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Photons radiated from an evaporating black hole in principle provide complete information on the
particle spectrum of nature up to the Planck scale. If an evaporating black hole were to be observed,
it would open a unique window onto models beyond the Standard Model of particle physics. To
demonstrate this, we compute the limits that could be placed on the size of a dark sector. We find
that observation of an evaporating black hole at a distance of 0.01 parsecs could probe dark sector
models containing one or more copies of the Standard Model particles, with any mass scale up to
300 TeV.

Introduction – Determining the particle spec-
trum of nature is one of the fundamental goals of
physics. The last 120 years have seen a huge ad-
vance in our understanding of the elementary parti-
cles, from J.J. Thomson’s discovery of the electron in
1897 [1] to the discovery of the Higgs boson at CERN
in 2012 [2, 3], completing the Standard Model (SM)
of particle physics.

The last 100 years have also seen a huge ad-
vance in our understanding of black holes (BH), from
Schwarzschild [4] and Droste’s [5] exact solutions to
the Einstein field equations, which would prove to
describe the simplest black holes, in 1916 to the
2016 observation of gravitational waves from a bi-
nary black hole merger by the LIGO and Virgo Col-
laborations [6]. This was quickly followed by the first
direct image of a black hole by the Event Horizon
Telescope [7].

In 1974 Hawking [8, 9] combined arguments from
quantum mechanics and general relativity to predict
that black holes should radiate particles, so-called
Hawking radiation, and lose mass. The emission is
approximately black-body, with a temperature that
is inversely proportional to the black hole’s mass. As
the black hole radiates, it loses mass and heats up,
leading to a runaway evaporation process. While the
solar mass and supermassive black holes already ob-
served will not evaporate any time soon, primordial
black holes with masses around 1015 g, which may
have been produced in the early universe [10–33],
would be evaporating today (see, e.g., refs. [34–39]
for recent reviews of primordial black holes). Al-
though there is not yet any clear evidence of evap-
orating black holes (EBHs), they have been invoked
to explain, e.g., fast gamma ray bursts [40], antimat-
ter in cosmic rays [41–43], and the galactic gamma
ray background [44].

Evaporating black holes predominantly radiate all
elementary particles with a mass less than their tem-

perature. When the temperature rises above a parti-
cle mass threshold, a new radiation process becomes
unsuppressed, the black hole loses mass at a faster
rate, and the temperature increases at a faster rate.
This continues until the temperature reaches the
Planck scale, at which point quantum gravity effects
may become important. Since photons are massless
they are always emitted by evaporating black holes,
with an energy similar to the black hole tempera-
ture. In addition, other radiated particles may also
produce photons after their emission. In this way,
the photon signal from an evaporating black hole
encodes detailed information about the evaporation
rate and the complete particle spectrum.

Experiments such as the HAWC Observatory are
actively searching for evaporating black holes. In
this work we consider what information could be ob-
tained from an observation in practice, and the ex-
tent to which Beyond the Standard Model (BSM)
scenarios could be probed. As an illustrative sce-
nario we consider dark sector models. Dark sector
models are strongly motivated by the observation of
dark matter, but at present there are no known gen-
eral probes of the extent of the dark sector.

While the impact of non-Standard Model physics
on black hole evaporation has been discussed in
the literature, this has predominantly focused on
Hagedorn-type models [45], e.g. refs. [40, 46], which
have now been superseded by quantum chromody-
namics or BSM particle production, e.g. refs. [47–66].
To our knowledge, the impact of contemporary BSM
models on the observed signal from an evaporating
black hole is almost completely unexplored, with the
exception of ref. [67] which contains a limited anal-
ysis in the case of a single squark.

Formalism – We now discuss the theoretical
framework of BH evaporation, calculate the resulting
photon spectra, and provide relevant details of the
HAWC observatory (our example experiment) and
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FIG. 1. The primary (dashed) and secondary (solid) pho-
ton spectra at BH masses M = (1012, 1010, 108) g. In the
SM, this corresponds to τ = (5× 108, 4× 102, 4× 10−4) s
where τ is the remaining lifetime of the EBH.

the astrophysical gamma ray background.
BHs can be completely characterised by their

mass, charge and angular momentum. However,
EBHs radiate charge and angular momentum faster
than they radiate mass [68–73]. As such, we can
assume that EBHs, at the end of their lives, are
Schwarzschild black holes, which are uncharged and
non-rotating. Schwarzschild BHs are then com-
pletely characterised by their mass, M .

