No and SM neutrinos are of the form

L~ (LN))(NoL) + hee. or £~ (LN7)(NSL) + hee. (3.1)

where L = (vr,er) is the SM lepton doublet, which includes the left-handed neutrino
and electron fields. These six-dimensional operators lead to the decays No — Njvv and
Ny — Nyvi, and as discussed in section 2 can potentially solve the Sg tension if I' ~ 10718 —
1079571 and € ~ 1072 — 10~3. However, the same operators also generate decays into



charged leptons, No — Nie e’ or Ny — Nle*eﬂ with comparable rate if kinematically
accessible, and also the decay Ny — Niv at the one-loop level, with a rate suppressed by
a factor O(1073) [55]. Gamma-ray observations restrict the dark matter decay width to
be I'y < 10730571 [56-58] and positron flux measurements to be I'p+ < 10728571 [59-61].
Therefore, solving the Sg tension with these two operators seems at odds with the gamma-ray
and the positron observations.

In order to forbid these operators, we assign lepton number to Ny 2, corresponding to a
global U(1) transformation for which N; — e Ny and Ny — €'*Ns. In addition, we need to
introduce a second global U(1) symmetry, that transforms N; — ¢’*N; and Ny — e ** Ny,
while all SM particles transform trivially under this symmetry. We will refer to the charge
under this symmetry as “N-number”. Note that the conservation of lepton number and the
conservation of “N-number”, ensure that not only both of the four-fermion interactions from
eq. (3.1) are absent, but also similar four-fermion interactions where the lepton doublets
are replaced by any other SM fermion fields. These symmetries are also compatible with
Dirac mass terms Lyass = —Mmny, NiN; —m Ny Ny Ny while forbidding any mass mixing terms
(e.g. N1N2) or Majorana mass terms (i.e. NEN;), such that Ny and N» indeed correspond
to Dirac fermion mass eigenstates. Finally, the symmetry N; — e/®*N; ensures the stability
of N, since it is the lightest particle carrying “N-number”.

The conservation of “N-number” and lepton number forbids the dimension-six operators
in eq. (3.1). However, there exist higher dimensional operators allowed by the symmetries.
The simplest one is the dimension-eight operator!

1

ﬁint = A4

(EFIPRNg) <EFIPRN1) +he., (3.2)
which leads after the electroweak symmetry breaking to the four-fermion interaction of Nj o
and a neutrino pair, described by the effective Lagrangian

2

Leﬁ: ZETVZEPRNQ DPRNl‘f‘hC (33)

This operator induces the decay
NQ — Nlljl/, (34)

involving two neutrinos in the final state, instead of a neutrino-antineutrino pair. We note that
the hypothetical decay Ny — Nie~e™ is allowed by the conservation of the “N-number” and
the lepton number, but not by the conservation of the local U(1) electromagnetic symmetry.
Further, the decay No — N7 is not allowed by the conservation of the lepton number.
Therefore, this scenario is a potentially viable DCDM scenario, since the rate for No — Nyvv
could be in the ballpark of the values required to address the Sy tension, while avoiding
the constraints from gamma-ray and positron observations. Other, more suppressed, decay
channels producing gamma-rays and positrons will be discussed in section 6.

! An analogous operator is given by Ny NsLH* HTL. We focus on eq. (3.2) for definiteness here. There
exist other lower-dimensional operators, e.g. N;N; H'H, that however are irrelevant for DM decay.



In order to determine the regions of the parameter space that is relevant for the Sg
tension, we first calculate the squared matrix element for No — Nijvv. We find

4

[MP = B (2(ks - po) (ke - po) + 20k - p) (k1 - p2) = (k1 ko) (prp) ) o (35)

where k12 are the momenta of the neutrinos, p; 2 the momenta of N3, and we summed
over the final state spins and averaged over the initial state spins. The differential decay
rate reads, keeping the leading order in an expansion in small ¢,

dl' Ny Ny v
T = e s Pham (Pam + 3MP€7) (3.6)

and the total decay rate,
4
_ _ YEw 5
PNz = g0 i (M) - (37)

Note the suppression by €, arising partially from the marix element (¢2) and the phase-space
(¢3). Thus, the suppression scale A of the effective interaction to produce a given lifetime 7 is

vk 1/8 T 1/8 /el \5/®
A= | —EW M)® %12TV() ( ) . 3.8
(12807%”7 (eM) ) ¥ \100Gyrs MeV (38)

We can finally translate cosmological constraints obtained for a two-body decay using

the mapping derived in [40] and reviewed in section 2. For this purpose, we have to calculate

1 2 dr u
(P2 4m/3Fwdm) = Pwdm - NooNavw g, (3.9)

N ]'_‘NQ‘)NII/Z/ 2Ewdm dpwdm

where Eydm = \/MQ(l —2¢) +p2 4., ~ M. Using eq. (2.10), one can derive cosmological
constraints on the three-body decay No — Njvv from a hypothetical two-body decay
characterized by a fictitious mass splitting ¢’ given by

€(€) ~ /€. (3.10)

In figure 2 we show the cosmological constraints adapted to three-body decay and regions
of the parameter space spanned by € and 7 that address the Sg tension. For illustration, we
also show contour lines in figure 2 of the suppression scale of the effective interaction operator
eq. (3.2), at A = 10TeV and 50 TeV, respectively. It would be interesting to investigate
possible probes of the new particle species mediating the interaction of DM with neutrinos
that are expected to exist at these scales. However, in this work we focus on the signatures
of the decay itself while remaining agnostic about the origin of the effective interaction.

