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Current and most upcoming neutrino detectors can only reach a dark matter annihilation cross section to
neutrinos larger than the standard freeze-out value, but they open intriguing detection avenues for
nonstandard dark matter paradigms. An important corollary of these nonstandard scenarios is relic dark
matter annihilation after neutrino decoupling, which was previously overlooked in constraining MeV-scale
dark matter. However, by combining the contributions from entropy injection during neutrino decoupling
and from nonthermal neutrino energy release after decoupling, we derive significant constraints on the
annihilation cross section to neutrinos, which in some mass regimes become stronger than the current
bounds. Furthermore, we find that the lower bounds on dark matter masses become inconclusive under the
recent data releases from the Dark Energy Spectroscopic Instrument, South Pole Telescope 3G, and
Atacama Cosmology Telescope collaborations. These bounds determine the extent to which upcoming
neutrino detectors will probe dark matter annihilation into neutrinos.
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Introduction. Dark matter (DM) annihilation into the
StandardModel (SM) particles represents one of the primary
avenues for indirect DM detection. Currently, DM annihi-
lation into electromagnetic species is strongly constrained
by present-day astrophysical and late-time cosmological
observations, as well as by observables inherited from the
early Universe—including diffuse photon background,
gamma-ray, cosmic microwave background (CMB) anisot-
ropies, CMB spectral distortions, and big-bang nucleosyn-
thesis (BBN). In contrast, DM annihilation into neutrinos
remains the least constrained, due to the weakly interacting
nature of neutrinos, which makes them effectively invisible
to standard detection methods. This feature can naturally
account for the continued nonobservation of DM-SM
interactions. Despite the challenges of neutrino detection,
it offers invaluable opportunities to probe various DM
particles that exclusively annihilate into neutrinos.
MeV-scale DM annihilating into neutrinos is a promising

target for several low-energy neutrino experiments, includ-
ing Borexino [1,2], KamLAND [3,4], Super-Kamiokande
(SK) [5–9], Hyper-Kamiokande (HK) [10,11], and JUNO
[12–14]. These detectors can search for neutrino fluxes
originating from galactic/extragalactic sources, such as DM

annihilation and diffuse supernova neutrino background.
However, the current, and even the proposed, sensitivities of
these experiments can hardly reach the annihilation cross
section required to produce the correct DM relic abundance,
hσvith ≃ 3 × 10−26 cm3=s [15–18], as predicted by the
standard thermal DM freeze-out paradigm [19], and hence
cannot decisively test the standard scenario. Nevertheless,
this limitation can be turned into an advantage, as these
experiments provide invaluable avenues for probing more
general DM scenarios, where the annihilation cross section
into neutrinos is larger while still consistent with the
observed relic density. In fact, neutrino detection may
become the only viable way to uncover the origin and
particle nature of DM when it interacts with SM particles
solely via the neutrino portal [20–24].
There exists a broad class of DM models where annihi-

lation dominantly occurs into SM neutrinos, often motivated
by connections to the origin of light neutrinomasses [20–26],
among many other possibilities. In such scenarios, DM can
establish thermal contact with neutrinos, even though the
relic abundance is not determined by freeze-out via annihi-
lation into neutrinos. For hσvi > hσvith, a regime accessible
to current and future neutrino detectors, an important
consequence of these nonstandard scenarios is that signifi-
cant DM annihilation may occur well after the neutrino
decoupling epoch. This late-time annihilation has not been
taken into account in conventional constraints onMeV-scale
DM masses [27–35]. It is important to note that the lower
mass bounds derived from the effective number of neutrino
species, Neff , are based on the evolution of the neutrino
temperature assuming thermal distribution functions for
both neutrinos and DM. However, once the neutrino
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decoupling process is complete, further DM annihilation
does not alter the thermal neutrino temperature. Instead, the
neutrinos produced from relic DM annihilation contribute
directly to the nonthermal neutrino energy density. This
effect is analogous to DM annihilation into photons after the
Universe cools below 1 keV, when the energy injection can
no longer be described by a fully thermal distribution
[36–38].
In this work, we elaborate on the effects of relic DM

