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Dark Matter: Where to Look
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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Astrophysical searches probe across different mass scales
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Indirect Searches for Dark Matter

Astrophysical signal from annihilation or decay to standard model particles

χ

χ

SM

SM

SM = qq,  
W+W-, ZZ, l+l-,…

Standard model particles 
hadronize, decay, radiate

Gamma rays, neutrinos, p+/p-, e+/e-
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Weakly Interacting Massive Particles

Appealing to consider 
GeV-TeV mass, weakly-

interacting particle

“WIMP Miracle” 
⟨σv⟩ ~3x10-26 cm3s-1 

Feng 2010 arXiv:1003.0904
Mass scale of dark matter
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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Indirect Searches with Gamma Rays and Neutrinos

…or whatever…

χ

χ

SM

SM

SM = qq,  
W+W-, ZZ, l+l-,…

Standard model particles 
hadronize, decay, radiate

Gamma rays, neutrinos, p+/p-, e+/e-

Look for an excess above astrophysical backgrounds

IceCube Collaboration

𝛄s and 𝛎s point back to sources
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Gamma-ray Targets

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites Dark matter clumps

Galaxy clusters Isotropic contributions

Credit: M. Hütten
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Neutrino Targets

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites Dark matter clumps

Galaxy clusters Isotropic contributions

+ Sun + Earth
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Targets: Advantages and Disadvantages

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites 
🙂  Relatively close 

🙂  Low astrophysical background 
🙂  Modest angular extension 
🙁  Modestly high DM content

Dark matter clumps 
🙂  Relatively close 

🙂  Low astrophysical background 
🙂  Modest angular extension 

🙁  Very modest/uncertain DM content

Galaxy clusters 
🙂  High DM content 
🙁  Relatively distant 

🙁  Astrophysical background

Isotropic contributions 
(discuss later)

🙂  High DM content 
🙂  Close! 

🙁  Large angular extension 
🙁  Astrophysical background



9

More on Galactic Center

Bright in gamma rays! 
12 years of Fermi-LAT data, >1 GeV
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More on Galactic Center

Bright in gamma rays! 
9 years of H.E.S.S. data, >1 TeV
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More on Galactic Center
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• Resolved sources of gamma rays 
• Pulsar wind nebulae 
• Gamma-ray binaries 
• Supernova remnants/

molecular clouds 
• Pulsars 
• Fermi bubbles 
• TeV halos 

• Diffuse/isotropic emission 
• Cosmic ray/gas hadronic 

interactions 
• Interaction of cosmic rays 

with CMB & infrared/optical 
light via inverse Compton
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More on Dwarf (Spheroidal) GalaxiesX. FIGURES & TABLES

UMi
Leo IV

Her Sex

Seg 1UMa I

Dra

Com

Leo I

CMa

Wil 1

For

Sgr

Scl

CVn II

Seg 2

Car

Boo II
Leo II

Psc II

Boo III
CVn I

UMa II

Leo V
Boo I

FIG. 1. Known dwarf spheroidal satellite galaxies of the Milky Way overlaid on a Hammer-Aito↵
projection of a 4-year LAT counts map (E > 1 GeV). The 15 dwarf galaxies included in the
combined analysis are shown as filled circles, while additional dwarf galaxies are shown as open
circles.

32

• Milky Way satellites: nearby (~20-200 kpc) 
• Classic (thousands of bright stars) and Ultrafaint (tens of bright stars) 

• Multiple objects = less sensitivity to mis-modeling of single object 
• Many more expected with Vera Rubin Observatory 

• Large mass to light ratios: ~O(1000) M⊙/L⊙ 

• Low astrophysical background (no known gamma-ray emitters)  
• Modest angular extension
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Predicted Signal (Annihilation)

Page 11

Weakly Interacting Massive Particles (WIMPs)

Particle physics

: Differential spectrum of 
each annihilation channel
calculated with standard 
particle physics

Dark matter density
(Astrophysics)

Gamma-ray spectra of DM with MDM = 1 TeV.

WIMPs decay or annihilate into the standard model 
particles that produce gamma-ray lines or continuum.

d��

dE�
=

1

4⇡

< �v >

�m2
�

dN�

dE�

Z Z
⇢2dsd⌦

Cirelli et al. (2010)

Cirelli et al. 2011 arXiv:1012.4515

Mχ = 1 TeV

d2� (h�vi, J)
dEd⌦

=
1

4⇡

h�vi
2M2

�

X

f

BRf
dNf

dE

Z

l.o.s.
⇢2DM(r(s, ✓)) ds

<latexit sha1_base64="nMqvepWipMze6/paAigOik+yhfU="></latexit>

• Assuming branching ratio of 1 to a 
given final state 

• Spectral shape is a key input! 
• Continuum emission from χχ → 

quark pairs, lepton pairs, W+W-, 
ZZ 

• Cut-off at Mχ (assuming 
annihilation) 

• “Line” emission from χχ → γX, X 
= h, Z, γ

“Particle physics term”

https://arxiv.org/abs/1012.4515
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Predicted Signal (Annihilation)

http://tevcat.uchicago.edu

d2� (h�vi, J)
dEd⌦

=
1

4⇡

h�vi
2M2

�

X

f

BRf
dNf

dE

Z

l.o.s.
⇢2DM(r(s, ✓)) ds

<latexit sha1_base64="nMqvepWipMze6/paAigOik+yhfU="></latexit>

“Astrophysics term”

• J-factor depends on 
• Dark matter distribution in target 
• Distance to target 
• Instrument response (point spread function) 

• Significant source of uncertainty in extracted limits on ⟨σv⟩

J-factor
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Predicted Signal (Decay)

<latexit sha1_base64="LlseSSynqF/DVYF71/ZpuW52Qk0="></latexit>
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Note differences from flux for annihilation

Order of 𝝆DM affects target choice:  
galaxy clusters good targets for decay searches
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J-factor Calculations: Highly Non-Trivial

Kerszberg et al., in prep

Different calculations can yield very different results!

• Different choices for DM density profile, velocity anisotropy, light profile, 
consideration of systematics 

• Choice of stars to include has significant impact  
• Particularly for ultra faint systems with tens of stars

Example: dwarf spheroidal galaxies (Milky Way satellites)
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J-factor Calculations: Highly Non-Trivial

Cirelli et al. 2011 arXiv:1012.4515

Example: Galactic Center/Halo

• Profiles motivated by N-body 
simulations 

• Attempts to use observations of 
tidal streams to probe profiles 

• Assumed dark matter density 
profile strongly affects extracted 
upper limits on dark matter 
annihilation cross section 

https://arxiv.org/abs/1012.4515
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Detecting Gamma Rays

Fermi-LAT
• Energy range: 20 

MeV to 1 TeV 
• Large duty-cycle 
• Full-sky coverage

VERITAS

MAGIC

H.E.S.S.

HAWC

• Imaging Atmospheric Cherenkov 
Telescopes (IACTs) 
• E ~100 GeV to > 30 TeV 
• Precise energy & angular 

reconstruction 
• High sensitivity 
• Limited duty-cycle/FOV

• Water Cherenkov Technique 
• E ~1 - 100 TeV 
• Large duty-cycle 
• Large field of view

• Multiple detection methods 
• E ~ < 1 TeV - 1 PeV 
• Large duty-cycle 
• Large field of view

LHAASO
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Impact of differing sensitive energy ranges A dN/dE spectra1330

We show in this appendix the differential photon yield per DM annihilation in Fig. 4, as1331

computed by Cirelli et al. [52]. The computation of the photon yield includes electroweak1332

corrections of the final state products.1333

10�2 10�1 100 101 102 103 104 105
10�2

10�1

100

101

102

103

104

105

mDM = 10 GeV

mDM = 1 TeV

mDM = 100 TeV

bb̄
e+e�

µ+µ�

�+��

ZZ
W +W�

tt̄

Figure 4: Differential photon yield per DM annihilation into SM pairs bb̄ (blue), e+e�
(indigo), µ+µ� (light green), ⌧+⌧� (dark green), ZZ (orange), W+W� (magenta), and
tt̄ (red) for DM masses of 10 GeV (dotted), 1 TeV (dashed), and 100 TeV (solid). The
approximate energy ranges of the gamma-ray instruments using in this work (see Section 2)
are depicted at the top of the figure.

B J-factor distributions1334

We show in this appendix a comparison between the J-factors computed by Geringer-1335

Sameth et al. [54] (the GS set) and the ones computed by Bonnivard et al. [53, 55] (the1336

B set).1337

The GS J-factors are computed through a Jeans analysis of the kinematic stellar1338

data of the selected dSphs, assuming a dynamic equilibrium and a spherical symmetry1339

for the dSphs. In [54] the authors adopted the generalized DM density distribution,1340

known as Zhao-Hernquist and introduced in [76], which carries three additional index1341

parameters to describe the inner and outer slopes, and the break of the density profile.1342

Such a profile parametrization allows the reduction of the theoretical bias from the1343

choice of a specific radial dependency on the kinematic data. In addition, a constant1344

– 28 –
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Figure 4.3: An schematic of the detec-
tion of an EAS via IACTs and particle
detectors. Taken from [82]

[83]: Cao et al. (2019), “The large high al-
titude air shower observatory (LHAASO)
science book (2021 Edition)”

[84]: Jelley (1955), “Cerenkov radiation
and its applications”

[84]: Jelley (1955), “Cerenkov radiation
and its applications”

Shower Observatory (LHAASO)[83].

Indirect detection consists mostly in imaging atmospheric Cherenkov
techniques (IACTs), which uses the Cherenkov radiation produced during
the propagation of shower particles. Charged particles propagating faster
than light in a dielectric medium will cause the production of Cherenkov
radiation [84]. A schematic representation of IACT and direct detection
can be seen in Figure 4.2.

It should be noted that direct detectionmethods alsomake use of Cherenkov
radiation, but in this case the radiation is produced inside water tanks
instead of air.

4.1.1 Cherenkov radiation

When a charged particle travels in a dielectric medium with a refractive
index 𝑛 at a speed 𝑣 faster than the speed of light in the medium (𝑐/𝑛),

𝑣 > 𝑐𝑛 ⇔ 𝛽𝑛 > 1 (4.1)

where 𝛽 = 𝑣/𝑐, it emits light with UV/optical frequencies. This process
is known as Cherenkov radiation. Following the work in [84], we can
observe from Equation 4.1 that this condition imposes a threshold on the
energy of the particle. We can calculate the threshold energy 𝐸𝑚𝑖𝑛 recalling
the relativistic kinetic energy of a particle of rest mass 𝑚, 𝐸 = 𝛾𝑚𝑐2 − 𝑚𝑐2,
where 𝛾 is the Lorentz factor of the particle, 𝛾 = 1/√(1 − 𝛽2), finding

𝐸𝑚𝑖𝑛 = 𝑚𝑐2 [ 𝑛√(𝑛2 − 1) − 1] . (4.2)

PoS(ICRC2019)785
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• Excess observed at high 
significance in Fermi-LAT 
diffuse emission towards 
Galactic Center 

• Significant backgrounds: 
dominated by hadronic 
interactions + bremsstrahlung, 
inverse Compton scattering 

• Spectrum and morphology 
have been studied by many 
groups models. The normalization of some of the templates is either

over- or underestimated to compensate for such defects, and
other templates’ normalization in turn may react to this.