4 Constraints from the diffuse neutrino flux

The model discussed in section 3 produces a diffuse neutrino flux through the decays Ny —
Nivv as well as Ny — N;vw, thus providing a possible test of this solution of the Sg tension.
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Figure 2. Same as figure 1, but for the minimal decaying cold dark matter scenario DCDM —
WDM + DR, + DR, described in section 3. The plot also shows contours of the suppression
scale A = 10 TeV and 50 TeV of the dimension-eight operator eq. (3.2) inducing the decay, assuming
M =0.3GeV.

Assuming that the bulk of the DM today is still in the form of cold dark matter (which is
justified for the relevant lifetimes), the neutrino flux approximately reads

dCI)UN 1 1 1dN ( )
dE, — 4w TM 3 dE, ’

(4.1)
where dN/dE, is the neutrino spectrum produced per DCDM decay normalized to one, and
which is given in our model by

dN 1 dI' 30E%(Me— E,)?
dE, T dE, Mb5ed

(4.2)

The energy spectrum of the neutrinos is shown for illustration in figure 3 for e < 1. Further,
the factor 1/3 accounts for the three neutrino flavors, assuming that DM either decays into
each flavor with equal rate, or that neutrino oscillations eventually cause all flavours to
appear equally. Finally, the so-called D factor is defined as an integral of the DM density
over the line of sight [ in a given angular region in the sky

D(Q) = / do / p() dl, (4.3)

and thus depends on the DM distribution. For concreteness, we adopt the value quoted in [62],
D(Q) = 2.65-10?3GeV /em?, which corresponds to a Navarro-Frenk-White (NFW) profile with
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Figure 3. Neutrino spectrum dN/dE, produced by three-body decays Ny — Njvv for € < 1, as a
function of the neutrino energy normalized to its maximum value e M.

slope parameter v = 1.2 and scale radius r; = 20 kpc, and a DM density p = 0.4GeV /cm?
at a distance Ry = 8.1kpc from the Galactic center.

To the best of our knowledge, there are no published limits on the dark matter lifetime
for this three-body decay spectrum (for other decay channels, see e.g [62]). We conservatively
derive upper limits on the lifetime requiring that the flux generated in the decay does not
exceed the measured flux. Concretely, we use the electron anti-neutrino flux measurements
between 1.8 and 16.8 MeV from Borexino [63], between 8.3 and 30.8 MeV from KamLAND [64],
as well as between 9.3 and 34.3 MeV from Super-Kamiokande (SK) [65]. Additionally, we
recast SK limits for annihilating dark matter [66] for 10 — 200 MeV, and translate them into
decay limits (indicated by SK Ol. et al. in figure 4).

We show in figure 4 as shaded colored regions the constraints from neutrino flux measure-
ments on DCDM within the parameter space spanned by (e, 7), for two values of the DM mass:
M =1GeV (top) and M = 0.3GeV (bottom). We also show as thick red lines the values of
parameters that could solve the Sg tension. We find that neutrino experiments for these mass
scales constrain values € > O(1072), corresponding to neutrino energies above ~ 10 MeV,
where neutrino detectors are most sensitive. The constraints from neutrino experiments are
nicely complementary to the constraints from cosmology. Interestingly, we find an allowed
< 0.8, as

~

window in parameter space for low masses M < GeV, where low values of Sg
preferred by various cosmological data sets, are allowed both by neutrino and cosmological
constraints (see highlighted box in the lower panel of figure 4).

Future neutrino experiments like JUNO [67, 68], DUNE [69, 70] or Hyper-Kamiokande [71,
72] will close in on the parameter space of the model. Specifically, we show in figure 4 the
projected sensitivity of JUNO to the model, recasting the sensitivity of JUNO to the decay
X — v given in [67], and will explore regions of the parameter space that address the Sg
tension and which are allowed by current experiments.
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Figure 4. Allowed regions of the minimal decaying cold dark matter scenario DCDM — WDM +
DR, + DRy described in section 3, for M = 1 GeV (upper panel) and M = 0.3GeV (lower panel).
The gray regions are excluded by cosmological observations (see section 3), and the colored regions
are excluded by neutrino experiments (see section 4). The red thick lines indicate the region of
parameter space that can address the Sg tension, while thin lines show contours of the suppression
scale A = 10TeV and 50 TeV of the dimension-eight operator eq. (3.2) inducing the decay.
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5 Dark matter production via freeze-in

The effective operator eq. (3.2) leading to the dark matter decay also leads to the production of
dark matter particles via the processes vv — N1 Ny and v — N1 No when the temperature of
the Universe is Tpw = T 2 M (here, Tgw ~ 160 GeV is the temperature scale of electroweak
symmetry breaking [73]). The values of the suppression scale favored by the DCDM solution
to the Sg tension are A = O(TeV), which implies that the production process is very slow,
and that the inverse annihilation processes have a negligible rate in the Universe (for details,
see appendix D). Therefore, within the DCDM scenario considered here, dark matter could
be produced via the freeze-in mechanism.