annihilation into neutrinos after the completion of neutrino
decoupling, and derive the bounds on the constant (DM
velocity independent) annihilation cross section as a function
of the DM mass, while accounting for entropy production
during the neutrino decoupling era. To this end, we utilize
the latest measurements of Neff , from the Dark Energy
Spectroscopic Instrument (DESI) Data Release 1 and 2
[39,40], South Pole Telescope (SPT-3G) [41], Atacama
Cosmology Telescope (ACT) Data Release 6 [42], and
Planck 2018 [43]. We find that the resulting lower bounds
on theDMmass are sensitive to the updatedmeasurements of
Neff and exhibit noticeable variation across datasets. As a
result, a definitive lower limit on the thermalDMmass has yet
to be established.
Depending on the datasets used, the resulting DM mass

bounds can significantly impact the extent to which upcom-
ing neutrino detectors, such as JUNO with 20 yrs of data,
can probe MeV-scale DM annihilation into neutrinos. We
illustrate this by highlighting the interplay between the
detection sensitivity to hσvi and modifications to Neff in the
range of 0.2–0.4, which is favored by several studies aiming
to alleviate the Hubble tension [44–47]. We also find that the
constraints arising from relic DM annihilation are compa-
rable to current bounds obtained from observations of
astrophysical neutrino fluxes. For DM masses approaching
the lower limits, these cosmological constraints even surpass
those from the current detectors.

Thermal MeV DM with relic annihilation. When MeV-
scale DM has an averaged constant annihilation cross
section larger than hσvith, it generally keeps DM in thermal
equilibrium with neutrinos throughout the entire epoch of
neutrino decoupling. In such a case, entropy injection by
DM annihilation modifies the evolution of neutrino and
photon temperatures, resulting in a temperature ratio Tν=Tγ

that deviates from the SM prediction at the time of neutrino
decoupling. This, in turn, leads to a prediction of a larger
Neff . Precise measurements of the CMB and BBN have
placed lower bounds on the DMmass, typically in the range
of 1 to 10 MeV, for thermal DM candidates [28–35].
The lower mass bounds depend primarily on the spin of

the DM particle and are largely independent of the annihi-
lation cross section. This is because the evolution of neutrino
and photon temperatures during the noninstantaneous neu-
trino decoupling epoch (0.01 MeV≲ T ≲ 1 MeV) is influ-
enced by entropy injection arising from the thermal DM

transition from the relativistic to the nonrelativistic regime.
While the annihilation cross section is often fixed at the
thermal value, hσvi ¼ hσvith [31–33], a larger cross section
still ensures thermalization between DM and neutrinos
and does not cause significant differences from the case
of hσvi ¼ hσvith, since the DM freeze-out temperature
depends only logarithmically on the annihilation cross
section [19]. As a result, the lower mass bounds remain
applicable even for larger cross sections that could be probed
by the neutrino detectors. Nevertheless, an annihilation
cross section to neutrinos larger than hσvith points to a
nonstandard DM production mechanism, where late-time
DM creation after freeze-out must be present to account for
the enhanced depletion through the annihilation.
Naively, one might envisage that late-time annihilation,

occurring after DM and neutrino decoupling, would have a
small effect on Neff , since the DM number density is
significantly reduced compared to its equilibrium density.
Nevertheless, there are three factors that make the late-time
modification nontrivial. Firstly, entropy injection during
neutrino decoupling is shared between the neutrino and
photon sectors, especially via electron-positron annihila-
tion. This implies that even if DM exclusively annihilates
into neutrinos, the resulting increase in neutrino temper-
ature can still influence the photon temperature through the
coupled Boltzmann equations. After neutrino decoupling,
however, DM annihilation into neutrinos primarily con-
tributes to an additional accumulation of neutrino energy
over time.
The second factor can be seen by the definition of Neff

from nonthermal energy release

Nnth
eff ¼

ρnthν

ρSMν
; ð1Þ

where ρSMν denotes the one-flavor SM neutrino energy
density

ρSMν ¼ 7π2

120
T4
ν; ð2Þ

with the neutrino-photon temperature ratio Tν=Tγ ¼
ð4=11Þ1=3. Right after the neutrino energy release, both
ρSMν and ρnthν scale identically as the Universe expands, such
that Nnth

eff becomes constant. While later neutrino energy
release corresponds to a lower DM energy density and
hence smaller ρnthν , the background neutrino energy density
also redshifts to lower values, implying that late-time
energy release may not be negligibly small.
The third and more important factor arises from the

combined effect of entropy injection and energy release.
If DM remains in thermal equilibrium with neutrinos
before decoupling is complete, it already contributes to
Neff through entropy injection. This early modification of
Neff leaves less room for late-time relic DM annihilation to
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have a significant impact, implying that even a suppressed
late-time energy release could still produce observable
effects. Therefore, it is worth carefully investigating
whether relic DM annihilation after DM/neutrino decou-
pling can contribute to Neff in a non-negligible way.
The modification of Neff can be parametrized as