Working in units where ~ = c = κB = 1, the
temperature of a BH is given by [8, 9]

T =
1

8πGM
, (1)

where G is the gravitational constant. BHs heav-
ier than ∼ 10−8M� ∼ 1026 g are colder than the
CMB and are absorbing CMB photons, so are gain-
ing mass [74, 75]. Lighter BHs, on the other hand,
radiate particles of energy E at the rate [8, 9]

d2N i
p

dtdE
=
nidof Γi(M,E)

2π(eE/T ± 1)
, (2)

where nidof is the number of degrees of freedom of
particle i, + (−) corresponds to fermions (bosons)
and Γi(M,E) is a greybody factor that for a
Schwarzschild black hole depends on the spin and
energy of the radiated particle and on the mass of
the black hole. The greybody factor can be cal-
culated by solving a Schrödinger-like wave equation
and finding the transmission coefficient of the solu-
tion from the BH horizon to infinity. We take the val-
ues made publicly available in ref. [76]. For E � mi,
where mi is the mass of the radiated particle, Γi can
be written as a function of the dimensionless quan-
tity x = 8πGME. Although at E ∼ mi there is a

FIG. 2. The function α(M), which accounts for all di-
rectly emitted particle species, for the SM and two dark
sector models (see text for details). The SM particle
labels show the particles responsible for the thresholds.
Light quarks and gluons are only radiated above ΛQCD.

correction to this approximation [73], particles with
E ∼ mi only make up a small proportion of the radi-
ated particles and we neglect this effect. At E < mi,
Γi = 0. The greybody factor then only depends on
the particle spin and x. The primary photon spectra
for a range of BH masses are shown in fig. 1.

Conservation of energy implies that as the BH ra-
diates, it must lose mass. The BH mass evolves ac-
cording to [72]

dM

dt
= − α(M)

M2
, (3)

where

α(M) =M2
∑
i

∫ ∞
0

d2Np

dtdE
(M,E)E dE . (4)

and the sum is over all particle species. All funda-
mental degrees of freedom present in nature with a
de Broglie wavelength of the order of the black hole
size are radiated [77], so contribute to α(M). Note in
particular that α(M) is independent of the particle’s
non-gravitational interaction strengths. In fig. 2 we
show α(M) for the SM in blue.

Although EBHs emit all particles, only stable
particles can reach the earth to be observed, and
only uncharged particles will be unaffected by the
galaxy’s magnetic field. Here we will focus on the
photon spectrum of an EBH, which may be observed
by a gamma ray observatory.

Primary photons are radiated directly from the
EBH, according to eq. (2). The other particles which
are radiated may produce secondary photons, as fi-
nal state radiation or as the particles hadronise and
decay. The secondary photon spectrum is given by
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the sum of the primary spectra integrated against
the secondary spectrum of a primary particle i with
energy Ep, dN i→γ/dE,

d2Nγ
s

dtdE
=

∑
i6=γ

∫ ∞
0

d2N i
p

dtdEp
(M,Ep)

dN i→γ

dE
(Ep, E)dEp .

(5)

Computation of the secondary photon spectra is rel-
atively complex, particularly in the case of coloured
particles which hadronise. To calculate the sec-
ondary spectra we use the public code Pythia

8.3 [78]. The secondary photon spectra for several
BH masses are shown in fig. 1.

Once produced, these photons then travel to the
earth where they may be detected. The number of
photons reaching the earth per m2 will be reduced
by the geometric factor 1/4πr2, where r is the dis-
tance to the EBH. Although an EBH is yet to be
observed, we investigate what information could be
obtained if one were to be seen in a ground-based
gamma ray observatory. As an illustrative example
we take HAWC, the High Altitude Water Cherenkov
Experiment located in Mexico at an altitude of 4100
meters, which started running in 2015. For gamma
rays above 107 GeV, HAWC has an effective area of
∼ 105 m2, but this falls off sharply at lower energies;
at 100 GeV it is just ∼ 50 m2. The parameterisa-
tion of the effective area can be found in ref. [79].
Although we expect very few photons to be ob-
served above 105 GeV, we extrapolate the effective
area from 105 GeV to 107 GeV, with a constant ef-
fective area.

