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~90 orders of magnitude!
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T heoretical Directions

] Theory development™
] Production mechanism
] Can 1t be constrained or detected astrophysically

[ How do we detect and study 1t in the lab?

*bonus points for solving outstanding problems
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T heoretical Directions

[d Theory development®
[ Production mechanism see |osh Foster’s talk in this session!

[J Can it be constrained or detected astrophysically

[ How do we detect and study 1t in the lab?

*bonus points for solving outstanding problems
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Theorists Searching for New Physics

1022 eV keV  GeV 10TV My, 10° Mg
—

Weakly Interacting Massive Particles

M Predicted in supersymmetric theories that
nope to solve the hierarchy problem

M Correct cosmological abundance through
thermal equilibrium through Standard
Model interactions and freeze-out

x=m/T (time -)

Jungman, Kamionkowski & Griest (1996)
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Theorists Searching for New Physics

1022 eV keV GeV 10TV My 10" M,
1 (D =ttt

QCD axion
| | | | | )

M Predicted in Peccei-Quinn mechanism 3

to address the Strong-CP problem = ,

. a+3Ha+ m"a=0

M Correct cosmological abundance * *

through inflationary misalignment ' Preskill, Wise, Wilczek (1983)

mechaqlsm : | Dine, Fischler (|982)

a Abbott, Sikivie (1982)

A
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Theorists Searching for New Physics

Sikivie: Experimental Tests of the "Invisible" Axion

(1983)

Krauss, Moody, Wilczek, Morris: Calculations for

Cosmic Axion Detection (1985)
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Dark Matter in the Last Decade: Explosion of ideas

1 0-22 V classic window
c 104 - 10~ eV

keV GeV 1w0Tev My 10°M 0
T e e e R

|_| 1. Directional detection of WIMPs

E with NV center spectroscopy
Ra Jendran Zobrist, Sushkov, Walsworth, Lukin

L—J 2. Quantum sim/optimization for
WIMP nuclear-recoil response

l._—l 3. LHe and GaAs for calorimetry for
Knapen, Lin, Pyle, Zurek hidden-sector DM
|_|

4. Nanowire single-photon detectors for hidden photons Mg, |Huang, Lasenby

E J 5. Qubits and Rydberg atoms for QCD axions Arvanitaki, Dimopoulos, Van Tilburg

L—J 6. Qubits and ultrahigh-Q cavities for hidden photons Graham, Mardon, Rajendran, Zhao

|_l 7. Photon upconverters for QCD axions (needed for

|_| 8. Lumped resonators for QCD axions

L 9. Nuclear spins for QCD axions

nuclear spins and lumped resonators)

Kahn, Safdi, Thaler
Chaudhuri, Graham, Irwin, Mardon, Rajendran, Zhao

Budker, Graham, Ledbetter, Rajendran,Sushkov

i_i 10. Clocks / cold atoms for scalar dark matter
Arvanrtaki, Huang, Van Tilburg

\asha Baryakntar (University of VWashington)

Snowmass summer Study 2022 Adapted from K. Irwin
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Dark Matter in the Last Decade: Some Examples

1022 eV keV GeV 100Tev My 103]\/[@
= sles—iamne——
(2,3) axions couplec (1) dark photon-
to photons mediated light dark
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Dark Photon Mediated Light Dark Matter

1022 eV keV GeV 100Tev My 10 M
- | 1 . ke

M New light sector
broduced through DM
freeze-In or freeze-out 7 DM /
% O

A Interactions with

standard model DM- DM-
mediated by a dark lectron
scattering 9
nucleus nucleus

graphics by Tien-Tien Yu 12



Dark Photon Mediated Light Dark Matter

1022 eV keV GeV 100Tev My 10 M

10727
10—28
10—29 i
10—30
10—31
10732}
10733
10—34 E
10735
10736
10-37
1038
1073
1040t

Dark Matter — Electron Cross Section [cm?]

-

[arXiv:2203.08297]

_!\'" '1;< T T T T T 10_28:
-\ ; g -
- |\ 2 12 Legy |
- \ : O -
=\ . Z : g g 1029 |
AN 8 i3 Iy :
=\ S 1 .S 10°30L
e 5 =
g ! QO s
i ! fac O
- ; E‘@S\“
: : pfotosE S cg 10—31 =—
\ ! 7 -
. \\\\\\ : - MS’“,\IS - 8 -
AN ; == Q 10_32 B
3 \ 5 -7 RN _
N\ \\\‘\‘~—a--'r——"‘"" ,,EQ ,,,,,,, = AN T T R T Y T 1
\ b ey SNOLP‘B 8 -----
E \ IR ey DAMIST 3 0 A = W N N e
- Rrdt0SENSEI@MINOS O : : Sy
: - ‘ - 1SS vo-- o
- ‘\ec\\o‘\ \¢* \ \\\ L - '[Ej - QDEIJ\W)%EN ONIT- @*__v,’_‘,’«?,”
oo & o \ L umos 1 1074 : A S
L S e\bc\f?.. al T ‘ SENSE‘@ . . E = -
& 9 : ) L
- N& > . £ 10-35
\\\Q; ~ XENON\T:‘& ’_'3 < 10 3
TG O R e L .
_ DM -—e scattering O \‘:~-\.a.-w.-_=.-..—-‘-»~' - E R _
Heavy Mediator Nt e o | S B _3¢[ DM-escattering
i \ paNDARTE 3 e 1077®E Light Mediator
- \ s0] - Fpw=(am,/q)*
~ \T-5 pM=\a1M,/q
~ NON = -
lll 1 1 1 111111 1 1 1 111111\\—|X—E—-1"1—|’1-1’11 10—37 llllll 1 1 1 lllll[ 1 1 1 11111] 1 1 L1 1111
1 10 10 10° 1 10 10 10°