Neff ≡ 8

7

�
11

4

�
4=3

�
ρthν þ ρnthν

ργ

�
; ð3Þ

where ρthν denotes the thermal neutrino energy density, and
ρnthν the nonthermal one produced from relic DM annihi-
lation after neutrino decoupling is well complete. Using
ργ ¼ π2T4

γ=15, we can rewrite the thermal part as

Nth
eff ¼ 3

�
11

4

�
4=3

�
Tν

Tγ

�
4

: ð4Þ

Following Ref. [31], one sees that Tγ=Tν ≈ 1.3958 corre-
sponds to Neff ¼ 3.045 as the prediction in the SM.
Including the thermal DM energy and entropy in the
evolution of the neutrino and photon temperatures will
eventually yield a larger Tν=Tγ and hence a larger Nth

eff. To
this end, we use the approach presented in Refs. [31,33],
where the reduced Boltzmann equations for Tν, Tγ read

dTν

dt
¼ −12Hρν þ dρDM=dtþ δρν=δt

3∂ρν=∂Tν þ ∂ρDM=∂Tν
; ð5Þ

dTγ

dt
¼ −4Hργ þ dρe=dt − Pð1Þ

int − δρν=δt

∂ργ=∂Tγ þ ∂ρe=∂Tγ þ Pð2Þ
int

; ð6Þ

where

dρDM
dt

¼ −3HðρDM þ pDMÞ; ð7Þ

dρe
dt

¼ −3Hðρe þ peÞ; ð8Þ

with ρi, pi the thermal energy density and pressure. We
have defined

Pð1Þ
int ≡−3HTγ

dPint

dTγ
; Pð2Þ

int ≡Tγ
d2Pint

dT2
γ
; ð9Þ

as the finite-temperature corrections, where the first-order
correction of the electromagnetic pressure Pint can be found
in Ref. [48]. The energy release rate δρν=δt denotes
contributions from electron-positron annihilation and elec-
tron-neutrino (neutrino-neutrino) scattering, which is
shared between the neutrino and photon temperature
evolution due to energy conservation. This makes the
two Boltzmann equations coupled, such that a new-physics

effect on increasing Tν will also modify Tγ. The detailed
expressions of δρν=δt are known and can be found, e.g., in
Refs. [31,49].
The coupled Boltzmann equations Eqs. (5) and (6)

assume fully thermal contact between DM and neutrinos
sharing a common temperature, where DM-related dynam-
ics depends only on the DM mass and its spin. Due to such
dependence, measurements of Neff from BBN and CMB
can set constraints on the DM mass and spin. Note that the
thermally averaged annihilation cross section does not
essentially enter the Boltzmann equations provided that it
is large enough to maintain thermal equilibrium at least after
electron-positron annihilation. For an even larger annihila-
tion cross section, the DM freeze-out temperature is lower,
whose dependence on hσvi is however only logarithmic
[19]. For DM masses above 1 MeV, DM thermal freeze-out
via annihilation to neutrinos will typically be around the
moment when the Tν=Tγ evolution freezes.
After DM and neutrinos decouple from the thermal

plasma, both Eqs. (5) and (6) cannot be applied. Instead,
the injected neutrinos from relic DM annihilation directly
contribute to extra nonthermal neutrino energy density,
where the modification of Neff reads

Nnth
eff ¼

8

7

�
11

4

�
4=3

�
ρnthν

ργ

�
: ð10Þ

The treatment for determining such relic contributions is
easier than those contributions from solving the coupled
Boltzmann equations. The collision rate of nonthermal
neutrino energy release after the completion of neutrino
decoupling gives

Cν ¼ hσvimDMn2DM ð11Þ

≈ c

�
T

0.1 MeV

�
6
� hσvi
hσvith

��
1 MeV
mDM

�
MeV5; ð12Þ

where c ¼ 1.32 × 10−33 and we have fixed a factor
ðΩDMh2=0.12Þ2 ¼ 1 from the n2DM dependence. Note that
we have also assumed relic DM annihilation occurs in the
nonrelativistic regime.
Defining ρnthν ≡ Yνs