Our fitting strategy differs from previous examples in the
literature (e.g., Calore et al. 2015; Ajello et al. 2016). We
summarize below the main distinctive features:

1. We fit the various emission templates independently in
fine energy bins; this enables us to mitigate the impact on
the results of several assumptions related to modeling
background/foreground emission. We reiterate that the
spectra of the various components, e.g., Figure 1, show
that our procedure results in stable and physically
plausible spectra.

2. We perform an all-sky fit of all the component templates
simultaneously; this provides us with a fast and simple
procedure, which can also be consistently applied to other
regions in the sky as a control sample to assess systematic
uncertainties related to the GC results (Section 9). We
characterize the impact of the analysis region choice on
the excess spectrum in Section 3.2.

2.4. Results from the Analysis with the Sample Model

The spectra of the components of the Sample Model fitted to
the all-sky data are shown in Figure 1. The GC excess spectrum
peaks around 3 GeV and extends up to about 100 GeV. The
corresponding data maps, total model maps, and fractional
residuals summed over several energy bins are shown in
Figure 2. Although the Sample Model approximately repro-
duces the data, many excesses are evident. There is a clear
residual associated with Loop I at energies below a few GeV in
spite of including the geometrical template in the Sample
Model. There are also residuals associated with substructures
inside the Fermi bubbles. Furthermore, many excesses are seen
along the GP. In Figure 3 we show the GC excess modeled by

the gNFW annihilation template added back to the residual
summed over energy bins between 1.1 and 6.5 GeV.
The analysis with the Sample Model also serves to confirm

through inspection of the likelihood Hessian matrix that the
large number of degrees of freedom does not create degeneracy
between the model components, i.e., there is enough informa-
tion in the gamma-ray data to separate them. However, some of
the components that would be assigned negative fluxes are set
to zero. As discussed before, this is most likely due to
imperfections or incompleteness of the model. Although the
procedure results in stable and physically plausible spectra for
most of the various components, in a few instances this is not
the case (e.g., in the Sample Model, for the gas rings between
1.5 and 3.5 kpc, the reason for which is discussed later in
Section 4.3). This has limited impact on the determination of
the GC excess properties, as the overall fore/background
model is physically sound (Figure 1).

3. Uncertainties from the Analysis Setup

This section is dedicated to assessing the impact on the results
of some key aspects of the analysis procedure, namely, the
selection of the data sample and of the region of interest (ROI).

3.1. Data Set Selection

We start by testing the systematic uncertainty related to
selection of the data sample. As an alternative to the sample
analysis we use the Clean event class (P8R2_CLEAN_V6
instrument response functions) with a selection on zenith
<100°. By considering the Clean class instead of the
UltraCleanVeto, we estimate the magnitude of the residual
CR contamination, which is larger for Clean class events
compared to the UltraCleanVeto events. By using a larger
zenith angle cut, we estimate a possible effect of emission from
the Earth limb at ∼112°. In general, residual Earth limb

Figure 1. Flux of the components of the Sample Model (2.2) fitted to the all-sky data. Some templates are summed together in several groups for presentation.“π0 +
brems” includes the hadronic and bremsstrahlung components. “ICS” includes the three IC templates corresponding to the three radiation fields. “Other” includes
Loop I, Sun, Moon, and extended sources. GC excess is modeled by the gNFW template with index γ=1.25. Left: flux of the components integrated over the whole
sky except for the PS mask. Right: flux of the components integrated inside 10° radius from the GC; the model is the same as in the left panel, with the only difference
being the area of integration for the flux. The bubbles are not present in the right panel, since the Sample Model includes the bubble template defined at
latitudes b 10 .> ∣ ∣
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Linden 2011; Gordon & Macías 2013; Hooper & Slatyer 2013;
Abazajian et al. 2014; Calore et al. 2015; Daylan et al. 2016).

We used DM annihilation spectra for a variety of DM
masses and two representative DM annihilation channels, bb̄
and τ+τ−, to model the GC excess spectrum that we found
using our Sample Model (see Appendix C.1 for details). To
estimate the uncertainty level of the DM-like signal, we repeat
the analysis by placing the gNFW template at different
locations along the GP instead of the GC. Since we compare
fits from many regions across the GP with varying levels of
γ-ray intensity, we quantify the best-fit DM component as a
fraction of the effective background:

f
N

b
, 7sig

eff
= ( )

where Nsig is the number of signal counts integrated over the
energy bins and beff is the “number of counts” in the effective
background. If the signal were localized in a small region on
the sky with expected intensity much smaller than the
background intensity, then the statistical variance of the signal
measurement would be proportional to the number of back-
ground counts in that region. In general, for a signal that covers

Figure 18. Latitude and longitude profiles of the bubble-like component (the medium component in Figure 11). The normalization corresponds to the intensity of this
component at 2 GeV.

Figure 19. Latitude and longitude profiles of the MSP-like component (the hard component in Figure 11). The normalization corresponds to the intensity of this
component at 2 GeV.

Figure 20. Solid blue line: radial profile as a function of distance from the GC for
the total gamma-ray data at 2 GeV with bright PSs masked. Squares: radial profile
of the MSP-like spectral component (the hard component in Figure 11). Dashed
red line: GC excess in the Sample Model modeled by the gNFW profile
(γ=1.25). Dot-dashed magenta line: GC excess profile in the Sample Model with
the NFW profile (γ=1) replacing the gNFW profile. Yellow band: expectation
for a population of MSPs in the Galactic bulge from disrupted globular clusters
(Brandt & Kocsis 2015). All values correspond to intensity at 2 GeV.
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Figure 4
Regions of the parameter space compatible with a dark matter interpretation of the Galactic center excess (contours and points with
error bars). Data from Gordon & Macias (9), Abazajian et al. (10), Daylan et al. (11), Calore et al. (12), Abazajian & Keeley (55), and
Karwin et al. (27) (all corresponding to 2σ , except for References 10 and 55). These are compared with the thermal relic annihilation
cross section (gray dotted line) (56) and with the constraints from dwarf spheroidal galaxies (solid brown line) (54). The tan band illustrates
variations on the dwarf spheroidal constraints by a factor of two (57, 58) related to the assumptions for their dark matter halos, but
larger variations that weaken the constraints up to a factor of seven are also possible (59). Abbreviation: MW,Milky Way.

that are out of reach for direct detection and collider searches. Although the center of the Galaxy
is predicted to be the brightest for a DM annihilation signal, other targets might provide more
reliable detections because they are less susceptible to the limitations in modeling of the IE (for a
recent review, see 49; see also 50–52).Dwarf spheroidal galaxies belong to this category and are ar-
guably the most promising targets for these searches. They are the largest DM clumps predicted
by cold DM N-body simulations of galaxy formation. As they contain stars, they are observed
optically. These systems are not expected to emit γ -rays through conventional astrophysical pro-
cesses. In addition, the determination of the J-factor for dwarf spheroidals is less dependent on
the choice of the DM density profile because it is integrated over the entire volume of the dwarf
spheroidal DM halo, unlike for the GC,where changes in slope can significantly alter the J-factor.
To date, there is no confirmed detection of dwarf spheroidal galaxies in γ -rays.4 Constraints based
on these observations have produced the most robust limits on the DM annihilation cross section
to date. The most recent limits are shown by the solid brown line in Figure 4. Constraints have
been determined for several possible annihilation final states, and those shown in Figure 4 assume
DM annihilating into bottom quarks (54).

4Tentative detections of dwarf spheroidal galaxies with Fermi–LAT have been claimed (53, 54); however, the
detection is faint and is sensitive to the IEM.

www.annualreviews.org • Galactic Center Excess 469

• Galactic Center excess consistent with a dark matter signal  
• In mild tension with limits from other dark matter searches 

• Modeling of interstellar emission has large uncertainties 

• Signal consistent with other explanations 
• Population of millisecond pulsars

https://doi.org/10.1146/
annurev-nucl-101916-123029

https://doi.org/10.1146/annurev-nucl-101916-123029
https://doi.org/10.1146/annurev-nucl-101916-123029
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FIG. 1. Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right
panel) channels derived from the H.E.S.S. observations taken from 2014 to 2020. The constraints are expressed as 95% C. L.
upper limits including the systematic uncertainty on h�vi as a function of the DM mass mDM. The observed limit is shown
as black solid line. The mean expected limit (black dashed line) together with the 68% (green band) and 95% (yellow band)
C.L. statistical containment bands are shown. The mean expected upper limit without systematic uncertainty is also shown
(red dashed line). The horizontal grey long-dashed line is set to the value of the natural scale expected for the thermal-relic
WIMPs. The constraints obtained in the bb̄, tt̄, ZZ, hh, µ+µ� and e+e� channels are given in Fig. 3 of Ref. [15].
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NON,ij and NOFF,ij are the number of measured events in
the ON and OFF regions, respectively, in the spectral bin
i and in the spatial bin j. NB

ij
is the expected number of

background events in the (i, j) bin for the ON and OFF
regions. NS

ij
and NS

0

ij
are the total number of DM events

in the (i, j) bin for the ON and OFF regions, respectively.
It is obtained by folding the expected DM flux given in
Eq.(1) with the energy-dependent acceptance and energy
resolution. The gamma-ray yield dNf

�
/dE� in the chan-

nel f is computed with the Monte Carlo event collision
generator PYTHIAv8.135, including final state radiative
corrections [27]. The J-factor values of each ROI are re-
ported in Tab. III of Ref. [15]. NS

ij
+NB

ij
is the total num-

ber of events in the spatial bin j and spectral bin i. The
systematic uncertainty can be accounted for in the like-
lihood function as a Gaussian nuisance parameter where
�ij acts as a normalisation factor and ��ij

is the width of

1
Estimates of the local DM density show an uncertainty of about

a factor of 2 [18].

the Gaussian function (see, for instance, Refs. [28–30]).
�ij is found by maximizing the likelihood function such
that dLij/d�ij ⌘ 0. A value of 1% for ��ij

is used [15].
In case of no significant excess in the ROIs, con-

straints on h�vi are obtained from the log-likelihood ra-
tio TS described in Ref. [31] assuming a positive signal
h�vi > 0 [15]. We used the high statistics limit in which
the TS follows a �2 distribution with one degree of free-
dom. Values of h�vi for which TS is higher than 2.71 are
excluded at the 95% confidence level (C.L.).

RESULTS

We find no significant excess in any of the ON regions
with respect to the OFF regions. An analysis crosscheck
performed using independent event calibration and re-
construction [32] corroborates the absence of significant
excess. Hence, we derive 95% C.L. upper limits on h�vi.
We explore the self-annihilation of WIMPs with masses
from 200 GeV up to 70 TeV, into the quark (bb̄, tt̄), gauge
bosons (W+W�, ZZ), lepton (e+e�, µ+µ�, ⌧+⌧�) and

arXiv:2207.10471

12

FIG. 3. Significance map of the residuals in Galactic coordinates in three energy bands. The grey-shaded region corresponds
to the set of masks used in this analysis to avoid astrophysical background contamination from the VHE sources in the ROIs.
The black triangle shows the position of the supermassive black hole Sagittarius A*.

