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Abstract: Primordial black holes (PBHs) are hypothetical black holes that may have formed from extreme
densities of matter present during the early universe. Hawking showed that due to quantum-gravitational effects, a
black hole possesses a temperature inversely proportional to its mass and emits with a thermal spectrum all species
of fundamental particles. PBHs with initial masses of ∼ 5.0×1014 g should be expiring now with bursts of high-
energy particles, including gamma rays in the MeV - TeV energy range, making them candidate gamma ray burst
(GRB) progenitors. A number of detectors have searched for these events and reported upper limits. The upcoming
High Altitude Water Cherenkov (HAWC) observatory is a next generation water Cherenkov telescope located in
Mexico at 4100 m above sea level. HAWC is sensitive to gamma-rays in the energy range 50 GeV to 100 TeV.
Due to its wide field-of-view and high duty-cycle, HAWC will become the prime observatory for either detecting a
PBH burst or setting stringent new limits on the PBH burst rate. In this paper we present the sensitivity of HAWC
to PBH bursts according to the standard model of particle physics.
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1 Introduction
Primordial Black Holes (PBHs) are created from density
inhomogeneities in many scenarios of the early universe [1].
The initial mass of the PBH is typically roughly the horizon
or Hubble mass at formation or smaller, giving possible
PBH masses ranging from supermassive black hole scales
down to the Planck scale. PBH production can thus have
observable consequences today spanning from the very
largest scales, for example influencing the development of
large-scale structure in the Universe to the smallest scales,
for example enhancing local dark matter clustering. PBHs,
or their relics, are Cold Dark Matter candidates. For particle
physics, the greatest interest is in the radiation directly
emitted by the black hole. By evolving an ingoing solution
past a gravitationally collapsing object, Hawking showed
that a black hole will thermally emit (‘evaporate’) with a
temperature inversely proportional to the black hole mass
all available species of fundamental particles [2]. PBHs with
an initial mass of ∼ 5.0×1014 g should be expiring now
with bursts of high-energy particles [3], including gamma
radiation in the MeV – TeV energy range.

Detection of radiation from a PBH burst would provide
valuable insights into the early universe and many areas of
physics, as well as confirm the amalgamation of classical
thermodynamics with general relativity [1]. Observation-
s of the emitted radiation will give access to the particle
physics models at energies higher than those which will ev-
er be accessible in accelerators. Non-detection of PBHs in
dedicated searches will also give important information. In
the cosmological context, one of the most important moti-
vations for PBH searches is to place limits on the spectrum
of initial density fluctuations in the early universe [1]. In
particular, PBHs can form from the quantum fluctuations
associated with many types of inflationary scenarios [4].

Other PBH formation mechanisms include those associated
with cosmological phase transitions, topological defects or
an epoch of low pressure (soft equation of state) in the early
universe.

Evaporating PBHs are candidate gamma ray burst (GRB)
progenitors. Most GRBs are generally thought to be pro-
duced by the collapse of massive stars (long duration GRB-
s) or the merger of compact objects (short duration GRBs).
However, some short duration GRBs show behavior that
may point to a different origin. The spectra of some short
duration GRBs are harder than others, and some studies
have shown that the distribution of GRBs with durations
less than 100 ms is anisotropic [5]. These observations may
indicate a different origin for some fraction of the short
GRBs.

If some short GRBs do indeed have a PBH origin, then
their sources should be located within our Galaxy and their
TeV radiation should not be attenuated by interaction with
extra-galactic background photons. Thus, we expect to see
TeV gamma rays from PBH bursts. So far, observations
have not detected a TeV PBH burst.

Various direct and indirect search methods probe differ-
ent distance scales when setting PBH upper limits. Table 1
gives a summary of various search methods, distance scales
that they probe and current best limits. The upcoming High
Altitude Water Cherenkov (HAWC) observatory has the a-
bility to either detect a PBH burst or set stringent new limits
on the PBH burst rate. In this paper we present the sensi-
tivity of HAWC to PBH bursts according to the standard
model of Hawking radiation and particle physics.
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Distance Scale Limit Method
Cosmological Scale < 10−6 pc−3yr−1 (1)
Galactic Scale < 0.42 pc−3yr−1 (2)
Kiloparsec Scale < 0.0012 pc−3yr−1 (3)
Parsec Scale < 4.6×105 pc−3yr−1 (4)

Table 1: PBH Limits vary with distance scales: (1) from
100 MeV extragalactic γ-ray background assuming no clus-
tering [6, 1], (2) from 100 MeV anisotropy measuremen-
t [7], (3) from antiproton flux [8] and (4) from Very High
Energy (VHE) searches [9].

