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Sensitivity floor for primordial black holes in neutrino searches
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Primordial black holes (PBHs) formed in the early Universe are well-motivated dark matter (DM)
candidates over a wide range of masses. These PBHs could emit detectable signals in the form of photons,
electrons, and neutrinos through Hawking radiation. We consider the null observations of astrophysical 7,
flux from several neutrino detectors and set new constraints on the PBHs as the dominant DM component

to be above 6.4 x 10'% g. We also estimate the expected constraints with JUNO for the prospects in the near
future. Lastly, we note that the diffuse supernova neutrino background (DSNB) is an unavoidable isotropic
background. We thus estimate the sensitivity floor for PBH parameter space due to the DSNB and show
that it is challenging for neutrino detectors to identify PBHs as they constitute 100% of the DM above a

mass of 9 x 10" g.
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I. INTRODUCTION

Dark matter (DM) is a major component of the Universe,
making up about 26% of the total mass-energy content
according to the standard Lambda-CDM model [1]. One of
the DM potential candidates is primordial black holes
(PBHs). During the early stages of the Universe, a range
of mechanisms could lead to the formation of PBHs. These
mechanisms include the gravitational collapse of overdense
regions arising from primordial inhomogeneities, collisions
of cosmic bubbles, the collapse of cosmic loops, the
collapse of domain walls, etc [2-7].

If PBHs were formed and survived until the present time,
they could represent all or part of the DM population.
While no detection of PBHs has been made thus far,
various considerations based on PBHs have been consid-
ered to place constraints on the physics governing the early
Universe [8—11].

Recently, there has been a renewed interest in PBHs as a
DM candidate following the detection of gravitational wave
events by LIGO [12]. These events could potentially be
attributed to PBH mergers [13]. PBHs exhibit a broad range
of masses, extending from the Planck mass to several
hundred times the mass of the Sun, and their specific mass
depends on the time of their formation [6].
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Numerous studies have explored constraints on the
abundance of PBHs across a wide range of masses [14].
For larger PBHs masses, various gravitational observations
can be utilized to impose constraints, including micro-
lensing, accretion, discreteness effects, and gravitational
wave observations. For a comprehensive overview of these
constraints, see, e.g., Refs [7,14].

Light PBHs with masses above 10'* g can potentially be
detected indirectly as they emit detectable particles and
evaporate through Hawking radiation [15-17]. For PBHs
with mass smaller than that, they cannot be a viable DM
candidate as they would have evaporated by now. Only
nonrotating (rotating) PBHs with masses higher than 5 x
10 g (7 x 10" g) could survive until today [18,19].

Constraints on the abundance of PBHs with masses
ranging from 10'* to 10! g have been placed by consid-
ering Hawking radiation [20] in various astrophysical
observations. These include galactic gamma rays with
INTEGRAL [21], extra-galactic X-ray and gamma-ray
background [6,22-25], reionization of the early Universe
in global 21-cm measurements [26,27], imprints on the
cosmic microwave background [28,29], and electrons/
positrons emission by considering the Galactic Center
511 keV gamma-ray line [30,31].

The potential to search for PBH neutrinos has been
considered for a long time [32,33]. More recently, upper
limits on the o, from neutrino experiments can also be used
to place constraints on the fraction of PBHs in DM searches
[30,34-36]. Additionally, prospective bounds from the
LZ/XENONnT and DARWIN experiment via coherent
elastic neutrino-nucleus scattering [37] and detection pros-
pects at IceCube [38] have been explored. Although the
limits are generally weaker, neutrino searches are more
robust with respect to DM density profiles due to the all-sky

Published by the American Physical Society


https://orcid.org/0000-0003-1437-6829
https://orcid.org/0000-0001-8016-2170
https://ror.org/00t33hh48
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevD.110.063024&domain=pdf&date_stamp=2024-09-12
https://doi.org/10.1103/PhysRevD.110.063024
https://doi.org/10.1103/PhysRevD.110.063024
https://doi.org/10.1103/PhysRevD.110.063024
https://doi.org/10.1103/PhysRevD.110.063024
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

QISHAN LIU and KENNY C.Y. NG

PHYS. REV. D 110, 063024 (2024)

nature of the search, as well as completely different
systematics associated with propagation of electromagnetic
messengers [38].

