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Blanchard & Schneider 1987
(first idea of detectability)

Zaldarriaga & Seljak 1997
(first lensing estimators)

Hu 2001
Hu & Okamoto 2002
(optimal lensing estimators)

Smith, Zahn, Dore 2007
(first indirect detection)

Das et al. 2011 - ACT
(first direct detection)

van Engelen et al. 2012 - SPT
(second direct detection)

Planck Collaboration 2018
(detection with S/N = 40)

ACT Collaboration 2024
(detection with S/N = 43)
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Power of CMB Lensing

Atacama Cosmology Telescope (ACT)
Data Release 6: S8 constraint (2024)
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Power of CMB Lensing

Atacama Cosmology Telescope (ACT)
Data Release 6: S8 constraint (2024)
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Atacama Cosmology Telescope (ACT)
Data Release 6: HO constraint (2024)
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Atacama Cosmology Telescope (ACT)
Data Release 6: HO constraint (2024)
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Power of CMB Lensing

Atacama Cosmology Telescope (ACT)
Data Release 6: HO constraint (2024)
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Near Future of CMB: CMB-54

Maintaining Moore’s Law: focal planes are saturated
so must use parallel processing and multiple telescopes.

Stage | ACTPol / SPTPol

Now
=000 ‘e ] Advanced ACTPol
Vi e S @ Stage |l
£ \} ramping up SPT 3G
S S ; ~10,000 detectors

Stage IV

~2020 - CMB-S4
~500,000 detectqrs

|
1

1
|

| CMB-S4: A program to put O(SO0,000)
t detectors spanning 30 - 300 GHz using '
¢ multiple telescopes and sites to map =70% |

 of sky.

Slide credit: Jeff McMahon



P5 Report - U.S. Particle Physics Roadmap

Exploring Pathways to Innovation
the and Discovery
Quantum in Particle Physics

U n ive SE e e o S SR DR Il s,

-

Decipher Explore [lluminate

the New the

Quantum Paradigms Hidden

Realm in Physics Universe
Elucidate the Mysteries Search for Direct Evidence Determine the Nature
of Neutrinos of New Particles of Dark Matter

Reveal the Secrets of Pursue Quantum Imprints  Understand What Drives
the Higgs Boson of New Phenomena Cosmic Evolution



CMB is the highest P5 priority

Recommendation 2: Construct a portfolio of major projects that collectively
study nearly all fundamental constituents of our universe and their interactions,
as well as how those interactions determine both the cosmic past and future.

These projects have the potential to transcend and transform our current paradigms. They
inspire collaboration and international cooperation in advancing the frontiers of human
knowledge. Plan and start the following major initiatives in order of priority from highest
: ’ CMB-S hich looks back at the earliest moments of the universe to probe physics

»fighest energy scales. It is critical to install telescopes at and observe from
both the South Pole and Chile sites to achieve the science goals (section 4.2).

b. Re-envisioned second phase of DUNE with an early implementation of an enhanced 2.1
MW beam—ACE-MIRT—a third far detector, and an upgraded near-detector complex
as the definitive long-baseline neutrino oscillation experiment of its kind (section 3.1).

c. An off-shore Higgs factory, realized in collaboration with international partners, in
order to reveal the secrets of the Higgs boson. The current designs of FCC-ee and
ILC meet our scientific requirements. The US should actively engage in feasibility
and design studies. Once a specific project is deemed feasible and well-defined (see
also Recommendation 6), the US should aim for a contribution at funding levels com-
mensurate to that of the US involvement in the LHC and HL-LHC, while maintaining
a healthy US on-shore program in particle physics (section 3.2).

d. Anultimate Generation 3 (G3) dark matter direct detection experiment reaching the
neutrino fog, in coordination with international partners and preferably sited in the



Timeline

16 Dark Energy and Cosmic Acceleration: Complementarity of Probes and New Facilities
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Figure 6-5. Timeline of current and future ground-based CMB experiments. For context,
the timeline also includes a few sub-orbital and satellite experiments in grey. Dashed boxes
indicate fully-funded facilities. The fade-in regions indicate commissioning periods, while
the boxes indicate full survey observations.
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P5 20-Year Vision for Cosmology