2 HAWC Observatory
HAWC is a very-high-energy observatory under construc-
tion at Sierra Negra, Mexico at an altitude of 4100m. It con-
sists of 300 water tanks with 4 photomultiplier tubes (PMT)
each and will detect Cherenkov light from secondary parti-
cles created in extensive air showers induced by very-high-
energy gamma rays in the energy range from 30 GeV to
100 TeV. HAWC has two data acquisition (DAQ) systems:
the main DAQ and the scaler DAQ. The main DAQ system
measures the arrival direction and energy of the high-energy
gamma rays by timing the arrival of particles on the ground.
The direction of the original primary particle may be re-
solved with an error between 0.1 and 2.0 degrees depend-
ing on its energy and location in the sky. The scaler DAQ
counts the number of hits in each PMT, allowing the search
for excesses over the background noise. HAWC has a large
field-of-view (1.8 sr or 1/7 th of the sky) and will have a
high duty cycle of greater than 90%. Thus HAWC should
be able to observe high-energy emission from gamma-ray
transients that extend beyond 30 GeV [10].

3 PBH Spectrum
The properties of the final burst of radiation from a PBH
depend on the physics governing the production and decay
of high-energy particles. As the black hole evaporates, it
loses mass and hence its temperature and the number of dis-
tinct particle species that it emits increase over its lifetime.
In the Standard Evaporation Model (SEM) [11, 12], a PBH
should emit those particles whose Compton wavelengths
are of the order of the black hole size. When the black hole
temperature exceeds the Quantum Chromodynamics (QCD)
confinement scale (250–300 MeV), quarks and gluons will
be directly emitted by the black hole [12, 6]. The quarks
and gluons should fragment and hadronize as they stream
away from the black hole, analogous to the jets seen in ac-
celerators [12, 3]. On astrophysical timescales, the jets will
decay into photons, neutrinos, electrons, positrons, protons
and anti-protons.

Detailed studies using the SEM to simulate the particle
spectra from black holes with temperatures of 1−100 GeV
have shown that the gamma-ray spectrum is dominated by
the photons produced by the decay of neutral pions in the
Hawking-emitted QCD jets and is broadly peaked at photon
energies of ∼100 MeV. The photons which are directly
Hawking-emitted and not the result of decays are visible as a
much smaller peak at a much higher photon energy [12]. As
the evaporation proceeds to higher temperatures, the greater
the number of fundamental particle degrees of freedom and
the faster and more powerful will be the final burst, with the
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Fig. 1: PBH Spectrum for various remaining lifetimes. The
black hole temperature at the start of observation is also
shown in parentheses.

details of the spectra differing according to the high energy
particle physics model. In this work, we will assume the
SEM as our particle physics and emission model.

The temperature (T ) of a black hole depends on the
remaining lifetime (τ) of the black hole (the time left until
the total evaporation is completed) as follows [13]:

T =

[
4.7×1011

(
1sec

τ

)]1/3

GeV. (1)

For black holes with temperatures greater than several GeVs
at the start of the observation, the time–integrated photon
flux can be parameterized as (for E >∼ 10 GeV) [13]

dN
dE
≈ 9×1035

{( 1GeV
T

)3/2( 1GeV
E

)3/2
, E < T( 1GeV

E

)3
, E ≥ T

(2)

where E, the gamma-ray photon energy, is measured in GeV.
Figure 1 shows the PBH spectrum for various remaining
lifetimes ranging from 0.001 seconds to 100 seconds.

4 Methodology
4.1 Detectable Volume Estimation
In order to calculate the PBH density upper limits, it is
essential to calculate the PBH detectable volume for a given
detector.