4=3
SM, we can rewrite the Boltzmann

evolution of the total neutrino and antineutrino energy
release as

dYν

dT
¼ −2

Cν
s4=3SMHT

; ð13Þ

where we set T ≡ Tγ , and the factor of 2 accounts for
energy densities from neutrinos and antineutrinos. The
Hubble parameter at radiation-dominated epoch reads
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H ≈ 1.66
ffiffiffiffiffiffiffiffiffiffiffi
gρðTÞ

q T2

MPl
; ð14Þ

with MP ≈ 1.22 × 1019 GeV the Planck mass, and

sSM ¼ 2π2

45
gsðTÞT3 ð15Þ

denotes the SM entropy density. In the following, we will
set gρ ≈ gs ≈ 3.34 for the relativistic degrees of freedom in
energy and entropy densities after the completion of
neutrino decoupling, which is justified as a good approxi-
mation after the QCD phase transition [50].
It is worthwhile to mention that the right-hand side of

Eq. (13) scales as 1=T for a constant cross section hσvi,
indicating that the nonthermal neutrino energy release is
dominated at lower temperatures, and hence the relic DM
annihilation cannot be neglected. In addition, the resulting
Yν has a logarithmic dependence on the temperature.
Indeed, we found

Nnth
eff ¼ 0.002

� hσvi
10−24

��
1 MeV
mDM

�
ln

�
Tdec

TCMB

�
; ð16Þ

where Tdec ¼ Oð0.01Þ MeV denotes the moment for the
completion of noninstantaneous neutrino decoupling, and
TCMB ¼ Oð0.1Þ eV the recombination epoch. Varying
Tdec; TCMB by an order of magnitude generally only causes
a difference of Nnth

eff at Oð0.1Þ%. Typically we have
lnðTdec=TCMBÞ ≈ 12, and hence the contribution to Neff
from relic DM annihilation is generally larger than 3%, a
value that can be probed by future CMB experiments, such
as the CMB-S4 [51,52] and CMB-HD [53].
We combine the contributions from Eqs. (4) and (10) to

compute the total Neff . For Nth
eff, we set the evolution start

from a high temperature, T ¼ 10 MeV, where neutrinos,
photons and DM are in thermal equilibrium, down to a low

temperature T ¼ 10 keV, when the temperature ratio
Tν=Tγ essentially becomes constant [31,33]. For Nnth

eff ,
we set Tdec ¼ 10 keV and TCMB ¼ 0.1 eV. We show the
results in the left panel of Fig. 1 for real scalar DMwith one
internal degree of freedom (d.o.f.) and in the right panel for
Dirac fermion DM with four internal d.o.f. The vertical
dotted lines, corresponding to different datasets taken into
consideration, represent the lower mass bounds derived
from Nth

eff while the mDM − hσvi curves denote the bounds
caused by Nnth

eff .
We see that the lower mass bounds depend sensitively on

what data is taken into account. For Planck 2018, we take

Neff ¼ 2.99þ0.34
−0.33 ; Planck 2018 ð17Þ

at 95% confidence level from CMB anisotropies combined
with lensing and baryon acoustic oscillation (BAO) mea-
surements [43]. The resulting bounds are 5.9 MeV for real
scalar and 11.5 MeV for Dirac fermion DM, as similarly
obtained earlier in Ref. [32]. Note that the bounds from
Majorana fermion DM (d.o.f. ¼ 2), complex scalar
(d.o.f. ¼ 2), and vector boson (d.o.f. ¼ 3) DM will reside
in the regions between the real scalar and Dirac fer-
mion cases.
For the bounds derived from the first year of observa-

tions in DESI Data Release 1, we take the results obtained
by combing the CMB anisotropies and DESI BAO [39],

Neff ¼ 3.10� 0.17; DESI 2024 ð18Þ

which, bearing a 2σ level of uncertainty, yields weaker
lower bounds on the DM mass. For real scalar DM, the
lower mass bound is 4.5 MeV, and for Dirac fermion DM,
we obtain mDM > 10.2 MeV.
The favored Neff value is slightly larger after the DESI

