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— Framing THE COSMIC FRONTIER —

Essential Points

Atoms
4.6%

Possible dark matter (DM) candidates  park
vary by many decades in mass! atter

Dark
Energy
71.4%

All evidence for DM comes from astrophysics,
assuming gravity is understood. oo [NASA]

Dark energy Is utterly mysterious. It Is more prominent
today than in the cosmic past.

What broader questions can we study and how?

E.g., the possible co-genesis of baryons and dark
matter is a multi-frontier (CF/RF/NF/Theory) issue....
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— THE COSMIC FRONTIER —
* Many Fronts, Different Technologies*

Terrestrial or Space-Based Studies

CFI: Dark Matter: Particle-Like []. Cooley,T.-T. Yu, H. Lippincott, T. Slatyer]

CF2: Dark Matter: Wave-Like []. Jaeckel, G. Rybka, L. Winslow]

CF3: Dark Matter: Cosmic Probes [A. Drlica-Wagner,
C. Prescod-Weinstein, H.-b.Yu]

CF4: Dark Energy and Cosmic Acceleration: The Modern Universe
[J. Annis, . Newman, A. Slosar]

CF5: Dark Energy and Cosmic Acceleration: Cosmic Dawn and
Before [C. Chang, L. Newburgh, D. Shoemaker]

CFé: Dark Energy and Cosmic Acceleration: Complementarity of
Probes and New Facilities [V. Miranda, B. Flaugher, D. Schlegel]

CF7: Cosmic Probes of Fundamental Physics [R.Adhikari, L.
Anchordoqui, K. Fang, B.S. Sathyaprakash, K. Tollefson]



— THE COSMIC FRONTIER —
TODAY

* QOverview of physics & driving questions
iNn CF1 - CF7 in turn

These subgroups have subgroups!
Hundreds of white papers have been submitted to CF!

Thus our discussion will be incomplete!
* Note topics that complement work in RPF
Here, too, our discussion will be incomplete!

My apologies if your favorite topics are not represented!
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A Vast Range of Dark Matter Candidates

Elementary

Particle Masses  _ ..

Fits in Galaxy

zeV aeV feV peV neV peV meV eV keV  MeV  Gev  Tev  PeV [30M,)
& :

“Fuzzy DM” “WIMPs” “Exotics” *
Phenomenology controlled by deBroglie A
at the Sun'’s location: “Black Holes”!
npom Adgs3 >> | npom Adgs3 << |
Behaves like Rare collisions
a classical field
Wave-like! Particle-like!

Cosmic small-scale structure is washed out if DM is too light
New opportunities!! New pr5c>bes!! (Also theory driven!)




Particle-like Dark Matter
DM Direct Detection to the vV Fog

Gradient of Xe discovery limit, n = —(dInc/dIn MT) -1

1.5 2.0 2.5 3.0
< I
10_41 :I ‘I\I | | | | | | LI L | | | | | LI | | | | LI | | | | 10_5
| \\
P |
\
\
\
\
_ \ _
107% ) N\ —~+107°
| \\ “ Voo s
\
(W \ \ %*‘]ejz”
\ Q\é -
43 \ \ v\ Q,sz’ 7
1075 Ny WY . e 110~
"\/ Vyf'o \:\ \ \ /”’
~ ".\:O/)SO’) 6 \w ).‘?; “ ’a”
. o ‘\3 L

—_

S
N
=~
(0¢]

f”
. -
== - ‘ 10~
-~ -
S' s ® Ny Bl e ”

PN
as " .
ws®

.
.*
.*
.

—_

9
=~
6)]

L]
‘e,
L

_10—10

—_

9
=~
(@)

.
«*
PR
.
.e®
......
"""""
----------

-
’/

—_
|

S

;N

\’CD < ““‘-‘ B
oS 74{ 10~ 11

-

-
-
-
-
- .
- "
- [N

Dark matter-nucleon cross section [cm?]

.
.
.®

10—12

—_

9
IS
(0e)

.
.
o

.
.
ccccc
.
--------
-----

Xe neutrino fog

100 10—13

—_

S
=~
\O

Dark matter mass [GeV /c?]

Note arXiv:2203.8084 6

The v “floor” Is
really a “fog”!

Great strides with

AN =S 1o+ Z LXe technology!

New mechanisms
of detection!



Direct Detection

fom Osi[cm?]

~ Particle-like Dark Matter
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=
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NMSSM -2

Note sensitivity to models
‘popular in flavor physics

Mpw [GeV]

spin independent

RPF interface (e.g.): flavor

scalar charges of the nucleon

now precisely known from
LQCD! Note arXiv:2111.09849
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MDM [GeV]

spin dependent
Note arXiv:2203.8084



Particle-like Dark Matter (CF1)
DM Direct Detection to the V Fog: New Probes! s

~——__ - D]|rlelc;t Detelctlorll I
AISO, / 1 0_38 _ \
beyond : SLogg SIMP |
e- probes 1= §07™, ]
{ £ k Neutrine Fo9

: t  §10-%6| ‘
new materials 1 ° | M%fana LDM
mechan|sms 1 5 10 50 100 500 1000
possible padindd

Note arXiv:2203.8084

Also gravitational direct detection of ultra-heavy DM
IS under R&D
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Wave-like Dark Matter

Enter the axion™

A. Berlin and others

1077 existing bounds
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Newly attained sensitivity to the QCD band!
*Vacuum misalignment can progluce scalars and vectors also...