In general, the expected number of photons detectable by
an observatory on the ground from a PBH burst of duration
τ seconds at a distance r and zenith angle θ is

µ(r,θ ,τ) =
(1− f )
4πr2

∫ E2

E1

dN
dE

A(E,θ)dE (3)

where f is the dead time of the detector, dN/dE is the
gamma-ray emission spectrum integrated from remain-
ing time τ to 0. The values E1 and E2 correspond to the
lower and upper bounds of the energy range searched
and A(E,θ) is the effective area of the detector as a
function of photon energy and zenith angle. Typically
the function A(E,θ) is obtained from a simulation of



HAWC PBH Sensitivity
33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

the detector. For HAWC, we have parameterized the ef-
fective area for the four zenith angle bands as A(E) =
10a(logE)3+b(logE)2+c logE+d m2 and the parametrization pa-
rameters are given in Table 2. The minimum number of

Zenith Angle a b c d
0◦ - 26◦ (θ1) 0.1956 -2.6778 12.1899 -13.5000
26◦ - 37◦ (θ2) 0 -0.6966 6.0714 -8.2530
37◦ - 46◦ (θ3) 0 -0.7171 6.5935 -10.3238
46◦ - 53◦ (θ4) 0 -0.5981 6.2712 -11.5935

Table 2: Effective area parametrization parameters for
various zenith angle bands.

counts needed for a detection, µ◦(θi,τ), is estimated for
different burst durations by finding the number of counts
required over the background for a 5σ detection after trials
correction.

We have calculated the background rates (R(θi)) using
a Monte Carlo simulation. Using these background rates,
one can find the µ◦(θi,τ) values required for the 50%
probability of detecting a 5σ excess after a given number
of trials based on the Poisson distribution as follows.

We define a 5σ detection after correction for Nt trials
as requiring the number of counts n which would have a
Poisson probability P corresponding to a corrected p-value
pc given by

pc = po/Nt = P(≥ n|nbk) (4)

where p0 (= 2.3×10−7) is the p-value corresponding to 5σ

and nbk = τ ×R(θi) is the number of background counts
corresponding to various burst durations.

We then find the value of µ◦(θi,τ), the amount of expect-
ed signal which would satisfy this criterion 50% of the time.
One expects this to be roughly µ◦(θi,τ) = n− nbk; more
precisely, we find µ◦(τ) which makes the Poisson probabil-
ity P of finding at least n counts to be 50% according to the
relation

P(≥ n|nbk +µ◦(τ)) = 0.5. (5)

By substituting µ◦(θi,τ) values corresponding to various
burst durations into Equation 3 and solving for r, we
calculate the maximum distance from which a PBH burst
could be detected by the HAWC observatory for the four
zenith bands and for various burst durations,

rmax(θi,τ) =

√
(1− f )

4πµ◦(θi,τ)

∫ E2

E1

dN
dE

A(E,θi)dE. (6)

Denoting the field-of-view of the detector by

FOV(θi) = 2π(1− cosθi,max)sr, (7)

the detectable volume is then

V (τ) =∑
i

V (θi,τ) =
4
3

π ∑
i

r3
max(θi,τ)×

effFOV(θi)

4π
(8)

where θi refers to zenith angle band and θi,max corresponds
to the maximum zenith angle in band i. The effFOV is the
effective field-of-view for the given zenith angle band. We

calculate this by subtracting the FOV of the smaller band
from the larger band as shown below:

V (τ) =
1
3

[
r3

max(θ1,τ) ·FOV(θ1)

+r3
max(θ2,τ)[FOV(θ2)−FOV(θ1)]

+r3
max(θ3,τ)[FOV(θ3)−FOV(θ2)]

+r3
max(θ4,τ)[FOV(θ4)−FOV(θ3)]

]
(9)

4.2 Upper Limit Estimation
If PBHs are uniformly distributed in the solar neighborhood,
the X% confidence level upper limit (ULX ) to the rate
density of evaporating PBHs can be estimated as

ULX =
m

V ×P
(10)

if zero bursts are observed at the X% confidence level.
Here V is the effective detectable volume, P is the search
duration and m is the expected upper limit on the number
of PBH evaporations given that zero bursts are observed.
Note that PPoisson(0|n) = 1−X → m0e−m/0! = 1−X →
m =− ln(1−X)→m = ln(1/(1−X)). Thus for X = 99%,
the upper limit on the evaporating PBH rate density will be
(m = ln100≈ 4.6)

UL99 =
4.6

V ×P
. (11)

5 Results
Because we are seeking the sensitivity in the case where
there is no prior knowledge of the burst location, we need
to take into account the trials needed for the search. If we
divide the HAWC field of view, 1.8 sr, into bins of 0.70

radius, then there will be approximately 104 spatial bins
(trials) per time bin searched. The number of time bins
are estimated by dividing the total search period (5 years)
by the burst duration. This results in different numbers of
trials for different burst durations. Taking these different
trials factors into account we have calculated the µ◦(θi,τ)
values corresponding to burst durations ranging from 0.001
seconds to 100 seconds for various zenith angle bands. The
resulting values for µ◦(θi,τ) are given in the Table 3.

