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• Very short (few ns) 
exposure to limit night 
sky background: 
instruments use particle 
physics technology for 
photo-detectors and 
readout

• Technique pioneered by 
Whipple in U.S.

• Ongoing discoveries and 
searches by current 
instruments H.E.S.S., 
MAGIC, VERITAS

~100 m

Detection of 20 GeV – 300 TeV gamma rays
with imaging atmospheric Cherenkov telescopes
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The Cherenkov Telescope Array:
cosmic frontier physics with TeV gamma rays

• Major worldwide project in high-energy particle astrophysics for this decade 
and the next

• Builds on major success of ground-based VERITAS and HAWC (NSF, DOE) and 
space-based Fermi (DOE, NASA)

• Gamma rays are the bridge between the new cosmic messengers (neutrinos, 
gravitational waves) and the electromagnetic spectrum

• Enormous potential for exploring physics of extreme universe, including 
unique capabilities for multi-TeV DM, out of reach of LHC and direct detection

• Currently nearing initial configuration construction, largely with European 
funding

• U.S. groups aim to construct a timely enhancement to CTA that will provide 
better capabilities, an innovative path to the future, and allow U.S. 
participation in the key science of CTA, including the search for dark matter

P5 Town Hall Justin Vandenbroucke: CTA 3



The Cherenkov Telescope Array:
alpha configuration

Low energies
Energy threshold ~20 GeV
23 m diameter
4 large-sized telescopes (North)

Medium energies
100 GeV – 10 TeV
11.5 m diameter

14 medium-sized telescopes (S)
9 medium-sized telescopes (N)

High energies
4 km2 area at few TeV

4.3 m diameter
37 small-sized telescopes

(S only)

Justin Vandenbroucke: CTA 4P5 Town Hall

Northern array: La Palma Southern array: Chile
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Snowmass2021 - Letter of Interest

The Cherenkov Telescope Array (CTA): A
Transformational Instrument for Fundamental Physics
and Cosmology with Very High-Energy Gamma Rays
and Cosmic Rays

Thematic Areas:

⌅ (CF1) Dark Matter: Particle Like
⌅ (CF2) Dark Matter: Wavelike
⌅ (CF3) Dark Matter: Cosmic Probes
⇤ (CF4) Dark Energy and Cosmic Acceleration: The Modern Universe
⇤ (CF5) Dark Energy and Cosmic Acceleration: Cosmic Dawn and Before
⌅ (CF6) Dark Energy and Cosmic Acceleration: Complementarity of Probes and New Facilities
⌅ (CF7) Cosmic Probes of Fundamental Physics
⇤ (Other) [Please specify frontier/topical group]

Contact Information:

Submitter Name/Institution: David A. Williams, University of California Santa Cruz
Collaboration (optional): The Cherenkov Telescope Array Consortium
Contact Email: daw@ucsc.edu

Abstract: CTA is an instrument for �-ray and cosmic ray astrophysics in the very high-energy range
(E&100 GeV), designed to achieve a factor 5–20 improvement in sensitivity (depending on the energy)
compared to current instruments. It will provide unprecedented opportunities to study extreme astrophysi-
cal environments, perform unique tests of fundamental physics, and sensitively search for dark matter (DM)
signatures, reaching the thermal relic cross section for DM masses &200 GeV. In particular, it can probe
DM masses above ⇠1 TeV, which are inaccessible to current or foreseen direct detection or accelerator
production experiments. Observations of extragalactic �-rays enable tests of Lorentz invariance and probe
the intervening medium, yielding measurements of the extragalactic background light and cosmological pa-
rameters, as well as providing potential evidence for intergalactic magnetic fields and axion-like particles.
CTA is an international project that has profited from strong U.S. participation in both science planning
and technology development. A novel telescope design to substantially enhance CTA performance in the
core 0.1–10 TeV energy range is a proposed U.S. hardware contribution. U.S. support for CTA construc-
tion, not yet committed, will enhance the science reach of the observatory and ensure U.S. access to this
transformational facility and the discoveries it will enable.

