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We have never observed a dark matter particle.

[Planck collab., A&A 2016]
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Local measurements of stars tell us: [/ODM ~ 0.3 GeV/cmSJ

/r{MvDM N%M GM (< R) /

PDM = ™MDM X NDM
CUDM ~ 10~ c) Few heavy particles,

or lots of light particles...
what is DM mass?

(N Vo ~~ UeSC)

[Read, J. Phys. G 2014; COBE/NASA; Springel et al. MNRAS 2008]



50 orders of magnitude!

INn a galaxy particle
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coherent-field bosonic “traditional”
(e.g. axions) DM
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50 orders of magnitude

10722 eV l1eV 1keV 1GeV 100 TeV 107 GeV
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“traditional”
DM

Outgoing
Particle

1
KEpy = §mDM”U%M > 1 keV

Incoming
Particle

Rare collisions

|[Goodman & Witten PRD 1985; Drukier, Freese, Spergel PRD 1986; image credit LZ collab.]



50 orders of magnitude

Wavelength fits

In a galaxy

—t
10722 eV l1eV 1keV 1GeV 100 TeV 107 GeV

—_————
N—

coherent-field bosonic
(e.g. axions)

DM )\(31]3 > 1

1
KEDM — §mDM’U%M < 1 ,ueV

Behaves as classical field




50 orders of magnitude

10722 eV l1eV 1keV 1GeV 100 TeV 107 GeV
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@ @ sub-GeV DM

Q e(k,Im)

. g e
@ @ @

X‘\
Acousticphoron ~@ @ @ @ unit cell
q

Opticalphonron @ @® @ @ @ ©

nDM)\gB < 1
KEDM ~ 10 meV — 1 keV

Not-so-rare collisions,
need low thresholds

[Essig, Mardon, Volansky PRD 2012; Knapen, Lin, Pyle, Zurek, PLB 2018;

Yoni Kahn Dolan, Kahlhoefer, McCabe PRL 2018; Ibe et al. JHEP 2018 ]



Axion DM experiments



Axion DM Theory

2
v2opu cos(mqt + O(vpm )X)

a(x,t)

amplitude set
by local DM density

e.g. My = 1077 eV

>\Comp ~ km
oscillates at frequency
set by DM mass

TComp ™~ US

Local DM velocity == Spatial coherence == Temporal coherence

ACOm TC()m
— _ P _ P
UDM DM

Classical physics is fine: mg =10"Y eV = N, ~ 10'®*/cm”

[Graham and Rajendran, PRD 2013]



How do axions interact?

Shotons nuc.\ear neutron
QOEM sSpINs DM
Gan~ fa’ JaNN I ~1/fa gd/2.4 X 1()_166 em
Axion Jo
mge ~ 1077 eV (1()16f(}e\/>

—or QCD axion, only one free parameter!

While strong-CP is a great motivation, let’s think broadly.
For this talk, “axion” can vary mass/coupling relation

[Graham and Rajendran, PRD 2013]



What should we measure?

\/ 20DM
myg,

a(x,t) =

cos(mqt + O(vpm )X)

In axion DM background, get osclillating observables:

Ok, da Oscillating
V X B, = Y Gary~y (EO X Va — BO(%) response
from static
V- Ea — _gaq/q/BO -Va fields
Hn D gaNNva ‘ 5N Spin-dependent force
dy, = gqa Time-varying EDM

Note: Va ~ vpy ~ 1072 so some are easier than others

[Sikivie, PRL 1983]



AXION searches
with magnetic fields

oE, 0
Vx B, = 57 gaWBO 8? Cavity regime: )\Comp ~ Rexp
—— e.g. ADMX
0B 0
V X B, = /;/;;/ Jar~Bo 3? Quasistatic regime: Acomp > Rexp
—— e.g. ABRACADBRA
Jeff
oE, oa
V XB, = gavvBo—7  Radiation regime: Acomp < Rexp

ot ot

e.9. MADMAX



Resonant cavity detection

8Ea da 2  PDM

V X Ba — It gCWWBOE P ~ (

N—— axion source I

cavity response of QOO e §|

BV Q

a

7 =

Tune cavity modes

to scan axion masses Cavity b.c. fix mass range to cavity size;
larger masses -> smaller V