FIG. 4. Left panel: J-factor map for the Einasto profile in Galactic coordinates. The J-factor values are integrated in
pixels of 0.02�⇥0.02� size. The grey-shaded region corresponds to the set of masks used in this analysis to avoid astrophysical
background contamination from the VHE sources in the ROIs. The black triangle shows the position of the supermassive black
hole Sagittarius A*. Rigth panel: Background determination method in Galactic coordinates. Two IGS pointing positions are
marked with black crosses. J-factor values are displayed for the ROI 7 and 13, respectively, together with those obtained in
the corresponding OFF regions. In addition, the J-factor values for ROI 25 and its corresponding OFF region with respect to
the pointing position 2-5 are shown. The masked regions are excluded similarly in the ON and OFF regions such that these
regions keep the same solid angle size and acceptance. The black triangle shows the position of the supermassive black hole
Sagittarius A*.

Figure 5 shows the energy-di↵erential annihilation spectrum in the W+W� channel convolved with the H.E.S.S.
acceptance and energy resolution expected for the self-annihilation of DM with mass mDM = 0.98 TeV and h�vi =
3.8 ⇥ 10�26 cm3s�1 for individual ROIs as well as for the combination of all ROIs. Overlaid are the corresponding
ON and OFF energy-di↵erential spectra convolved with the H.E.S.S. energy-dependent acceptance (Ae↵) and energy
resolution.

In Fig. 6 are plotted the energy-di↵erential flux for ON and OFF regions for individual ROIs as well as for the
combination of all ROIs. The steep spectrum of the residual background is mainly due to the dominant contribution
of misidentified cosmic-rays. Fig. 7 shows the background-subtracted energy-di↵erential flux, convolved with the
H.E.S.S. response, for di↵erent combinations of the ROIs as explained in the caption.

• H.E.S.S. location → good visibility for Galactic 
Center 

• Deep survey observations of inner region of Galactic 
halo (546 hours, 5 telescopes) 

• Exclude Galactic plane and known gamma-ray 
emitters Probe below thermal relic density 

for annihilation to τ+τ-

𝞬
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FIG. 1. Constraints on the velocity-weighted annihilation cross section h�vi for the W+W� (left panel) and ⌧+⌧� (right
panel) channels derived from the H.E.S.S. observations taken from 2014 to 2020. The constraints are expressed as 95% C. L.
upper limits including the systematic uncertainty on h�vi as a function of the DM mass mDM. The observed limit is shown
as black solid line. The mean expected limit (black dashed line) together with the 68% (green band) and 95% (yellow band)
C.L. statistical containment bands are shown. The mean expected upper limit without systematic uncertainty is also shown
(red dashed line). The horizontal grey long-dashed line is set to the value of the natural scale expected for the thermal-relic
WIMPs. The constraints obtained in the bb̄, tt̄, ZZ, hh, µ+µ� and e+e� channels are given in Fig. 3 of Ref. [15].
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the Gaussian function (see, for instance, Refs. [28–30]).
�ij is found by maximizing the likelihood function such
that dLij/d�ij ⌘ 0. A value of 1% for ��ij

is used [15].
In case of no significant excess in the ROIs, con-

straints on h�vi are obtained from the log-likelihood ra-
tio TS described in Ref. [31] assuming a positive signal
h�vi > 0 [15]. We used the high statistics limit in which
the TS follows a �2 distribution with one degree of free-
dom. Values of h�vi for which TS is higher than 2.71 are
excluded at the 95% confidence level (C.L.).

RESULTS

We find no significant excess in any of the ON regions
with respect to the OFF regions. An analysis crosscheck
performed using independent event calibration and re-
construction [32] corroborates the absence of significant
excess. Hence, we derive 95% C.L. upper limits on h�vi.
We explore the self-annihilation of WIMPs with masses
from 200 GeV up to 70 TeV, into the quark (bb̄, tt̄), gauge
bosons (W+W�, ZZ), lepton (e+e�, µ+µ�, ⌧+⌧�) and
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FIG. 3. Significance map of the residuals in Galactic coordinates in three energy bands. The grey-shaded region corresponds
to the set of masks used in this analysis to avoid astrophysical background contamination from the VHE sources in the ROIs.
The black triangle shows the position of the supermassive black hole Sagittarius A*.

FIG. 4. Left panel: J-factor map for the Einasto profile in Galactic coordinates. The J-factor values are integrated in
pixels of 0.02�⇥0.02� size. The grey-shaded region corresponds to the set of masks used in this analysis to avoid astrophysical
background contamination from the VHE sources in the ROIs. The black triangle shows the position of the supermassive black
hole Sagittarius A*. Rigth panel: Background determination method in Galactic coordinates. Two IGS pointing positions are
marked with black crosses. J-factor values are displayed for the ROI 7 and 13, respectively, together with those obtained in
the corresponding OFF regions. In addition, the J-factor values for ROI 25 and its corresponding OFF region with respect to
the pointing position 2-5 are shown. The masked regions are excluded similarly in the ON and OFF regions such that these
regions keep the same solid angle size and acceptance. The black triangle shows the position of the supermassive black hole
Sagittarius A*.

Figure 5 shows the energy-di↵erential annihilation spectrum in the W+W� channel convolved with the H.E.S.S.
acceptance and energy resolution expected for the self-annihilation of DM with mass mDM = 0.98 TeV and h�vi =
3.8 ⇥ 10�26 cm3s�1 for individual ROIs as well as for the combination of all ROIs. Overlaid are the corresponding
ON and OFF energy-di↵erential spectra convolved with the H.E.S.S. energy-dependent acceptance (Ae↵) and energy
resolution.

In Fig. 6 are plotted the energy-di↵erential flux for ON and OFF regions for individual ROIs as well as for the
combination of all ROIs. The steep spectrum of the residual background is mainly due to the dominant contribution
of misidentified cosmic-rays. Fig. 7 shows the background-subtracted energy-di↵erential flux, convolved with the
H.E.S.S. response, for di↵erent combinations of the ROIs as explained in the caption.

• H.E.S.S. location → good visibility for Galactic 
Center 

• Deep survey observations of inner region of Galactic 
halo (546 hours, 5 telescopes) 

• Exclude Galactic plane and known gamma-ray 
emitters Probe below thermal relic density 

for annihilation to τ+τ-

6

FIG. 2. Left panel: Impact of the DM density distribution on the constraints on the velocity-weighted annihilation cross
section h�vi. The constraints expressed in terms of 95% C. L. upper limits including the systematic uncertainty, are shown as a
function of the DM mass mDM in the W+W� channel for the Einasto profile (black line), another parametrization of the Einasto
profile [27] referred as to Einasto 2 (red line), and the NFW profile (pink line), respectively. Right panel: Comparison of present
constraints in the W+W� channel with the previous published H.E.S.S. limits from 254 hours of observations of the GC [13]
(orange line), the limits from the observation of the GC with HAWC [33] (purple line), the limits from the observations of 15
dwarf galaxy satellites of the Milky Way by the Fermi satellite [34] (grey line), the limits from the cosmic microwave background
with PLANCK [2] (red line). The limits from the observation of the GC with the Fermi satellite in the bb̄ channel [35] are also
shown (violet line). The Einasto profile is used for GC observations.
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FIG. 2: Constraints on the flux � (left panel) and on the velocity-weighted annihilation cross section h�vi (right panel) for
the prompt annihilation into two photons derived from H.E.S.S. observations taken over ten years (254 h of live time) of the
inner 300 pc of the GC region. The constraints are expressed in terms of 95% C. L. upper limits as a function of the DM mass
mDM for the Einasto profile. The observed limits are shown as red dots. Expected limits are computed from 1000 Poisson
realizations of the expected background derived from blank-field observations at high Galactic latitudes. The mean expected
limit (black solid line) together with the 68% (green band) and 95% (yellow band) C. L. containment bands are shown. The
bands include the statistical and the systematic uncertainties. The observed limits derived in the analysis of four years (112
h of live time) of GC observations by H.E.S.S. [13] are shown as blue squares, together with the mean expected limit (blue
solid line) and the 68% containment band (blue shaded area) in the left panel. The natural scale for monochromatic �-ray line
signal is highlighted as a grey-shaded area in the right panel.

over the strongest constraints so far from 112 hours of
H.E.S.S. observations towards the GC region in the TeV
mass range [13]. The new constraints cover a DM mass
range from 300 GeV up to 70 TeV. They provide a signifi-
cant mass range overlap with the Fermi-LAT constraints.
They surpass the Fermi-LAT limits by a factor of about
four for a DM mass of 300 GeV [35].

Despite the gain in sensitivity, our upper limits are
still larger than the typical cross sections for thermal
WIMPs at h�vi ⇠ 10�29cm3s�1 expected for supersym-
metric neutralinos [8]. However, there are several WIMP
models which predict larger cross sections. While being
not thermally produced, they still produce the right relic
DM density. Among the wide class of heavy WIMP mod-
els, those with enhanced �-ray lines (see, for instance,
Ref. [38]) are in general strongly constrained by the re-
sults presented here. The present results can be applied
to models with wider lines while dedicated analyses tak-
ing into account the intrinsic line shapes are required.
They include models with �-ray boxes [39], scalar [40]
and Dirac [41] DM models, as well as the canonical Ma-
jorana DM triplet fermion known as the Wino in Super-
symmetry [42].

The limits obtained by H.E.S.S. in this work are com-
plementary to the ones obtained from direct detection
and collider production (i.e., LHC) searches. While the

latter ones are powerful techniques to look for DM of
masses of up to about hundred GeV, the indirect de-
tection with �-rays carried out with Fermi-LAT satellite
and ground-based Cherenkov telescopes is the most pow-
erful approach to probe DM in the higher mass regime,
as shown from several studies developed in the frame-
work of e↵ective field theory [43] and, more recently, us-
ing the simplified-model approaches (see, for instance,
Ref. [44]). Observations with ground-based Cherenkov
telescopes such as H.E.S.S. are unique to probe multi-
TeV DM through the detection of �-ray lines.

The upcoming searches with H.E.S.S. towards the in-
ner Galactic halo will exploit additional observations in-
cluding the fifth telescope at the center of the array. Since
2014, a survey of the inner galaxy is carried out with the
H.E.S.S. instrument focusing in the inner 5� of the GC.
This survey will allow us to probe a larger source region
of DM annihilations and alleviate the impact of the un-
certainty of the DM distribution in the inner kpc of the
Milky Way on the sensitivity to DM annihilations. A
limited dataset (⇠15 hours) of this survey using 2014 ob-
servations with the fifth telescope only was used to con-
strain the presence of a 130 GeV DM line in the vicinity
of the GC [45]. Observations including the fifth telescope
will allow us to probe DM lines down to 100 GeV. In ad-
dition, a higher fraction of stereo events in the energy
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FIG. 3: Comparison of constraints for prompt annihilation
into two photons obtained by H.E.S.S. for the Einasto (red
dots) and NFW (cyan dots) profiles, respectively, with the
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LAT [35] (black triangles) as well as the limits from 157 hours
of MAGIC observations of the dwarf galaxy Segue 1 [36]
(green triangles). The grey-shaded area shows the natural
scale for a monochromatic �-ray line signal.

range from hundred to several hundred GeV is expected
from the increased number of stereo triggers between the
fifth telescope and one of the recently-upgraded smaller
telescopes. Beyond the sensitivity improvement expected
from increased photon statistics, the inner galaxy survey
will provide a larger fraction of photons in regions of de-
void of known standard astrophysical emissions, therefore
of prime interest for DM searches. Within the next few
years DM searches with H.E.S.S. will enable an even more
in-depth exploration of the WIMP paradigm for DM par-
ticles in the hundred GeV to ten TeV mass range.
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FIG. 4. Upper limits (solid line) and sensitivity (dotted line)
at 90% C.L. on the thermally averaged self-annihilation cross-
section of the ⌫e⌫e channel and NFW profile (top) and Burk-
ert profile (bottom) as function of the dark matter mass to-
gether with the 1� (green) and 2� (yellow) containment bands
for the expected sensitivity.

