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Pat Harding
• TeV Astrophysics Observatories, Indirect Dark Matter Detection
• Collaboration Board Chair, High Altitude Water Cherenkov (HAWC) 

Collaboration
• US Lead, Southern Wide-Field Gamma-Ray Observatory (SWGO)



BSM Science with TeV Gamma-rays

Jacobsen et al, arXiv:2203.04332

Viana et al, JCAP 12 (2019) 061
Albert et al, JCAP 04 (2020) 026



Why MeV Gamma ray 
observations? 

 X

The next revolution will 
come with observations 

of the MeV sky



Why MeV Gamma ray 
observations? 

 X

Do supermassive 
black holes 

accelerate cosmic 
rays and produce 

neutrinos? 

How do binary neutron star mergers produce 
relativistic jets and what is the structure of those jets? 

Where are 
cosmic rays 

accelerated in 
the Galaxy? 

The next revolution: multimessenger 
astrophysics. 

Perfect synergies with particle physics 



MeV

Astrophysical MeV Gamma Rays

 X

• MeV gamma ray sky largely unexplored.  Sub GeV DM, BH DM,  AGNs, NS mergers, supernovae

• Powerful multi-messenger probe

• Challenge is measuring multiple interactions in fine detail over large volume
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AMEGO: A Multimessenger Mission for the Extreme Universe Technical

Figure 15: The design of the AMEGO Thermal Heat
Pipe Network allows for full thermal testing on the ground
in the orientation shown here.

ammonia heat pipes that couple the electronics base-
plate to a dedicated electronics radiator. The design
of the mission allows for 360˝ of rotation around the
boresight, which allows for the radiators to be kept
nearly parallel to the solar vector, minimizing the
solar heating on the radiators. The entire design
is testable on the ground in the presence of grav-
ity with the 4 Tracker tower header pipes level, the
Tracker radiator spreader pipes in reflux mode, the
electronics header pipes in reflux, and the electronics
radiator spreader pipes level.

Evaluation of Instrument Performance: To es-
timate the performance of an MeV gamma-ray tele-
scope, accurate instrument simulations are vital. It
is essential to develop a complete mass model of the
active and passive material and simulate gamma-ray
interactions within the instrument volume. A de-
tailed description of the background contributions,
both externally and internally via activation within
the detector material, are critical.

We have carried out detailed simulations, event
reconstructions, and performance estimates of the
AMEGO instrument using the MEGAlib frame-
work [27] which is based on ROOT [28] and
Geant4 [29]. The AMEGO geometry and all of the
simulation files used for this analysis can be found
on GitHub1.

We consider three di↵erent event classes, broadly
defined in terms of the energy of the incident pho-
ton: untracked Compton events (untracked), tracked
Compton events (tracked), and pair events. The
distinction between tracked and untracked Comp-

1https://github.com/ComPair

Figure 16: The backprojected image-space response
for the three di↵erent AMEGO event types: untracked
Compton events (upper left); tracked Compton events
(upper right); pair events (bottom center) [30]. The ad-
vantage of tracked Compton events is better background
rejection.

ton events is whether or not the direction of the
Compton-scattered election is measured. Each is op-
timized for di↵erent science cases. Figure 16 illus-
trates a back-projection of „20 events showing the
image-space response from individual photons for an
AMEGO-type instrument.

At energies below „1 MeV, the Compton-
scattered electron does not transit more than one
Tracker layer and therefore it cannot be easily
tracked. As a result, the untracked event class will be
important for transient science cases such as gamma-
ray bursts that have strong emission À1 MeV and
gamma-ray line astronomy, such as the decay of the
SN products 56Ni and 44Ti. For sources that produce
gamma-rays at higher energies (1–10 MeV) that re-
quire better background rejection, the tracked event
class will likely be the standard event type used. For
sources that produce photons above „10 MeV, the
pair event class can be used in standard analyses.

We have performed MEGAlib simulations to de-
termine the angular and energy resolution of the
AMEGO instrument for mono-energetic sources.
The energy resolution is particularly important in
the MeV regime where sources of gamma-line emis-
sion are prominent. The angular resolution not only
a↵ects the quality of images, but helps mitigate
source confusion and improve sensitivity of the in-
strument. The angular resolution for Compton and
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GammaTPC

 X

• LAr TPC

• 10 m2,  ~4 ton configuration shown.

• Target MIDEX scale: Falcon 9 launch, 
identifiable hardware costs: ~ few $10M

• Significant development needed

• Good pointing, energy resolution

• Very high sensitivity

• Strong synergy with 
DUNE technology

• Opens major window 
in sky

3 m

spacecraft

sky
Detector unit 

cell

Earth

reflecting + 
field-grading 
walls

anode, charge 
readout

cathode 
+ SiPMs

bracing

2

1 cm coarse 
grids

pixels

500 µm

electrodes

field 
lines

Silicon

pixel plane

charge 
cloud

1MeV electron recoil track

x100

Dual Scale Charge Readout



 X

 
What are the sources of IceCube’s high energy neutrinos? 
First evidence:  Particle accelerators powered by black holes.

10 years of IceCube: The high energy neutrino sky

 

What’s in there from 
a particle physics 
perspective?

A 200 TeV tau neutrino

A 6 PeV electron antineutrino An cosmic neutrino beam closely  
linked to gamma rays and cosmic  
rays.



