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Primordial black hole evaporation 
searches with very-high-energy 
gamma-ray telescopes



Final Phase of PBH evaporation



Temperature and flux burst
✦For a PBH with mass  at birth, the lifetime is similar to the age of Universe 

• Evaporation is reaching explosion now!


✦Temperature  for the remaining lifetime  

• Exceeds 100 GeV at 


• Suitable target for very-high-energy (VHE; >100 GeV) gamma-ray telescopes


✦Smoking-gun evidence of PBH and Hawking radiation
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Temporal evolution of gamma-ray spectrum
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Radiation of various elementary particles

✦Heavier particles are radiated when the 
temperature becomes higher 

• Mass loss accelerates as degree of freedom 
increases

‣ Temperature dependence of mass-loss rate




✦Possible signature of unknown particles 
heavier than accelerator coverage observable
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Figure 5: The function ↵(MBH) in the Standard Evaporation Model. The asymptotic
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Very-high-energy gamma-ray 
telescopes 



Imaging Atmospheric 
Cherenkov Telescope (IACT)
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Extensive Air Shower (EAS) 
Array

H.E.S.S.

VERITAS

MAGIC

HAWC

LHAASO

Tibet AS γ



IACT technique
✦Cosmic gamma-ray triggers 

electromagnetic shower when it enters 
atmosphere 

✦Optical telescopes capture faint 
Cherenkov light from e± of EM shower on 
ground 

• Operable only during night
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γ 地球大気
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Arrival direction reconstruction

γ-ray source

Angular 
resolution 
~0.06°

✦Cherenkov photons (UV–optical) strike telescopes for 
~3 ns 

✦Cherenkov images captured by telescopes are 
elongated along the shower axis

Reconstruction of cosmic gamma rays



EAS technique
✦Particle detectors (e.g. 

water Cherenkov) directly 
capture secondary charged 
particles on ground 

• Operable regardless of 
sunlight and weather
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Detection techniques in 
ground-based 
gamma-ray astronomy 

[H. Schoorlemmer]

Source direction of a 
gamma ray can be 
reconstructed from the 
arrival time distribution

Angular resolution ~0.2°



IACT v.s. EAS Array
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IACT EAS

Observable energies Tens of GeV‒Tens of TeV Hundreds of GeV 
‒100 TeV

PBH search range ~1 pc ~0.25 pc

Field of view ~5° ~2 sr

Duty cycle A few tens of % ≳95%



Basic method of PBH search

✦PBH direction is unknown 

• Telescope cannot point to them


• Basically all data are usable 

✦Simple analysis idea 

• Bin observed data spatially and temporally


• Evaluate deviation of the gamma-ray counts 
from Poison distribution
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PBHの探索方法
u 方針: 同一方向から時間的に集中して到来するガンマ線を探索

1. 空間と時間を等間隔に分割し、3次元の直方体(探索窓)を作成
2. 探索窓の内部に入ったイベント数の分布を作成

3. 背景事象の分布から5!以上離れたイベントの有無を確認
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Preliminary

[S. Kanamori]



Previous studies



HAWC (A. Albert et al. 2019)
✦Data: 959 days in 2015–2018 
✦Sliding time-window method 

• Originally used for gamma-ray burst detection


• Divide data into 2.1°×2.1° spatial bins and 0.2-s/1-s/
10-s temporal bins


• Continuously search gamma-like event rate peak


✦For each found cluster, p-value under background-
only hypothesis is tagged 

✦TS is calculated scanning single parameter , PBH 
explosion rate

·ρ
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Figure 3. Distribution of the p-values of the histograms HPBH and Hmodel, as well as Hbkg and Hdata

(described in Sections 4.1 & 4.2), for all three remaining lifetimes in this search. HPBH corresponds to

a burst rate density of ⇢̇ = 104 pc�3 yr�1
. The vertical dashed black line indicates pthr, the passing

threshold for data inclusion in this analysis. Note that both the Hbkg & HPBH distributions were

drawn from a sample much larger than the duration of Hdata and were scaled to match this duration,

yielding smooth, well-behaved distributions.

clusters of events above the cosmic-ray rate and stores the probability of observing each cluster
of events under a background-only hypothesis. Events were required to have fired at least 70
PMTs and pass a loose hadron-rejection cut optimized for gamma-ray energies < 10 TeV. The
background, used herein to form Hbkg, is estimated using a 1.75 hour integration [38]. To
be computationally efficient, these p-values are saved only if they fall below a certain value.
This feature can be seen in the righthand edge of Hdata in Figure 3.