Data Release 2 [40],

FIG. 1. Neff bounds on thermal scalar DM (left panel) and Dirac fermion DM (right panel) with relic annihilation to neutrinos. Shaded
regions represent the current bounds from neutrino flux observations in neutrino detectors, while dashed-dotted lines denote the forecast
sensitivities of upcoming JUNO experiments. See the text for more details.
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Neff ¼ 3.23þ0.35
−0.34 ; DESI 2025 ð19Þ

at 95% confidence level by combining DESI BAO and
CMB anisotropies. This result will allow a shift of Neff :
ΔNeff ¼ 0.58, rendering the bounds of the DM mass even
weaker. We find that the lower mass bound is 3 MeV for
real scalar DM, and 9 MeV for Dirac fermion DM.
With the Data Release 6 from the ACT collaboration

very recently, we apply the data combined with astrophysi-
cal measurements of primordial helium and deuterium
abundances [42],

Neff ¼ 2.89� 0.11; ACT 2025 ð20Þ

which, again bearing a 2σ level of uncertainty, yields
mDM > 11.9 MeV for real scalar DM and mDM >
17.3 MeV for Dirac fermion DM.
Finally, the results from SPT-3G represent the strongest

lower mass bounds. Adopting the data by combining SPT,
Planck, BAO, and earlier ACT measurements [41],

Neff ¼ 2.83� 0.13; SPT-3G 2024 ð21Þ

we find mDM > 13.3 MeV for real scalar DM and mDM >
18.8 MeV for Dirac fermion DM. It is worthwhile to
emphasize that with this Neff result, the present-day
Hubble parameter H0 shows a 5.4σ tension with the latest
SH0ES measurement [54]. Therefore, while SPT-3G rep-
resents the strongest lower bounds on DM masses, it may
still be premature to make these bounds conclusive,
particularly when relaxing the Hubble tension favors a
larger Neff.
The bounds from BBN observations are generally

weaker than from combining CMB anisotropies and
BAO [32,34,55,56]. For example, combining BBN with
the measurements of primordial 4He and deuterium abun-
dances still allows a 95.45% upper limit ΔNeff ¼
0.407 [56].
Constraints from neutrino detectors shown in shaded

regions of Fig. 1 include the Borexino collaboration [1,2]
where upper limits of neutrino flux were used in Ref. [15],
the updated measurements from KamLAND where the J
factor of the angular-averaged intensity over the whole
MilkyWay is taken to be 1.3 [4] (KamLAND 2022), data of
three different SK phases [5–8] used in Ref. [9] (SK 2018),
and data from SK phase IV [57] performed in Ref. [15] (SK
2019). The forecast sensitivity from JUNO 2016 was
performed in Ref. [15] based on the background estimates
for diffuse supernova background searches [12], while that
from JUNO 20 yrs was performed in Ref. [13] with 20 yrs
of data-taking under the standard Navarro-Frenk-White
DM profile. The standard thermal weakly-interacting-
massive-particle (WIMP) case shown in the black
dotted line corresponds to hσvith ≃ 3 × 10−26 cm3=s. See
Refs. [17,18] for more precise determination of hσvith.

We see from Fig. 1 that the varying lower mass bounds
significantly affects the extent to which the upcoming
neutrino detection can probe MeV-scale thermal DM with
an annihilation cross section larger than hσvith. As seen in
Fig. 1, with the severe bounds from SK [9,15], there is still
a large parameter space that will be targeted by JUNO
for mDM ≲ 15 MeV.
While not explicitly shown in Fig. 1, it is worth

mentioning that there is also large parameter space that
can be probed with the forecast HK sensitivity [11,58,59]
for 10−25 cm3=s ≲ hσvi < 10−24 cm3=s and mDM >
10 MeV. DM with mass above 10 MeV up to 1 GeV
may also be covered by future tonne-scale DM direct
detection experiments such as DARWIN and ARGO [60],
though they are under planning phases. With the increased
sensitivity from DUNE [61,62], a DM mass above
100 MeV and the annihilation cross section down to the
level of 10−24 cm3=s can be reached [15].
A remarkable feature appears in the scalar DM case. We

can infer from the left panel of Fig. 1 that JUNO is expected
to probe the parameter space predicting ΔNeff ≃ 0.2–0.4.
This range of Neff excess, which can be tested with the
upgrade of CMB experiments (e.g., CMB-S4 and CMB-
HD), is favored to alleviate the Hubble tension [44–47].
We show this feature in Fig. 2 by considering Neff ¼
3.18–3.30. We see that the bounds derived from relic DM
annihilation are comparable with that from the Borexino,
KamLAND, and SK experiments. Besides, when the DM
mass approaches the lower limit derived byNth

eff, the bounds
get stronger as it should be. This is because of the third
factor mentioned earlier, which points out that the room
available for relic DM annihilation to generate a large Nnth

eff
becomes strongly suppressed.
In Fig. 2, the forecast sensitivities from JUNO 20 yrs and