Similar results are obtained for the practically identical
signals from the two other neutrino flavors, as shown in
tables I to III in the Appendix.

Results on DM decays for the same ⌫e⌫e neutrino chan-
nel are summarized in Fig. 5. Because it is the same
dataset that is analyzed, limits are again less stringent
than the expected sensitivity at energies around 1 TeV
and the local signal significance reach modest values
around 2.3� (p-value of ⇠ 1%).

Fig. 6 shows the results of dark matter annihilating
(left) and decaying (right) to neutrinos (the average limit
over the three neutrino flavor channels) in comparison
with other neutrino experiments.

In the annihilation mode there is a notable improve-
ment of ⇠ O(10) for masses above 100 GeV when com-

FIG. 5. Lower limits (solid line) and sensitivity (dotted line)
at 90% C.L. on the decaying dark matter lifetime ⌧� of the
⌫e⌫e channel for NFW profile (top) and Burkert profile (bot-
tom) as function of the dark matter mass together with the 1�
(green) and 2� (yellow) containment bands for the expected
sensitivity.

pared to IceCube’s previous results using a similar event
selection and one year of IceCube data [7]. This signif-
icant improvement is realized by considering both the
angular and energy information of the neutrino events
together with additional years of data.

There is still room for further improvement of these
limits in the near future. First of all, more years of
data are available and will improve IceCube’s sensivity
to dark matter. In addition, recent technical improve-
ments within the collaboration, such as better cascade
energy and directional reconstructions using Deep Neu-
ral Networks [47] together with a better understanding
and modeling of the ice properties and calibration of the
photo-detector response functions, will improve the en-
ergy resolution making it more sensitive to dark matter

13

FIG. 6. Left: Limits on the thermally averaged cross-section for the average ⌫⌫ channels compared to previous IceCube
results [7, 28] as well as Super-Kamiokande [48] and ANTARES [49]. Right: Limits on the decaying lifetime for the average ⌫⌫
channels compared also to previous IceCube limits [50, 51].

FIG. 7. Left: Same as Fig. 4, but for ⌧+⌧� annihilation channel and Burkert profile. Right: Lower limits, and sensitivity, on
the decaying lifetime for W+W� and NFW profile.
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FIG. 4. Upper limits (solid line) and sensitivity (dotted line)
at 90% C.L. on the thermally averaged self-annihilation cross-
section of the ⌫e⌫e channel and NFW profile (top) and Burk-
ert profile (bottom) as function of the dark matter mass to-
gether with the 1� (green) and 2� (yellow) containment bands
for the expected sensitivity.

Similar results are obtained for the practically identical
signals from the two other neutrino flavors, as shown in
tables I to III in the Appendix.

Results on DM decays for the same ⌫e⌫e neutrino chan-
nel are summarized in Fig. 5. Because it is the same
dataset that is analyzed, limits are again less stringent
than the expected sensitivity at energies around 1 TeV
and the local signal significance reach modest values
around 2.3� (p-value of ⇠ 1%).

Fig. 6 shows the results of dark matter annihilating
(left) and decaying (right) to neutrinos (the average limit
over the three neutrino flavor channels) in comparison
with other neutrino experiments.

In the annihilation mode there is a notable improve-
ment of ⇠ O(10) for masses above 100 GeV when com-

FIG. 5. Lower limits (solid line) and sensitivity (dotted line)
at 90% C.L. on the decaying dark matter lifetime ⌧� of the
⌫e⌫e channel for NFW profile (top) and Burkert profile (bot-
tom) as function of the dark matter mass together with the 1�
(green) and 2� (yellow) containment bands for the expected
sensitivity.

pared to IceCube’s previous results using a similar event
selection and one year of IceCube data [7]. This signif-
icant improvement is realized by considering both the
angular and energy information of the neutrino events
together with additional years of data.

There is still room for further improvement of these
limits in the near future. First of all, more years of
data are available and will improve IceCube’s sensivity
to dark matter. In addition, recent technical improve-
ments within the collaboration, such as better cascade
energy and directional reconstructions using Deep Neu-
ral Networks [47] together with a better understanding
and modeling of the ice properties and calibration of the
photo-detector response functions, will improve the en-
ergy resolution making it more sensitive to dark matter
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FIG. 3: Comparison of constraints for prompt annihilation
into two photons obtained by H.E.S.S. for the Einasto (red
dots) and NFW (cyan dots) profiles, respectively, with the
limits from the observations of the Milky Way halo by Fermi-
LAT [35] (black triangles) as well as the limits from 157 hours
of MAGIC observations of the dwarf galaxy Segue 1 [36]
(green triangles). The grey-shaded area shows the natural
scale for a monochromatic �-ray line signal.

range from hundred to several hundred GeV is expected
from the increased number of stereo triggers between the
fifth telescope and one of the recently-upgraded smaller
telescopes. Beyond the sensitivity improvement expected
from increased photon statistics, the inner galaxy survey
will provide a larger fraction of photons in regions of de-
void of known standard astrophysical emissions, therefore
of prime interest for DM searches. Within the next few
years DM searches with H.E.S.S. will enable an even more
in-depth exploration of the WIMP paradigm for DM par-
ticles in the hundred GeV to ten TeV mass range.
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FIG. 6. Constraints on the bb̄ (left) and ⌧+⌧� (right) annihilation channels derived in this work compared to previous dSph
constraints as well as GCE models from [17, 46–49, 51]. The contour definitions in the top left panel legend apply to each
figure. The yellow and green bands show the 95% and 68% containment regions respectively of the upper limits derived from
the combined blank fields and the gray line is the thermal relic cross-section from [54]. Top: Comparison of the upper limits
from the Measured sample with previous results from the dSphs analysis of [11]. Bottom: Comparison of the upper limits
from the Benchmark sample with previous results from [14] and [17].

annihilation channel), and is better described by a mix-
ture of the two regimes. However for a conservative es-
timate, we adopt the 1/

p
t scaling. Accounting for a

potential increase in the number of dSphs analyzed in
the sample is a more complicated and uncertain process.
For the purposes of this estimate, we assume that the in-
crease in sensitivity scales with increases of the sample in
the same manner determined in [129]. However, the ac-
tual improvement in the sensitivity would be dependent
on the J-factors and distances of the additional targets,
which are unknown and may di↵er from the values of the
known dSphs.

We show the improvement in sensitivity of our analy-
sis compared to the previous analyses of [11, 14] in the
left panel of Figure 7. This is illustrated by compar-
ing the median of the blank-fields from those works with
the median of the blank-fields from the Measured and
Benchmark samples of our analysis. We also show the
predicted sensitivities of [129] based on 15 total years of
Fermi -LAT exposure and increased dSph sample sizes. It
is evident from this figure that the additional exposure
and larger dSph sample in our analysis has yielded im-
proved sensitivity and that the improvement in sensitiv-
ity is generally compatible with expectations from [129].
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FIG. 4. Flux (left) and cross section (right) upper limits vs J-factor for the individual dSphs. The upper limits on cross-
section are calculated assuming M� = 100 GeV and bb̄ annihilation channel. The dSphs with local significances � 2� for both
annihilation channels are are outlined in black and labeled. Colors and shapes are defined the same as Figure 1, except that
Special cases are not highlighted here for visual clarity. Error bars are not shown for the dSphs without measured J-factors
where an uncertainty of 0.6 dex is assumed.

mass, these values represent the local significance. In our
Benchmark sample we observe an excess relative to the
background for the bb̄ (⌧+⌧�) annihilation channel at a
local significance of 2.0 � (2.0 �) with a mass of 180.5
GeV (43.8 GeV) for the Benchmark sample. While this
does not constitute a significant detection, it is an inter-
esting result and motivates future studies with more data
and larger sample sizes. For the Inclusive sample, which

comprises all confirmed and probable dSphs including the
“Special” cases, the local significance peaks at a mass of
289.4 GeV (43.8GeV) with a local significance of 3.1 �
(3.1 �). However, as noted in Section II, the results from
the Inclusive set should be considered with caution. This
set includes some sources that may be contaminated by
other astrophysical gamma-ray sources due to their spa-
tial coincidence with sources in multiwavelength catalogs

arXiv:2311.04982

• Fermi-LAT archival search 
• 14 years of data 
• ~40 dwarf spheroidal galaxies 
• Probe below thermal relic cross 

section <~100 GeV
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Annihilation in Dwarf Spheroidal Galaxies
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• Joint search from 5 current generation gamma-ray instruments 
• Combined limits from 5 GeV to 100 TeV 
• Factor than 2-3 more constraining than individual limits
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Targets

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites Dark matter clumps

Galaxy clusters Isotropic contributions

+ Sun + Earth
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Galaxy Clusters

𝞬,𝞶
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Figure 3: 95% CL lower limit on the DM decay lifetime (solid line) in the bb̄ (top-left), W+W� (top-right), ⌧+⌧� (bottom-left) and
µ+µ� (bottom-right) channels using 202 h of Perseus CG data. The expected limit (dashed line) and the two sided 68% and 95%
containment bands are also shown.

detected by MAGIC in the observation time is lower than 1). 95% CL lower limits on the DM particle decay
lifetime ⌧DM for each decay channel are obtained with a binned likelihood analysis (80 GeV to 10 TeV in
10 logarithmic-spaced bins3) using Jdec = 1.5⇥1019 GeV cm�2 (see Section 2). The results for leptonic and
hadronic decays are shown in Figure 3 where also reported are the two-sided 68% and 95% containment
bands and the median for the null hypothesis, computed from the distribution of the lower limits obtained
from the analysis of 300 realizations of the null hypothesis. This consist of MC simulations in which both
ON and OFF regions are generated from pure background probability density functions, assuming both
similar exposures for the real data, and i taken as a nuisance parameter in the likelihood function. We
reach sensitivities ⌧DM > 1026 s where no evidence for decaying DM is found in either decay mode.

3Empty bins are merged with neighbouring ones.

11

arXiv:1806.11063

Search for Dark Matter Decay in Nearby Galaxy Clusters and Galaxies with IceCube

Figure 3: Comparison of lower limits on the dark matter lifetime for the g+g� channel. The solid lines
represent the limits calculated in this work using the three different source groups. The other lines are the
limits from recent dark matter searches with IceCube [5, 6, 18], HAWC [19–21], and LHAASO [22]. The line
colors indicate different targets used for the analyses: clusters of galaxies (black), dwarf spheroidal galaxies
(blue), M31 (magenta), the Galactic Halo (green), and a combination of the Galactic Halo and cosmological
dark matter (orange). The confidence levels associated with the limits are 90% for the IceCube and LHAASO
results, and 95% for the HAWC results.

regarding the IceCube detector see Ref. [17]. The event selection achieves sub-degree angular
resolution for energies above a few TeV, which is preferred in searches for neutrinos from point-like
or small extended sources. The events in this sample cover declination from �5� to 90�, where 90�

coincides with the nadir at IceCube’s location. The sample is almost free of atmospheric muon
backgrounds, as the muons from the northern sky are absorbed by the Earth. For declinations from
�5� to 0� the overburden of the Antarctic ice sufficiently attenuates the atmospheric muon flux.

