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Outline

The Dark Matter Problem

Dark Matter Detection Strategies

Direct Detection Experiments
* Nuclear Recoils
e Electron Recoils

* Coherent/Resonant Effects

Indirect Detection with Micro-X

Conclusions
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Dark Matter: A Beautiful Problem in Physics
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Dark Matter Menu

" Axons no, we don't
- - |
 Axion-like Particles serve quark soup!

e Hidden Sector Particles

o Sterile Neutrinos

 WIMPs

o SuperWIMPs
e Solitons

o KK excitations
e Gravitinos

e And many more that can fit the Dbill...
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Annual Modulation: “Model-Independent” Search

Target: Ge
osi = 1x104 pb
My = 10 GeV/cm?

—_i

—_i

Mar.

—_i

dR/dE [kg keV d]

Dec.

5 1 2 3 4 5 6 7 8 9 10 11
E [keV ]
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Annual Modulation: “Model-Independent” Search

Target: Ge
osi = 1x104 pb
My = 10 GeV/cm?

—_i

—_i
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—_i

dR/dE [kg keV d]

Dec.
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E [keV ]
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DAMA/LIBRA
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2-4 keV
~ 0.06 ' : : : ' : ' ; : : :
S : ; B . DAMA/LIBRA ~ 230 kg (1.04 tonxyr) : :
2 0.04 | | i i | ' j :
Ei ,‘;%\ J}% IR T
= 0.02 I I E | :
.= | | | | ' | % | s |
g o ] EN/ARR »L %L %ﬁ#\ . **H}/\m § T/{Hi{ i
@ | | | : W :ﬁwf:
® —0.02 ' : : : ! : :
;E | | | % | g : % |
»n —0.04 : : : | : z : =
9 ! | | ' | = | s
m —0.06 ] ] '_I: ] ! | : I | |
4500 5000 55
e Using an array of radiopure Nal crystals, DAMA/Nal reported an annual
modulation in event rate consistent with dark matter, observed over 7
annual cycles.

In 2008, follow-up experiment, DAMA/LIBRA, confirms the annual
modulation. Together the DAMA experiments now report an effect with a
statistical significance of 9.30 with a 1.33 ton-yr exposure over 14 annual
cycles. A phase-2 program with lower-energy thresholds is currently taking
data.

* To date no other experiments have confirmed this signal, yet several efforts
are ongoing to directly test this. A viable dark matter model that explains
this data (and its non-detection in other experiments) has not been found.

00
Time (day)

Eur. Phys. J. C
(2010) 67: 39-49
Eur. Phys. J. C
(2013) 73:2648




Checking DAMA with Nal Detectors

Gran Sasso Boulby Canfranc Y2L Gran Sasso p}fgg.'il&
Northern DAMA/LIBRA | DM-Ice North ANAIS KIMS SABRE KamLAND-
Hemisphere |250 kg running| 37 kg R&D 37 kg R&D 45 kg R&D R&D PICO
250 kg planned | 250 kg planned | 200 kg planned R&D
South Pole Stawell
Southern DM-Ice_ SABRE
Hemisphere 17 kg running Lab rock
250 kg planned completion
2017 ice

Ultra-pure crystal development underway by DM-Ice, KIMS, ANAIS, SABRE, and
PICO-LON collaborations

South Pole offers:
* Ultra-clean and ultra-stable environment
+ Seasonal variation unambiguously different from dark matter modulation
* lceCube offers muon monitoring and veto as well as experience
* NSF-run South Pole Station for logistical support
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DM-Ice and COSINE

=— DM-lcel7 COSINE-100 Currently running
i Determine feasibility Set initial limits R
""""""" X South Pole

Yangyang, Korea

2IeC be

COSINE-200

Set definitive limits
Yangyang, Korea

Z NalAD Nal
. Crystal (8.5 kg)