CTA prospects summarized in letter of interest

CTA supported by several Cosmic Frontier topical group reports 
and by the Cosmic Frontier summary report



CTA sensitivity: an order of magnitude
beyond current instruments
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Strong endorsement of CTA
by the Astro 2020 decadal survey

• “What are the properties of dark matter and the dark sector? ...and TeV-scale 
Cherenkov telescopes are particularly important to make progress in this field.”

• “Time Domain Astrophysics: …new science that will come from the Laser 
Interferometer Gravitational-Wave Observatory (LIGO), the Cherenkov 
Telescope Array (CTA), and IceCube.”

• “Medium-Scale Investments: Gamma-Ray Program …To develop discovery-class 
capabilities in multi-messenger astronomy, the panel endorses… U.S. 
participation in the Cherenkov Telescope Array (CTA) 

• “The success of the broad U.S. program in multi-messenger astrophysics would 
be greatly enhanced by access to these world-leading facilities. The 
development of these facilities depends critically on decades of U.S. investment 
that cannot be capitalized upon without continued U.S. involvement.”

• “The United States will contribute… SCT telescopes to the larger CTA array, 
which will roughly double the number of medium-scale telescopes.”
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Galactic 
Center

PeVatrons

Galactic
Plane Survey

Star Forming 
Systems

LMC 
Survey

Transients

AGN

Galaxy
Clusters

ExGal
Survey

Galactic

Extra
galactic

Dark Matter
Program

CTA’S Key Science Projects (KSPs)
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Science with the 
Cherenkov Telescope 
Array, World 
Scientific, 2019



TeV gamma rays will test the remaining (high mass) WIMP 
parameter space down to thermal cross section
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44 Cosmic Frontier

Figure 5-20. Limits on WIMP annihilations into pairs of bottom quarks (for masses below ⇠ 100 GeV
and W bosons (for larger masses) based on null searches by gamma-ray observatories. The beige regions
indicate the current limits for each mass, whereas the green shaded region indicates near future gains based on
planned missions, and the blue shading indicates the reach that would be enabled by long term investments
in ground- and space-based observatories. From the CF1 report [1].

baryon poor, limiting the expected sources of background. These limits are expected to improve in the near
future, as surveys such as Vera Rubin discover (about a factor of two) more dwarf spheroidal galaxies [134].

In the near future, the SWGO [135] (water Cherenkov) and CTA [136] (air Cherenkov) telescopes, successors
using similar technology to the successful HAWC and VERITAS Cherenkov telescopes but with larger
installations and Southern Hemisphere sites, have the potential to probe the thermal freeze-out scenario
up to 10s of TeV masses (depending on the annihilation channel) [137, 138], approaching the 100 TeV scale
where we can begin to set unitarity-based limits on the capacity for freeze-out to generate the correct relic
abundance. Further in the future, APT [139] is a concept for a space-based successor instrument to the
Fermi-LAT (with a demonstrator suborbital mission scheduled for 2025), which aims to improve sensitivity
at lower masses by an order of magnitude. Figure 5-20 shows the limits on WIMP annihilations into pairs
of bottom quarks (for masses below ⇠ 100 GeV) and W bosons (for larger masses) based on null searches
by gamma-ray observatories. The beige regions indicate the current limits for each mass, whereas the green
shaded region shows improvements expected in the near future based on planned Cherenkov observatories
and including new populations of dwarf spheroidal galaxies expected to be discovered by Rubin LSST. The
blue shading indicates parameter space that could be probed by longer term investment into future large
Cherenkov arrays and new space-based missions. The orange band indicates the benchmark cross section
corresponding to the correct relic abundance from freeze-out. The gray “unitarity bound” region corresponds
to the general mass range (the exact bound is model-dependent and depends on assumptions about long-
range forces, compositeness of the dark matter, etc.) in which obtaining the correct dark matter abundance
via freeze-out becomes inconsistent with unitarity in the early universe, under standard assumptions for the
cosmological history.