4. Results

By testing the multiple local hypotheses, we obtain the most significant local p-value of 0.013
which corresponds to a significance of 2.2f. Due to the trials factor associated with repeating
multiple local hypotheses tests, the global significance should be smaller than 2.2f. Hence, we
conclude that no evidence from dark matter decay in the targets is found, and derive lower limits on
the dark matter lifetime at 90% confidence level. These limits are presented in Figure 2. The best
limits from this work are obtained by stacking the three galaxy clusters, and the next best limits by
using the Andromeda galaxy. This is as expected from their ⇡'$� values presented in Table 1. The
limits for the g+g� and aā channels are compared to the results from recent dark searches in Figure
3 and 4, respectively. In both figures, it can be seen that the recent dark matter searches provide
more stringent limits than this work. The recent IceCube analyses looked for signals from dark
matter decay in the Galactic Halo ("GH") or both the Galactic and cosmological dark matter decay
("GH + Cos."), and ⇡'$� is substantially larger for the Galactic Halo than those of the selected
targets for this analysis. The high signal strength from the Galactic Halo would also explain the
competitive limits from Galactic Halo analyses with LHAASO and HAWC shown in Figure 3.
The HAWC analyses of the Andromeda galaxy ("M31") and dwarf spheroidal galaxies ("dSphs")

6

arXiv:2308.04833

• Particularly interesting for decaying dark matter searches 
• Dark matter lifetime must be >> age of the universe (1017 sec) to be viable 
• Gamma-ray search using observations of Perseus cluster (MAGIC) 
• Neutrino stacked analysis using several galaxy clusters and dwarf spheroidal 

galaxies
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Targets

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites Dark matter clumps

Galaxy clusters Isotropic contributions

+ Sun + Earth
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Dark Matter Capture in the Sun or Earth

𝞶

Credit: IceCube 
collaboration

• Dark matter particles scatter on 
nuclei of Sun/Earth/star 

• Energy loss → some fraction 
gravitationally bound to object 

• Further scattering can occur 

• Dark-matter overdensity at 
object’s core 

• Sufficient for dark matter self-
annihilation or decay 

• Search for excess neutrinos
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Neutrino Capture in the Sunlimits after 3 years
spin independent (A2 handicap)

1612.05949 [astro-ph.HE]

arXiv:1612.05949

F. Halzen UCLA DM 2023

𝞶

Spin-dependent DM/proton scattering cross section 
Can be compared to direct detection limits
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Neutrino Capture in the Sunlimits after 3 years
spin dependent (A~1)

•1612.05949 [astro-ph.HE]

•1612.05949 [astro-ph.HE]F. Halzen UCLA DM 2023

𝞶

arXiv:1612.05949

Spin-independent DM/proton scattering cross section 
Can be compared to direct detection limits
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Targets

http://tevcat.uchicago.edu

Galactic center

Galactic halo

Milky Way satellites Dark matter clumps

Galaxy clusters Isotropic contributions

+ Sun + Earth
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Extragalactic Gamma-ray Background– 15 –
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Fig. 3.— Top Panel: Integrated emission of blazars (with and without EBL absorption),
compared to the intensity of the EGB (datapoints from AC14). Lower Panel: as above,

but including also the emission from star-forming galaxies (gray band, Ackermann et al.
2012) and radio galaxies (black striped band, Inoue 2011) as well as the sum of all non-

exotic components (yellow band). An example of DM-induced γ-ray signal ruled out by
our analysis is shown by the solid pink line, and summed with the non-exotic components
(long-dashed pink line). The inset shows the residual emission, computed as the ratio of the

summed contribution to the EGB spectrum, as a function of energy as well as the uncertainty
due to the foreground emission models (see AC14).

– 16 –

Fig. 4.— Upper limits on the self-annihilation cross section for the bb̄ (top) and τ+τ−

(bottom) channels as derived in this work (see § 3) compared to the conservative and

sensitivity-reach limits reported in Ackermann et al. (2014c). The blue band reflects the
range of the theoretical predicted DM signal intensities, due to the uncertainties in the

description of DM subhalos in our Galaxy as well as other extragalactic halos, adopting a
cut-off minimal halo mass of 10−6M⊙. For comparison, limits reported in the literature are
also shown (Abramowski et al. 2011; Ackermann et al. 2014a; Aleksić et al. 2014).

𝞬

• Diffuse gamma rays from resolved and 
unresolved extragalactic gamma-ray 
populations, diffuse contributions (e.g. dark 
matter annihilation) 
• Mostly blazars 

• Limited budget for additional contributions  

arXiv:1501.05301
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Indirect Searches with Cosmic Rays

…or whatever…

χ

χ

SM

SM

SM = qq,  
W+W-, ZZ, l+l-,…

Standard model particles 
hadronize, decay, radiate

Gamma rays, neutrinos, p+/p-, e+/e-

IceCube Collaboration

Charged cosmic rays do NOT 
point back to sources

•Large astrophysical backgrounds for matter particles 
•Search for anti-matter (e+, p+,…)  
•Cosmic-ray transport models important to interpretation
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Indirect Searches with Cosmic Rays

…or whatever…

χ

χ

SM

SM

SM = qq,  
W+W-, ZZ, l+l-,…

Standard model particles 
hadronize (jets)

Antideuteron, Antihelium

IceCube Collaboration

Charged cosmic rays do NOT 
point back to sources

Coalescence of n and p 
or p and p

Particularly clean search channels



43

Detecting Cosmic Rays

GAPS

qGeneral Antiparticle Spectrometer
qGAPS is the first experiment dedicated 

and optimized for low-energy cosmic-
ray antinuclei search

qGAPS will deliver:
qantiproton measurement <0.25 GeV/n
qantideuteron sensitivity magnitude 

below the current best limits
qpotential cosmic antihelium 

measurements

4

Overview

Particle detectors: measure particle energy, momentum, species

PAMELA AMS-02

GAPS

•Positrons •Positrons 
•Antiprotons 
•Antideuterons 
•Antihelium3

•Positrons 
•Antiprotons 
•Antideuterons 
•Antihelium3?

To name a few, 
also CALET, HELIX, 

GRAMS…
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Detecting Cosmic Rays

GAPS

qGeneral Antiparticle Spectrometer
qGAPS is the first experiment dedicated 

and optimized for low-energy cosmic-
ray antinuclei search

qGAPS will deliver:
qantiproton measurement <0.25 GeV/n
qantideuteron sensitivity magnitude 

below the current best limits
qpotential cosmic antihelium 

measurements

4

Overview

Particle detectors: measure particle energy, momentum, species

PAMELA AMS-02

GAPS

•Space-based 
•Data-taking 

2006-2016

•Space-based 
(ISS) 

•Data-taking 
since 2011

•Balloon flight 
Antarctica 
planned for 
late 2024

To name a few, 
also CALET, HELIX, 

GRAMS…
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Positron spectrum/Positron fraction

http://tevcat.uchicago.edu
•Rise observed in positron fraction, contrary to expectations 
•Positron spectrum softer than electron spectrum for secondary 

positrons 
•Advantage of fraction: less sensitive to instrument response

Source: PDG
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Positron spectrum/Positron fraction

http://tevcat.uchicago.edu

• Rising positron spectrum also observed 
• Possible scenarios for producing high-energy positrons: 

• Dark matter annihilation 
• Positron acceleration in (local) sources 
• Secondary production from cosmic rays on interstellar gas

8 30. Cosmic Rays
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Figure 30.4: Intensities of cosmic ray electrons (squares), positrons (diamonds) and their sum
(dots) as a function of kinetic energy E. We have included data from the most recent space
experiments AMS-02 [8], CALET [19], DAMPE [17], Fermi-LAT [18] and PAMELA [97] as well
as from the ground-based H.E.S.S. experiment [96]. The spectra have been multiplied by E3 to
enhance the visibility of the spectral features. Data have been extracted from [31].

energies. Due to the increasingly important radiative losses, the distance to the sources which
could significantly contribute to the total flux decreases with energy. Estimates at 1 TeV of this
di�usion-loss length are only ƒ 0.3 kpc. The predicted spectrum therefore becomes rather sensitive
to the exact distances and ages of young, nearby sources which manifest as individual bumps in
the spectrum. Turning this around, observations can be used to search for young, nearby sources
of CRs. At energies above ≥ 1 TeV, only calorimetric observations are currently available which
cannot discriminate between electrons and positrons. Observations of the all-electron flux, that is
the sum of electron and positron fluxes, find a break at ≥ 1 TeV, displayed in Fig. 30.4. This was
first seen by H.E.S.S. [96] and later confirmed by DAMPE [17] and CALET [19]. The break by
about one power in energy has been interpreted either as due to a break in the spectrum of a large
number of sources, e.g. [104] or as a stochasticity e�ect from a small population of sources [105].

In the standard scenario of galactic cosmic rays, anti-protons are also produced as secondary
particles, but unlike secondary nuclei or electrons and positrons, their production is kinematically
suppressed at lower energies. The spectrum of anti-protons observed by PAMELA (Fig. 3 in [106])
and AMS-02 (Fig. 62 in [8]) is close to E≠2.8, which is somewhat harder than predicted by earlier
models. More recent models can accommodate the observations, in part due to a re-evaluation of
the production cross-section. Note that there have been claims that the transport parameters ob-
tained when fitting to proton and anti-proton data di�er from those obtained by fitting to heavier
nuclei [107]. An alternative explanation for the harder anti-proton spectrum is the acceleration
of secondaries in old supernova remnants [103, 108]. At energies of a few GeV, there have been
claims of an excess in the measured anti-proton spectrum. If interpreted as a sign of dark matter
annihilation, such an excess could be explained by a weak-scale particle of mass of a few tens of GeV
and annihilation cross-sections close to the thermal relic value. However, the significance of the

1st December, 2023
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Positron spectrum/Positron fraction

http://tevcat.uchicago.edu

• Local source? Diffusion constant in TeV halos around pulsars 
important 

• Dark matter annihilation? 
• Not for a simple model - leptophilic? 
• Measurement of high-energy cutoff important

arxiv:1711.06223

Hard to explain spectrum with 
secondary particles
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Antiproton spectrum

http://tevcat.uchicago.edu

SciPost Physics Submission
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Figure 1: The secondary contribution based on the LiBeB analysis of [33] (dot-dashed blue), and
the primary DM contribution in the bb̄ channel (dashed red) in the overall best-fit to the data
(dotted orange). The BIG configuration is assumed and fluxes are TOA, compared to AMS-02
data points [24]. The middle panel shows the residuals and the bottom panel the residuals in the
diagonalised rigidity base, with the inset their histogram (see [36] for details).

diag/none cases): It is a practice that should be abandoned. Given that even the local hints for
a DM signal are statistically insignificant, we do not pursue the computationally more intensive
assessment of their global significance. Note, however, that this was estimated in [69] (with which
we closely agree in local significance assessment) to amount to only ⇠ 0.5�.