In addition to any photons from an EBH, HAWC
will observe photons from the astrophysical gamma
ray background. The Fermi-LAT collaboration has
measured the isotropic diffuse gamma ray back-
ground, and we use their model A parameterisa-
tion [80] to account for this. Due to HAWC’s good
angular resolution (better than 2 degrees at all en-
ergies), we expect less than one background event in
106 s of observation.
Probing the Dark Sector – To illustrate the

sensitivity of an observation to BSM physics, we take
the example of a dark sector (DS). As it is not known
whether the DS communicates with the SM via in-
teractions beyond the gravitational interaction, it
is very difficult to conclusively probe these models
in conventional dark matter experiments. However,
since Hawking radiation is independent of these cou-
plings, EBHs are uniquely placed to shine a light on
the DS.

The DS could be simply a single dark matter par-
ticle, DS(χ) where we take χ to be a Dirac fermion,

or could contain many more degrees of freedom, see
e.g., refs. [81–88]. For illustrative purposes we con-
sider models motivated by the Mirror Dark Mat-
ter [83] scenario, where the DS contains an exact
copy of the SM degrees of freedom which commu-
nicate with the SM only via small portal couplings.
Generalising [83], we will assume N copies of the
SM and take all particles in the dark sector to have
a common mass, ΛDS. We will denote these mod-
els DS(N,ΛDS). The function α for two benchmark
models are shown in fig. 2. The increase in α at
black hole masses ∼ 1010 (1012) g leads to an accel-
erated evaporation rate in the final ∼ 103 (109) s of
the BHs life. Since the DS particles will produce no
(or very few) secondary photons, this acceleration
will indicate the existence of the DS.

To distinguish SM evolution from BSM evolution
at the HAWC observatory, we integrate the total
photon spectra against the HAWC effective area over
all energies and over intervals in the remaining life-
time of the EBH, τ ,

Nj =
1

4πr2

∫ ∞
0

dE

∫ τj+1

τj

dτ
d2Nγ

p+s

dτdE
A(E, θ, τ) , (6)

where A(E, θ, τ) is the effective area at
zenith angle θ and time τ , and τj ∈
{10−4, 10−2, 100, 102, 104, 106}.1 While this ap-
proach does not make use of the photon energy
spectrum, we note that HAWC’s energy resolution is
relatively poor (∼ 50% for photons above 104 GeV).
It does however make good use of the timing
information, where HAWC has excellent resolution
(order 100 ps). To approximate the motion of the
EBH through the sky, we assume that the HAWC
detector lies on the equator of the earth (it in fact
lies at 19◦N) and that the EBH occurs on the
celestial equator. We also assume that the EBH
spends its final ∼ 3 hours in the primary zenith
angle band (−26◦ to 26◦). We model the prior
passage through the zenith bands given in [79] as
the earth rotates.

The integrated photon counts for the SM and two
benchmark DS models are shown in fig. 3, for an
EBH seen at a distance of 0.015 pc. We see that more
degrees of freedom lead to a lower photon count, due
to the accelerated evaporation rate. We also see that

1 We do not use times shorter than 10−4 s as below this time
the BHs may produce primary particles with E > 107 GeV,
and Pythia 8.3 only produces reliable results below E ∼
107 GeV. A further bin up to 108 s would contain significant
astrophysical background.
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FIG. 3. The total (solid) number of photons observed
in each time window for an EBH observed at 0.015 pc
for the SM and two dark sector models. The secondary
photon contribution is shown with a dashed line. The
error bars include statistical and 5% systematic errors.

a relatively light DS (ΛDS . 102 GeV) leads to a re-
duction in the spectrum at all times, while a heavier
DS (ΛDS ∼ 104 GeV) only alters the spectrum be-
low τ ∼ 102 s. This is because the EBH is only hot
enough to emit such heavy particles in its last 100 s.
Primary photons are seen to make up a significant
proportion of the observed photons at τ & 104 s, but
are a negligible contribution for τ . 102 s.

When an EBH is observed, however, its distance
from earth will be unknown. If the SM is assumed,
the total photon count can be used to determine the
distance. Since here we are constraining BSM mod-
els, we cannot make this assumption. Instead, we
characterise the event by the number of photons ob-
served between 10−4 and 106 s. We normalise the SM
and BSM spectra, such as those presented in fig. 3,
to yield this total photon count. We then perform a
chi-squared test between the expected observed spec-
trum (given by the SM) and the BSM spectra. We
add the statistical and systematic errors in each bin
in quadrature.