There are current upper limits on the 7, from various
experiments, such as SNO [39], Borexino [40], Super-
Kamiokande (SK) [41-43], and KamLAND [44]. Future
detectors are expected to further improve the sensitivities,
such as DUNE [36,45], JUNO [46], THEIA [36], the
gadolinium phase of Super-Kamiokande (SK-Gd) [47,48],
and Hyper-Kamiokande (HK) [45]. While these detectors
will improve the PBH sensitivities (or any new sources of
MeV neutrinos), they are likely also going to detect the
diffuse supernova neutrino background (DSNB) [49-51]
soon. The DSNB will then become a problematic back-
ground for PBH 7, searches.

In this work, we set new constraints on PBHs by
considering an array of existing upper limits on 7, flux,
we then consider the prospects of future detectors for
probing PBHs with neutrinos, such as JUNO [52]. Finally,
we also estimate the sensitivity “floor” caused by
the DSNB.

II. NEUTRINO FLUX FROM PBHS

PBHs could have formed with a broad range of masses as
a result of the gravitational collapse of overdensities in the
early Universe. If PBHs are present in the current Universe,
they would contribute to the overall DM content. We
denote the abundance of PBHs as a fraction of the DM
density, which can be represented by

QPBH
Q ’ (1)
DM

SfeBu =

where Qppy and Qpy; are PBHs and DM density fractions,
respectively.

At the event horizon of a black hole, quantum fluctua-
tions can create particle-antiparticle pairs, which is known
as Hawking radiation [15-17]. As a result, PBHs can
evaporate as the created particles/antiparticles escape,
causing a net flux of radiation and a loss of mass energy
for the black hole. The lifetime of a black hole is
approximately given by [53,54],

M 3

Tevap = TUniverse (5)(11)](3;[49> , (2)

where Mppy 1s the PBH initial mass, and fy,yere &

13.8 Gyr is the age of the Universe. We can infer from

Eq. (2) that PBHs weighing less than 5 x 10'* g would

have evaporated by now. Thus, our analysis is focused on

PBHs with initial masses greater than this threshold. This

ensures that the PBHs we consider could still exist in the
present day and have the potential to contribute to DM.

The Hawking radiation emits particle species i that
exhibits a nearly black-body spectrum, especially in the

high-energy limit. At lower energy, when the wavelengths
of the particles are comparable to the size of black hole,
the emitted particles can be absorbed or scattered by
the black hole itself, leading to a suppression of the
emission rate [17,55]. This causes the spectrum to deviate
from a blackbody, and is encapsulated in the graybody
factor I';. Thus, the graybody factor quantifies the prob-
ability of these emitted particles escaping from the black
hole event horizon [17,53,56]. The emitted particles
spectrum rate is then

d*N,(E, 1)
dEdt

_ 9i Ti(E. Mpgy) (3)
prim 27 eF/Te g1

where g; is a particle degrees of freedom, and —1 and +1
in the denominator refer to bosons or fermions for the final
states, respectively. T'gy is the temperature of a PBH given

by [16,56]

_ 1 V1 —a?
47GMpgy 1 4+ /1 - a2’

where G is the gravitational constant. The reduced spin
parameter of a PBH is given by a* = J/M3g,,, where J is
the angular momentum of the PBH. For nonrotating

PBHs, we take J = 0, resulting in a black hole temper-

ature of Tgy = 1.06 x (%) GeV. The peak energy of

the neutrino flux is approximately given by E, ~4.02 x
Tgy [54]. As PBHs evaporate, their mass decreases,
leading to an increase in temperature over a time scale
roughly the PBH evaporation time scale Z.,,,. As we are
mostly interested in cosmological stable PBH DM with a
relative large mass (10'°-10'¢ g), this effect can be safely
ignored [57,58].