DM mass [MeV] DM mass [MeV]



Axions Interacting with Photons

102 eV keV GeV 100Tev My 10 M

] | A >

A (m)
108 106 104 102 1 1072

M Axions produced through
misalignment and/or emission
from cosmic strings

106 |

M Generically couple to photons,
contributing new source terms In
Maxwell's equations

HAYSTACG

1014 N : . : :
_ | M Generic light axions motivated

106 - from UV theories like string

18 0’5’.‘\0‘\ - _ theOry
10°° C dXIONS .

Q
10 102 100 10®  10®  10% 102 1
mg (eV)
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Heavier Axion Dark Matter

102 eV keV GeV 10Tev My 10 M

T | A

Multilayer stack

a4 ¥ f
,,,,,,,

AI

Detector

Mgm = Lens
» photons relativistic while dark matter is almost at rest

»  Use material lattice to introduce momentum scale in the problem

MADMAX collaboration

MB, |. Huang, R. Lasenby, PRD 2018
Chiles, Charaey, Lasenby, MB, Huang, Roshko, Burton, Colangelo,Van Tilburg, Arvanitaki, Nam, Berggren 2110.01582

Manenti, Mishra, Bruno, Di Giovanni, Millar, Mora, Roberts, Oikonomou, Sarnoff, Arneodo 21 10.10497/




Heavier Axion Dark Matter

1022 eV keV GeV 100Tev My

] | |

Multilayer stack

u

Detector

My, = — Lens

+ Convert to photons, which are relativistic while dark matter is almost
at rest

- Use material lattice to introduce momentum into the setup

MADMAX collaboration

MB, |. Huang, R. Lasenby, PRD 2018

Chiles, Charaey, Lasenby, MB, Huang, Roshko, Burton, Colangelo,Van Tilburg, Arvanitaki, Nam, Berggren 2110.01582
Manenti, Mishra, Bruno, Di Giovanni, Millar, Mora, Roberts, Oikonomou, Sarnoff, Arneodo 21 10.10497
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Lighter Axion Dark Matter

1022 eV keV GeV 10TV My 10 M
. | I B >

Superconducting

: : , ICKup loo
» Axion field modifies Maxwell’s PP OOE

equations

s =

» Time-varying effective current, induces
time-varying magnetic flux

» Measuring the flux = measuring the local
axion field

Y. Kahn, B.R. Safdi, J. Thaler, Phys.Rev.Lett. 117 (2016) 14, 141801

from Josh Foster



Lighter Axion Dark Matter

102 eV keV GeV 100Tev My 10 M
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Axions Interacting with Photons

1022 eV keV GeV 10Tev M) 10 M
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existing bounds
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Challenges and Opportunities at Low Masses

5 @'1.
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1022 eV - keV GeV 10TV My 10 M
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1

| | Heavy DM-
Scattering depends on underlying nuclear N
interaction with nuclel, scattering N
kKinematics largely identical (( ))

nucleus
\asha Baryakntar (University of VWashington) SNowMass summer Study 2022 adapted from Tien-TienYu 20



Challenges and Opportunities at Low Masses

1022 eV

Scattering (a

keV
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% keV 4 Kahn, Lin 2108.03239

nd a

depends on ma

and structure
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Challenges and Opportunities at Low Masses

Dark matter energies and length scales become com

atomic spacing, vibrational moc

\asha Baryakntar (University of VWashington)
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es In materials,
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messy, but also fun anc
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Ultralight scalar pxion interactions.with  Collective excitations in

modificatio /15 of SM electrons, nuclel, Inc,  materials from light DM

couplings “fundamental coupling ™ scattering

Light Mediator

[arXiv:2203.08297] yeu.

collider+cosmo+astro term
bounds 3 0%

v, |[Hz
07070707407 AP A 4@ 4P 40 4P 4 4T 4P 4 400 40
https://github.com/cajohare/AxionLimits
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“Mount Rainier as seen from Paradise Meadow:
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AXION DIRECT DETECTION WITH ABRACADABRA
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Ouellet, JWF et al., Phys.Rev.Lett. 122 (2019) 12, 121
Ouellet, JWF et al., Phys.Rev.D 99 (2019) 5, 052012
Salemi, JWF et al., arXiv:2102.06722 [hep-ex]
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