) SS Pressure '\C?)
DM-lce37
Detector R&D

COSINE-200 South

Determine source of modulation
South Pole

Boulby, UK
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COSINE-100

Including DM-lce37 crystals

Active and passive shielding

Started running September 2016

3 crystals for a total of 106 kg

Low background, high QE 3” PMTs

2 years to reach DAMA sensitivity

3) T

S1c—+

e L

E

L) 2 dru flat b

£ r background i

§ i +Data ™
T 1

R ) 8 e 10 12 14
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8

Energy (keV)

20

20 cm thick
Pb shielding

3 cm thick
plastic
scintillators

3 cm thick ﬁO cm active
Cu box S veto

10 N



Dark Matter Detection Strategies
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Dark Matter Detection Strategies

oV pov eV eV mev oV keV MoV Gov  Tev  Pev®

Dark Matter Mass
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Dark Matter Detection Strategies

ALPs  Axions Sterile
AVAS

VVIMPs

oV pov eV eV meV oV kev MoV Gov  Tev PV

Dark Matter Mass
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Dark Matter Detection Strategies

Hidden Sector Particles

N - : Sterile
ALPs AXions s WIMPs
oV pov 1oV eV mev oV kev MoV GV Tev PV

Dark Matter Mass
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Dark Matter Detection Strategies

Hidden Sector Particles
VVIMPs

fev  peV  nev  wev  mevV eV kevV  Mev G
Dark Matter Mass

ALPs AXxions St\e/!;lle
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Dark Matter Detection Strategies

Hidden Sector Particles

fev  peV  nev  wev  mevV eV kevV  Mev G
Dark Matter Mass

1074 1074 1073 1072 1022 10°'¢ 1071 107
Max Recoil Energy in Silicon [eV]
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Dark Matter Detection Strategies

Hidden Sector Particles
TR

fev  peV  nevV  wev  mevV eV keV  MevV  Ge
Dark Matter Mass

1074 107% 1073 1072 10722 10°'¢ 10710 10 10
Max Recoil Energy in Silicon [eV]

10 102 10 107 10" 10" 108 10° 10
Dark Matter Particle Density per Liter
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Dark Matter Detection Strategies

Hidden Sector Particles
TR

fev  peV  nev  wev  mevV eV keV  MeV
Dark Matter Mass

10 10 107® 102 1007 107" 10 10°
Max Electron Recoil Energy [eV]

10 102 10 107 10 10" 108 10°
Dark Matter Particle Density per Liter

Electron
Recoils
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Dark Matter Detection Strategies

Hidden Sector Particles

fev  pev  nev  pev  mevV eV keV  MeV
Dark Matter Mass

104+ 107 10 10 1077 10" 10  10°
Max Electron Recoil Energy [eV]

10-°  10®° 10% 1007 100 10 107* 107% 1
Mean Distance Between Particles [m]

102 10° 10° 10° 100  10° 10 107 1
Dark Matter Particle Wavelength [m]

Electron
Recoils
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Dark Matter Detection Strategies

Hidden Sectori Particles

fev  pev  nev  pev  mevV eV keV  MeV
Dark Matter Mass

04 107 10 10 10" 10" 10  10°
Max Electron Recoil Energy [eV]

10°°  10®° 10% 1077 107 10 107* 107% 1
Mean Distance Between Particles [m]

102 10° 10° 10° 100 107 10 1077 1
Dark Matter Particle Wavelength [m]

Electron
Recoils
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Dark Matter Detection Strategies

Hidden Sectori Particles

‘ﬁi m IMPS

)
(7,
)
>
(@

oV pev  meV eV mev oV kv Mev itEREREERTCY
Dark Matter Mass
104 107 100 107 1077 107" 107° 10° 10! 10! 10!
Max Electron Recoil Energy [eV]
>

1071 10° 10® 1077 107® 107 ' 10™* 107> S ()
Mean Distance Between Particles [m]

1012 10° 10° 103 10° 1073 | 107°  107° A '°
Dark Matter Particle Wavelength [m]