Particles emitted by Hawking radiation could also
undergo secondary processes, such as hadronization and
decays. These processes thus also contribute to the pro-
duction of stable messenger, such as photons and neutrinos.
To calculate both the primary and secondary neutrino
fluxes for each PBH mass, we use the BlackHawk v1.2
code. This version is used instead of the latest v2.1 because
the Python package Hazma [59] used in the v2.1 does not
provide neutrino spectra, yet [58,60]. The total neutrino
spectrum thus include both the primary and secondary
components,

(4)

TBH

d’N,(E,,1)
dE,dt

d’N,(E,. 1) _ d°N,(E,,1)
dE,dt dE,dt

| (5)
prim sec
The spectrum of 7, is obtained by dividing the total
spectrum of electron neutrinos by 2 [61]. We do not take
into account neutrino oscillations, as they would only have
a minor impact on the low-energy neutrino fluxes, resulting
in a deviation of less than 2.5% [34].
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In this work, we consider PBHs with monochromatic
mass distributions to calculate the Hawking radiation. For
PBHs with extended mass distributions, it generally would
lead to a more stringent constraint as constraints from
lighter PBHs are typically much stronger [30].

We consider contributions from both the galactic and
extra-galactic PBH DM evaporation. The all-sky extra-
galactic flux is

d®gg _ SeBupom [ cdz dzNy((l + z)E,,, t) (6)
dE, Mpgy Jo H(z2) dE, dt ’

where z is the redshift, and c is the speed of light. ppy =

2.Qpm = 1.3 x 107° GeV cm™ is the average DM density

. .. S 3H?
of the Universe, where the critical density is p. = g_¢

and Qpy; = 0.27. The Hubble expansion rate is H(z) =
Ho/Q.(1+2)* + Qu(1 +2)3 +Qu,  where  Hy=
67.4 km/s/Mpc is the present Hubble expansion rate,
Q, is the radiation energy density, which is so small that
we neglect it here, Qj = 0.315 is the matter energy
density, and Q, = 0.685 is the dark energy density [62].
The flux is obtained by integrating from z = 0 up to when
the PBHs were formed [25]. In practice, it is sufficient to
integrate up to redshifts of a few.

The all-sky galactic flux from PBHs in the Milky Way is

dQMW dZNy fPBH /dg/fmax
= -— d?, ,0)), 7
dE, dE,dtMpgy ] 47 Jo Pnew (1(€, ) (7)

where Q is  the solid  angle, (¢, ¢) =
VRS + €% —2Ryf cos ¢ is the radial coordinate, Ry =~
8.5 kpc is the distance from the Sun to the center
of the Milky Way, and ¢ is the line-of-sight distance.
The line-of-sight integral extends up to £, = Ry cos¢ +
V/R2 — R% sin? ¢, with R}, 200 kpc being the DM halo
virial radius. To approximate the DM density profile of the
Milky Way halo, we employ the Navarro-Frenk-White
(NFW) profile [63,64],

p) =0 () (FoRe) @

R_O 14+ r/R;

where we use pg, = 0.4 GeV cm™ for the local DM mass
density [65,66], and R; = 20 kpc for the scale radius of the
Milky Way. The integral of the DM density profile of the
whole Milky Way halo is about

dQ [ Y .
4— dprFW(r(f, ¢)) =22x10 GeVcem™-.
7 Jo
9)

Figure 1 shows the fluxes of v, originating from the
evaporation of PBHs, as a function of energy. We show the
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FIG. 1. The v, fluxes from PBHs evaporation as a function of
energy, assuming the PBH fraction fpgy = 1 and a monochro-
matic mass distribution with masses of 2 x 10" g, 4 x 101 g,
and 8 x 10'3 g. The galactic (dotted lines), extra-galactic (dashed
lines), and total (solid lines) contributions are shown here. The
gray shaded regions indicate the most relevant o, backgrounds at
this energy range, which are the reactor [69], DSNB [45], and
atmospheric 7, fluxes [68] as labeled. It should be noted that we
show the background at the SK site, but the reactor 7, back-
grounds could be different at another site.