[HAYSTAC PRD 2018, ADMX PRL 2018]



Quasistatic regime: ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection
with an Amplifying B-field Ring Apparatus

=
N

[YK, Safdi, Thaler, PRL 2016]




Quasistatic regime: ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection

with ancAmplifying B-field Ring Apparatus>

‘
\(‘/ superconducting
toroid magnet

[YK, Safdi, Thaler, PRL 2016]




Quasistatic regime: ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection

with ancAmplifying B-field Ring Apparatus>
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H/_/
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Quasistatic regime: ABRACADABRA

A Broadband/Resonant Approach to Cosmic Axion Detection
with ancAmplifying B-field Ring Apparatus>

3 a aa Ba
V X Ba — ot — ga/y'yBOE

superconducting
toroid magnet

[YK, Safdi, Thaler, PRL 2016]



Quasistatic regime: ABRACADABRA

@adband/Resonant App@to Cosmic Axion Detection
with-an Amplifying B-field Ring Apparatus

IF, da Ba
V X Ba — ot — ga/y'yBOE

broadband or
resonant

detection In

zero-field region

superconducting
toroid magnet

[YK, Safdi, Thaler, PRL 2016]



Quasistatic regime: ABRACADABRA

@adband/Resonant App@to Cosmic Axion Detection
with-an Amplifying B-field Ring Apparatus

) ol da B.
V X BCL — 875 — ga/yfyBoa
N—— broadband or
Jeff resonant
detection In

zero-field region

superconducting
toroid magnet

21Y795/3
(@()*) ~ g2 pom B V7!
Volume enhancement at low masses

[YK, Safdi, Thaler, PRL 2016]



LABRACANABRA.

first results

inside a 150 mK
dilution refrigerator

10 cm magnet and pickup
; Frequency [Hz|

10 106
1 1 1 1 1 1 1 1 1 1

7 —— 95% Upper Limit - This Work Bl 1/20 Containment
7 — Expected Limit === CAST Exclusion

10794

[1/GeV]

g ayy

107104

T T T T T T T T T
5% 10710 10-9 5% 1079
my [eV]

Second run underway, expect better limits soon;
merging w/DM-Radio @ SLAC

[Ouellet, YK, Winslow, et al., PRL 2019; PRD 2019]



Radiation regime: MADMAX

E,
V y]ga — 6(% gaWBO% — Dy (1) = €Eq(t) = —gayyBoa(?)

E+M boundary condition at interfaces torces
radiation to cancel axion-induced D

11111111, RNRRARESY{ [HARAE
Mirror ‘—~— Dielectric Disks : Receiver TTTTTT TTTTTTTTTBQ

O()‘Comp)
Composite design with large volume and high Q, design underway

[Millar et al. JCAP 2017, MADMAX working group PRL 2017]



NMR with axion DM

Nuclel immersed in axion DM can have:

Oscillating EDM and/or Spin-dependent force
2
= g4 \/T):DM COS(mat) HN D JuNN \/2,0DM COS(mat)77° 5]\[

D

SQUID T Bext

pickup T Y,
loop U
A/E*, 7

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]




NMR with axion DM

Nuclel immersed in axion DM can have:

Oscillating EDM and/or Spin-dependent force
2
dy, = 94 \/”:DM COS(mat) Hy D JauNN \/2,0DM COS(mat)77° ON

Polarize some spins, watch them precess around:

External E field and/or Axion field velocity

-
oo [ T

pickup "‘A}

loop
V A/E*,U

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]




NMR with axion DM

Nuclel immersed in axion DM can have:

Oscillating EDM and/or Spin-dependent force
2
dy, = 94 \/”:DM COS(mat) Hy D JauNN \/2,0DM COS(mat)77° ON

Polarize some spins, watch them precess around:

External E field and/or Axion field velocity

Ml

SQUID /\ Bext
pickup TM [Axion DI\/I\
loop U / s like
E*. ¥ \NI\/IR pulsej

INn transverse magnetization when 2uBeyy = my

[Budker et al., Phys. Rev. X 2014; Graham and Rajendran, Phys. Rev. D 2013]



CASPEr projected Reach

CASPEr-Electric CASPEr-Wind

[Budker et al., Phys. Rev. X 2014] [Graham and Rajendran, Phys. Rev. D 2013]
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, _ magnetization noise velocity suppression:
non-decoupling signal can't quite reach QCD axion




CASPEr ZULF

ALP Wind coupling at very low frequencies

Compton Frequency [Hz]

10° 10* 10° 102 101 1o° 10’
L] New CASPEr ZULF
1077 Force
104 Un'VHg
> 1074
()] 3
S 104
> SN1987A
S 1077 e
m "ﬂ“'
10-8? ",4“
9 .. ""
10 1 CASPEr ZULF Phasell (Prolected) _.-"'
P LLLLLL LLLLLLLLL L L L CLLELL T

Mass [eV]

[Garcon et al., Science Advances 2019]



And now
for something
completely ditferent...

5.

..'~o._ - "-1- .
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Some musings on direct detection

wW/N. Kurinsky, D. Baxter, G. Krnjaic



Direct detection principles

Three things detectors can see: charge, light, and heat

Charge: measure current  Heat: bolometer Light: photosensor
(e.g. SQUID + HEMT) (e.g. TES, MKID) (e.g. PMT)
or voltage (e.g. CCD)  or bubble chamber ..

@ heat bath = 10 mK
1) Quartz faceplate

D A
_— Heat link § s (PMT window)
Iy @ Iy v <
Thermometer

10) Flange

3) PMT body of gtem

11) Getter
7) L-shaped insulation

6) Shield

4) Electrode
disk

AT\
5) Dynodes
RN G i

) 9) Stem

O 2) Alumini
1 Absorber —— ———

Particle *
interaction

(but really, charge makes
light and light makes

Skipper read out stage

. 5 5 [Voltmeter -
JEE I N s charge so these are interchangeable:
' T = e.g. SiPM is a “photodetector”
- but triggers on e/h pairs)




The dictionary i1s complicated!

charge makes

heat
An incomplete compilation lonization ~10% \
Semiconductors: Gas:
CDEX COGENT NEWS-G MIMAC
Dual phase noble liquids: DAMIC SENSE]I DRIFT DMTPC

XENON1T/nT LUX/LZ

Panda-X ArDM DarkSlde Superheatedliguids:

e

Inorganic scintillators:

y su perheated

DAMA/LIBRA ANAIS -

%, COSINE SABRE KIMS ‘ | -~ liquids

/)é)/ Single phase noble (PICO) olo
Q% liquids: 8\9
72 DEAPXMASS ©
o Q\\
pr ™
light (S1);
' Scintillating \
charge makes light (52) Jsttilating heat makes light

CRESST COSINUS

For traditional WIMP DM, signals and mapping between primary event and end-
stage signal well-calibrated. For light DM and low thresholds, not so much!

[Figure courtesy F. Petriccal]



More than just nuclear recoill!

An isolated atom (nucleus + electrons) at rest is a momentum
and energy eigenstate. It you whack the atom, both recoll

Migdal Scattering vs. Electron Scattering, Xenon

It you hit the electron directly: o] - —
oc=5x10""cm”, Fpy =1
5 m,, = 300 MeV Ell\ed;tgrif ___________
— 10%
!
g
g
“electron recolil” 5
. &
It you hit the nucleus: =

@ @ SR V. U
5 O A @ 10 10 10 10
N E, [eV]
“Migda| effect” [Baxter, YK, Krnjaic 2019]

Same inelastic kinematics, vastly different dynamics!



A different perspective...

R ~ /dgvf(v

AN

DM properties

% X
@ - /
P = TV 4 57
2m,
B - v
(insert your favorite
detector here)

) / B F2(q)S(q, wq)

/'

Material properties
(e.qg. dielectric function)

Something must respond
at the appropriate (a,w) :
electronic bands
phonons
magnons
‘free” nuclei (e.g. defects)
atomic orbitals
... and many more
collective eftects!