Figure 4 shows the expected 2σ limits that could
be placed on various DS models for different DS mass
scales and different systematic errors. The left axis
gives the total number of photons observed between
10−4 and 106 s, while the right axis gives the in-
ferred distance to the EBH assuming only the SM.
If the local EBH density is near the current upper
limit [89], the probability of HAWC observing at
least one event in the next five years at a distance
less than 0.05 (0.01) pc is ∼ 83% (1.4%).

We see that when there are more degrees of free-
dom in the DS, fewer photons are required to exclude
the model. DS(100) can be essentially excluded up to
105 GeV with just 100 photons, while DS(1) requires

FIG. 4. Projected 2σ exclusion limits for a range of dark
sector models, for different systematic errors. The search
assumes that a given total number of photons is observed
between 10−4 and 106 s, with a SM-like spectrum. The
distance to the EBH, assuming only the SM, is given by
the right axis.

∼ 104 photons to exclude mass scales . 3×105 GeV.
For a dark sector mass scale . 100 GeV, the new

radiation processes have fully opened by τ ∼ 106 s.
Since this is the total length of assumed observation
time, the search becomes independent of the mass
scale below ∼ 100 GeV. However, at mass scales
& 106 GeV, the search loses sensitivity since the EBH
only emits such high mass particles at τ . 10−4 s.

In the top half of the plot, so many photons are
received that the systematic error has a significant
impact on the limit. We see that σsyst. . 0.5% is
required to place limits on the DS(χ) model. In the
lower half of the plot, the exclusion limit is dom-
inated by statistical errors and the limit does not
significantly change for σsyst. . 5%.
Conclusions – The observation of an EBH can

place significant constraints on the number of ele-
mentary degrees of freedom present in nature. We
have exemplified this with a variety of dark sector
models, and found that the number of new degrees
of freedom below ∼ 3 × 105 GeV could conceivably
be limited to less than one copy of the SM degrees
of freedom in the near future.

The approach outlined here could readily be ex-
tended to further BSM models, in particular those
with large numbers of new degrees of freedom. Given
that such an observation can probe mass scales up
to ∼ 106 GeV,2 models which address the hierar-
chy problem, such as SUSY, composite Higgs mod-

2 While we have demonstrated sensitivity to models with
mass scales below ∼ 106 GeV, this limit is somewhat arti-
ficial and stems from our inability to accurately model the
secondary spectra above 107 GeV. The experimental tim-
ing resolution allows for measurement down to ∼ 100 ps, in
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els and NNaturalness [90], would be of particular
interest. Other interesting scenarios would be light
new physics sectors, where the non-gravitational in-
teraction strengths are typically very weak, or fur-
ther models with large numbers of new particles such
as extra dimensional models with towers of KK res-
onances or string theory (which often leads to an
abundance of light scalar particles). In contrast to
the dark sector models considered here, some of these
new particles will produce additional secondary pho-
tons, which may improve the sensitivity of both the
initial EBH search and the information that can be
extracted from the signal.

As a note of caution, the expected chance of ob-
serving an EBH in the near future remains uncer-
tain. While the probabilities given above assume
the upper limit of the local BH burst rate, limits
from galactic and extragalactic physics are signifi-
cantly stronger [44, 91, 92]. The situation remains
unclear as these limits depend sensitively on various
assumptions such as the degree of local clumping,
the production and propagation of anti-protons, and
the validity of the Standard Model.

However, as we have demonstrated, the informa-
tion obtained from an observation would be unique
and of fundamental importance. While we have con-
sidered five years of observation by the HAWC obser-
vatory, improved experiments such as LHAASO [93],
CTA [94] and SGSO[95] are already running or are
in development. The larger effective area of these
experiments significantly increases the potential ob-
servation rate, and improved energy resolution could
help determine the distance to an EBH even in
BSM scenarios. Furthermore, multiple experiments
could potentially observe the same event (at similar
or lower photon energies), and multi-messenger ap-
proaches could possibly see the event in other parti-
cles, such as neutrinos.
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principle probing masses up to ∼ 108 GeV (although the
photon count will continue to reduce in shorter time win-
dows).
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