5.2 Bounds on DM

Once establishing that there is no significant hint for a DM signal, we proceed to derive the
bounds on the DM annihilation cross section h�vi versus its mass m�. In Fig. 2 we report the
limits for the fiducial propagation scheme BIG, the benchmark NFW galactic profile and for the
five representative annihilation channels discussed in Sec. 2.1. The weakening of the bounds
between 50-200 GeV for the quark, gauge boson and Higgs boson channels reflects the presence

11

• Four years of AMS-02 data 

• Fit antiproton spectrum 

• Expected to be mainly due 
to secondaries 

• Include contribution from 
dark matter annihilation

arXiv:2202.03076
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Antiproton spectrum

http://tevcat.uchicago.edu

SciPost Physics Submission

Table 3: The overall best-fit parameters and significance for BIG propagation, bb̄ channel, and the
benchmark NFW DM halo, for alternative choices of data and model errors.

Err. data / model local signif. m⇤ h�vi⇤
[�] [GeV] [cm3/s]

cov/cov 1.81 109.3 1.71e-26
cov/none 2.39 10.5 5.07e-26
diag/cov 3.33 98.8 2.14e-26
diag/none 2.75 8.5 1.70e-25
stat/cov 5.19 89.7 1.48e-26
stat/none 4.49 8.0 2.98e-25

Figure 2: 95% C.L. exclusion plot for the five annihilation channels outlined in the text, the
cosmic-ray propagation scheme BIG and our benchmark halo profile.

of the slight excess described above. Apart for kinematically-related thresholds, the bounds appear
rather similar at the TeV scale and above, albeit slightly tighter for quark final states as opposed
to gauge or Higgs bosons ones. As expected, the bound for the muon final state channel is up to
3 orders of magnitude weaker and not competitive with other existing tighter bounds for leptonic
final states, as those coming from e+ � e� data (see for instance [22]) or cosmology [77].

In Fig. 3, left panel, we compare our limits for the benchmark case with some other results
involving antiproton analyses of [24]. Compared with our previous analysis in [11], the bound

12

SciPost Physics Submission

Figure 4: Left panel: Comparison between the limits obtained with di↵erent choices of the DM
profile in the Milky Way, for the case of bb̄ annihilation and the BIG propagation scheme. Right
panel: Comparison between the various CR propagation schemes for our benchmark halo and the
bb̄ annihilation channel.

propagation model and the halo profile. In Fig. 4, left panel, we report the bounds for the
three di↵erent halo profiles reported in Tab. 1. Without loss of generality, we only show the
case of bb̄ annihilation and BIG propagation scheme, the shift for the other cases being rather
similar. Since most of the antiproton signal is collected from within a few kpc [84], the role of
the profile towards the Galactic center is rather mild, shifting the exclusion bound by less than
a factor two 9. Note that a comparable uncertainty is related to the normalisation of the DM
density at the solar distance from the Galactic center, amounting to about 30% in ⇢� [85] which
translates in ⇠70% in the annihilation signal. A somewhat similar uncertainty is related to the
propagation scheme, as illustrated in Fig. 4, right panel. Contrary to the previous case, where the
uncertainty translated simply in a rescaling of the bounds, in this case the shape is also a↵ected.
The QUAINT propagation scheme leads to tighter bounds at low masses than BIG, SLIM schemes
since its di↵erent functional dependence better reproduces the data at low rigidities. The opposite
is true at larger rigidities.

The uncertainties just discussed are however sub-leading compared to errors sometimes intro-
duced by an incomplete or inexact account of the data or model uncertainties. The same bias
that we discussed in Sec. 5.1 in the significance of a putative DM signal also translates into the
strength of bounds. We illustrate this point in Fig. 5, which reports the ratio of 95% CL bound
for the “erroneous” data and/or model error treatment (same legend as in Tab. 3) with respect
to the “correct” treatment. Neglecting model errors or using simply statistical errors for the data
can lead up to an order of magnitude shift for the bounds. Di↵erences in error handling are likely
responsible for the largest di↵erences in bounds that can be found in the literature. We advise the

9Also note that, at least at the percent level, these normalisation changes would not a↵ect the significance of an
excess, but only the best-fit cross section.
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• Limits competitive with Fermi-LAT 
dSphs limits at 100 GeV 

• Limits sensitive to propagation 
model
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Cosmic Ray Propagation

HELIX balloon experiment: measure isotopic abundance ratios 
→ distinguish between propagation models
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Antideuteron

GAPS: optimized for searches for low-energy antinucleiGAPS
Science

8

qGAPS science impact
qantideuteron measurements
qSensitive to a wide range of 

dark matter models for 
antideuteron
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Antihelium

GAPS: optimized for searches for low-energy antinuclei
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 = 100 GeV-W+ W→ χχm
Coogan et al.

 = 71 GeVb b→ χχm
Korsmeier et al.

 = 1 TeVq q→ χχm
Nan Li et al.

 = 100 GeVbb → χχm
 et al.βM. Kachelrie

 = 80 GeVbbbb → φφ → χχm
M. Winkler & T. Linden

Background
Blum et al. (Upper limit)
Poulin et al.
A. Shukla et al.

 et al.βM. Kachelrie

95% CL
GAPS sensitivity

 LDB×, GAPS 1 event, 3 He3 

GAPS

qGAPS science impact
qPotential antihelium measurement
qComplementary to AMS-02 and explore other DM models

Science

9
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Beyond WIMPs

Thermal-relic scenario with point-like DM particle            
→ heavy DM (>~100-200 TeV) overproduced  

                          (unitarity limit)  

and                          (thermal relic density)

• Unitarity bound can be evaded with various extensions 
• Dark sector: 1…, composite DM (with/without geometrical cross section): 

1, 2, 3, capture to bound states: 1…
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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Accessing >100 TeV Dark Matter

Final state gamma rays → only a small fraction 
of energy from heavy dark matter annihilation 

>10% flux deposited in <100 TeV gamma rays 
for dark matter particles up to PeV masses

Li & Ma 1983)
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Finally, for each annihilation channel, we find a set of values of
Mχ and 〈σv〉 for which  = 5σ.

4.3. Expected UL Curves

To estimate the UL on the UHDM annihilation cross section
for a given Mχ, we perform a maximum likelihood estimation
(MLE). Since we cannot access the energy distribution of
background events for the VERITAS-like instrument, we use a
simple likelihood analysis using the total Non and Noff counts,
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where the nuisance parameter b represents the expected
background rate. This likelihood function is expected to be
less sensitive compared to a full likelihood function incorpor-
ating event-wise energy information, especially at high masses,
as it does not utilize any features present in the DM spectrum;
see Aleksić et al. (2012) for a full discussion of this hindrance.
For CTA and the HAWC-like instrument, we perform a binned
likelihood analysis
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We calculate the expected UL with the assumption that the
ON region does not contain any signal from UHDM self-
annihilation but only Poisson fluctuations around
α× Noff; i.e., we can randomly sample Non from the Poisson

distribution of αNoff. For the binned likelihood analysis, we can
apply the Poisson fluctuations to each background bin to get
the binned ON-region data. With the synthesized ON-region
data, we perform an MLE analysis and calculate the UL on the
DM cross section for a given Mχ. Throughout this paper, UL
refers to the one-sided 95% confidence interval, which is
obtained from the profile likelihood ( ln 1.35D = ). We
repeat the process of calculating the expected limit to get the
median or the containment band for the 95% UL.

5. Results

Here, we present two sets of analysis results: sensitivity
curves and expected ULs, as functions of the UHDM particle
mass. Since above a few tens of petaelectronvolts the energy
flux ratio for all annihilation channels is less than 10%
(Figure 2), we perform the analyses for UHDM masses from 30
TeV up to 30 PeV. Note that all of the following results are
based on assumed exposure times of 50 hr for the VERITAS-
like instrument and CTA-North, and 507 days for the HAWC-
like instrument.
Figure 3 shows the sensitivity curves for the nine UHDM

annihilation channels (e+e−, μ+μ−, ¯tt , ¯bb, W+W−, ZZ, γγ,14

and ¯e en n ) for the VERITAS-like (50 hr; left panel), CTA-North
(50 hr; middle panel), and HAWC-like (507 days; right panel)
instruments. Considering the annihilation of an UHDM particle
with an Mχ of 1 PeV via the τ+τ− channel, the HAWC-like
instrument is likely to reach an  of 5σ with the smallest cross
section; specifically, the VERITAS-like instrument is expected
to detect UHDM for a cross section of∼ 5× 10−19 cm3 s−1,
CTA-North for∼ 4× 10−19 cm3 s−1, and the HAWC-like
instrument for∼ 1× 10−19 cm3 s−1. However, this sensitivity
depends on the annihilation channel and the UHDM mass, not
to mention the exposure time. For example, for an Mχ of 100
TeV, CTA-North shows, in general, better sensitivity compared

Figure 2. The number of expected γ-ray events (left) and relative ratio between the observable and total γ-ray energy flux (right). The expected counts are computed
assuming an effective area of 1010 cm2, 50 hr of exposure time, a J-factor of 1018 GeV2 cm-5 sr-1, and 〈σv〉 = 10−23 cm3 s−1. The observable energy flux is defined as
the integrated γ-ray energy flux up to 100 TeV, and for reference in the black dashed curve we show a value of 10%. The portion of the observable UHDM signal from
Mχ > 100 TeV decreases progressively as Mχ increases. The various line styles refer to the classes of annihilation channel: charged leptons (solid), quarks (dashed),
gauge bosons (dotted), and ¯e en n (dashed–dotted).

14 Note that for the γγ channel, we use a different mass binning so that the
lower bounds of the sensitivity and UL curves are different for those from the
other channels. This choice is based on the fact that the delta component in the
γγ annihilation can be fully addressed only when the mass binning matches the
binning of the energy bias matrix (Mχ = Eγ).
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Absorption on Diffuse Photon Fields
11
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FIG. 12: Survival probability of gamma rays for a trajectory
from the GC to the Sun, plotted as a function of the gamma
ray energy. The contributions of different radiation fields are
shown. The inset shows the contributions of starlight, infrared
radiation with wavelength λ < 50 µm and EBL.

spectra in different regions of ε. The other components of
the radiation give small corrections to the absorption, in-
dicating that the approximate treatments of the starlight
and line emissions from dust do not introduce significant
errors. The contribution of the EBL is a correction of or-
der ∆P ≃ 0.5% for a gamma ray energy Eγ ≃ 150 TeV,
where its effects are most important.

Recently deep gamma ray observations by the
Cherenkov telescope H.E.S.S. [29] in an annulus around
the Galactic center region have shown a spectrum that
extends as a power law up to energies of tens of TeV with-
out indications of a break of cutoff, strongly suggesting
the existence of a proton “PeVatron” in the central 10 pc
of our Galaxy, probably associated to the supermassive
black hole Sagittarius (Sgr) A*. The study of this source
with very high energy (Eγ ! 30 TeV) gamma rays is
clearly a crucial test, and a precise description of the ab-
sorption effects is necessary. The study of the GC with
neutrinos is also of great interest (see for example [30]).

Gamma rays coming from different directions and dis-
tances have similar absorption patterns, with the maxi-
mum attenuation due to CMBR at Eγ ≃ 2.2 PeV, and
a secondary absorption peak at Eγ ≃ 150 TeV due to
the infrared light, that produces a “shoulder” in the to-
tal absorption spectrum. The amount of the two effects
and their relative contributions depend on the gamma
ray path.