Cosmic-ray experiments (primarily AMS-02) currently set competitive constraints on heavy annihilating
or decaying DM, with systematic uncertainties independent from gamma-ray probes. In the near future,

Community Planning Exercise: Snowmass 2021

figure from Cosmic Frontier Summary Report

near term:
CTA, SWGO



CTA Galactic center observations will cover WIMP masses 
200 GeV – 30 TeV down to thermal cross section
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Science with the Cherenkov 
Telescope Array, World 
Scientific, 2019

See also:
CTA Consortium,
JCAP 01 (2021) 057

CTA sensitivity using array 
with 25 Medium-Sized 
Telescopes

November 30, 2018 14:55 Science with the Cherenkov Telescope Array 9.61in x 6.69in b3273-ch04 page 47

Dark Matter Programme 47
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Figure 4.1: Comparison of predicted sensitivities in 〈σv〉 for the following targets: the
Milky Way Galactic halo, the LMC, and the dwarf galaxy Sculptor. The CTA sensitivity
curves use the same method and W+W− annihilation modes for each target and the
Einasto dark matter profile. The sensitivities for the three targets are all for 500 h taking
into account the statistical errors only; for the Milky Way and the LMC, the systematics
of backgrounds must be well controlled to achieve this statistically possible sensitivity.
The H.E.S.S. results come from the Galactic halo for the W+W− channel [51] and the
Fermi-LAT results come from dwarf spheroidal galaxies for the W+W− channel [52]. The
horizontal dashed line indicates the thermal cross-section at 3 × 10−26 cm3s−1. Note that
the Fermi-LAT results come from a stacked analysis of many dwarf spheroidal galaxies
and the CTA curves are for specific individual sources.

to 3 × 10−26 cm3s−1. This seems possible if adequate observation time is
allocated to the Dark Matter Programme as well as sufficient resources to
develop methods to control the systematic errors.

Although there are great expectations for the search of new particles at
the Large Hadron Collider (LHC), collider experiments will most probably
not on their own be able to assess if any discovered particles are the whole
constituent of the dark matter in the universe. Complementary searches, by
means of direct nuclear recoil measurements and indirect searches such as the
one CTA will perform, could allow an important breakthrough in the identifi-
cation of the true nature of dark matter. The combination of results obtained
from the three major axes of dark matter searches, production at colliders,
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Snowmass Cosmic Frontier Summary Report
• “Support high-energy gamma-ray telescopes (e.g., SWGO and CTA) to probe thermal WIMPs up to tens-

of-TeV mass scales.”

• “Indirect detection of dark matter via high energy astrophysics: New > 100 GeV gamma ray observatories 
including CTA will study dark matter via its annihilations or decays, with sensitivity to the thermal freeze-
out benchmark annihilation rate up to masses approaching the 100 TeV scale, where model-agnostic 
limits on the early Universe cross section come into play.”

• “In the near future, the SWGO [135] (water Cherenkov) and CTA [136] (air Cherenkov) telescopes, 
successors using similar technology to the successful HAWC and VERITAS Cherenkov telescopes but with 
larger installations and Southern Hemisphere sites, have the potential to probe the thermal freeze-out 
scenario up to 10s of TeV masses (depending on the annihilation channel) [137, 138], approaching the 
100 TeV scale where we can begin to set unitarity-based limits on the capacity for freeze-out to 
generate the correct relic abundance.”

• “High energy gamma rays and neutrinos additionally offer probes of new physics including the decays of 
super-heavy relics left behind from the Big Bang, cosmic strings, and axion-photon conversion in large-
scale magnetic fields. Next-generation gamma-ray telescopes such as the Southern Wide-field Gamma-
ray Observatory (SWGO), the Cherenkov Telescope Array (CTA), and the All-sky Medium-Energy Gamma-
ray Observatory (AMEGO) will open up the access to new sky regions and energy ranges, and advance 
fundamental physics studies with significantly improved sensitivities.”