The evolution of the total dark matter yield Y, defined as Y = n/s, with n being the
sum of the number densities N1 and Ny and s the entropy density, is given by [74, 75]

dY 1 5 135Mp1 4 YN N
— = — T , (5.1)
dz  /Getheg V ™ 473 M M4

where = M /T and yn,n, is the DM production rate. The abundance of N; and N,
produced via the corresponding charge-conjugated process is equal, such that the total DM

yield is given by 2Y. Furthermore, we checked that conversion processes among the two
species can be neglected for freeze-in (see appendix B). We calculate vy, n, by performing the
phase-space integration over the squared matrix element and over the neutrino distribution
(see appendix B for details). Explicitly, it reads

4
'UEWM8 1

ININz2 = 5565 AS 48

(0K () + 207Ky (2) K (2) + (4 + 29)a K (2)7) . (5:2)

with K7 and K3 modified Bessel functions of the second kind of order one and two, respectively.
Notice the strong increase with temperature with vy, n, oc 7% in the limit of 7'>> M. This
can be related to the increase of the cross section with center-of-mass energy, which is in
turn related to the fact that the interaction is described by an effective four-fermion vertex.
We have solved the Boltzmann equation, and we have determined the yield at x — oo,
Y. As initial condition, we assume an instant reheating of the universe at a temperature
T < Tew, at which the dark matter yield is equal to zero. Relaxing the assumption of
instant reheating could lead to additional contributions to the DM abundance, depending
on the specific reheating model [76].

Finally, we calculate the total DM abundance today accounting for the equal yields
of Nl, Nl, N2 and Ng from

2MYyosg _ 2.74-10%- Y - 2M

Qamh? ~ = ,
d )0c1rit,0/h2 GeV

(5.3)

where pait0 and sg are the critical and entropy densities today, respectively.

In figure 5, we show the regions in parameter space (¢,7) for which freeze-in pro-
duction matches the value Qh? = 0.12 preferred by Planck [2], for M = 1GeV and for
various values of the reheating temperature Ty,. As discussed above we limit ourselves
to the regime Ty, < Tgw, which is realized below the hatched region. Efficient freeze-in
production is possible only for T, = M, since otherwise the typical thermal energy of

~
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Figure 5. Values of lifetime and relative mass splitting for which the measured DM abundance
Qh2% = 0.12 can be reproduced via freeze-in, for M = 1 GeV and for different values of the reheating
temperature below Trw ~ 160 GeV, due to the scatterings vv — NN, and v — N; Ny induced by
the operator eq. (3.2). In the hatched region the production is suppressed due to the large value of A,
and in the grey region the production is suppressed due to the small phase space available.

neutrinos is not sufficient to produce DM particles. Specifically, for 7' < M the Bessel
functions entering the production rate eq. (5.2) feature an exponential Boltzmann sup-
pression and thus we additionally exclude the region where Ty, < 0.1M is required to
reach the relic abundance in gray. Notably, the values preferred by freeze-in produc-
tion are in the ballpark of the values that address the Sg tension, 7 ~ 102 Gyrs and
e ~ 1072

Production via freeze-in leads to an initial population of DM for which only 50% are in
the form of the heavier state No + Ny while 50% are already produced in the lighter state
Ni 4+ Ni. Thus, we have to generalize the results of our previous analyses with 100% DCDM.
This can be easily done in the limit of 7 > ¢, which is always the case in the parameter space
of interest, and we show in appendix B that the cosmological and astrophysical constraints
derived previously can be mapped on the freeze-in scenario by simply re-scaling the lifetime
by a factor of two.

Using this mapping, we overlay cosmological and astrophysical constraints with the
requirement from producing the observed DM abundance via freeze-in for various viable
reheating temperatures in figure 6. We note that for DM masses of order GeV, the re-
gion in parameter space relevant for the Sg tension and compatible with constraints from
neutrino flux measurements as well as CMB data is also compatible with freeze-in produc-
tion. This is remarkable, since all interactions are generated by a single effective operator
eq. (3.2) within the minimal model considered in this work. It is also interesting to note
that this region of parameter space can be tested by upcoming neutrino experiments such
as JUNO (dashed lines in figure 6) as well as future weak lensing surveys sensitive to
Sg [77].
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Figure 6. Recasting of figure 4, for the scenario where DM is produced via freeze-in. The black lines
show contours for which Qh? = 0.12 for various reheating temperatures. In the hatched regions, the DM
is underproduced (cf. figure 5). The box in the lower panel highlights the regions in parameter space
where DCDM can address the Sg tension and is compatible with all cosmological and experimental
constraints, along with freeze-in production.
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Figure 7. Decay producing an additional pair of charged particles via Goldstone and W boson
processes. In unitary gauge, only the last diagram contributes, while in general only their sum is
gauge independent.

6 Other possible signatures

In this section we discuss potential additional signatures that necessarily arise from the
interaction described by the effective operator eq. (3.2).

6.1 Dark matter decay into charged particles

As discussed in section 3, DM decays into visible particles need to be strongly suppressed
in order to satisfy positron and gamma-ray flux limits. Due to lepton number and charge
conversation, the simplest form of such a decay is No — Njve erv. This process can be
mediated by either the Goldstone, arising from the Higgs-doublet, or the W boson and we
show all contributing diagrams in figure 7. Note that in general only their sum is gauge
independent (see appendix A).

