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In the mixed dark matter scenarios consisting of primordial black holes (PBHs) and particle dark matter
(DM), PBHs can accrete surrounding DM particles to form ultracompact minihalos (UCMHs or clothed
PBHs) even at an early epoch of the Universe. The distribution of DM particles in a UCMH follows a
steeper density profile (ppy o r~/#) compared with a classical DM halo. It is expected that the DM
annihilation rate is very large in UCMHs, resulting in a contribution to, e.g., the extragalactic neutrino flux.
In this work, we investigate the extragalactic neutrino flux from clothed PBHs due to DM annihilation, and
then the muon flux for neutrino detection. Compared with the atmospheric neutrino flux, we derive the
upper limits on the cosmological abundance of PBHs for 10 years of exposure time of, e.g., the IceCube
experiment. For the DM mass m, = 100(1000) GeV, the upper limits (26) on the fraction of DM in PBHs
are fpgy = 1.2 x 1073(8.9 x 107%) for contained events and fpgy = 2.5 x 1073(1.3 x 107%) for upward
events. Compared with other constraints, although the upper limits obtained by us are not the strongest, it is
a different way to study the cosmological abundance of PBHs.
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I. INTRODUCTION

Dark matter (DM) is a fundamental challenge in modern
astrophysics and theoretical physics, and the study of it
heralds a profound revolution in our comprehension of the
Universe [1,2]. In the standard cosmological model, DM
accounts for ~26% of the total energy density of the
Universe [3]. Although the existence of DM has been
confirmed by many astronomical observations, our under-
standing of its nature remains limited. Existing astronomi-
cal observations and related studies show that DM is not
involved in, e.g., electromagnetic interactions; therefore, it
is difficult to detect DM directly. However, the existence of
DM can be inferred from its gravitational effect on visible
objects [1,3,4].

Many DM models have been proposed, of which the
weakly interacting massive particles (WIMPs) model based
on supersymmetric string theory is the most widely
studied [1,2]. According to the related theory, WIMPs
can undergo annihilation processes resulting in the pro-
duction of standard model particles such as photons,
electrons/positrons, and neutrinos [1,5,6]. Consequently,
detecting these produced particles through astronomical
observations provides an indirect way of probing the nature
of particle DM. Since the annihilation rate of DM is
proportional to the square of the number density, it is a
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good choice to conduct relevant studies in regions with
large particle density [7—12].

It is well known that the current large-scale structure of
the Universe results from the evolution of early density
perturbation with an amplitude of 5p/p ~ 107> [13]. If there
are large density perturbations in the early Universe,
e.g., 6p/p 2 0.3, they would collapse directly to form
primordial black holes (PBHs) [14-20]. PBHs spread
over a wide mass range, and different astronomical obser-
vations have been used to constrain their cosmological
abundance [14-16,21-51]. On the other hand, if the
amplitude of early density perturbation is in the range of
107 < 6p/p < 0.3, it has been proposed that a kind of DM
structure, ultracompact minihalos (UCMHs), can be
formed in the early Universe [52]. The density profile of
DM particles in UCMHs is ppy o 7~/% [52,53], which is
significantly steeper than that of the classical DM halo
model, e.g., the Navarro-Frenk-White model. Therefore,
the annihilation rate of DM particles in UCMHs will be
large, and they can be referred to as a kind of potential high-
energy astrophysical source [54-59].

However, the numerical simulations have shown that,
after the formation of UCMHs, the final density profile of
DM particles is not so steep due to the effects of
evolution [60,61]. Therefore, it would be difficult to form
UCMHs with an unchanged density profile of ppy o r~9/4
via the direct collapse of early large density perturbations.
On the other hand, it has been proposed that UCMHs with
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an unchanged density profile can be formed through the
accretion of DM particles onto PBHs [62—64]. Therefore, in
mixed DM scenarios, if DM is partly composed of WIMPs
and partly of PBHs, the detectability of WIMPs is enhanced
due to its accretion onto PBHs. In previous works, e.g.,
Refs. [12,34], this has been investigated in the context of
electromagnetic signatures of WIMP annihilation. In this
work, we will mainly focus on neutrino signatures at
IceCube.

Since DM particles in UCMHs can annihilate into high-
energy photons or electrons/positrons, it is possible to
investigate the cosmological abundance of PBHs by study-
ing relevant astronomical observations [9,23,56,62,65]. In
addition to photons, DM particles can also annihilate into
neutrinos, and they are almost unaffected by the medium
during their propagation compared to photons and charged
particles. Moreover, the study of neutrinos provides a good
complement to researching the nature of particle DM with
large mass [66]. In Ref. [34], the authors investigated the
potential neutrino signals from DM spikes surrounding
black holes in our Galaxy. The authors of [54,55] studied
the neutrino signals from nearby UCMHs due to DM
annihilation and obtained the constraints on the abundance
of UCMHs.' Since UCMHs can be formed in the early
Universe, it is expected that there should be extragalactic
neutrinos produced by the annihilation of DM particles in
UCMHSs, and we focus on this issue in this work. We adopt
that UCMHs are formed by accreting surrounding particle
DM onto PBHs.”