 X

Use Earth to measure the cross 
section at highest energies 

High energy detectors of next generation: explore 
energy scales beyond the reach of accelerators 

BSM physics 
Indirect dark matter 

arxiv:2203.08096 
(CF7) 



At lower energies:  
Neutrino properties - atmospheric
Use 200,000 atmospheric 
neutrinos, 7000 nu_taus 
atmospheric neutrinos (10 yrs 
IceCube) to measure neutrino 
properties with extreme 
statistics,  
incl. nonstandard interaction. 

IceCube Upgrade sensitivity 
(run start: 2026)



 XBeam source: cosmic 

Detectors: 
Targets:  air and ice
Energy range: 5 GeV to 100 EeV

RNO-G

Trinity 
(proto)

• IceCube-Gen2 reference design:
• Optical array (8km^3)
• Air shower array on top
• Radio array
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EM domain collectively comprise the first demonstra-
tion of GW–EM multi- messenger astronomy, providing 
an astounding wealth of knowledge, including the first 
definitive link between BNS merger progenitors and 
short gamma- ray bursts29–37; the first definitive obser-
vation of a kilonova38–46, conclusive spectroscopic proof 
that BNS mergers produce heavy elements through 
r- process nucleosynthesis40,47–52; the first demonstration 
that GWs travel at the same speed as light to better than 
a few parts in 1015 (REF.29); and an independent method 
for measuring the Hubble constant using detected GWs 
as a ‘standard siren’ for determining the absolute distance 
to the source53–55. Additionally, the Advanced LIGO and 
Advanced Virgo detections have enabled tests of GR in 
the strong gravity regime that were inaccessible to other 
experiments and astronomical observations56,57, moti-
vating research on many fronts in fundamental physics 
and astrophysics. This only represents a brief overview of 
the recent discoveries and, as we discuss in detail below, 
captures only a fraction of the potential science afforded 
by future GW observations.

Space- based detectors
When launched in the mid-2030s, the Laser Inter-
ferometer Space Antenna (LISA)58 will possess a breath-
taking scientific portfolio. LISA will explore much of 

the GW Universe in the frequency band from 100 μHz 
to 100 mHz. A constellation of three satellites separated 
by 2.5 × 109 m in an Earth- trailing orbit, LISA will be 
capable of detecting the first seed black holes formed 
out to redshifts z ~ 20 or more59, and intermediate- mass 
and ‘light’ super- massive coalescing black hole systems 
in the 102–107 M⊙ (solar mass) range, thus, tracing the 
evolution of black holes from the early Universe through 
the peak of the star formation era. Through detections 
of extreme mass ratio inspirals (EMRIs, binary systems 
with mass ratios as small as ~10−6)60, LISA will directly 
map the curvature of spacetime at the event horizons of  
massive black holes, yielding even more precise tests  
of GR in the strong gravitational field regime. LISA 
might also detect stellar- mass BBH systems years before 
they are detectable by ground- based detectors61, and 
provide very precise sky localization of such events for 
EM follow- up. By discovering new sources of galactic 
compact binaries comprised of white dwarfs, neutron 
stars and stellar- mass black holes, LISA will survey the 
predominant population of binary compact objects and 
map the structure of the Milky Way62.

The LISA Pathfinder (LPF)63, launched in 2015 and 
operated until mid-2017, has paved much of the way 
for the full- scale LISA mission. LPF was a European 
Space Agency (ESA) mission, with contributions from 
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Fig. 2 | The gravitational- wave spectrum probed by strain- sensitive gravitational- wave detectors, ranging from 
10−9 Hz to more than 1,000 Hz. The source classes are shown above the spectrum and the detectors below. The portion  
of the gravitational- wave spectrum below 10−9 Hz probed through measurements of the cosmic microwave background 
polarization is not shown.

Multi- messenger astronomy
A new field that explores the 
Universe collectively using  
the information carried by 
photons, gravitational waves, 
neutrinos and cosmic rays.

Nucleosynthesis
r- Process nucleosynthesis 
stands for ‘rapid neutron 
capture nuclear process’, 
whereby a nucleus rapidly 
increases its atomic number by 
repeatedly capturing neutrons 
in a neutron- rich environment.

Standard siren
A gravitational- wave source 
that is determining the 
absolute distance to  
the source.

Extreme mass ratio 
inspirals
The orbit of a binary system in 
which the more massive object 
is greater than the less massive 
object by ~10,000 or more.
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Gravitational-wave physics and astronomy in the 2020s and 2030s,  
Bailes+, Nature Physics Roadmap https://doi.org/10.1038/ s42254-021-00303-8  

discoveries so far 

• possible primordial 
origin of black holes 

• ruled out alternative 
gravity theories 

• Identified sites of heavy 
element nucleosynthesis 

• bright and dark sirens: a 
new tool for precision 
cosmology  

• dense matter equation 
of state

Years Hours Seconds Milliseconds



LIGO Voyager and Cosmic Explorer 
requires technology and expertise at national labs

Cosmic Explorer

LIGO Voyager (2030+)

Cosmic Explorer (mid-2030s)

Voyager and Cosmic Explorer will measure H0  to within a few percent to fraction of a percent, observe black holes in dark ages should 
they exist, potentially detect QCD axions  around black holes and observe EW and other phase transitions in the EarlyUniverse



Question #1:

What do you think will be the most 
promising advance in fundamental 

physics with astrophysical probes in the 
coming decade?



Question #2:

What are the specific ways in which 
cosmic experiments can help answer 
some of the questions that the HEP 

community cares most about?



Question #3:

What new physics is otherwise 
inaccessible?



Question #4:

What progress in technology would be 
needed to accomplish such goals?



Question #5:

What are the synergies between the 
science of CF07 and collider physics?