Figure 13 shows the survival probability for three dif-
ferent source positions: the Galactic center, the points P1
(x = 0, y = 20 kpc, z = 0) and P2 (x = 20 kpc, y = 0,
z = 0) (for the coordinate definition, see the inset of the
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FIG. 13: Survival probability of gamma rays for three differ-
ent trajectories in the Galactic plane, plotted as a function of
the gamma ray energy. The inset shows the position of the
sources.

figure). The infrared absorption is maximum when the
gamma rays arrive from P1, crossing the Galactic center.
Gamma rays arriving from P2 do not pass close to the
GC and the absorption effects due to infrared radiation
are smaller.

Figure 14 shows the gamma ray survival probability
for different directions in the Galactic equatorial plane,
as a function of the source distance, for gamma ray ener-
gies Eγ = 150 TeV and 2 PeV. The absorption of gamma
ray with Eγ = 2 PeV is mostly due to the homogeneous
CMBR, and is therefore to a good approximation inde-
pendent from the photon trajectory and described by a
simple exponential. Gamma rays of 150 TeV are mostly
absorbed by the infrared light, and for a fixed source
distance, the absorption probability has a strong depen-
dence on the gamma ray path in the Galaxy, with the
attenuation largest for trajectories that cross the Galac-
tic center.

The dependence of the absorption effect on the di-
rection of the gamma ray path, is also strong for lines
of sight that go out of the Galactic plane (b ̸= 0), as
the density of infrared radiation is concentrated near the
Galactic plane. The absorption of gamma rays for trajec-
tories outside the Galactic plane is illustrated in Fig. 15
which shows the survival probability (for the same ener-
gies Eγ = 150 TeV and 2 PeV) as function of distance
for a set of lines of sight with different Galactic latitude.

The gamma ray absorption probability
Pabs(Eγ , b, ℓ, d), for a fixed value of the energy Eγ ,
and a fixed line of sight (determined by the angles b
and ℓ) grows monotonically with the source distance d.
Inspecting Figs. 14 and 15 one can see that for large d

arXiv:1608.01587

>20% effect at 100 TeV

• Gamma rays undergo pair 
production on diffuse photon 
fields 

• Galactic neighborhood 
• Cosmic microwave 

background radiation 
• Extragalactic background 

light 
• Starlight 
• Also can have absorption by 

dust
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Gamma-ray Limits on Ultra-Heavy Dark Matter Annihilation

h�vi  4⇡/(M2
�vrel)

<latexit sha1_base64="fgXYjnOuKkAWiEQZcd+hgKaFQzg="></latexit>

• VERITAS search using observations of dwarf spheroidal galaxies 
• Benchmark 1: Partial-Wave Unitarity Bound 

• Point-like J=0 dark matter particle 
• VERITAS limits not constraining above unitarity bound

vrel = between 
dark matter 

particles in target 
system
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Gamma-ray Limits on Ultra-Heavy Dark Matter Annihilation

h�vi  4⇡
(1 +M�vrelR)2

(M2
�vrel)

<latexit sha1_base64="qlncYUG82buT4cj9RKAG3K2Y2zQ="></latexit>

• Benchmark 2: Composite Unitarity Bounds 
• Composite dark matter particles; bound scales with particle radius 
• VERITAS able to constrain composite models
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Gamma-ray Limits on Ultra-Heavy Dark Matter Annihilation

• Benchmark 2: Composite Unitarity Bounds 
• Composite dark matter particles; bound scales with particle radius 
• VERITAS able to constrain composite models
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Axions and Axion-like Particles

Peccei-Quinn axion 

• No observed CP violation in QCD 

• No reason theoretically to be 
zero 

• Violated in weak interaction 

• CP-violating extension to QCD 

• New U(1) symmetry (globally 
broken) → new light particle 

Axion-like particles 

• Light particle mixing with photon 
predicted in several SM 
extensions 

• Does not necessarily solve 
strong CP-problem 

• Dark matter candidate

Mass scale of dark matter

10-22 eV keV GeV

WIMP``Ultralight” DM

non-thermal  
bosonic fields

``Light” DM

dark sectors
sterile ν

can be thermal

Primordial
black holes 

10 M�
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential

7
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Axion-like Particles

• Gamma rays traveling from distance sources could mix with ALPs en route to 
Earth 

• Strong magnetic fields in e.g. galaxy clusters would induce mixing, or weak 
magnetic fields in intergalactic medium 
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Axion-like Particles

z=0.03

z=0.14

• Gamma-ray flux classically 
attenuated by interactions with 
diffuse photon fields 
(extragalactic background 
light) 

• ALP-mixing reduces 
attenuation, introduces spectral 
features 

• Non-detection used to set limits
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Limits on Axion-like Particles

https://cajohare.github.io/AxionLimits/
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Limits on Axion-like Particles

https://cajohare.github.io/AxionLimits/
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Primordial Black Holes
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and Voyager-1 e± limits (V). Lensing e↵ects come from microlensing of stars in M31 by Subaru (HSC), in the Magellanic
Clouds by MACHO (M) and EROS (E), in the local neighbourhood by Kepler (K), in the Galactic bulge by OGLE (O) and
the Icarus event in a cluster of galaxies (I), microlensing of supernovae (SN) and quasars (Q), and millilensing of compact radio
sources (RS). Dynamical limits come from disruption of wide binaries (WB) and globular clusters (GC), heating of stars in the
Galactic disk (DH), survival of star clusters in Eridanus II (Eri) and Segue 1 (S1), infalling of halo objects due to dynamical
friction (DF), tidal disruption of galaxies (G), and the CMB dipole (CMB). Accretion limits come from X-ray binaries (XB),
CMB anisotropies measured by Planck (PA) and gravitational waves from binary coalescences (GW). Large-scale structure
constraints come from the Lyman-↵ forest (Ly↵) and various other cosmic structures (LSS). Background constraints come from
CMB spectral distortion (µ), 2nd order gravitational waves (GW2) and the neutron-to-proton ratio (n/p). The incredulity limit
(IL) corresponds to one hole per Hubble volume. These constraints are broken down into di↵erent categories in subsequent
figures, these including some less certain limits which are omitted here.

As expected, this is equivalent to condition (33), which is represented in Fig. 7. We have seen that the Galactic �-ray
background may give a stronger limit but this depends sensitively on the form of the mass function.

PBHs smaller than 1015 g have evaporated completely and therefore cannot contribute to the DM. The function
f(M) is not defined in this range, so the abundance is usually described in terms of the collapse fraction �(M).
Nevertheless, one can still formally relate �(M) to f(M) using Eq. (57). The dominant constraints in Fig. 4 are
therefore also represented in Fig. 11, including the Voyager-1 limits [149]. However, we do not show constraints which
depend on the DM profile in the Galactic centre or dwarf galaxies because these are uncertain.

B. Lensing constraints

The lensing constraints on f(M) are summarised in Fig. 12. Where possible, we use 95% CL constraints but one
must distinguish between limits based on positive detections and null detections. Claimed positive detections come
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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We update the constraints on the fraction of the Universe going into primordial black holes in the mass

range 109–1017 g associated with the effects of their evaporations on big bang nucleosynthesis and the

extragalactic photon background. We include for the first time all the effects of quark and gluon emission

by black holes on these constraints and account for the latest observational developments. We then discuss

the other constraints in this mass range and show that these are weaker than the nucleosynthesis and

photon background limits, apart from a small range 1013–1014 g, where the damping of cosmic microwave

background anisotropies dominates. Finally we review the gravitational and astrophysical effects of

nonevaporating primordial black holes, updating constraints over the broader mass range 1–1050 g.
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I. INTRODUCTION

Black holes with a wide range of masses could have
formed in the early Universe as a result of the great
compression associated with the big bang [1–3]. A com-
parison of the cosmological density at a time t after the big
bang with the density associated with a black hole of mass
M suggests that such ‘‘primordial’’ black holes (PBHs)
would have a mass of order

M! c3t

G
! 1015

!
t

10"23 s

"
g: (1.1)

This roughly corresponds to the particle horizon mass in a
noninflationary model or the Hubble mass otherwise.
PBHs could thus span an enormous mass range: those
formed at the Planck time (10"43 s) would have the
Planck mass (10"5 g), whereas those formed at 1 s would
be as large as 105M#, comparable to the mass of the holes
thought to reside in galactic nuclei. They could be even

larger than this in some circumstances. By contrast, black
holes forming at the present epoch could never be smaller
than about 1M#.
The high density of the early Universe is a necessary but

not sufficient condition for PBH formation. One possibility
is that there were large primordial inhomogeneities, so that
overdense regions could stop expanding and recollapse [4–
6]. The quantum fluctuations arising in various inflationary
scenarios are of particular interest in this context, as has
been discussed in numerous papers. In some of these
scenarios the fluctuations generated by inflation are
‘‘blue’’ (i.e. decrease with increasing scale) and this means
that the PBHs form shortly after reheating [7–10]. Others
involve some form of ‘‘designer’’ inflation, in which the
power spectrum of the fluctuations—and hence PBH pro-
duction—peaks on some scale [11–25]. In other scenarios,
the fluctuations have a ‘‘running index,’’ so that the ampli-
tude increases on smaller scales but not according to a
simple power law [26–33]. Finally, PBH formation may
occur due to some sort of parametric resonance effect
before reheating [34–40]. In this case, the fluctuations
tend to peak on a scale associated with reheating. This is
usually very small but several scenarios involve a second-
ary inflationary phase which boosts this scale into the
macroscopic domain.

*B.J.Carr@qmul.ac.uk
†kohri@tuhep.phys.tohoku.ac.jp
‡sendouda@yukawa.kyoto-u.ac.jp
xyokoyama@resceu.s.u-tokyo.ac.jp

PHYSICAL REVIEW D 81, 104019 (2010)

1550-7998=2010=81(10)=104019(33) 104019-1 ! 2010 The American Physical Society

Density fluctuations may produce PBHs

2

Mass related to time 
of formation

arXiv:2002.12778



65
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� � Primordial Black Holes

[��]: MacGibbon et al. (����), ‘Quark-
and gluon-jet emission from primordial
black holes: The instantaneous spectra’

[��]: Page (����), ‘Particle emission rates
from a black hole: Massless particles
from an uncharged, nonrotating hole’
�: If they exist, also unknown massive
particles beyond the Standard Model
might be emitted. These would increase
the total value of �("BH).

[��]: Akrami et al. (����), ‘Planck ����
results. I. Overview and the cosmological
legacy of Planck’

For an emitted particle of rest mass <, the absorption coefficient for
⇢ � <2

2 is in the form of

�("BH , ⇢, B) = 27
⇣
G

8�

⌘2
✏B(G). (�.��)

For large G the dimensionless parameter ✏B(G) ! 1 [��]. The emitted
particles result in a decreasing BH mass,

d"BH
dC

= � 1
2

2

X
8

π 1

0

d2
#8

d⇢dC
⇢d⇢ ⌘ �

�("BH)
"

2
BH

, (�.��)

where the sum over 8 includes all fundamental particle species. The
function �("BH) incorporates all emitted particles and their degrees
of freedom [��]. As the mass of the BH decreases and its temperature
increases, the list of emitted particles increase. Considering all confirmed
particles of the Standard Model, the evolution of � is shown in Figure �.�.�

Figure �.�: The function �("BH) de-
scribes the emission of all fundamental
particles. As the BH mass decreases, its
temperature rises and thus more parti-
cles are emitted. The remaining lifetime
� of the BH is calculated using Equa-
tion �.��. For this, the average value
of �("BH) are calculated in the range
< = "BH to < = 0 kg. Adapted from
[��].