Wave-like Dark Matter ‘
Broad strides to QCD band via Y & nucleon couplings

I C \ X
10% 1010 on T 9V 101 10°

Existing Axion Limits in QCD Band

Black Hole Spins Existing Haloscopes Astrophysics

e -]

DOE G2 and DMNI Targets

DMRadio-m? -
ADMX G2 and EFR

Future Project Targets

[ m =

CASPEr HAYSTAC -
SRF-m? MADMAX ﬂ
I TR
ALPHA LANMPOST
DMRadio-GUT SQuAD Quasiparticles
Next-Gen Ultimate Axion Facility

W W
my [eV] Note arXiv:2203.14923, 2203.14915
RPF interface (e.g.): note O(keV) axion studies in 11,K rare decays



Wave-like Dark Matter

DM Direct Detection Boot-Strapped
by the Quantum Toolbox!

Quantum toolbox & future of quantum sensors for dark matter detection

Nuclear
clock

Dedicated quantum
sensors for dark
matter detection

33 4142

Qp |~~—

Entanglement: Heisenberg-limited spectroscopy

Quantum logic spectroscopy

Image credits: MIT Vuletic group, Piet Schmidt, Nature 517, 592, Nature Physics 14, 198

Note arXiv:2203.14915, 2203.14923



Dark Matter: Cosmic Probes
Towards the small-scale frontier!*
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S = 2 2 m Fuzzy DM
2 = z e = - == Interacting DM
B o104 b - i) = e = Warm DM
+~ ‘ = — :a
= - e 2 K = === Early MD
= . o = £ 3 == Axion Misalignment
a 10—6" § 45 O % m e\ DM - 1
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Cosmic small-scale structure is washed out if DM is too light

*N.B. a single DM Carl12didate IS assumed!



Dark Matter: Cosmic Probes
Extreme Astrophysical Environments

f& ’
. Metastable ND Q Accretion Disk | 4

NS s« Note arXiv:2201.02637
Outcomes sensitive to dynamical details....
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Dark Matter: Cosmic Probes

Extreme Astrophysical Environments N
Stellar evolution (2.4) NOte arX|V 2203 07984

Gamma-rays from
X-rays from magnetars (2.1.2) “"BNS miergars (3.2)

Pair-instability supernovae (3.3)
NS collapse (3.6 + 4.4)

Binary merger constraints on axions and LDM (4.3) DM and bitiaiv

Stellar overheating, gamma ray/neutrino emission (3.4) mergers (4.3)

z-dependent cosmic distance (2.3.2) NS heating due to DM coupling (4.1)
NS overheating due to neutron-DM mixing (3.5)

Boson star inspirals (2.3.1) | DM spikes around BH (4.2)

SNe cooling, gamma ray emission (3.1)

Radio lines DM decay by

- annihila-
SHEyesaniineg ) SN remnants (2.3.2) Hon nle:.r

BNS inspirals (212) | ¥~ Radio lines from BH (4.2)

neutron stars (2.1.1)

1 'l ' A A A 'S A ' I A A , ' A A ' A I 4 ' A i A ’ ' A ' ' A A A A A ' ' A I A A 4 A A A A A )
10725 10-20 10-18 10-10 10° 100 101 10 1020 10%°

s DM mass In eV "
10 eV RPF Interface (e.g.): rare decﬁys, BNV, dark sector probes.... 10 eV



Dark Energy and Cosmic Acceleration (Gra)
Key Questions

e |[s ACDM the best model?

¢ |s GR correct on large scales, or not?

e How did large scale structure arise
from the event of inflation? ACDM

Stage 111

SN Y10

3x2pt Y10

LSST all4Stage II1

Test: the Dark Energy EoS  #




Dark Energy and Cosmic Acceleration CF4;

Massively Multiplexed Spectroscopy
Precision Measurements of the Matter Power Spectrum

Are there inflation-era spectral features? = Sharp? Resonant?
10 = Fow much dark radiation is there?
Nets
o
L
~
U How much dark energy is there in thelmatter dominated era?
Q.
= rqgH(2 <z < 6)
g What is the massyof the neutrino?
Q. >m,
10°-  Was inflation slow roll single field? What is the origin of late-time}accleration?
fr;?c D(z), n
What is the nature of dark rr%a.'r‘rer'?
Spectral cutoffs at k=104,10*,10?
10"4 10"3 1()"2 10"1 l(;0

k [h/Mpc]
RPF interface (e.g.): hunting sterlle neutrinos (B decay!); LNV!