Coherent/Resonant Electron Nuclear
Detection Recoils Recoils
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Nuclear Recolls

fev  peV  nev  wev  mevV eV keV
Dark Matter Mass
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Dark Matter in the Lab

e Assume a Maxwell-Boltzmann velocity
distribution for the dark matter halo

e Density: 0.3 GeV/cm?®
« Mass: assume 60 GeV/c?
* Relative velocity ~220 km/s

* ~100,000 particles/cm?/sec

* About 20 million/hand/sec
Enectali Figueroa-Feliciano \ PONT \ April 2017




Principles of Particle Detection

nteraction dR o, F*(ER) p, T(ER)

Rate — 5
events/keV/kg/day] dE R mX mr Uo ﬁ

“form factor” (quantum mechanics of
interaction with nucleus)

F(ER) ~ exXp (—ER myn R(Q)/g)

My TNN
144} p— @ ”
" m, +my reduced mass
T(ER) = iv f1(v) dv integral over local WIMP velocity
& 7 vmin U distribution
Vmin = \/ER my /(2m2) minimum WIMP velocity for given Er
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Principles of Particle Detection

particle

theory
nteraction dR o, F?(ER) po T(ER)
Rate — 5
events/keV/kg/day] dE R mx mr Uo ﬁ

“form factor” (quantum mechanics of
interaction with nucleus)

F(ER) ~ exXp (—ER myn R(Q)/g)

My TNN
144} p— @ ”
" m, +my reduced mass
T(ER) = iv f1(v) dv integral over local WIMP velocity
& 7 vmin U distribution
Vmin = \/ER my /(2m2) minimum WIMP velocity for given Er
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Principles of Particle Detection

particle nuclear

theory structure
nteraction dR o, F?(ER) p, T(ER)
Rate — 5
events/keV/kg/day] dE R mx mr Uo ﬁ

“form factor” (quantum mechanics of
interaction with nucleus)

F(ER) ~ exXp (—ER myn R(Q)/g)

My TNN
144} p— @ ”
" m, +my reduced mass
T(ER) = iv f1(v) dv integral over local WIMP velocity
& 7 vmin U distribution
Vmin = \/ER my /(2m2) minimum WIMP velocity for given Er
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Principles of Particle Detection

particle nuclear astrophysics

theory structure properties
nteraction dR o, F2(ER) po T(ER)
Rate — 5
events/keV/kg/day] dE R Ty me Uo ﬁ

F(En») ~ ex Erm~ R2/3) form factor” (quantum mechanics of
(ER) p( RN Ko/ ) interaction with nucleus)

my TN
My = m, +my “reduced mass”
T(ER) = £v f1(v) dv integral over local WIMP velocity
7 vmin U distribution
Vmin = \/ER my /(2m2) minimum WIMP velocity for given Er
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The Interaction Rate Is

—xtremely Low!

1

0.8

dR/dE [kg keVd ]’
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Expected
WIMP Spectrum

3
x10

Mass§= 20 GeV
on,si = 1074 cm?

30

40

Measured

Banana Spectrum

Hoeling et al Am.J.Phys. 1999, 67, 440.

1200
_ With Banana ;
i f *
o 800 7 5
2 600 .t
S | £,
400 [ ii‘ S
N /4 s‘.:;
200 - ° / ""Qll .
- Without Banana

0 ' | L | |
600 640 680 720

Channel Number




But the Interaction Rate is Extremely Low!

Discrimination between electron and nuclear recoils really helps!

Expected Measured
WIMP Spectrum Banana Spectrum
1X 10_3 . f 1 200 Hoeling et al Am.J.Phys. 1999, 67, 440.
Mass§= 20 GeV i .
08 onsi = 10zb 1000 - "t Panana 40K

"‘5 | @ 800 -
2 =
:j 5 600 -
= 400

200 / :

- Without Banana

0 N | L | | L 1
E [keV] 600 Chaér‘llgel Nu?ns(k))er 720 760 500
~1 event per kg per year ~100 event per kg per second
(Nuclear Recoils) (Electron Recoils)
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But the Interaction Rate is Extremely Low!