JUNO 2016 are the same as shown in Fig. 1, while we
adopt the forecast sensitivity based on 5 yrs of data-taking

FIG. 2. Limits on thermal real scalar DM annihilation to
neutrinos that predicts Neff ¼ 3.18–3.30. Also shown are
constraints from neutrino detectors and the forecast sensitivities
from JUNO.
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under a Moore DM profile [13], as shown by JUNO 5 yrs.
With the very recent measurements of Neff , and likely the
intriguing contribution for relaxing the Hubble tension, the
JUNO experiments in the upcoming 5–20 yrs can hopefully
provide a complementary test of the ΔNeff ≃ 0.2–0.4
excess from MeV-scale DM annihilation to neutrinos.
In addition to Neff , relic DM annihilation into neutrinos

may also distort the high-energy tail of the cosmic neutrino
background (CνB) [63], where neutrino free-streaming can
be delayed due to DM-neutrino scattering. The theoretical
prediction of this effect depends on the DM-neutrino
scattering cross section, which generally connects to the
DM annihilation cross section in a model dependent way
[64–66]. Nevertheless, potential CνB detection experi-
ments, such as PTOLEMY [67] and KATRIN [68] capable
of observing CνB in the eV-MeV range of neutrino energy,
will provide another complementary probe of DM-neutrino
interaction.

Discussion. While we have performed model-independent
discussions so far, a crucial point is the realization of a cross
section to neutrinos larger than hσvith and meanwhile the
production of the relic density matching the present-day
value ΩDMh2 ≈ 0.12 [43]. A general scenario that can
realize such possibilities is late-time DM production
[69–72]. Late-time DM production achieves the present-
day relic density through mechanisms that produce DM at
late times, after thermal freeze-out. A typical example is the
super-WIMP paradigm [73,74], where the stable DM
candidate is produced from long-lived super-WIMP par-
ticle decay. In this case, the DM number density after
thermal freeze-out can still be generated in the correct
ballpark, even if most of the thermal relics have been
annihilated into neutrinos via a large annihilation cross
section. In the previous model-independent analysis, the
DM number density

nDM ¼ nDM;0

�
a0ðtÞ
aðtÞ

�
3

ð22Þ

≈10−12
�

T
0.01 MeV

�
3
�
1 MeV
mDM

�
MeV3; ð23Þ

was used, where nDM;0 is the present-day value after
redshift with the scale factor aðtÞ. Using nDM at a given
temperature T assumes that super-WIMP decay is complete
prior to T, however, the contribution to Neff from relic DM
annihilation is not sensitive to the exact moment of the
completion, provided that it occurs after DM/neutrino
freeze-out and well before recombination, T ≫ 1 eV. In
fact, late-time DM production much below 1 keV can suffer
from severe constraints from Lyman-α [75–77], where DM
acquires large momentum and becomes too warm at present
day. Bearing this in mind, we see that a robust bound on
relic DM annihilation can still be obtained largely inde-
pendent of the exact production epoch in realistic cases, as
inferred from Eq. (16) that exhibits a logarithmic depend-
ence on the temperature.

Conclusion. The latest measurements of Neff after Planck
2018 have a significant impact on the thermal MeV-scale
DM that has a large annihilation cross section into
neutrinos. They also affect the feasibility of probing such
DM particles by observing extra neutrino flux in neutrino
detectors. Applying the updated data releases from DESI,
SPT-3G, and ACT, we have found that the lower mass
bound for the MeV-scale DM becomes inconclusive, where
significant parameter space can still be targeted by upcom-
ing neutrino experiments. In doing this, we have included
the relic DM annihilation effect on late-time contributions
to Neff . This treatment strengthens the upper bounds of the
annihilation cross section to neutrinos, which are compa-
rable with or stronger than the current bounds from
neutrino detectors. We have also illustrated the comple-
mentary probes of real scalar DM, by showing that an
excess of Neff at 0.2–0.4 remarkably resides in the region
that can be probed by upcoming JUNO experiments.
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