4.2.7 — 20-Year Vision

We are entering an exciting era in our study of cosmic evolution. The projects recommended
by the last P5 report that are beginning operations, the project portfolio recommended by
this P5 report, and the future projects for which R&D and project definition will occur in
this decade, will allow for great progress in our knowledge of the entirety of our cosmic

DRAFT Exploring the Quantum Universe: Pathways to Innovation and Discovery in Particle Physics

4: llluminate the Hidden Universe [x 61

history, from the inflationary era, through the radiation and then matter dominated eras, to
the dark energy era. Together with strong theory and computational support, that progress
lays the foundation for the next generation of projects.

To support the success of this portfolio of cosmic surveys at a range of wavelengths,
continued work and advocacy will be important to prevent or mitigate the effects of
human-produced nuisances, including light pollution, satellite constellations in low-earth
orbit, and radio-frequency interference.

The knowledge gained from CMB-S4 and eventually from Spec-S5 will enlighten us
about the nature of inflation at the earliest cosmic times, both in terms of the energy scale
and the inflationary dynamics. We recommend pathfinding works in the next decade,
specifically LIM R&D and research, that will allow us to follow up any detected primordial
signal from the inflationary era. Moving forward in cosmic time to the radiation and matter
eras, we will have a window to new relics during the quark-hadron transition, and lay the
groundwork for future pro;ects that can push down to the eIectroweak scale

to probe theexpansmn hlstory deeper in the matter era. And finally at late times, our
recommended portfolio sets us up with multiple complementary means to rigorously test
the cosmological constant hypothesis and discover the time evolution of dark energy.
The flexibility of Spec-S5 to address multiple scientific goals (inflation, late-time
cosmic acceleration, dark matter) depending on the priorities that emerge from DESI,
early DESI-Il, and Rubin Observatory LSST results makes it a crucial part of this 20-year
vision. Similarly, future survey concepts for Rubin Observatory, to be developed later this
decade after early LSST science results are available, could address key questions that
come to the forefront of particle physics studies of cosmic evolution in five to ten years.
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CMB-HD Concept

Pl: Neelima Sehgal

Two new 30-meter mm-wave telescopes in Atacama Desert
with total sensitivity 3 times deeper than CMB-S4 wide survey == CMB-HD

Six times higher resolution than CMB-S4 and SO

Each telescope holds 800,000 detectors (200,000 pixels);

Survey is over half the sky; Survey duration = 7.5 years

Cost = 1 billion dollars (but could be much cheaper and easier to build with MKIDS)
MKIDS are easier to fabricate, readout, and multiplex than traditional TES bolometers




Motivation of CMB-HD

Rich Science from CMB-HD:

Dark Matter Properties from Small-Scale
Matter Power Spectrum
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* Key light relic target:
o(N.;) = 0.014

Snowmass2021 CMB-HD White Paper: 2203.05728
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o Key |ight relic target: Snowmass2021 CMB-HD White Paper: 2203.05728
O(Neff) — 0.014 FETTTTT ,..,:. —1— , —T T _,Spl,n-l:
d > —— Spin-3 i
2 m—— Spin-0 |

 Minimum change to Nef from
any new light (< 0.1 eV) =
species in thermal equilibrium 51 0.2F ~—— " TT - SR r T oo oo — -

with standard model particles 0.1E ~MB-sa (- 1
is 0.027 0.05F = 30017
L CMB-HD (20) J0.027
0.02F 7
0.01' ] [ paal o 1 N N N

1 10 100 103 10* 10° 106
TF [GGV]

10721041072 0.01 0.1



Science Motivation: Light Relics

o Key |ight relic target: Snowmass2021 CMB-HD White Paper: 2203.05728
6(N,g) = 0.014 TSN A Riissausenrroy
7 < — Spin-% i
2 m—— Spin-0 |

* Minimum change to Nesf from
any neW“ght (< 01 eV) o Za:@ _gu_rr_on_t_lir_ng;_(Q_ol ____________________
species in thermal equilibrium 5 ©-2