P5 Town Hall Justin Vandenbroucke: CTA 11



both IceCube and Fermi probe models with low LSP
masses and large SI cross sections, where the LSP tends
to be a bino-Higgsino admixture; this region is also
accessible to the DD experiments such as LZ. On the
other hand, CTA has access to the heavy LSP region, where
there is a large fraction of relatively pure wino and
Higgsino LSPs, while the LHC coverage is mostly con-
centrated (for now) on the relatively low mass LSP region.
Interestingly, the LHC searches are not quite independent
of the SI cross section; a region of enhanced exclusion
fraction is seen for SI cross sections near ∼10−13 pb.
Models with SI cross sections in this region mostly have
winolike LSPs with light squarks, making them more likely
to be observed by the LHC; winolike LSPs with heavier
squarks have a lower SI cross section, while Higgsinos and
mixed states tend to have a higher SI cross section whether
or not light squarks are present.
We now project these results onto the plane which is

most relevant for the DM ID searches. Figure 12 again
compares the search capabilities of various experiments,
but now they are projected into the LSP mass vs LSP pair

annihilation cross section plane, in which the limits from
Fermi and CTA (with particular assumptions about the
annihilation channels) can be presented directly. Here we
see the fraction of models that can be excluded by searches
at CTA (top left), the LHC (top right), IceCube (bottom left)
and LZ (bottom right). The expected limits from Fermi and
CTA are also shown, represented by the curves penetrating
the upper left- and right-hand side of the panels, respec-
tively. Here the dashed (solid) curves correspond to the
indirect detection limit obtained when the LSP pair
annihilates exclusively into bb̄ðWþW−Þ; we emphasize
that a generic LSP in a pMSSM model may annihilate to
many (often dozens of) different final states beyond these
two simple cases. However, we do see that the generic
pMSSM exclusion is well described by these limiting
cases, as displayed for CTA in the upper left panel. Note
again that CTA is primarily sensitive to models with LSP
mass above 100 GeV and with hσvi relatively close to the
thermal relic value. As in the previous figure, the LHC is
mainly effective in the lower LSP mass region. In addition,
the LHC searches are seen to be particularly efficient along

FIG. 10 (color online). Comparisons of the sensitivity of the various searches, color-coded as indicated, in the LSP mass vs scaled SI
cross section plane for the pMSSM model sample as discussed in the text. The anticipated SI limit from LZ is shown as a guide to the eye.

M. CAHILL-ROWLEY et al. PHYSICAL REVIEW D 91, 055011 (2015)

055011-14

Dark matter: complementarity of CTA
to direct and accelerator searches

P5 Town Hall Justin Vandenbroucke: CTA 12

Cahill-Rowley M. et al, “Complementarity of dark matter searches 
in the phenomenological MSSM”, PRD 91, 055011 (2015)

CTA

LHC

LZ & 
CTA

LZ



Powerful beams of TeV particles
propagating over cosmic (1025 m) baselines

• CF2 (Wave Dark Matter): “propagation of photons through the cosmic medium, featuring 
magnetic fields, but also a plasma of charged particles as well as various types of 
photons (cosmic microwave photons, extra galactic background light etc.) is modified in 
the presence of axions and similar particles and therefore can provide powerful 
constraints but also intriguing hints”

• Search for anomalies during propagation, predicted by physics beyond the Standard 
Model
– Energy-dependent speed of light
– Coupling to axions and axion-like particles

• Multiple beams (including TeVatrons and PeVatrons), and types of beams (e.g. pulsars, 
blazars, gamma ray bursts), for complementary phase space and systematics

• Five gamma-ray bursts detected in very-high-energy gamma rays by ground-based 
instruments in the past five years
– Including the brightest in ~104 years: GRB 221009A [2302.14037]
– Detected up to ~18 TeV?  Axions/ALPs?