The search is performed by shifting each window forward in time and binning air shower
events during that window using a grid of 2.1

� ⇥ 2.1
� square spatial bins covering all points

within 50
� of detector zenith. The step size of each shift is less than the bin size to allow for

desired overlap. The size of the overlap is optimized to allow for fine tuning on the spatial
position of the events while avoiding strong correlations between pixels, and is a different
amount for each search duration. Points outside a zenith angle of 50

� are excluded from the

– 6 –

Model for 
·ρ = 104pc−3yr−1



H.E.S.S. (F. Aharonian et al. 2022)

✦Data: 4816 hours in 2004–2013 
✦Cluster search 

• Define both angular (spatial) and temporal distance between gamma-ray events


• Find event clustering using the OPTICS (Ordering Points To Identify the Clustering Structure) algorithm


• Maximal time duration: 120 s


✦Combine likelihood of all clusters
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(a) (b)

Figure 1: Calculation of the statistical background for 60-second clusters of b = 4 (a) and
b = 5 (b) photons. The photon list of a 28-minute H.E.S.S. run was time-scrambled 1000
times instead of the more usual 200 times. A Poisson law (dashed line) with an expected
mean value � equal to the measured value in the OFF data is superimposed.

Figure 2: Distribution of the mean number of 60-second clusters found in 1000-time ran-
domisation of a run (black dots). This distribution is fitted with a power-law with an expo-
nential cut o↵ (equation 4.1). The fitted distribution (black dashed line) is used to extrapolate
the expected number of OFF clusters for large sizes.

4.3 Statistical methods

A hypothetical PBH signal is discovered or constrained by comparing the observed data
to the expected background (hypothesis H0). The predicted flux depends on the unknown
number density of bursting PBH, ⇢PBH. If an evaporation signal exists in the data, both the
evaporation signal and the background will be observed (hypothesis H1). The PBH density
is estimated by maximizing a likelihood ratio with ⇢̇PBH as the only free parameter, following
the procedure of Feldman-Cousins [31]. The likelihood ratio is given by:

LH1

LH0

=
Y

i

P(ni

ON|� = n
i

OFF + n
i

sig
(b,�t, ⇢̇PBH))

P(ni

ON|� = n
i

OFF)
, (4.2)

where P is the Poisson probability, ni

sig
(b,�t, ⇢̇PBH) is defined in equation 3.7, ni

ON is the

number of clusters found in the data and n
i

OFF is the corresponding mean number of clusters
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Product for every found cluster i

Poisson

Background model

PBH signal model PBH explosion rate 
（Single parameter）



VERITAS (K. J. Pfrang 2022)
✦Data: 4222 hours in 2012–2021 
✦Search transients using Recurrent Neural 

Networks (RNN)  

• Pros

‣ Able to take complicated instrumental 

response into account flexibly


‣ Usable for transient phenomena other than 
PBHs


• Train RNN as it predicts background

‣ Evaluate difference from real data


• Input data of previous time period

‣ Enable to take time evolution of PBH signal 

into account
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�� � Deep-Learning-Based Transient Detection Method for VERITAS

the expected counts assuming no transient signal occurred. The hidden
state passes additional information about previous predictions from one
step to the next. This information helps to model also predictions with
trends spanning several steps.
In this thesis, we add a probabilistic layer to the background predictions.
We implement it with the TensorFlow Probability package. With this
addition, the network does not directly estimate the value for the back-
ground. Instead, it optimizes a probability distribution to describe the
input data. We use a normal distribution characterized by the mean and
uncertainty. With this approach, we directly have an estimate for the
uncertainty of the predicted counts. To evaluate the network, we sample
from the estimated distribution. This sampling can also be repeated
several times. The resulting predictions for the background counts varies
according to the scale of he distribution.
A transient signal T causes the observed number of ✏-like events to be
S = B + T. We can detect the transient source when S is significantly
higher than the expected background. We define a test statistic that is
sensitive to increased signals. A calibration pipeline converts it into a
statistical significance. We discuss more details below.
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Figure �.�: Schematic illustration of the RNN architecture implemented in trans_finder. The network utilizes an LSTM that consists
of an encoder and decoder phase with �enc and �dec steps, respectively. The RNN represents a time series with a total of �RNN steps.
During the encoder steps, the RNN calculates the hidden state. It carries encrypted information about the context of the background
data. The decoder is the period during which the method can detect a potential transient signal. We use the hidden state of the encoder
as input to the decoder. The RNN predicts the expected background counts B during the decoder sequence. We define a test statistic
(TS) from the estimated and measured counts S. The TS increases as the signal counts rise compared to the background. A calibration
pipeline transforms the TS into a statistical significance. Adapted from [���].