This paper is organized as follows. In Sec. II, we briefly
review the basic properties of UCMHs. In Sec. III, we
investigate the neutrino flux from PBHs and the muon flux
for neutrino detection. In Sec. IV, we derive the upper limits
on the cosmological abundance of PBHs using the neutrino
signals, and then the conclusions are given in Sec. V.

II. THE BASIC PROPERTIES OF UCMHS

In the mixed DM scenarios consisting of WIMPs and
PBHs, WIMPs could be accreted onto PBHs to form
UCMHs. The mass of a UCMH increases very slowly
until the redshift at z., ~ 3400 [57]. Theoretical research
and numerical simulations have shown that the density
profile of DM particles in a UCMH is ppy o« #~/%. On the
other hand, considering the annihilation of DM particles,
there is a maximum value p.,. at the center of UCMHs.
Therefore, the density profile of a UCMH at redshift z can
be written as [62]

In Refs. [54,55], the authors adopted that UCMHs are formed
via the collapse of large density perturbation in the early
Universe. Therefore, they finally obtained the cosmological
abundance of UCMHs.

*Note that in this scenario PBHs should not make up all the
components of DM (Qpgy < Qpym)-
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where r,(z) is the turnaround scale at redshift z [63],
ra(z) ® (2GMppyt(2)*)'/3. (2)

The center density p.,. depends on the properties of
particle DM, and it can be written as [62,67]

@) (1)~ 1) G)

where ¢, is the formation time of UCMHys, m, 1s the mass of
DM particles, (ov) is the thermally averaged annihilation
cross section, and we adopt a benchmark value of (ov) =
3x 10726 cm?s™! [68]. ry, can be determined by the
condition of pegre = p(eut),

Pmax =

A Pmax Y -
rcut(Z) - <pDM(Zeq)> ta(Zeq)’ (4)

where ppy(2eq) is the mean density of DM at z.q. Ignoring
the kinetic energy of particle DM compared to the potential
energy, we consider the mass of PBHs in the following
range [62]:

(ov) ~1/3
3x 10720 cm3 7!

m, -7/
. 5
% (10 GeV) )

III. EXTRAGALATIC NEUTRINO FLUX
FROM DARK MATTER ANNIHILATION
IN UCMHS AND MUON FLUX
FOR DETECTION

MPBH > 6.5 x 10_4MO<

Previous works have mostly focused on the extragalactic
or galactic gamma-ray flux from DM annihilation in
UCMHs [9,23,56-58,65]. The authors of [54] investigated
the neutrino flux from nearby UCMHs. Here we will focus
on the extralgalactic neutrino flux from DM annihilation in
UCMHs. Similar to the extragalactic gamma-ray flux, the
differential neutrino flux can be written as

dg, QPBHPc,Oi(“W

dEy MPBH 8r m}{

Zup dZ dNy
0 H(Z) dEI./

(E.2) / P(r2)dv. (6)

where Qppy = pppHo/Pco 1S the abundance of PBHs,
E'=E(l+z), and z, =m,/E~1. dN,/dE, is the
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energy spectrum of neutrinos, and it can be obtained using
the public code, e.g., DarkSUSY [69,70].3

In the standard model, there are three flavors of neu-
trinos, v,(7,), v,(7,), and v,(7,). Due to neutrino oscil-
lation in a vacuum, they can convert into each other during
their propagation. In this work, for simplicity, we set the
ratio between the neutrino flavors as 1:1:1. Neutrinos
generated by DM annihilation in UCMHs do not lose their
energy during their propagation to Earth. When they reach
the side of Earth, muon neutrinos (v,,) can be converted into
muons (y) through charged current interaction with matter
(e.g., rock or ice). These muons can be detected by the
detector on Earth via, e.g., Cherenkov light. In view of the
muon detection, for our purposes, here we consider two
popular kinds of events named “upward events” and
“contained events.”