Discrimination between electron and nuclear recoils really helps!

Expected Measured
WIMP Spectrum Banana Spectrum
1x10-3 . r
Mass§= 20 GeV

0.8 ON,SI = 10zb

dR/dE [kg keVd ]’

E [keV]

~1 event per kg per year ~100 event per kg per second
(Nuclear Recoils) (Electron Recoils)
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Particle ID Through Detector Response

e
e T
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Particle ID Through Detector Response

CRESST |
CUORE
TeO; Al O3, LiF
Phonons
|0 meV/ph
100% energy
CLEAN // <?\‘ oGl
o . . . CoGeNT
DAMA  Scintillation lonization "S-
DEAP  ~ | keVIy Wl ~10eV/e COUPP
NAIAD — fow % energy 20% energy DM-TPC
ZEPLIN | DRIFT
XMASS IGEX
Xe, Ar, Ne
Nal(T) Ge, CSy, C3Fs
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Particle ID Through Detector Response

CLEAN
DAMA
DEAP
NAIAD
ZEPLIN |
XMASS
Xe,Ar, Ne
Nal(TI)

~ | keVly
few % energy
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Scintillation

CRESST |
CUORE
TeO; Al O3, LiF
Phonons
|0 meV/ph
100% energy
CDMS
t EDELWVEISS
& Ge, Si
g S |onization
Al ~ [0 eV/e
20% energy

ANAIS
CoGeNT
COSME
COUPP
DM-TPC
DRIFT
|IGEX

Ge, CSy, C3Fsg



Particle ID Through Detector Response

CRESST |
CUORE

TeO; Al O3, LiF

Phonons

|0 meV/ph
100% energy

CDMS
T EDELWEISS
& Ge, Si
CLEAN e N .
DAMA  Scintillation ArbM |0|f(\)IZ\’c/1/t|0n
DEAP ~ | keVIy M ~ 10 eV/e
LUX o
NAIAD oW % energy AT 20% energy
ZEPLIN | DA
XMASS
ZEPLIN 11, Il
AL Xe,Ar, Ne
Nal(TI) AL

Enectali Figueroa-Feliciano \ PONT \ April 2017

ANAIS
CoGeNT
COSME
COUPP
DM-TPC
DRIFT
|IGEX

Ge, CSy, C3Fsg



Particle ID Through Detector Response

CRESST |
CUORE

TeO; Al O3, LiF

Phonons

|0 meV/ph

CRESST 100% energy

ROSEBUD
CaWO4, BGO
ZnWOy4, Al

& Ge, Si

CLEAN e N L
DAMA  Scintillation ArbM |0|f(\)IZ\’c/1/t|0n
DEAP ~ | keVIy M ~ 10 eV/e
LUX o
NAIAD oW % energy AT 20% energy
ZEPLIN | SN
XMASS
ZEPLIN 11, Il
AL Xe,Ar, Ne
Nal(Tl) o
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Thinking outside the Triangle...

Scintillation Timing (DEAP/CLEAN, DarkSide, etc...)

Signal Modulation (DAMA/LIBRA, DRIFT, DM-TPC, etc...)

Nuclear-recoil-only trigger mechanism

e (ala COUPP, PICASSO, PICO...)

Self-Shielding (XMASS)

Others...
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The low-mass WIMP challenge
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The low-mass WIMP challenge

Total Rate for different thresholds in Ge, oo = 1. X 10~*cm?