P rrrrn
L Ll

I
|

with standard model particles 0.1F ~MB-S4 (20) ;-
is 0.027 0.05F Nia 30,047
FCMB-HD (20) =0.027
0.02f 1
(NI TR PR PN P I B B PR
e CMB-HD can probe the 10-510-%10-30.01 0.1 1 10 100 10® 10* 105 106
existence of any new light Tr |GeV]

particles back to about 10-30

seconds after the Big Bang
(assuming no significant dilution by
other new particles beyond the
standard model particle content)



Science Motivation: Light Relics

o Key |ight relic target: Snowmass2021 CMB-HD White Paper: 2203.05728
o(N.x) = 0.014 Wl e
~ e Spin-% i
2 ——— Spin-0 |

 Minimum change to Nef from
any new Ilght (< 01 eV) ZEE _(zu_l“r_elzc_lir_ni_t_(Q_al ____________________
species in thermal equilibrium 5 ©-2
with standard model particles 0.1

Frrrrrn
L L1l

I
|

CMB-54 (20)

LI L

is 0.027 0.05F N 0.017
FCMB-HD (20) =0.027
0.02f 1
001— PP PR | Y B (Y I BT R AT BRI B
e CMB-HD can probe the 10-510-%10-30.01 0.1 1 10 100 10® 10* 105 106

existence of any new light Tr |GeV]

particles back to about 10-30

seconds after the Big Bang « Combining CMB-HD

(assuming no significant dilution by measurement with 3D large-

other new particles beyond the

standard model particle content) scale structure probes such as

Spec-S5 can yield o(Neg) =~ 0.01



Science Motivation: Inflation



Science Motivation: Inflation

10!
° Key |nﬂat|0nary magnetlc f|e|d (lMF) target: (_g’) : Origin of magnetic fields in galaxies must be from
— - inflation if measure signal in this region.
(B, = 0.036 nG .
- Joint Planck 2015 + SPT 2015 (95% CL)
10
= -
Ay -
E —
o o llllllll_ CMB-54 (95% CL)
o,
S LU CMB-HD (95% CL)
,il.) L Origin of magnetic fields in galazies must be from
mg T galactic dynamos if measure signal in this region.
10—2 ! L ! L
1071 10° 10!

Coherence Length of Magnetic Fields [Mpc]



Science Motivation: Inflation

—_
-
[Em—Y

Origin of magnetic fields in galaxies must be from

» Key inflationary magnetic field (IMF) target:
o(Bgp) = 0.036 nG

inflation if measure signal in this region.

Joint Planck 2015 + SPT 2015 (95% CL)

—_
-
O

e Can detect inflationary IMFs at about 3o

2
Q
5
i
aw
w
=
S
N
Q
S

- Origin of magnetic fields in galaxies must be from

Scale—Invariant PMF Bgr [nG]

T galactic dynamos if measure signal in this region.
11 I

1071 | IIIHlOO | 101
Coherence Length of Magnetic Fields [Mpc]

DO

—_
-




Science Motivation: Inflation

—_
-
[Em—Y

Origin of magnetic fields in galaxies must be from

» Key inflationary magnetic field (IMF) target:
o(Bgp) = 0.036 nG

inflation if measure signal in this region.

Joint Planck 2015 + SPT 2015 (95% CL)

100

e Can detect inflationary IMFs at about 3o E
_ _ , e CMB=54 (95% CL)
e Constraint from anisotropic 101 CMB-HD (95% CL)

birefringence; IMF signal is frequency
dependent

- Origin of magnetic fields in galaxies must be from

T galactic dynamos if measure signal in this region.
11 I

1071 | IIIHlOO | 101
Coherence Length of Magnetic Fields [Mpc]

Scale—Invariant PMF Bgr [nG]

DO

—_
-




Science Motivation: Inflation
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Science Motivation: Inflation

» Key inflationary magnetic field (IMF) target:
o(Bgp) = 0.036 nG

e Can detect inflationary IMFs at about 3o
e Constraint from anisotropic

birefringence; IMF signal is frequency
dependent

* Key primordial non-Gaussianity target:
o(f™) = 0.26

« Can detect or exclude 11\%3“‘1 = ] at4o

 Achieved with combination of CMB-HD
and Rubin Obs; limited by Rubin Obs,
so can improve with future LSS surveys