These µ◦(θi,τ) values are then inserted into the Equa-
tion 6 (with E1=50 GeV and E2=100 TeV) and the max-
imum distance at which PBH burst can be seen by the
HAWC observatory calculated. We have assumed negligi-
ble dead time for HAWC. From the rmax values and Equa-
tion 9, we calculate the effective detectable volume. The
resulting values for rmax and V are shown in Table 4.

Finally our 99% confidence level upper limits for a 5
year search period, calculated from Equation 11, are shown
in Figure 2.

6 Discussion
According to Figure 2, a null detection with the HAWC
Observatory will set upper limits which are approximately
two orders of magnitude better than upper limits set by any
previous PBH burst searches. The current upper limits based
on null detection are also shown in Figure 2 [9, 14, 15].

We note that the direct search limits on the rate density
of PBH bursts are weaker than that implied by the limit on
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Duration (s) Zenith Bk. Counts (nbk) µ◦(θi,τ)
0.001 θ1 0.0024 5.7
0.001 θ2 0.0012 4.7
0.001 θ3 0.0005 4.7
0.001 θ4 0.0002 3.7
0.01 θ1 0.0242 7.6
0.01 θ2 0.0115 6.7
0.01 θ3 0.0047 5.7
0.01 θ4 0.0016 5.7
0.1 θ1 0.242 12.4
0.1 θ2 0.115 10.6
0.1 θ3 0.047 8.6
0.1 θ4 0.016 6.7
1.0 θ1 2.42 22.2
1.0 θ2 1.15 17.5
1.0 θ3 0.47 14.2
1.0 θ4 0.16 10.5
10.0 θ1 24.2 51.5
10.0 θ2 11.5 38.2
10.0 θ3 4.7 28.0
10.0 θ4 1.6 20.1
100.0 θ1 242.0 140.7
100.0 θ2 115.0 100.7
100.0 θ3 47.0 67.7
100.0 θ4 16.0 43.7

Table 3: Counts needed over the background for a 5σ

detection with 50% probability for various burst durations.

the average cosmological density of PBHs derived from
the 100 MeV extragalactic gamma ray background [6, 16].
However, as cold dark matter candidates, PBHs should be
clustered in the Galaxy and so the local PBH rate density
should be enhanced by many orders of magnitude over
the average cosmological PBH density. Thus a substantial
number of PBHs that evaporate as GRBs may exist in
our Galaxy. If PBHs are clustered in our Galactic halo,
then they should also contribute an anisotropic Galactic
gamma-ray background, separable from the extragalactic
background. Wright claims that such a halo background
has been detected [7]. The direct search limits are also
weaker than that derived from the Galactic antiproton
background [8]. However the antiproton background limit
depends on the distribution of PBHs within the Galaxy and
the propagation of antiprotons through the Galaxy, as well
as the production and the propagation of the secondary
antiproton component which is produced by interactions of
cosmic-ray nuclei with the interstellar gas.

The HAWC observatory has the ability to directly detect
emission from nearby PBH bursts. This capability is scien-
tifically very important, given the large number of early uni-
verse theories that predict PBH formation and the uncertain-
ty in the degree to which PBHs may cluster locally. A con-
firmed direct detection of an evaporating PBH would pro-
vide unparalleled insight into high energy particle physics
and general relativity.

Burst Duration (s) rmax (pc) Effective Volume (pc3)
0.001 0.027 0.000010
0.01 0.041 0.000030
0.1 0.055 0.000070
1.0 0.067 0.00012
10.0 0.069 0.00011
100.0 0.06 0.000070

Table 4: The maximum detectable distance and the de-
tectable effective volume for various remaining PBH life-
times.
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Fig. 2: PBH Burst Rate Upper Limits from various experi-
ments [9, 14, 15].
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