200—

\Sar
Diff

100©
50[
201

10/
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8 10
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10/
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Summary of Nuclear Recoil Direct Detection Requirements

1. Large Exposure (Mass x Time)
2. Low Background Rate
3: Discrimination between Signal and Backgrounds

4: Low Energy Threshold

fev  peV  nev  wev  mevV eV kev  Mev GeV  TeV  Pev

Dark Matter Mass
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Current Limits
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To Neutrinos, and Beyond!
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To Neutrinos, and Beyond!
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To Neutrinos, and Beyond!
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Nuclear Recoll Detection
Technologies

fev  peV  nevV  wev  mevV eV keV  MevV  Ge
Dark Matter Mass
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Noble Liguid Time-projection Chambers

Drift time
indicates depth

Particle

— ionization electrons
VNN UV scintillation photons (~175 nm)
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Noble Liquid Time Projection Chamlbers

NOT TO SCALE!

nimemn
e -~
J A e
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Noble Liquid Time Projection Chamlbers

NOT TO SCALE!

XENON1T LUX DarkSide-50

-
y

P ™
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The XENON Dark Matter Program

« XENONAT

e 3.5 tons of XENON

* 2 tons active

* taking data now

* first science results soon
e XENONNT

e 7.5 tons of XENON

* 6 tons active

e Starts in 2019
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LUX and LZ Programs

e LUX

* Current best limits for WIMP | |
masses above 5 GeV/c? with Instrumentation conduits _
33,500 kg-day exposure < |

e WIMP limit at 1.1x10™*® cm? at 50
GeV/c?

Water tank

Gadolinium-loaded
liquid scintillator veto

High voltage
feedthrough

Liquid xenon
heat exchanger

e |/

120 veto PMTs —

* Funded G2 Experiment

* 50 x LUX fiducial volume 7 tonne liquid xenon
time-projection chamber 488 photomultiplier tubes (PMTs)
e 10 Ton Xenon, 7 Ton ACtiVG, 56 Additional 180 xenon “skin” PMTs
Ton fiducial

* Begin taking data in 2019
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The DarkSide Program

DarkSide-50

* 46 kg active Ar, 36.9 kg Fiducial

* Active neutron veto (borated liqud
scintillator)

* Using underground Ar obtained 300x
less %°Ar events that atmospheric Ar

Enectali Figueroa-Feliciano \ PONT \ April 2017

DaLKSide—ZOk

30Ton Ar, 20 Ton fiducial
100 Ton-yr background-free exposure

Gd-loaded Water Cherenkov active veto

Timeline; TBD



Cryogenic Crystal Detectors

The Phonon Channel

Thermometer

Absorbe

Temperature

Weak Thgrmal Link

Refrigerator Time
10-40 mK
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Cryogenic Crystal Detectors

The Phonon Channel

Thermometer

Absorbe

Temperature

Weak Thgrmal Link

Refrigerator Time
10-40 mK
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Cryogenic Crystal Detectors

The Phonon Channel

Thermometer @ | |
=) The height of the pulse is
o 4 roportional to the ener
Absorbe o Propor ay
= deposited
L

Weak Thgrmal Link

[ Refrigerator j Time

e

10-40 mK
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CRESST and EDELWEISS

e CRESST: phonon + light o EDELWEISS: phonon + charge

e 36 x 800 g detectors installed in

* Current Experiment: GRESST cryostat; results later this year

Phase 2 ongoing

e New runs with better sensitivity to
light WIMPS using High Voltage
operation coming soon.

* New CRESST Phase lll detectors
focused on low-mass WIMPs

/— CaWO4 SthkS ..............................................................
p N (with holding clamps) ey &SSO SN SE S SIS SWe(

-« reflective and

z i

scintillating housing ‘% | B

<€—— light detector (with TES) cg I WP ]}H Z\

....... AL H e C

—— block-shaped target crystal PeD

= = (with TES) .