Dark Energy and Cosmic Acceleration{CF5

Multimessenger Observations
Now with Gravitational VWaves!

o CMB
e GW
o LSS
Mulkipole ?! ~ *
Primordial
LSS
SNe
r, Nt
T Qb QCDM ) r
’ T , 5T n + y ’ ’ + A| fNL
Ho. Q, cme, 0 T(N) A., ng, Norr, A o

AN eff



Dark Energy and Cosmic Acceleration :CF4,;-
Physics Probed with Redshift

Accelerating epoch Testing concordance cosmology

nflation (non-gaussianity)
| Inflation (primordial feature energy scale) |
103 & . Indirect expansion ‘ H

coustic Oscillations

= 107 F | | .
&% o | Light relics | Light relicss
= | Modified Neutr Neutrinos

2

redshift Z



Dark Energy and Cosmic Acceleration (CF6.
Complementarity! New Facilities! New Probes!

Joint analyses
happen only in the
5 cosmological
" . parameter space
1 . (Just stack
likelihoods)
0.0 A — %': 1.0

Probing Cosmic Concordance
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Cosmic Probes
Physics Beyond Dark Matter & Dark Energy

Multi-messenger Focus
Interpreting/Resolving Tensions in Cosmological Data

Whither ACDM?

20



Hy [km s Mpc™]|

11

60

65

70

75 80 85

Cosmic Probes

Enter the Hubble Tension

Is it a physics effect
or an observational
systematic effect
or effects? Or?
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Broader Complementarltles
heavy-ion .o« - - F TV IIXD
collisions ‘ Grt-gon e
“sew|  Also key
to DM indirect
detection!
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Indirect Dark Matter Detection
MeV Mission Futures

N2 3¢, = - | Unfunded/Pro d
— Today (2022 ’ s
COMPTEL oday (2022) X @ —> Funded/Scheduled
McMurdo, Antarctica 2025 -
COSI (NCT) % 2005 % 2009 k2014 K 2016 _ -
New Mexico, USA Wanaka, New Zealand Satellite
SMILE K 2006 * 2018 W Mid-2020s 2030+
Sanriku, Japan Alice Springs, Australia Balloon Flight Satellite
GECCO ®x2 L. FENG
Beam test Satellite
GRAMS @2024 3% Late-2020s______ 2050 L
Beamtest  Balloon flight Satellite
2030+
GammaTlPC o eeeeeeea ---- >
Satellite
APT @202 X202 0,
Beam test  Piggy-back balloon test Satellite
Late-2020s
AMEGO-X @202 %2023 _ Lawe2020s .

Beam test  Prototype balloon flight  gatellite

_—tt
2010 2020 2030

Note related arXiv:2203.06894 Note also arXiv:2203.06895,2203.067/81,2203.06508
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— THE COSMIC FRONTIER —
Summary

The existence of dark matter and of dark energy
are established through astrophysical observations.

Discovering their physical origin — and more —
appears to be within our future grasp

A veritable explosion of white papers can be found in CF!
Let a thousand flowers bloom....

The identification of DM (and more) will
ultimately be a multi-frontier effort (& w/ RPF!)!

Note Dark Matter Small Projects New Initiatives
as an example (RPF: LDMX, CCM, M3....)
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https://science.osti.gov/-/media/hep/pdf/Reports/Dark_Matter_New_Initiatives_rpt.pdf

Backup Slides



A Vast Range of Dark Matter Candidates (CF1

zeV aeV feV peV neV pueV meV eV keV MeV GeV TeV PeV 30M,

Tt

£ 3 > ey
QCD Axion WIMPs
. .ﬁ .
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
<€ > € >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
> < >
Post-Inflationary Axion Asymmetric DM
< >
Freeze-In DM
>
SIMPs / ELDERS
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Cross Section [cm?]

10—43

1074

107%

1074

107¥

10748

107%

Particle-like Dark Matter
DM Direct Detection to the V Fog
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- neutrino floor, Billard (2014) DARWIN/G3 m 10 = solar neutrinos (pp, 'Be) DARWIN / G3
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10

1072 107! 1 10 107 107! 1 10

Target Mass [t] Target Mass [t]

Great Strides in LXe Technology!
Note arXiv:2203.8084
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Dark Matter Candidates

Vector Bosons

Scalar Bosons (gauge coupling)

10—22 10—18 10—14 10—10
| | |

AN
e

Vector Bosons
(kinetic mixing)

106 102
| | \

Spin Based Sensors

| |
Particle Mass (eV/c?)

Optical Interferometers (incl. GW detectors)

Atom Interferometers

Broadband Reflectors
| |

Haloscopes (cavity, plasma, dielectric)

l |
Qubits

LC Oscillators

Atomic, Molecular, Nuclear Clocks

Torsion Balances

Cavity - Cavity/at. & mol. trans.

Quantum Materials

Molecular Absorption

] |

| L ]

Mechanical Resonators

EP Tests (Eot-Wash + MICROSCOPE)

| | N

108 10~4 100 104

Note arXiv:2203.14915, 2203.14923
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Cosmic Probes

Detector Stellar Galaxy Cluster CMB
Small Scales Length Scale Large Scales
Observational Tools
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