Example: EELS and plasmons

E g E =E,-E,
q =k, ki
Semi-relativistic electron scattering He
not described by single-particle 1 m
electron-electron scattering, but by 0.8- Ge
a collective long-range charge wave 0.0-
(plasmon). Electron preferentially 0.4-
deposits ~15 eV of energy, 0.2- / \
regardless of initial kinetic energy ol

-10 O 1l0 2l0 SIO 4l0 5'0 60 70
[M. Kundmann, Ph.D. thesis 1988] Energy Loss (eV)



A plasmon might look like this...

- Background Model
Analysis Threshold (60 eV)
Data
Excluded WIMP model: 50 MeV/c2, 9.0 x 1072 cm?

' n

: Excluded WIMP model: 100 MeV/c2, 7.0 x 1073 c¢m?
- 104 Excluded WIMP model: 1.0 GeV/c?, 1.6 x 1073? ¢cm?
- ; Migdal Spectra

—_
-]
w

LM | LI

Number of counts |evts/ke

0.47
Ny
0 r

T T T T
-10 O 10 20 30 40

—_
-
[\
LRLLI | T

I
1

Wiy

0.03

Energy [keV]

EDELWEISS surface (2019)
Germanium detector

note the huge tall
on a linear scale!



Or it might look like this:

Light DM mediator F=1/g?, Exposure = 0.080 kg.days

10*

8 = — 10° 3
% — Search data = >
o — EDELWEISS 0.5 MeV 6=3.47e-29 cm? | | £
- — ) .
S 0P REDSO 2 MeV o= 1.26e-32 cm2 §
® = 100 MeV o= 2.36e-33 cm — 108 =
S E - 2
8 I — ~
o — 7] 0
10? = i L%
= After unblinding =
= (same search intervals)
10 — 106

—l

EEEEREL [ |H|IH|

i

0 5 10 15 20 25 30 35 40 45 50
Energy [eVee]

EDELWEISS underground (2020)/‘

charge makes heat: this is really saying
‘on average 1-2 e/h pairs per event”



Compare the two spectra:

electronic energy all energy
only \ (heat + charge)
1o — Ee.Spectrum / 107 —— E. Spectrum
-- Edet Spectrum 4 1 N Individual Charge Contributions

------- Eget Threshold
-- NR Lindhard High
—— NR Lindhard Nomin
—-— NR Lindhard Low

—— Measured Eger + Inelastic Ee

109‘ 109-

108-

108-

107‘ 107_

Rate (Events/keV/kg/day)
Rate (Events/keV/kg/day)

106* 106_

10! 102

Energy (eVee)

T 1w
Energy (eVee)

can’'t be nuclear recoll
or electron recoill...

a model which works: every event makes ~2 e/h pairs plus phonons.
Consistent it large plasmon-phonon coupling

[Kurinsky, Baxter, YK, Krnjaic, to appear]



Once you start looking,
VOU See It everywhere...

TTTTTTTTTTT

Sharp rise B o |

below 1keV ] s P ?;

| ‘ L T d il

i HHHHIJIHH il il

0 700 200 300 400 500 600 SR
NUCLEUS surface Al,Oz (2017)  CRESST-lIl CaWO4 (2019)

~ A cont inuous-readout E
%D Exposure: 0.177 gday 3
= 0.058 g day
< ———- 0067 gday 1

Differe

CDMS-HVeV Si (2018) SENSEI underground Si (2019)



...and at the same rate!