Performing the five-body phase-space integration analytically in the limit € < 1, the
resulting decay width reads

r ) B vgwet  (eM)?
Na=Nivvete™ = 16 b 774144077A8

(6.1)
The scaling with €’ results from the additional phase-space suppression which scales as €’
while the squared matrix element scales as €2 as for the three-body decay (see appendix A
for details). Using eq. (3.7), we find that the branching fraction is

FN2*>N1Z/1/6+6_ — (6M)4 ~ 5 . 10728 ( GM )4
L Nyes Ny 60484 vy MeV /)

(6.2)

We then find that the DCDM solution to the Sg tension implies partial decay rates into
electrons of order ~ 10~4's™!, which is far away from the sensitivity of current searches for

cosmic electrons/positrons in the MeV range, I'.r < 10727 — 10729571 [59, 60].

~

6.2 Dark matter decay into photons
The interaction Lagrangian eq. (3.2) leads to an effective operator of the form

Log O ZETVZ h#PrNy 7PpN; + h.c. (6.3)
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Figure 8. Diagrams leading to possible additional signatures of the DCDM model: dark matter
decay with photons in the final state (left panel), Higgs invisible decay channel (middle panel), and
neutrino-DM scattering (right panel).

which differs from eq. (3.3) in the substitution of the Higgs vacuum expectation value by
a Higgs boson. The Higgs boson is too heavy to be produced on-shell, but it could decay
off-shell into two photons as shown in figure 8 (left panel). The branching ratio reads

_ 2 8
L Nys Ry ~ Yem (eM) (6.4)

N =2 1.4 > .
L Ny Ny ™ My VEw

see appendix A for details. For the relevant parameter space with € ~ O(10~2) and DCDM
masses in the GeV range the branching ratio is thus very strongly suppressed, of the order
of 10739, For the typical DCDM lifetimes required to address the Sg tension, the expected
width into photons is the order of I'y ~ 1073 s, which is again far away from the sensitivity
of current experiments, I'y < 10723 — 1073051 [56-58]. The four-body decay No — Nyivvy
associated to the five-body decay Ny — Njve~etv upon closing the electron/positron lines
in a loop is also expected to have a width well below the current sensitivity of experiments.

6.3 Invisible Higgs decay

The effective interaction eq. (6.3) derived from the interaction Lagrangian eq. (3.2) also
implies a novel decay mode of the Higgs particle into DM particles and neutrinos, as shown
in the middle of figure 8.

The decay width reads

: 1 02 mp\ 8 MeV\°® /100 Gyrs
inv __ EW T ~ X —20 y
M = s ( : ) 1.37 - 10-2MeV < 6M> < - ) (65)

which has been normalized to the typical values of eM and 7 that address the Sg tension.
In view of the value of the Higgs decay width into SM final states, FEM ~ 3.2MeV, and
the current upper limit on the invisible decay width of the Higgs, BRjiny S 12% [78], one
concludes that this invisible decay is far below the current experimental sensitivity when
M Z 10MeV. For lower masses, we refer to a more detailed discussion in appendix D.

6.4 Neutrino-DM scattering

The effective interaction eq. (3.3) responsible for DCDM decay necessarily also gives rise
to scattering between the DM particles and neutrinos, as shown in figure 8 on the right.
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More concretely, the neutrino can induce an exothermic or endothermic scattering with N
or Np respectively. These interactions can lead to a coupled neutrino-DM fluid exhibiting
pressure such that DM fluctuations are damped on small scales, or even undergo dark
acoustic oscillations. Thus, a neutrino-DM interaction can lead to observable deviations
in the CMB, LSS, Lyman-« forest, and subhalo counts. In the literature, the case of an
elastic neutrino-DM scattering has been extensively studied, leading to constraints on the
cross section o,py, see e.g. [66, 79-89].

To estimate whether neutrino free-streaming is altered by our effective operator, we
compare the scattering rate to the Hubble rate. As shown in appendix C the scattering rate
in the thermal plasma around recombination scales as T', oc T, while the Hubble rate only
scales as H oc T?. The strong temperature dependence implies that for temperatures relevant
for cosmological limits, the scattering rate is severely suppressed, I',/H < 1. Therefore, we
do not expect any significant effect of the neutrino-DM scattering process in cosmology.

The neutrino-DM scattering cross section could also be constrained from the observation
of high-energy neutrinos from astrophysical sources in neutrino telescopes, which imply that
the neutrino fluxes have not been significantly attenuated by interactions with DM during
their propagation from the production point to the Earth. The detection of high-energy
neutrinos from the blazar TXS0506+056 by IceCube [90, 91] allows to set constraints on
the neutrino-DM cross section at E, ~ 290 TeV. Conservative limits have been derived
in [92], and have been improved including the effect of the dark matter spike around the
central black hole of the blazar in [93, 94].

At very high neutrino energies, the cross section of the scattering process Noiz — Niv reads

4 4 —2
. viyME, v o( B, MeV\4 /10 100Gyrs
TNso—Nw = Togrps 2 X 10 Tem (290TeV M ¢ - » (6.6)

and similarly for N1z — Nav (see appendix C for details). For typical parameters addressing

the Sg tension and DM masses above O(MeV) this is far below the upper limit derived from
attenuation of high-energy neutrinos emitted from the blazar TXS0506+056 which are of
order 10~2%cm? [93, 94]. Note that despite the large energy of the IceCube neutrinos, the
validity condition /s < A is satisfied for the relevant parameter values. The possibility of
very low mass DM in the MeV range is discussed in appendix D.