cases of PBHs with masses of 2 x 103 g, 4 x 10" g, and
8 x 1013 g, assuming a PBH abundance of fpgy = 1. The
relevant backgrounds for 7, in this context include the
reactor flux [67] (at the SK site), the DSNB [45], and
the atmospheric 7, flux [68]. At low energies, the reactor 7,
flux dominates the background, while the DSNB becomes
significant in the energy range of £, = 10 MeV to 30 MeV,
making it crucial for the search of relatively higher mass
PBHs. The atmospheric 7, flux covers the entire energy
range but remains subdominant below 30 MeV.

III. CURRENT EXPERIMENTAL UPPER LIMITS
FOR 7, FLUXES

A. 7, as PBHs probe

The upper limits on model-independent o, fluxes can be
utilized to constraint on DM fraction of PBHs. There is a
low background window for neutrino energy E, between
roughly 10 to 30 MeV for detecting astrophysical sources
of U,, such as PBHs and the DSNB, as shown in Fig. 1. This
window is optimal because neutrinos with energies below
10 MeV are predominantly affected by reactor neutrino
backgrounds [69], while at higher energies, the background
from atmospheric neutrinos [68] rises rapidly.

The most promising reaction for 7, detection is the
inverse-beta decay (IBD), o, + p — n + e™, which has a
large cross section and produces an easily identifiable final
state positron. In IBD, the energy of the neutrino can be
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FIG. 2. The 90% confidence level observed upper limits on the
v, flux from different experiments, SNO [39], Borexino [40], SK
[41-43], and KamLAND [44], as well as the expected upper
limits from the upcoming JUNO experiment [52]. The DSNB
theoretical predictions [45] (dashed lines) and total contributions
from different PBHs mass (solid lines) are shown here, assuming
fpen = 1, and monochromatic mass distribution with 2 x 10'3 g,
4x 10" g and 8 x 10" g.

determined by E, ~ E, + 1.8 MeV, where the 1.8 MeV
accounts for the electron mass and the mass difference
between a proton and a neutron. The positron can be
detected via Cherenkov or scintillation signals.

Figure 2 shows the upper limits on the 7, fluxes obtained
by various experiments, including SNO [39], Borexino
[40], SK [41-43], and KamLAND [44]. In addition to the
experimental upper limits, we also display the 7, fluxes
resulting from the evaporation of PBHs with masses of
2x 10" g, 4x 10" g, and 8 x 10'5 g, same as those in
Fig. 1. For comparison, we include a theoretical prediction
of the DSNB flux [45], which could be new problematic
background to the PBH search in the future (see Sec. IV for
details).

JUNO will be the largest liquid scintillator detector for
neutrino physics [46] in the near future. It has excellent
capabilities for U, tagging and background rejection, which
could strongly improve the v, flux upper limits. We also
show the theoretically expected v, upper limits by JUNO in
Fig. 2 [52].

B. Statistical formalism for 7, flux upper limits

We consider the 7, flux upper limits from various
detectors as shown in Fig. 2 and perform a simple chi-
square analysis to find the corresponding upper limits for
PBHs. The chi-square statistic y> for each energy bin i is

= (F; + F& — F9™)? ~ (F;)?
l (Gi)z (Gi)z

(10)

where F; is the PBH model flux, F? is the background flux
of the experiment, F9® is the observed flux, and o; is the
uncertainty. Here, we assume that the reported experimen-
tal upper limits are obtained when the F% ~ Fo*. In other
words, there are no significant deviations of the observed
data from the expected background. In this case, the
reported upper limits and the uncertainties are simply
related by o; = F;*/+/2.71, corresponding to the case of
x? =2.71 for each bin. By substituting this relation into
Eq. (10), we can construct a general chi-square statistic to
test arbitrary models, as prescribed in Ref. [70] for
KamLAND data.