For contained events, the muons are produced in the
detector through the charged current interaction, and the
differential muon flux can be written as [71]

N Ko d
= ip / dEU< ¢’/>
con 2 E, dE,

« (M+(p—)n)> +w—=2), (1)

dg,

dE,

dE,

where p is the density of the medium and N, =6.022 x 10??
de™? . .
d(;i'” are the scattering cross sections
?
of neutrinos (antineutrinos) off protons and neutrons, and

here we adopt following form [71-73]:

is Avogadro’s number.

dh  2m,Gh (i on S .
dE - Ju ayp + v, E ’ ( )
" v

where al" = 0.15,0.25, b)" = 0.04, 0.06 and ™" = 0.06,
0.04, 2" = 0.25, 0.15. What the above formula describes
are the weakly scattering charged-current cross sections of
v,(D,) scattered with protons and neutrons.

For upward events, the muons are produced outside the
detector when neutrinos arrive on the opposite side and
travel through the interior of Earth. The differential muon
flux can be written as [71]

:M/’"dE dd,
w2 Jg " Y\dE,

5 <dof(E,,,EM)

dE,

dg,

dE,

+<p+n>)R<Eﬂ>+<wv>’ )

where R(E,) is the distance of the muons traveled in the
medium until their energy falls below the threshold of the
detector [74,75] and can be written as

3https://darksusy.hepforge.org/ .

1  a+pE,

R(E):/)_/)’ n—a—f—ﬂE}}"

"

(10)

where a~ 107 GeVem? g~ relates to the ionization
energy loss and # ~ 107% cm? g denotes the loss of other
radiation energy due to bremsstrahlung and pair creation.
E;th represents the threshold energy of the detector, and here
we set E" =50 GeV.

For detecting neutrinos, the main background is the
atmospheric neutrinos (ATM), and it has been detected by
related experiments [76,77]. For our purposes, here we
adopt the following parametrized form [77]:

d¢ —y—1 a C
* = NyE,” , (11
dE,dQ 0 <1 +bE, c059+ 1+ eEycosﬂ) (11)
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FIG. 1. The contained events (upper panel) and upward

events (down panel) of muon flux from UCMHs due to DM
annihilation for Qpgy = 0.1, DM annihilation channel p*p~, and

DM mass m, = 500, 2000, and 3500 GeV. We have set the

thermally averaged annihilation cross section of DM(cv) = 3 x
10726 cm?®s~! as a benchmark value. The atmospheric neutrinos
(ATM) are also shown for comparison.
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where y = 1.74, a = 0.018, b = 0.024, ¢ = 0.0069, ¢ =
0.00139, and N, = 1.95(1.35) x 10'7 for neutrinos or
antineutrinos. In this work, we set the angle 0, = 5°,
corresponding to the angular resolution of the neutrino
detector, e.g., IceCube, over the relevant energy range, as
well as the angle between muons and neutrinos during
neutron nucleon scattering [78].

Figure 1 shows the flux of muons for contained (upper
panel) and upward (lower panel) events for different DM
masses and annihilation channel p*p~ with Qpgy = 0.1,
and the atmospheric neutrinos are also shown as the main
background for comparison. Depending on the fraction of
PBHs, the muon flux from UCMHSs due to DM annihilation
can exceed the ATM, especially for higher energy (larger
DM mass) where the ATM decreases significantly com-
pared with that of lower energy.

IV. CONSTRAINTS ON THE COSMOLOGICAL
ABUNDANCE OF PBHS

The number of muon neutrinos (N y#) from extragalactic
UCMHs (clothed PBHs) due to DM annihilation can be
written as

dE

Emax d¢
N, pBHs = /E1h —FL Fe(E,)dE,, (12)
: u

where % can be obtained by Eqs. (7) and (9). Fx(E,)

corresponds to the effective volume V. (effective area
Ag) of the detector for contained (upward) events. In
general, Vi and A.y depend on the energy of detecting
particles. Here, for simplicity, we accept that the energy
independent effect volume V4 = 0.04 km? and the angle-
averaged muon effective area A = 1 km? for the IceCube
experiment [79-81]. In order to obtain the constraints on
the cosmological abundance of PBHs, we treat the ATM as
the main background and consider ~10 year exposure
times for detection. Considering the ATM background,
one can obtain the upper limits on the cosmological
abundance of PBHs in, e.g., 2¢ statistical significance,
using [82,83]

N
Z: PBHs i (13)
VNpgrs + Natm

where N a7y 1S the number of muon neutrinos from ATM
and can be obtained via Eq. (12).