Further constraints on the neutrino-DM scattering strength can be derived from the
neutrinos detected from the supernova 1987A [95], that probe neutrino energies at the MeV
scale, i.e. intermediate between CMB and IceCube energy scales. The upper limits of order
10723cm? as quoted in [93] are however somewhat weaker. Similarly, constraints can be
derived in the same energy range from diffuse supernovae neutrinos affecting the DM density
profile, as done recently in [96]. However, these also produce weaker limits for our model.

7 Conclusion and outlook

We have constructed and investigated a minimal model of decaying dark matter that can
address the Sg tension. The model consists of a cold dark matter particle that decays into a
warm dark matter particle, quasi-degenerate in mass with the former, and two particles of
“dark radiation”, that we identify with the Standard Model neutrinos. This leads to a mild
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suppression of the matter power spectrum on small scales and at late times, in qualitative
agreement with the Sg measurements, if the cold dark matter lifetime is 7 ~ O(10 — 100) Gyrs
and the relative mass splitting between the cold and the warm dark matter particles is
e ~ 1072 — 1073, In our model, both cold and warm dark matter candidates carry lepton
number, and have opposite charges under a new global U(1) symmetry. This assignment
allows the decay of the cold dark matter into warm dark matter and two neutrinos via a
higher dimensional operator. On the other hand, the decays into charged leptons or into
photons are very suppressed, thus evading the stringent limits on the lifetime of the decaying
dark matter from cosmic electron/positron and gamma-ray experiments.

We have found that neutrino experiments like Borexino, KamLAND and Super-
Kamiokande could detect signals of the diffuse neutrino flux generated in the decay, and
that the upcoming JUNO neutrino observatory has the potential to probe the regions of
parameter space addressing the Sg tension if the DM mass is below ~ 1 GeV. Furthermore,
the same interaction that mediates the three-body dark matter decay can also explain the
abundance of dark matter by the freeze-in mechanism, via the process of conversion of two
neutrinos into two dark matter particles in the Early Universe.

Finally, we have also investigated other possible signatures of the model, including the
indirect detection of electron/positrons or gamma-rays from the decay, the invisible Higgs
decay width, neutrino-dark matter scattering in the Early Universe, or the attenuation of
the high-energy neutrino flux from blazars. For dark matter mass in the GeV mass range
these signals are too faint to be detected, although they might be observed if the dark matter
mass is in the MeV mass range. It would be interesting to explore possible UV completions
of our decaying dark matter scenario including its impact on the DM production process,
as well as whether any new particles could lead to additional signals in experiments. We
leave this direction for future work.
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A Five-body dark matter decays

A.1 Decay channel Ny — Nive etv

In this section we provide some details for the Ny — Njve~etv process discussed in section 6.1.
Due to the Higgs-doublet H = ioo H* = ((’L)EW +h—iG%/V?2, —G‘), entering the effective
interaction operator in eq. (3.2), DM can couple to an electron or positron via the longitudinal
polarization of a W boson represented by the Goldstone boson G, e.g.

Log O fTVX vPpNy ¢* PrNyG™ + h.c.. (A1)

The Goldstone boson can then in turn decay into another charged lepton and neutrino pair,
giving rise to a decay channel No — Njve etv. The same decay can also be generated
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from No — Njvv, where additionally one neutrino emits a Goldstone or W boson. All of
these three contributions are shown in figure 7, where the individual diagrams depend on the
choice of gauge fixing in general, while the complete matrix element should be gauge-fixing
independent. To verify this, we can write down the matrix elements for each contribution
in a general R¢ gauge where the Goldstone propagator appearing in the first two diagrams

takes the form ﬁ The W boson propagator needed for the last diagram is given by

1—Emyy
—1 1 RipKi1y - _igul/ 2."‘il,u'kﬂly Z."<'71,u,""711/ A9
2 _m2 G = ( _g)n2—§m2 T 22 W2 —mi, K2 —EmZ, (A.2)
1 W 1 w 1 w 1 W 1 W

where we have rewritten it to recognise that only the last term depends on £ and resembles
a Goldstone propagator. In turn, we find that this term is responsible for cancelling both
contributions from the first and second Goldstone process on the amplitude level, which is
to be expected since the dependence on £ needs to drop out to ensure gauge independence.
Consequently, we can safely work in unitary gauge with & — oo where the Goldstone
contributions vanish naturally. Thus, the only left-over term now stems from the first two
terms in eq. (A.2) from the W boson process and is given by

1 m3 KM RY
—iM = — Zfu(ko)v, Pro(ls)] | g — 1
g g kP )] | g —
x ([u(l) vy PreaPru(pr)]|[u(k1) Pro(p2)] (A.3)

+ [u(k1)y PrsgPru(pr)][u(l1, t1) Pro(p2)]) -

Hereby, we chose p1 2 for the momentum of the N 1 particles, I 2 for the e™ and et and k12
for the final state neutrinos. In the propagators, the W boson momentum is indicated by &
and the neutrino momentum by ko = k1 + 1. Note that we do not include the exchange of
both indistinguishable neutrinos (k1 <> k2) here which would cause an interference term to
appear in the squared matrix element. Technically, this is justified if the leptons have different
flavour, e.g. for Ny — N1VM6_6+V€, as generated from an effective interaction involving L.
and L, lepton doublets. Since the resulting decay width is many orders of magnitudes below
the relevant limits, we expect that this is also the case for No — Nivee etv, provided the
effective interaction strength is comparable for all flavour combinations. The squared matrix
element with this simplification and the limit of m, . — 0 and my, — oo, then takes the form

M2 = *%Lgi (4(kg - 1) (ky - p1) (k2 - Io) (2 - pa) + 4(ka - 1) (ky - pa) (k2 - 12) (2 - p1)

ASR‘%mW
— 2k3 (kg - 1) (k1 - p2)(la - p1) — 2r5 (k- 1) (k- p1)(l2 - p2)
— 2(p1 - p2) (k2 - k) (k2 - 1) (ka2 - I2) + K3 (p1 - p2) (k- o) (ke - 1a) ) (A.4)

where we made use of FeynCalc [97]. Note, that the W boson mass drops out because of
mw = vgwg/2, where g is the SU(2); gauge coupling constant.