At each PBH mass, the only parameter of interest is the
PBH fraction fppy. The differential 7, fluxes from PBHs
are the sum of the galactic and extra-galactic components
from Egs. (6) and (7),

dq)(Ez/) _ dq)EG<Ev>+dq)MW(Eu)
dE, dE, dE, |’

(11)

To compare with experimental data, the neutrino flux is
binned according to that of data,

E dE
F ,PBH(f PBH) = e -

E;nin
= fPBHF?BH(l)v

S G 0i(E)dE,

Gi(Eu)dEu
(12)

where EM" and E™ are the edge values of an energy bin,
0,(E,) corresponds to the IBD cross section [71-73], and
the abundance factor fppy can be factored out.

Combining Egs. (10) and (12), the summed chi-square
statistics of a set of data from a detector is then

/,(2 — Z(fPBHF%)BH(l))Z. (13)

(FRVETI)
The one-sided 95% upper limit on the PBH fraction, fpyy,
can then be obtained by y> = 2.71, or

95
PBH —

(14)

C. Constraints on PBHs by 7, flux upper limits

Figure 3 shows the upper limits on the DM fraction of
PBHs with a monochromatic mass function obtained using
the upper limit on 7, fluxes data from current experiments
as discussed in the previous section.

It shows that in Fig. 3 (and can be expected from Fig. 2)
that SNO has the weakest upper limits on 7, fluxes,
resulting in a weak constraint on the fraction of PBH.
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FIG. 3. Upper limits on DM fraction of PBHs fpgy, from 7,

fluxes at different experiments, SNO [39], Borexino [40], SK-I/II/
III [41], SK-IV [43], and KamLAND [44] for the monochromatic
PBH mass function. The red solid curve is the combined
constraint using all these experiments.

For other detectors, Borexino can set the tightest upper
limits for 7, fluxes at lower energies, even below 10 MeV,
due to its high energy resolution, low intrinsic back-
grounds, and the low reactor 7, flux at the Gran Sasso
site. In contrast, SK and KamLAND impose the strongest
constraints above approximately 10 MeV, making
them the most effective in constraining PBHs as 100%
of the DM candidate. Compared to SK, KamLAND
provides a better constraint at high mass because the
neutron tagging efficiency of KamLAND provides an
advantage over SK when searching in the lower neutrino
energy region [44]. However, KamLLAND’s small fiducial
volume limits its sensitivity compared to water-based
Cherenkov detectors.

Given that each of these experiments operates independ-
ently and provides uncertainties at the same confidence
level for each energy bin, it is possible to incorporate all the
upper limits on 7, fluxes to establish a combined constraint.
To achieve this, we modify the approach presented in
Eq. (13) and consider the total y, = > 4o 1o Where x5, is
the individual y> of the detectors. This enables us to
combine the sensitivities of multiple experiments and
obtain a more comprehensive assessment.

The combined limit is shown in Fig. 3 as the red line. It
shows that PBHs alone cannot account for the entirety of
DM up to masses of approximately 6.4 x 105 g. This
signifies an enhancement of roughly 20% compared
to the previous upper limits in the heaviest PBHs mass
at fpgy = 1 obtained solely from data from SK [30], which
were around 5.2 x 10" g.

When the data from different experiments are combined
statistically, it is important to recognize that these experi-
ments may possess varying degrees of systematic

uncertainties. A more careful analysis would need to cross
calibrate the systematic differences of these detectors.

D. Comparisons with existing results and future
experimental prospects with neutrinos

Figure 4 shows the results from our combined constraint
and the existing results from SK [30]. Our results from the
SK experiment deviate slightly from that reported in
Ref. [30]. This discrepancy arises because the previous
study utilized a 7, flux upper limit of 2.9 cm™2s~! in the
energy range of 17.3 to 19.3 MeV [41], while our analysis,
depicted by the green region in Fig. 3, utilizes upper limits
for different energy bins [43]. Additionally, our analysis
takes into account the contribution of secondary neutrino
emission, whereas the previous study only performed an
analysis of primary emissions. While a more recent study
[35] also included all spectral information of signal and
background events shown as the yellow line, they consid-
ered not only the main detection channel of inverse beta
decay but also the subdominant contributions from 7, and
v, charged-current interactions off oxygen nuclei and o,
and v, charged-current interactions producing muons
below the Cherenkov threshold. This effect is especially
relevant for small PBH masses, which is responsible for
their improved constraints over our results (and Ref. [30])
at small PBH masses.