Integrating Equation �.�� yields the time � until the BH with mass "BH
lost its complete mass

� =
"

3
PBH

3�
, (�.��)

where � is the average value of �("PBH) over the lifetime of the BH. We
show values of the remaining lifetime � in the top axis of Figure �.�. From
this calculation, we find that BHs with ⇠ 8.4 ⇥ 1014 g would evaporate
after ⇠ 13.8 ⇥ 109 yr, corresponding to the age of the Universe [��]. At
the final stages ("BH . 2.2 ⇥ 108 kg, � . 0.144 yr = 52.6 d) of the BH
evaporation �("PBH) remains constant at

� 5 = 8 ⇥ 1017 kg3s�1
. (�.��)

Using this in Equation �.�� shows that the emission rate accelerates with
"

�2
BH. Eventually, the BH evaporates completely in a burst of fundamental

Whatever the source of the inhomogeneities, PBH for-
mation would be enhanced if there was a sudden reduction
in the pressure—for example, at the quark-hadron era [41–
43]—and especially likely if the early Universe went
through a dustlike phase at early times as a result of either
being dominated by nonrelativistic particles for a period
[44–46] or undergoing slow reheating after inflation [8,47].
Another possibility is that PBHs might have formed spon-
taneously at some sort of phase transition even if there
were no prior inhomogeneities—for example, from bubble
collisions [48–54] or from the collapse of cosmic strings
[55–63] or necklaces [64,65] or domain walls [66–71].

These PBH formation scenarios are reviewed in
Refs. [72,73]. Although we do not discuss them in detail
here, it should be stressed that in most of them the PBH
mass spectrum is narrow and centered around the mass
given by Eq. (1.1) with t corresponding to the reheating
epoch or the time at which the characteristic PBH scale
reenters the horizon in the inflationary context or to the
time of the relevant cosmological phase transition other-
wise. However, PBHs may be smaller than the horizon size
at formation in some circumstances. For example, PBH
formation is an interesting application of ‘‘critical phe-
nomena’’ [74–78] and this suggests that their spectrum
could be more extended and go well below the horizon
mass [79–81]. This would also apply for PBHs formed
during a dustlike phase [82]. Note that a PBH could not be
much larger than the value given by Eq. (1.1) at formation
because it would then be a separate closed Universe rather
part of our Universe [83]. However, it could still grow
subsequently as a result of accretion, so the final PBH
mass could well be larger than the horizon mass at
formation.

The realization that PBHs might be small prompted
Hawking to study their quantum properties. This led to
his famous discovery [84,85] that black holes radiate ther-
mally with a temperature

TBH ¼ @c3
8!GMkB

" 10#7

!
M

M$

"#1
K; (1.2)

so they evaporate completely on a time scale

"ðMÞ "G2M3@c4 " 1064
!
M

M$

"
3
yr: (1.3)

Only PBHs smaller than M' " 1015 g would have evapo-
rated by the present epoch, so Eq. (1.1) implies that this
effect could be important only for ones which formed
before 10#23 s. Since PBHs with a mass of around
1015 g would be producing photons with energy of order
100 MeV at the present epoch, the observational limit on
the #-ray background intensity at 100 MeV immediately
implied that their density could not exceed about 10#8

times the critical density [86]. This suggested that there
was little chance of detecting their final explosive phase at
the present epoch, at least in the standard model of particle

physics [87]. It also meant that PBHs with an extended
mass function could provide the dark matter only if the
fraction of their mass around 1015 g were tiny. Never-
theless, it was soon realized that the #-ray background
limit does not preclude PBHs having important cosmologi-
cal effects [88]. These are of different types, depending on
the PBH mass range.
PBHs with M> 1015 g. These would still survive today

and might be detectable by their gravitational effects.
Indeed such PBHs would be obvious dark matter candi-
dates. Since they formed at a time when the Universe was
radiation dominated, they should be classified as nonbar-
yonic and so could avoid the constraints on the baryonic
density associated with cosmological nucleosynthesis.
They would also be dynamically cold at the present epoch
and so would be classified as cold dark matter (CDM). In
many respects, they would be like (nonbaryonic) weakly
interacting massive particles (WIMPs) but they would be
much more massive and so could also have the sort of
dynamical, lensing, and gravitational-wave signatures as-
sociated with (baryonic) massive compact halo objects
(MACHOs). At one stage there seemed to evidence for
MACHOs with M" 0:5M$ from microlensing observa-
tions [89] and PBHs formed at the quark-hadron phase
transition seemed one possible explanation for this [41].
The data now seem less clear but there are no constraints
excluding PBHs in the sublunar range 1020 g<M<
1026 g [19–21] or intermediate mass range 102M$ <M<
104M$ [25,40,90] from having an appreciable density.
Large PBHs might also influence the development of
large-scale structure [91–95], seed the supermassive black
holes thought to reside in galactic nuclei [96,97,97–99],
generate background gravitational waves [100–104], or
produce x rays through accretion and thereby affect the
thermal history of the Universe [105].
PBHs with M" 1015 g. As already noted, these would

be evaporating today and, since they are dynamically cold,
one would expect some of them to have clustered within
the Galactic halo. Besides contributing to the cosmological
#-ray background, an effect we reassess in this paper, such
PBHs could contribute to the Galactic #-ray background
[106,107] and the antiprotons or positrons in cosmic rays
[88,108,109]. They might also generate gamma-ray bursts
[110], radio bursts [111], and the annihilation-line radia-
tion coming from center of the Galaxy [112,113]. The
energy distribution of the particles emitted could also
give significant information about the high-energy physics
involved in the final explosive phase of black hole evapo-
ration [114].
PBHs with M< 1015 g. These would have completely

evaporated by now but many processes in the early
Universe could have been modified by them. For example,
PBH evaporations occurring in the first second of the big
bang could generate the entropy of the Universe [115],
change the details of baryogenesis [116–120], provide a

CARR et al. PHYSICAL REVIEW D 81, 104019 (2010)
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Hawking Radiation leads to BH evaporation

Figure 12: The BH burst emission time profile, the emission rate integrated over energy, for
the energy range 50 GeV – 100 TeV. As discussed in the text, this shape is well described
by a power law with a index of ⇥ �0.5.
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PBH evaporation may result 
in a burst of gamma rays! 

A PBH burst light curve

• PBH evaporation via Hawking radiation 
• Heavier particle species produced at end of PBH lifetime 
• PBHs with M = 1015 g would be evaporating now 
• Expect gamma-ray burst with no counterpart or afterglow
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Limits on PBH burst rate

�� � Primordial Black Holes

[��]: Ackermann et al. (����), ‘Search
for Gamma-Ray Emission from Local
Primordial Black Holes with the Fermi
Large Area Telescope’
[��]: Albert et al. (����), ‘Constraining
the local burst rate density of primordial
black holes with HAWC’
[��]: López-Coto et al. (����), ‘Prospects
for the observation of Primordial Black
Hole evaporation with the Southern
Wide field of view Gamma-ray Obser-
vatory’
[��]: Tavernier et al. (����), ‘Limits on
primordial black hole evaporation from
H.E.S.S. observations.’

where =burst are the number of detected evaporations and )eff is the
effective observation time. These studies search for the integrated ✏-ray
signals from the evaporation bursts in the final �) of the lifetime of
the PBH. The integration time �) is an instrument specific parameter
which largely influence the signal-to-noise ratio. The optimal parameter,
yielding the best constraints , is typically determined by scanning various
parameters. Most relevant, however, are the best constraints for each
experiment.

Figure �.�: Constraints on burst rate of
PBHs. Dark blue data points are peer-
reviewed published results while light
blue shows limits published in proceed-
ings. These come from Milagro [��],
HAWC [��], CYGNUS [��], Whipple [��],
Fermi-LAT [��], Tibet air shower array
[��], H.E.S.S. [��], and VERITAS [��].
Published prospects are shown in grey
for MAGIC, CTA [��], and �� years of
observations with SWGO [��]. Adjusted
from [��].

A current status of searches is shown Figure �.�. We review the different
detector types for ✏-ray astronomy below in Chapter �. The blue data
points show existing constraints, where the dark blue highlights peer-
reviewed publications. The grey data points illustrate prospects for
future studies. Detectors such as Milagro, HAWC, Fermi-LAT, Tibet
air shower array and SWGO benefit from their large fields of view
and dense duty cycle. However, Amax is small for in these works (e.g.
Amax = 0.02 pc for Fermi-LAT [��]). The most constraining wide FoV
upper limits are obtained with 3 yrs of data from HAWC with �) = 10 s
at ⇠ 3.4 ⇥ 103 pc�3yr�1 [��]. Prospects for 10 yrs of observations with the
Southern Wide field of view Gamma-ray Observatory (SWGO) yield an
improvement of more than one magnitude [��]. Imaging Air Cherenkov
Telescopes such as Whipple, H.E.S.S., VERITAS, MAGIC and CTA on
the other hand have significantly smaller FoVs. However, the depth Amax
is in the order of pc. The best IACT upper limits are currently set with
4924 h of H.E.S.S. data to < 527 pc�3yr�1 [��]. As �) is not a parameter
of interest, it is also the overall strongest constrain on the evaporation
rate of PBHs.

arXiv:2111.01198

• Survey instruments have a major advantage  
• Competitive limits from upcoming Cherenkov Telescope Array Observatory 
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FIG. 3. The mass range of allowed DM candidates, comprising both particle candidates and primordial
black holes. Mass ranges are only approximate (in order of magnitude), and meant to indicate general
considerations.

possible by mass and spin. Fig. 3 gives a compact summary of the landscape and the main tourist
spots - we will visit each below.

A brief aside on MOND. — MOdified Newtonian Dynamics (MOND) is a framework for modified
gravity on galactic scales [8], originally put forth as an alternative to dark matter. A specific
relativistic theory is needed to obtain predictions during the early universe. Assuming no additional
matter content, popular candidates such as TeVeS [9] give a notably worse fit to CMB and large
scale structure data compared to ⇤CDM [10, 11]. A recent analysis of Milky Way rotation curve
and stellar kinematics data is also in tension with MOND [12].

A Bosons vs. fermions and the WDM limit

The keV mass scale is a special scale which, roughly speaking, demarcates thermally-produced
DM (either a fermion or boson) from nonthermally-produced bosonic DM. There are two separate
arguments here: first, a fermion DM candidate must have mass greater than O(keV) in order to
be consistent with observations of galaxies, and second, DM that is thermally produced from the
SM bath must also have mass greater than O(keV) to be consistent with observations of large scale
structure.

Using observations of the kinematics of stars in galaxies, a general statement can be made about
the spin of a potential DM candidate. Galaxies reside inside dark matter halos, gravitationally
bound overdensities that extend well beyond the typical radius for the stellar component of the
galaxy. As a simple example, we can model this halo as an object that underwent gravitational
collapse and is now virialized. Except close to the baryonic component, the gravitational potential
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Astrophysical searches diverse and capable of 
probing broad phase space 

Including regions not discussed in this lecture!