For the decay width, we have to compute the 5-body phase-space integral d®s5 over
the matrix element

1 —
LNy Npwete- = W'MP/ d®s5(p1; p2, k1, k2, 11, 12). (A.5)
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Splitting the phase-space in two, we can instead calculate two subsequent three-body de-
cays [78] No — Nivv and v — e~ etv with

—_— 1 —
[(MP? d®5 = —[M[? d3(q; 1, I2, ko) dD3(p1; pa, K ¢) dg” (A.6)
where the virtual neutrino has a “mass” of ¢?. First, we perform a tensor decomposition

WISKS = ¢" 9" t1(q, 11, 12, k2) + ¢"'q" ¢ ta(q, L1, o, k) + (1 <> v 4> p) (A7)

where t;(q, l1,l2, ko) represent functions with all momenta contracted in scalar products. Thus,
we can factorise the matrix element into one part depending on the first decay with momenta
p1, p2, k1 and one part depending on the second decay with I, l2, ko, where all momenta
are contracted among themselves or with ¢q. Eq. (A.6) can now be written as

(27r1)A8 (2(k1 - p1)(q - p2) + 2(k1 - p2)(q - p1) — (p1-p2)(q - k1)) d3(p1;p2, k1, q)
< 3lk 1)l ) 0ol 1 ) % (A8

and we can perform each three-body decay independently. For v — e~ eTv, we can assume
that the mass of the decay products are negligible and arrive at

6

/2(k2 ) (I - q) ABs(qs 1, 1o, ko) = (%;fw. (A.9)

For Ny — Njvv we can expand in € < 1 and assume that N; will be at rest at first order
in €, while the neutrinos have a momentum of the order eM. With this simplification, the
integral takes the form

[ 200 p0@-p2) + 2001 p2)la- 1) = (o1 p2)la- ) ) ARa(pripa i, )
= (27?)]\3440 . [\/MQEQ —q? (—9M262q2 +2MAet — 8q4>
15 Megtn YACE _qq2 i Me]@(f)@ <\/q7— 6M> . (A10)

Now, the ¢? integration can be done with ¢2; = 0 and ¢2,, = (eM)? and we have

— M(eM)?
2 A
/d%'M' 730240 - (27)7A8 (A.11)

This result multiplied by 1/(2M) gives then the final decay width in eq. (6.1).

A.2 Decay channel into photons

In this section we give some details for the Ny — Njvvyy decay discussed in section 6.2. The
decay involves a virtual Higgs boson decaying via h* — 7. This well-known process [98-102]
can be characterized by a contribution to the matrix element from Higgs decay given by [101]

2¢2

MF(QZ) (q1 - q29" — @ d5) eplar)en(q2) (A.12)

Mh*—)’y’y -
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where e is the electromagnetic gauge coupling constant, ¢; are the photon four-momenta,
q = q1 + g2 that of the Higgs, and F(q?) is a loop factor. The virtuality ¢* takes the role
of the Higgs “mass” for off-shell Higgs decay. Since the decay is dominated by W and
top-quark contributions, and ¢? = O(eM)? <« m%,[,, m?, the loop factor approaches a constant
value corresponding to the heavy-top/W limit. With these simplifications, |F|? ~ 27.3.
The full squared matrix element for the process No — Nijvvh* — Njvv~yy is in the limit
P < mh given by

W _ _ em|F| ( ) |M|2

No—Njvvyy — 4772thEW (A13)

NQ*)Nll/I/ ?

where qem = €2/(47) is the fine-structure constant, my, the Higgs mass, and the last factor
stands for eq. (3.5). Similarly to before, the photon momenta ¢; can only be of the order
O(eM) since most of the available energy in the Na-decay is transferred to the rest mass
of the daughter particle Ni. For € < 1, the matrix element WM Ny 18 suppressed
by a factor ! compared to |M|? No—sNyu- Furthermore, the five-body phase-space leads to
an additional suppression by a factor €* as compared to the three-body decay, as well as an
additional 1/72 factor. Overall, this allows us to estimate the branching fraction as given
in eq. (6.4), where we counted |F|?/m? as order unity for simplicity.