Heavy Dark Sector mediator case (F=1)

R —

N<Eg SuperCDMS 10* ——
K DAMIC

XENON T

SENSEI N
102 :
I I 4

EDELWEISS limit
10Y i

1072

= EDELSEISS expected
sensitivity

RV

107

T IIIIIII| T IIIII|T| T IIII_III| T TTTTI

Integrated Excess Rate (Hz/kg)

1092 ............................................................ -
S 3 1072 S <o
1A SRS N, AT BT S N - —Silicon S~
=N 5 - = Germanium S o
F N 10-4  =——CaWOy ~
107 e — SN e I E Al O ~
- —— _ ——Xenon N <
- P - = =Muon Rate (1 cm?* / kg) N
10—35 1111 | | | | | 111 | | 10—6 I | N 5 PR | L L P | \ ral
2 0 1 2 3
1 10 DM Mass e\’ 10 10 10 10
[] Rock Depth (m)

note: this limit plot assumes an But, obtaining the same cross
electron recoil model. section limits means the total 2-
This DOES NOT fit the spectrum! electron rate is the same everywhere

[EDELWEISS collab., talk at TMEX2020; Kurinsky, Baxter, YK, Krnjaic, to appear]



...and at the same rate!

Heavy Dark Sector mediator case (F=1)

107

c\n'_'10_28= ‘\\' : 4
5§ F ———  SuperCDMS 104 s
= EX\\! DAMIC i
o 10720 i NN oo s XENON : T
E\ G = SENSEI N
C A\ i s EDELWEISS limit 10% .
1080 i\ = == = EDELSEISS expected :
= sensitivity L

10“5 i
1072 S~ I
E ~

- = Silicon ~
© == Germanium ~

1071 — CaWOy > ~
: AlO3

_ ——Xenon
- = =Muon Rate (1 cm?* / kg)

10k A

Integrated Excess Rate (Hz/kg)

i DM Mass [MeVf” 0 T BT RogieBomn () 10°
DAMIC used different ionization
model; under same model
as CDMS and SENSEI, same Iimit no plasmon in Xe, lower rate
[Ramanathan and Kurinsky, to appear] (bound does not apply)
note: this limit plot assumes an But, obtaining the same cross
electron recoil model. section limits means the total 2-
This DOES NOT fit the spectrum! electron rate is the same everywhere

[EDELWEISS collab., talk at TMEX2020; Kurinsky, Baxter, YK, Krnjaic, to appear]



Something is making a plasmon at the
same rate everywhere in every
semiconductor detector



Something is making a plasmon at the
same rate everywhere in every
semiconductor detector

Can it be dark matter?



Something is making a plasmon at the
same rate everywhere in every
semiconductor detector

Can it be dark matter?
To excite plasmon, need small q for fixed w = v > 10~
Faster than escape velocity! Either need fast DM, or indirect excitation

Two models: .
: Fast and millicharged

; DM is like an electron,
mpm ~ 100 MeV plasmon with a long-range force.

KE ~ 100 eV (w~15eV,q~0)

Heavy and slow

|dentical dynamics to EELS,

X ® — but no multiple scattering
e o o ,E] in a thick detector
q
® 6 6 6 0 O
: X | Eeke
phonons S B
: , E =E,-E,

(q ~ 15 keV) LT I



Parameter space

Heavy and slow
Ro Z%/A

CMB

10~28L Milky Way Satellites

oy [Cm2]
S

_pclo/g ’—””___,,—”’

103 Asymmetric DM

103 T Thermal Relic DM

CRESST-s

CRESST III

R A—
m,, [MeV]

Tantalizingly close to the

thermal target...

Fast and millicharged
R 1/,0T

ol V

e
--------
-
"‘
D“
D“'
-
"'

o,
- o
..........

10—11 i

Freeze-In

/0// 10°* 10 1072 107 10°  10' 102

fast DM fraction my [GeV]

Suggests immediate discovery
potential with 50 meV thresholds
and mg-month exposures

[Kurinsky, Baxter, YK, Krnjaic]



This I1s a completely
new Kind of signal

For direct plasmon excitation through a long-range force:

4000

1/7\. inel - -39 .
Si

3000 m

2000 -

1000 \\\‘~’r
0 —

T I 1
-10 0 10 20 30 40 50
Energy Loss (eV)

intensity (counts)

AFE [eV]
[Essig, Pradler, Sholapulkar, Yu, PRL 2020]

Phonon detector: sharp peak at 15 eV with width 3 eV, long tall
Charge detector: sharp peak in 2-electron bin, tail to 3 electrons

[M. Kundmann, Ph.D. thesis 1988]

Looks nothing like electron recoil, nuclear recoil, or Migdal!
Quintessential many-body effect: only in semiconductors, not in Xe.
Spectrum determined by the material, NOT the DM!!