The upper limits on the fraction of DM in PBHs,
Sreu = Qppu/LpMm,. are shown in Fig. 2. For the PBH
mass range considered by us [Eq. (5)], since we have
investigated the extragalactic neutrino flux from clothed
PBHs due to DM annihilation, the constraints on fpgy do
not depend on the PBHs mass but on the particle DM
mass [58,65]. For the DM mass m, = 100(1000) GeV, the

1073 ¢ v ]
Z 104 contained events |
GQ E
< upward events
=
S 07 ¢ E
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2 116
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102 103
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FIG. 2. The upper limits on the abundance of PBHs fppy =
Qppy/Qpym for contained and upward events for the DM
annihilation channel p"p~, and 10 years exposure time for
IceCube experiment. We have set the thermally averaged anni-
hilation cross section of DM({cv) =3 x 10726 cm?s™! as a
benchmark value.

upper limits on the abundance of PBHs are fppy = 1.6 %
1073(1.2 x 107%) for contained events and fpgy = 9.8 X
1073(5.1 x 1077) for upward events. As shown in Eq. (6),
the differential neutrino flux is larger for smaller DM mass
(d¢,/dE, x m;2). However, on the other hand, since we
have treated ATM as the main background and it decreases
significantly with the increase of energy, as shown in Fig. 2,

10t
=
=)
G
~
= _
= 10 3
G upward events, my = 100 GeV $o AN e
I 2N
as) contained events, my = 100 GeV 00\\
E 10—5 C N
S~
contained events, my, = 1000 GeV
upward events, m, = 1000 GeV
1077 L L I
10* 10-2 10° 102 10*
Mpgn [Mo)]

FIG. 3. The upper limits on the fraction of DM in PBHs,
freu = Qpeu/Qpwm, for several other observations: (i) the merger
rate of PBHs in view of the sensitivity of LIGO/Virgo [85];
(ii) the dynamical evolution of stars in the dwarf galaxy Segue I
due to PBHs [86]; (iii) the influence of accreting PBHs on the
cosmic microwave background (Planck data) [87]; (iv) the
gravitational lensing effects based on EROS [84]. The horizontal
solid lines stand for the upper limits obtained in this work for the
DM mass m,, = 100 and 1000 GeV for contained (dark green)
and upward (red) events.
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for the DM mass range considered by us, the final
constraints on the abundance of PBHs are stronger for
larger DM mass for both contained and upward events. For
upward events, the distance R(E,) is larger for higher
energy [corresponding to massive DM particle, Eq. (10)],
resulting in larger muon flux and more events. Therefore,
compared with contained events, the constraints on the
abundance of PBHs are stronger for larger DM mass
(m, Z 400 GeV) for upward events.

The cosmological abundance of PBHs can also be con-
strained by other different ways [see, e.g., Refs. [15,21,27]
for a review]. In Fig. 3, we plot the upper limits on the
abundance of PBHs as a few other ways for comparison.
From this plot, it can be seen that the extragalactic neutrino
can provide a useful complement of constraints on the
abundance of PBHs for the mass range Mpgy < 1M, where
the limits are mainly derived from the gravitational lensing
effects based on the observations of the European Southern
Observatory (EROS) [84]. Note that the constraint on fppy
from the extragalactic gamma-ray background is the strong-
est one and can be achieved at fpgy ~ 1071°(107%) for
m, = 100(1000) GeV [65], which is not shown in Fig. 3.

V. CONCLUSIONS

In the mixed DM scenarios consisting of PBHs and
particle DM (WIMPs), PBHs can accrete surrounding
WIMPs to form UCMHs after their formation. The number
density of DM particles in UMCHs is larger than that of
classical DM halos, resulting in a large DM annihilation
rate. Moreover, since UCMHs can be formed in the early
Universe (z ~ z¢q), it is expected that the WIMPs annihi-
lation in UCMHSs can have significant contributions to,

e.g., extragalactic gamma-ray/neutrino flux, depending on
the fraction of PBHs and the properties of particle DM. The
extragalactic gamma-ray flux from clothed PBHs due to
DM annihilation has been investigated in previous works,
and in this work we have studied the neutrino flux.

There are three flavors of neutrinos, and here we have
focused on the muon neutrino. We have investigated the
contained and upward events for the purpose of neutrino
detection. The differential neutrino flux can exceed the
ATM for a large abundance of PBHs (e.g., Fig. 1 for
Qppy = 0.1), especially for higher energy where the ATM
decreases significantly. Compared with the ATM, the main
neutrino background considered by us, we obtained the
upper limits on the fraction of DM in PBHs for IceCube
experiment for 10 years of exposure time. For the DM mass
m, = 100(1000) GeV, the upper limits (26) on the fraction
of PBHs are fpgy = 1.6 x 1073(1.2 x 107°) for contained
events and fpgy = 9.8 x 107(5.1 x 1077) for upward
events. Many other ways can also be used to constrain
the cosmological abundance of PBHs. Compared with
other constraints, especially for the extragalactic gamma-
ray background from clothed PBHs due to DM annihila-
tion, although the upper limits obtained by us are not the
strongest, it is a different way to study the cosmological
abundance of PBHs.
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