P5 Town Hall Justin Vandenbroucke: CTA 13
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U.S. groups have innovated new dual-mirror (Schwarzschild-
Couder) telescope technology for excellent sensitivity

• Allows (1) better optical angular resolution 
over wide (8°diameter) field of view (2) 
small camera

• Small focal plane well suited for modern 
dense, highly integrated photo-detectors 
(silicon photomultipliers) and electronics 
(application-specific integrated circuits)

• Improved gamma-ray angular resolution 
and background rejection allow 
qualitatively improved sensitivity

Justin Vandenbroucke: CTA 14P5 Town Hall



Simulated shower images
for two-mirror vs. one-mirror telescope design

1 mirror telescope (~2k 0.17°pixels) 2 mirror telescope (~11k 0.07° pixels)

Both images of 1 TeV showers, zoomed in (2°across, compared to 8°field of view)

Justin Vandenbroucke: CTA 15P5 Town Hall



Astrophysics with the highest 
energy light in the Universe

Construction and 
operation of the prototype 

Schwarzschild-Couder
Telescope (pSCT)

16

• Supported by NSF MRI along 
with international partners

• Constructed next to VERITAS 
at Fred Lawrence Whipple 
Observatory

• Inaugurated in 2019, 
detected Crab Nebula in 2020

• Camera upgrade (full field of 
view, low threshold) now 
underway: second NSF MRI

• 30 CTA institutions (~80% 
U.S.) have contributed to SCT 
development

Justin Vandenbroucke: CTAP5 Town Hall



US contribution of 11 Medium-Sized Telescopes to CTA-South

P5 Town Hall Justin Vandenbroucke: CTA 17

• Will enable detection of sources 2-3 times faster than without US contribution
• Plan endorsed by Astro 2020



CTA Observatory: international context
• 330 million euro secured for CTA-alpha construction (2023-2028)

– Includes 14 Medium-Sized Telescopes in CTA-South
• Unified project since 2010; operating as German nonprofit (GmbH)
• ERIC (European Research Infrastructure Consortium) application successfully 

reviewed by European Commission, will transition from GmbH this year
• Stuart McMuldroch (Harvard/SAO, leading CTA-US management) recently hired as 

new Director General of ERIC

P5 Town Hall Justin Vandenbroucke: CTA 18

CTA-South:
access road constructed

CTA-North: first telescope (LST-1)
published first scientific paper

[2210.00775]



CTA-US in the international CTA context

• U.S. groups, along with international partners, aim to enhance CTA with 11 SCTs at 
CTA-South by ~2030

• SCT development over past decade supported by 2 NSF MRI projects
• CTA Small-Sized Telescopes also use Schwarzschild-Couder design
• Pending NSF MSRI proposal requests $8.7M to optimize the SCT design for 

manufacture and reliability and will bring the project through critical-design and 
manufacturing-readiness reviews 

• Pending NSF MRI proposal requests $3.9M for optics alignment systems 
development for first 7 CTA medium-sized telescopes — including prototype SCT

• These would complete most remaining R&D prior to SCT construction
• Subsequent proposal for construction of 11 SCTs would have ~$50M U.S. cost over 

five years
• Seek ∼$3M per year after construction to support CTA operations, continuing for 

ten years to complete CTA science program, especially Key Science Projects
• Expect 50-75 FTEs throughout CTA phases

P5 Town Hall Justin Vandenbroucke: CTA 19



Conclusion and outlook

• CTA builds on technical and scientific success of previous and current 
gamma-ray instruments, including U.S. pioneering work and leadership 
through Whipple, Milagro, Fermi, VERITAS, HAWC, and the pSCT

• Order of magnitude more sensitive than current gamma-ray instruments, for 
a wide range of breakthrough physics

• New dual-mirror telescope design pioneered by U.S. provides excellent signal 
reconstruction and background rejection (medium and small telescopes)