Snowmass2021 CMB-HD White Paper: 2203.05728
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Science Motivation: Dark Matter

Extreme CMB lensing measurements to probe the nature of

dark matter; unique to CMB-HD
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e Dark Energy: o(w) = 0.005
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— S4-WIDE
— S4-ULTRA DEEP
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From Raghunathan et al, ApJ, (2022), 2107.10250



Science Motivation: Dark Energy/Neutrino Mass

e Dark Energy: o(w) = 0.005

CMB-HD
— S4-WIDE
— S4-ULTRA DEEP

e Sub-percent precision
on dark energy equation
of state
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e Dark Energy: o(w) = 0.005
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Science Motivation: Dark Energy/Neutrino Mass

e Dark Energy: o(w) = 0.005

CMB-HD
— S4-WIDE
— S4-ULTRA DEEP

e Sub-percent precision

on dark energy equation
of state

e Neutrino mass:

o( )’ m,) =13 meV
< —1.00 QQ\\\
| N
* Almost 50 detection of ol
neutrino mass possible |

with just Planck 7 prior in oS e
minimal mass case
From Raghunathan et al, Apd, (2022), 2107.10250



Cosmological Parameter Forecasts from a CMB-HD Survey

B CMB-HD delensed TT, TE,EE, BB + kk + FG + DESI BAO
Bl CMB-S4 delensed TT, TE, EE, BB + kk + DESI BAO

SO delensed TT, TE, EE, BB + kk + DESI BAO
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From Maclnnis et al, PRD, (2024), 2309.03021

68

0.06

0.04

< 3.07
—
o 3.04}
=
< 3.01f

0.97

®» @ @ @S]

Ns

0.96

® )\
N | ,@, A

0.10 F + + + + .
W10 /i
0.12 67 68 0.05 3.02 3.06 0. 96 0. 97 3.00 3.15 0.05 0.15
Qph? Q.h? Ho T In(10%4,) N Nefs >m,

A
@
Y.




Cosmological Parameter Forecasts from a CMB-HD Survey

Il CMB-HD delensed TT,TE,EE,BB + kk + FG + DESI BAO
Bl CMB-S4 delensed TT, TE, EE, BB + kk + DESI BAO
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PLANETARY STUDIES

CMB-HD will provide a census of planets‘and dwarf planets hundreds of AU from the Sun. It will also
open a new window on planetary studies by detecting exo-Oort clouds around other stars, and advance
the study of debris disks around large stellar populations.
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Science Motivation: Astrophysics
PLANETARY STUDIES

CMB-HD will provide a census of planets‘and dwarf planets hundreds of AU from the Sun. It will also
open a new window on planetary studies by detecting exo-Oort clouds around other stars, and advance
the study of debris disks around large stellar populations.

-
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* EVOLUTION OF GALAXIES AND'GAS

‘ ¥. J.»
How do galaxies form and evolve? CMB-HD will map the pressure, density, temperature, ap@#velocity

profiles of the gas in-and around g@qxies to reveal answers to this question. .~ &

THE VARIABLE AND TRANSIENT UNIVERSE

CMB-HD will map the variable Universe by surveying half the sky every day.
Weekly maps will be'made public to the astronomy community.




More information

Website: https://cmb-hd.org

* Collaboration about 65 scientists so far (open membership)
Snowmass2021 CMB Measurements White Paper (2203.07638)
Snowmass2021 CMB-HD White Paper (2203.05728)

Astro2020 CMB-HD RFI (2002.12714)
Astro2020 CMB-HD APC (1906.10134)

Astro2020 Science White Paper (1903.03263)
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Summary

« CMB experiments have led to profound advances in our
understanding of fundamental physics

e Future of CMB is very bright in next decades

 CMB-HD will be a big leap beyond precursor ground-
based CMB surveys in terms of resolution and noise

* Will open a new regime of millimeter-wave science

 Compelling fundamental physics: dark matter, light
relics, inflation, ....

 Compelling astrophysics: planetary studies, galaxy
evolution, transient skyj, ...

 Hopefully on-sky in next decade