For future prospects of searching for PBH with neu-
trinos, we consider the expected upper limits on 7, fluxes
from JUNO [52] and use the same procedure as discussed
in Sec. III B to obtain the expected constraint on the PBH
fraction fpgy. This is shown as the cyan dashed line in
Fig. 4. Our results deviate slightly from those reported in
Ref. [34] shown as the brown dashed line because they used
a broader energy range, which produces stronger con-
straints at smaller PBH masses. The results from Ref. [34]
are slightly stronger than those in Ref. [35], which are
shown by the blue dashed line. This may due to the use of
integrated number of events and the higher neutrino fluxes
[35]. In addition, the purple dashed line represents the
expected limits from HK [35], which are projected to be
stronger than those from JUNO. We also present the
expected limits from THEIA for two potential configura-
tions: 25 and 100 kton, where the primary difference
between the two THEIA configurations is approximately
a factor of 2, attributed to the variance in statistics [36].
Both of these future experimental prospects are expected to
exclude PBHs as the sole component of DM up to masses
of approximately 8 x 10'° g,

IV. THE SENSITIVITY FLOOR FOR PRIMORDIAL
BLACK HOLE NEUTRINOS
A. The DSNB as irreducible background

Supernova neutrinos are produced during the gravita-
tional collapse of the stellar core [74]. The emission of
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FIG. 4. Current and future upper bounds on PBHs and the
sensitivity floor for PBH neutrinos. The green solid line and the
yellow solid line are the existing limits from SK [30,35]. Our
combined constraints are shown in the red solid line. We also
show the expected constraints from JUNO [34,35], THEIA (25
and 100 kton) [36], and HK [35]. The gray shaded region
represents the sensitivity floor due to the DSNB background,
while the yellow band accounts for the DSNB model uncertainty,
and the dashed yellow line corresponds to the fiducial DSNB
model [45].

neutrinos from SN 1987A was first detected by the
Kamiokande-II ~ [75,76], Irvine-Michigan-Brookhaven
[77,78], and Baksan detectors [79]. The DSNB is the
collective flux of neutrinos emitted by all core-collapse
supernovae that have occurred throughout the history of the
Universe [49,50,80]. The DSNB contributes to an isotropic
flux of MeV neutrinos and encapsulates the combined
supernova neutrino emission and their evolution with
redshift. As neutrino experiments become more sensitive
[45,46], the DSNB could eventually become a background
for PBHs neutrino searches (or any DM and exotic origin of
neutrinos).

This is similar to the case in DM direct detection
experiments [81,82], where coherent neutrino-nucleus
scattering [83] would produce a recoil signal similar to
that of DM-nucleon scattering. In this case, the theoretical
lower limit of the DM cross section is sometimes referred as
the “neutrino floor” or “neutrino fog” [84,85]. Below that,
the search for DM parameters is background limited and
becomes challenging.

In our case, the DSNB would thus set a similar “neutrino
floor” in the PBH search. While reactor neutrinos [69] and
atmospheric neutrinos [68] also contribute to the back-
grounds, both fluxes could be measured accurately, and
thus could be taken into account for the analysis. Although
the DSNB has different expected angular and energy
distribution compared to that of PBH neutrinos, the

theoretical uncertainties in the DNSB flux means that once
some ‘“‘signals” due to the DSNB are detected, it will be
difficult to uncover any subdominant PBH or DM compo-
nents. For concreteness, we consider HK as an example
[45] for the PBH “neutrino floor”.

B. Sensitivity floor for PBH neutrinos in HK

To determine the sensitivity floor, we use the estimated
DSNB event rate within the energy range of £, = 10 MeV
to 30 MeV in next-generation neutrino detectors HK [45].