• CTA will provide important discoveries and constraints concerning dark 
matter, axion-like particles, Lorentz invariance, quantum gravity, multi-
messenger (including gravitational wave and neutrino) astrophysics

• Aim to construct 11 Medium-Sized Telescopes: led by U.S. groups in 
collaboration with international partners to enhance CTA-South

• Ongoing NSF investment in CTA; resumed DOE investment welcome

Justin Vandenbroucke: CTA 20P5 Town Hall



Additional slides
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Opening up the time domain
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Contributed remarks

• Pat Harding, “Particle physics beyond the Standard Model with 
cosmic accelerators” (Fermilab Wednesday)

• Qi Fing, “CTA and IceCube: the prospects of multi-messenger 
astrophysics with next-generation gamma-ray and neutrino 
observatories” (Argonne Thursday)

• Andrea Albert, “WIMPs are not dead”

P5 Town Hall Justin Vandenbroucke: CTA 23



GC Halo Limits (bb channel)

14UCLA DM 2014

CTA 
(NFW, 500 hr)

HESS (112 hr)
Fermi dSph 
(4 yrs +10 dsphs)

CTA Galactic center observations will cover WIMP masses 
above 100 GeV down to thermal cross section

Justin Vandenbroucke: CTA 24P5 Town Hall

CTA Consortium,
JCAP 01 (2021) 057

CTA sensitivity 
using array with 

25 Medium-Sized 
Telescopes



Dark matter: complementarity of CTA
to direct and accelerator searches
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Dark Matter Programme 55
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Figure 4.4: (a) Comparisons of models from the phenomenological minimal supersym-
metric model (pMSSM) surviving or being excluded by future direct detection, indirect
detection, and collider searches in the neutralino mass-scaled spin-independent cross-
section plane. The spin-independent XENON1T exclusion is shown as a solid black line.
The models accessible to CTA (blue) and LHC (red) are shown. Figure extracted from
Ref. [86]. (b) Current best limits on the annihilation cross-section from indirect detection
(Fermi-LAT dwarf spheroidal galaxies stacking analysis, W+ W− channel [52] and H.E.S.S.
Galactic halo, W+ W− channel [51]) and cosmic microwave background experiments
(WMAP and Planck, bb̄ channel [63]) compared to the projected sensitivity for CTA from
observations of the Galactic halo for the Einasto profile and W+ W− channel.
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Cahill-Rowley M. et al, “Complementarity of dark matter searches 
in the phenomenological MSSM”, PRD 91, 055011 (2015)



Five gamma-ray bursts detected at very high energies
by ground-based instruments

GRB Redshift Energy range (TeV) Time range Luminosity distance Duration (s)

180720B 0.653 10 hr 48.9

190114C 0.4245 0.2-2 102 – 103 sec

190829A 0.0785 0.18-3.3 4-56 hr

201216C ~1.1 0.1 20 min 30-48

221009A 0.151 up to 18 (!?)

P5 Town Hall Justin Vandenbroucke: CTA 26



Detection of the Crab Nebula
by the prototype Schwarzschild-Couder Telescope

Establishes innovative dual-mirror technology

C. B. Adams et al., Astroparticle Physics 128 (2021) 102562
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Northern array

Southern array



First scientific paper from a CTA telescope, LST-1
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• Search for TeV counterpart of LHAASO J2108+5157
• One of several unidentified sources detected at ~100 TeV by LHAASO
• CTA-LST Project, A&A in press, 2210.00775



US contribution of 11 Medium-Sized Telescopes to CTA-South
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• Will enable detection of sources 2-3 times faster than without US contribution
• Plan endorsed by Astro 2020



Testing Lorentz invariance with gamma ray bursts
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• MAGIC upper limit from GRB 190114C: 1.7 x 10-15

• 4.5 billion light years, but high energy: 2 TeV
• Test quadratic dependence of light speed on energy
• Under invariance violation model, unification scale must be >5.6 x 1010 GeV (compare 

Planck 1.2 x 1019 GeV)