B Dark matter production via freeze-in

For the DM production rate we have to solve

VNN, = 2/ dIly, dIly, dIT,, dIT,, (2m)6™ (ky + ks — p1 — p2) M2, n, v, Fo (k1) fu(k2) |
(B.1)
where f, (k) = 1/(e*/T + 1) since neutrinos belong to the SM thermal bath at the relevant
temperatures. Following [75] the integrals over Nj 2 momenta p; 2 and neutrino momenta
k12 can be evaluated, leaving an integration over the squared center-of-mass energy s = (ki +
k2)? = (p1 + p2)? as well as the angle between e.g. the spatial momenta of k; and p,

T PuvDN N NG Vil
NNy = ].3276 / ds \/gl £ Ky <T> /dQ‘MIQI/l/*)le\b’ (B.2)

with K being the modified Bessel function of the second kind of order one and

B \/s — (my +mj)2\/5 — (m; —m;)?
Dij = 2/s '

Using eq. (3.3) we obtain

(B.3)

L .
M, NN, = 4A8 Y (2(k1 - pa) (k2 - p1) + 2(k1 - p1) (ke - p2) — (k1 - k2)(p1-p2)) - (B.4)

We assume m ~ M, which is a valid approximation for small mass splitting M —m ~ eM < M
since only temperatures T' 2 M > eM are relevant for freeze-in. Then, we find

4
T U
AQ M, NN, = ﬁ%s@w + ). (B.5)
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Furthermore, p,, = /s/2 and pn, N, = Vs —4M?2/2 as well as s > 4M? in the limit of
small mass splitting m ~ M. Performing the remaining integral over s from 4M? to oo
in eq. (B.2) then reproduces eq. (5.2).

Freeze-in via vv — NjNs leads to equal initial abundances of N1 and Ns. One may
wonder whether conversion processes may alter the relative abundances. Clearly, the decay
process Ny — Njvv itself is irrelevant in the Early Universe due to the cosmological DCDM
lifetime we consider. However, conversions could also be mediated by scatterings of e.g. the
form Nov — Njv. Nevertheless, at temperatures T >> eM, the rate of this and its inverse
process is practically identical due to the mass splitting being negligible at these scales.
Therefore, they would not change the relative abundance of No + N, versus Ny + Ny particles
even if they would occur at sizeable rates. For T' < eM, the mass splitting becomes relevant,
and would lead to a preference of the de-excitation process Nov — Njv over its inverse.
However, we checked that its rate is strongly suppressed compared to the Hubble rate at
these low temperatures. In conclusion, we can neglect conversion processes.

Lastly, the equal initial abundances of Ny + N; and N, + N, also causes only 50% of
DM to decay which we have to account for in our previous analyses. From the point of view
of cosmological observations, the initial N + N; population acts as a component of stable
cold dark matter (SCDM), since its velocity distribution inherited by the freeze-in process is
negligibly small at around the recombination epoch. Therefore, we need to consider in general
three distinct DM populations, being DCDM, WDM and SCDM, corresponding to Ny + Na,
N 4+ N; produced via DCDM decay, and the initial Ny + N; population, respectively. At
any given time the fraction of DM in the form of DCDM, WDM and SCDM is 0.5/,
0.5(1 — e~*/7) and 0.5, respectively (assuming m ~ M,i.e. ¢ < 1, as before). Since the
DCDM lifetimes 7 ~ 102 Gyrs that we are interested in are somewhat above the age of the
Universe ty. It is not necessary to track the three components separately in this case, but
it is sufficient to consider the total CDM density given by the sum of DCDM and SCDM
populations. In particular,

1 5 1 4 _ 120
Pcdm = pN1+N1,initial + pNz-i-Nz = §p0a 3 + §POG 36 to/7 ~ poa 3 (1 - ) )
1 to /T _3to
Pwdm = PN, 4Ny decay — 5/)0(1 3 (1 —e to/ ) R pPoa 3?7_ , (B.G)

where we expanded for 7 > ty in the last expressions in each line, and pg stands for the
total DM density today. This can be compared to a corresponding model in which initially
only the heavier state is present, and with lifetime denoted by 7/. The populations of cold
and warm dark matter are then given by

/ t
Pcdm = pOaigeito/T ~ POCfS (1 - 0/) )

— _ ! O
Prwdm = poa” > (1 —e tO/T) A poa " . (B.7)

Thus we see that for 7 >> t; both setups can be mapped to each other when identifying 7/ = 27.
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C Dark matter-neutrino scatterings

Calculating the cross section for the Nov — Njv and analogously for the inverse process yields

4 2\2
v (s —m?)
ONyirs Nyy = 25;:\/,&8 . and (C.1)
4 2\2
- vpw (s —M?)
TMr=Nw T 95grAS 5 (C2)

where s is the square of the center-of-mass energy and we assumed massless neutrinos. As
long as the effective four-fermion interaction is applicable (i.e. for /s < A), we thus find a
scaling with s, as expected on dimensional grounds. For Ny — Nyv one has s ~ M2 +2ME,,
when assuming the Ny to be non-relativistic. This can be assumed in the Early Universe
for temperatures T' < M. In this regime, the cross section depends on the masses and the
neutrino energy, and thus temperature, with E, ~ T For E, > €M, oy ;. ,§,, X § X E}
and the mass splitting between Ny and N; can be neglected, such that the scattering can
be considered effectively as elastic. For FE, < eM, we have oy, ; ,x,, < (eM )2 for the
de-excitation, while the backward reaction is kinematically forbidden. In this regime, the
scattering is strongly inelastic since the mass splitting of the DM particles dominates over
the neutrino energy.