The probability of observing k; counts in the energy bin i
can be described by the Poisson probability distribution
function,

Akie—li
i

Pi(ki|A;) = AR

(15)

where /; is the expected number of events. Note that the
model prediction, 4;, depends on the model parameters
fpeu and Mppy. It is given by the sum of the PBH and the
DSNB contributions, 4; = NPBH 4 NDSNB The PBH con-
tribution is

dO™H(E,)

NPBH — gN,t/ T o;(E)dE, (16)

where £ = 67% is the detector efficiency, N, = 2.5 x 10**
is the number of targets, ;(E) corresponds to the IBD cross
section [71-73], and t = 20 yrs represents the total data
taking time [45,86].

Similarly, the number of expected events from the DSNB
at the ith energy is given by

dDOSNB(E
NDSNB — g / dOTE) o ByaE, (17)
dE,
dq)DSNB(E,/> . . .
where ——— is the predicted DSNB flux as a function

dE,
of the neutrino energy using so-called “fiducial DSNB
model” [45].
The joint likelihood of observing N energy bins is
given by

ki —;
N Ai'e A
k;!

L=]]Pikli) = (18)

N
i=1

i1
Here, we assume that the observed number of events
k; is given by the background only, ie., k; = NPSNB,
We note that only NPBH depends on fppy and that
Zi(feeu = 0) = k;.

To obtain the expected sensitivity, we use the log-
likelihood ratio [87],
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L(fesu)
L(fPBH = 0) .

The limit on the PBH fraction at a one-sided 95% con-
fidence level can be determined by 7S = 2.71.

Figure 4, in the gray region, shows the sensitivity floor
for PBHs with neutrinos. It is worth noting that PBHs with
masses exceeding 9 x 10> g would be challenging to be
detected by neutrinos from Hawking radiation. To account
for the theoretical uncertainties inherent in the DSNB
model, we consider its range of variability [45], represented
by a yellow band in Fig. 4.

We note that the definition of the sensitivity floor is not
unique [84,88,89]. Therefore, it is also possible to define a
theoretical sensitivity floor such that the neutrino flux from
PBHs equals the flux from the DSNB at some energies.
This approach would be detector independent. However,
we find that the theoretical sensitivity floor defined in this
manner tends to be higher than the detector-dependent
approach. This is because the events approach takes into the
Poisson events probabilities, while the theoretical flux
approach relies on the flux comparison at a single point.
Thus, the detector-dependent definition of the sensitivity
floor based on number of events is more practical and is
presented in this work.

TS =—21In (19)

V. CONCLUSIONS AND DISCUSSION

In this work, we investigate the constraints on the
abundance of nonrotating PBHs with monochromatic mass
distributions ranging from 5 x 10'# g to 10'® g by utilizing
the upper limits on 7, fluxes. To establish constraints on the

abundance of PBHs, we consider data from several experi-
ments such as SNO [39], Borexino [40], SK-I/II/III [41,42],
SK-1V [43], and KamLAND [44].

By incorporating the data from all available experiments,
we improve upon the constraints on the PBHs abundance,
ruling out the possibility of them being the sole component
of DM for masses up to approximately 6.4 x 103 g. This
represents an improvement of approximately 20% in
comparison to the previous upper limits in the heaviest
PBHs mass at fpgy = 1 obtained from SK’s data [30].
Notably, the upcoming JUNO experiment and HK could
potentially extend the constraints on PBHs up to masses of
approximately 8 x 10" g,

Finally, we evaluate the sensitivity floor for PBH
neutrinos due to the DSNB using the expected data from
HK and find that PBHs with masses higher than 9 x 10"> g
would be difficult to detect due to the presence of the
DSNB. Thus, there is a limited parameter space (as shown
in Fig. 4) that could be probed using neutrinos. To probe
PBH as 100% of the DM candidate beyond this mass range,
other messengers, such as electrons/positrons and gamma
rays, are needed [6,21-25,30,31,90-92].
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