The RNN is used in various ways depending on the run phase. We
illustrate the analysis pipeline in Figure �.�. It is subdivided into three
main run phases, training, calibration, and inference. Each of these phases
employs actual observational data as input. In Chapter �, we implement
a tool that automatically assesses the data quality for VERITAS. We select
the suited data for each run phase with this python package. Each of
the phases requires a specific data preparation pipeline. For these, we
implement additional run phases prep_train, prep_calib, and prep_infer. The
general data pre-processing is common for all run phases. It generates the
time series �RNN that are the inputs to the RNN. The series’ main features



Results
✦No significant detection 
✦H.E.S.S.(2022) obtained upper limit as strong as HAWC  

• Despite HAWC has much wider FoV


✦Machine learning by VERITAS (2022) needs improvement
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Instrument Observation time Upper limit (99%) on 
explosion rate (pc-3 yr-1)

VERITAS (2017) 747 hours 2.2×104

VERITAS (2022) 4222 hours 1.1×105

H.E.S.S. (2022) 4816 hours 3.4×103

HAWC (2019) 2.6 years 3.4×103



Cherenkov Telescope Array 
(CTA)



Cherenkov Telescope Array (CTA)

North: La Palma, Spain

LST MST SST
Mirror 
diameter 23 m 11.5 m/9.7 m 4.3 m

Energy 
coverage 20 GeV‒3 TeV 80 GeV‒50 TeV 1 TeV‒300 TeV

FoV 4.5° 7.5‒7.7° 10.5°

LST

MST

MST

SST

MST 
 dual-mirrored  

Schwarzschild Couder  
telescope

LST

✦Next-generation VHE observatory 

• First LST is in operation now
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South: Paranal, Chile



✦Financially conservative 1st phase
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South (Chile)

North (Spain)

 
• LST: 4  
• MST: 9 (→15)

∼ 0.5 km2  
• LST: 0→2 (→4) 
• MST: 14 (→25) 
• SST: 37→42 (→70)

∼ 3 km2

“Alpha” Array Configuration



Construction status
✦CTA-North 

• LST-1 is in operation


• LST-2–4 will be built by 2025


• MST-1 will be built in 2024

‣ Construction is permitted 


‣ LST-2–4 cameras have been already integrated and 
are being tested in lab


✦CTA-South 

• Infrastructure is being constructed


• Budget for 2 LSTs is obtained from Italy


• First full camera (engineering model) of SST is 
being developed now
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Sensitivity and energy coverage of CTA

✦5–10 times more sensitive at TeV 
than current IACTs 

✦Energies for 4 decades in scope 

• Lower energy threshold :  
GeV→20 GeV


• Covers energy range 
corresponding to the PBH lifetime 
of ~days–months

‣ Observational strategy can be 

optimized?

∼ 50
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Current IACTs

CTA

HAWC (5 yr)
Fe
rm
i-LAT (10

 yr)



Angular resolution of CTA

✦Resolution: ~arcmin at 100 TeV 

• A few times better than current IACTs


• works complementarily to air-shower 
arrays
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Current IACTs

HAWC



Summary

✦PBH explosions are expected to be ongoing now for the initial mass  

✦Ground-based VHE gamma-ray telescopes search for burst-like signals 

✦Best upper limit is  

✦CTA, the next-generation observatory, will be an order of magnitude more sensitive than current 
IACTs 

✦Various analysis techniques are employed including machine learning, and still there is room for 
improvement 

✦Analysis technique and observational strategy should be optimized more

∼ 5 × 1014g

·ρ < 3.4 × 103pc−3yr−1
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Appendix



Upper limits on PBH dark-matter
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Figure 6: Upper limits on the present mass fraction of PBH as a function of the e↵ective
PBH mass. The initial mass distribution index � is varied between 2 and 3, giving the blue
exclusion region. The limit is compared to monochromatic gamma-ray limits compiled in
[37].
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