Assuming that DM is dominantly comprised of the heavier No particles in the Early
Universe, the neutrino scattering rate for T' < M can be estimated as

]'_‘V = O-NQD*)Nll/ "U-NNy (03)

where ny, = ppm/M with ppy a3 x T3 being the non-relativistic DM density and
relative velocity v = 1. This can be compared to the usual Hubble rate H o T? to quantify
whether the scattering may impact neutrino free-streaming. We show the ratio I',/H versus
the neutrino energy E, ~ T in figure 9 for M = 1GeV, € = 10~ and 7 = 100 Gyrs (blue
line). For E, < eM one has O Nyir—s Ny X EB such that I')/H « T ~ E, while for E, > eM
the scaling oy ; x5, X E} implies T',/H « T? ~ E2. For illustration, we also show the
scattering rate that would result from the inverse process Niv — Nov when assuming all of
DM would be in the form of N; (faint orange line). While we do not consider this scenario
further, we note that both rates become equal for £, > eM, illustrating the effective elasticity
in this limit. We also display constraints on neutrino-DM scattering from CMB and BAO
observations [80] in figure 9. We stress that these constraints are obtained assuming purely
elastic scattering, and are thus comparable to the model studied here only for £, > eM. In
this context, constraints are commonly expressed in terms of the dimensionless ratio

_ O0uDM M \7!
DM = = (100GeV> ’ (C.4)

where op is the Thompson cross section. In [80] a dependence o,py o< T* was assumed,
finding upper limits log;(uypm) S —5 for £ = 0 and log;o(uypm) < —15 for £ = 2. We show
these two upper limits in figure 9 in green solid and dashed lines, respectively. They both fall
below ', /H < 1 at energy scales O(0.1) keV. This can be related to the fact that the small
angular scales used in the CMB analysis of [80] enter the horizon when the temperature of the
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Figure 9. Ratio of the neutrino scattering rate and Hubble parameter versus the typical thermal
neutrino energy F, ~ T. In blue, the scattering rate for Nz — Njv is shown for typical parameter
values M = 1GeV, € = 107% and 7 = 100 Gyrs. For comparison, we display limits on the elastic
neutrino-DM cross section opy, from [80] based on CMB and BAO data. The shaded region on the
left indicates the energy regime that is relevant for CMB constraints.

thermal bath was around these energy scales. We observe that the neutrino-DM scattering
rate predicted by the DCDM model under consideration is suppressed by many orders of
magnitude in this temperature regime and consequently can be neglected.

D Decaying light dark matter

So far we focused on the DM mass range M ~ O(GeV), for which the suppression scale A of
the effective operator mediating DCDM decay lies in the multi-TeV range. Here, we discuss
the low-mass regime with M ~ O(MeV). Using eq. (3.8) to rewrite A as

1/8
T eM 5
A = 160GeV <100Gyrs (10—3 : 1MeV> ) ’ (D-1)

implies that the typical interaction strength oc 1/A® is enhanced. For even lower masses
one would have A < vgw, which indicates that an EFT approach within the broken phase
should be used. Thus, while the low-mass regime can boost some signatures, it is constrained
by the validity of the EFT description.

In figure 10 we show the neutrino-DM scattering cross section for M = 1 MeV and see
that IceCube limits can put relevant constraints on DCDM in the low-mass regime. The cross
section is shown only for /s < A to ensure EFT validity and additionally, we checked that the
cross section satisfies the unitarity bound. The resulting constraints can be seen in green in
figure 11. Similarly, for invisible Higgs decay, we find non-trivial constraints when assuming
that the EFT description remains valid for A < vgw, as illustrated in blue in figure 11.
However, in red we also show the line where A = vgw. Since the momentum transfer for the
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Figure 10. Cross section of neutrino-DM scattering for M = 1 MeV and different € and 7 values
in shades of blue. In green, constraints derived from IceCube observations of high-energy neutrinos
observed from the direction of TXS-0506+056 are shown [93].
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Figure 11. Exclusion plot for M = 1 MeV showing the cosmological constraints in gray, the constraint
from the invisible Higgs decay in blue and the IceCube constraint from high-energy neutrino scattering
in green. The red line shows when A becomes smaller than vgw.
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Figure 12. Regimes where production can occur via freeze-out (on the left side) as well as freeze-in
(on the right) for an exemplary reheating temperature of T,, = 50 GeV. In both cases, the black line
indicates where a relic abundance of Qh? = 0.12 can be reached.

invisible Higgs decay is given by the scale of the Higgs mass which is comparable to vgw, the
bound is clearly already in the regime where the EFT is non-sufficient. Thus, a UV completion
would be required to assess constraints from invisible Higgs decay within the low-mass regime.

Lastly, the production mechanism explained in section 5 is also affected by the lowered
mass because freeze-in requires a sufficiently weak coupling. Otherwise, the DM particles
thermalize, and freeze-out occurs instead which happens for relevant values of € and 7 for
lower masses of M ~ 10MeV. To quantify this regime, we require that the production
rate at a temperature equal to the DM mass has to be larger than the Hubble parameter
ny <UU> (T = M)‘freeze—ou
that the production rate at the reheating temperature is smaller than the Hubble rate
ny{ov)(T = Typ) < H(T = Tyn), so that the back-reaction can always be neglected. In
figure 12, both the freeze-in regime for an exemplary choice Ty, = 50 GeV and the freeze-out

. > H(T = M). For the freeze-in regime, we conservatively require

| freeze-in

regime are shown, for M = 10MeV. Solving the Boltzmann equation for freeze-out to
determine the relic abundance of DM, results in the black line on the left, while the one
on the right accounts for the freeze-in solution for the selected reheating temperature. We
note that the freeze-out region corresponds to A < vgw, while all energy scales relevant for
freeze-out are well below A. Nevertheless, a complete study of the phenomenology within
the low-mass regime requires a UV completion, which is left to future work.
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