What about XENON?

Dark Photon Mediator, ma > m,, Fpu = 1

Dark Photon Mediator, ma > m,, Fpy = 1

Y N\ XENON100 v ¥
R “\ \ Electron (Published) ——_--~1 iy XENONI1T
1073 AN N e \ Electron (Published)
XENON100 % !
- Electron . ‘\‘
107391 & %, XENON100 k
E 2, Migdal &
—_— -"3{0 — *‘“.{O
8, S8 NN N —
O, 107% \\faab S, 1074 “x:on _______________
™ “, XENONIT XN
IS IS Electron
10" 10~ XENONI1T
Migdal
10742 - E, from Ibe et. al. 10742 - E, from Ibe et. al.
10 10 10° 10 10 10°
m,, [MeV] [Baxter, YK, Krnjaic 2019] m,, [MeV]
Mean energy in flat ER spectrum [keV ]
3 L T T T T { T T T T T { T T T T T ] 0.3 0.5 0.7 1 2 3
10 g Opn = 10_38 sz FDM =1 1 GeV T T T T T
2 L : 3
10 ¢ [Essig, Pradley, Sholapulkar, Yu, PRL 2020]100 Mev mmm G
1L . FR -
10 \ i e
N ey e—— N N [XENONAT PRL 2019]
_1f el A T T I . =
1071 e o]
20 0N -
107“¢ e 3
0 ] E 5N DM-e
10— = RN E
470 =\
10 g3 =\ Xenon Flat ER
L | L

\ But sees an unexplained excess!

90 120150 200 500

S2 [PE]

1000 3000

It signal is ER + Migdal, completely different signal shape



Conclusions

smaller = more speculative

* There are lots of low-energy excesses

e The semiconductor rates are the same everywhere,
regardless of overburden, exposure, or detector

e Every semiconductor event is ~1-2 e/h pairs plus heat

e Every semiconductor event is a plasmon excitation

e Dark matter is exciting a plasmon in semiconductors and a combination of
electron recoil and Migdal in noble liquids

e \We've been seeing dark matter for the past 10 years!



Backup slides
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All the excesses

Readout Type| Target Resolution Exposure Threshold Excess Rate (Hz/kg) Depth Reference
Ge 1.6 e~ 80 g-d | 0.5eVee (~1le”)* |20 (>2e); 100 (> 1e™) |1.7 km| EDELWEISS [12]
Charge (E.) Si ~0.2 e~ 0.18g-d | 1.2eVee (<le) | 6 (>2e); 400 (> 1e”) | 100 m SENSEI [4]
© Si 0.1 e 0.5g-d | 1.2eVee (<le ) |10 (>2e7); 2000 (> 1e” )| ~1 m | CDMS HVeV |[3]
Si 1.6 e~ 200 g-d | 1.2 eVee (~1e™)P ~ 6.5 2 km DAMIC [13]
Ge 18 eV 200 g-d 60 eV > 0.3 ~1 m | EDELWEISS [1]
Energy (Eget) |CaWOy 4.6 eV 5600 g-d 30 eV >3 x107° 1.4 km| CRESST-III[2]
AlxO3 3.8 eV 0.046 g-d 20 eV > 30 ~1 m vCLEUS [14]
Photo e Xe |6.7 PE (~0.25¢7)| 15 kg-d [12.1 eVee (~14 PE) [0.6,3.3] x 10~* 1.4 km| XENONIO0 [15]
Xe [6.2 PE (~0.31e7)| 30kg-yr |~70 eVee (~80 PE) >22x107° 1.4 km| XENON100 [5]
Ar 6780 kg-d 50 eVee >6x 107" 1.4 km| Darkside50 [16]
CeHs < 1PE 18.2 kg-d ~4—6 eVee ~ 14 ~1 m |EJ301 + PMT [17]




Models tor millicharge
acceleration

Solar reflection

Cosmic ray upscattering

Supernova acceleration