77 C

'\ E
Thermometer
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SuperCDMS SNOLAB

CDMS | SuperCDMS Soudan
4.6 kg Ge (19 x 240 g)
1.2 kg Si (11 x 106g) 9.0 kg Ge (15 x 600g)
3” Diameter 3" Diameter
1 cm Thick 2.5 cm Thick

2 charge + 2 charge
4 phonon + 4 phonon

2 charge + 4 phonon

SuperCDMS SNOLAB

Funded G2 Experiment
Data Taking in 2020
25 kg Ge (18 x 1.4 kg)
3.6 kg Si (6 x 0.6 kg)
4”7 Diameter
3.3 cm Thick
2 charge + 2 charge
6 phonon + 6 phonon
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SuperCDMS SNOLAB @ the Ladder Lab

Refrigerator

Detectors

Readout

Shield
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SuperCDMS Detectors: iIZIPs

Ge (1.4 kg)
Si (0.6 kg)
4” Diameter
3.3 cm Thick

2 charge + 2 charge
6 phonon + 6 phonon
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SuperCDMS High-Voltage Operation

Phonon Sensors
0 F Y
2 Luke phonons
£,

>, Prompt phonons
N

+

|

E field

\\\
&

Luke phonons
-
Phonon Sensors

)
&
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SuperCDMS High-Voltage Operation

Phonon Sensors
A Luke phonons
£,

>, Prompt phonons
N

-
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s

E field
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&

Luke phonons
-~/
Phonon Sensors

)
&

Phonon energy = Erecoil + ElLuke
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SuperCDMS High-Voltage Operation

Phonon sensors measure amount of charge produced:
Phonon-based charge amplification!

Phonon Sensors
( A .
2 Luke phonons
£,

>, Prompt phonons
N

-

+

s

E field

\\\
&

Luke phonons
-~/
Phonon Sensors

)
&

Phonon energy = Erecoil + ElLuke
= Erecoil + Nen €° AV
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To Neutrinos, and Beyond!

10736

[

<
(8]
o0

[

<
N
o

<
WIMP—-nucleon cross section [pb]

WIMP-nucleon cross section [cm?]
p— p—d p—
- - -
I I IR
(@) AN (\9]

ok
=

o3

ek

WIMP Mass [GeV/c?]

Enectali Figueroa-Feliciano \ PONT \ April 2017




Other Nuclear Detection Technologies

e Bubble Chamber Experiments

e PICO
e Best Spin-Dependent Sensitivity
 (currently running at SNOLAB)
* Xenon Bubble Chamber
o Silicon CCDs: DAMIC
e Directional Detection Experiments
o DRIFT, DMTPC, NEWAGE, MIMAC
* New |deas
* DNA and/or organic detectors?

* Molecular dissociation / inelastic
collisions?
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Directional Detection

§’ h
. — t=
e Thanks to the rotation of the Solar — L
System around the galactic center, we cygnus ——»
, ) —p
expect a « wind of WIMPs » coming —_—
from constellation Cygnus at I=90 and —_— “ £
. K
b:O — .
> =0h
. —p
e The expected WIMP signal has a -
strong dipole feature which cannot be 'A ]
. . 7
mimicked by any backgrounds ) o p
I.,%
e Unambiguous dark matter signature !
ar el
WIMP flux entering a terrestrial detector Angular distribution of nuclear recoils
represented in galactic coordinates I9F [5,;50] keV
After scattering ,
4> :

Mwimp = 100 GeV/CZ

_ — 10 Artttrary iy

Cygnus Constellation (1=90° ,b=0° ) Expected WIMP signal
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Directional Detection

CYGNUS

N
1B

e

T8 sassdd ALY

. Emulsions

)
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Liquid Helium Detectors

- Nuclear Recolls for MeV DM!

10% - _ T | 105

6 ¢ | \thermal: prpduction electroweak -
_________________________ O atom 10 new megjiator mass scale |10 _
4 vacuum interface Q 10'6 - : ; 102 ‘¢

4
P ’ O é g
. R- o 10" P S 11077 =
’ 0] ! 3
SR | 2 g0 3 0= o
’ o’ %) : @ 0
. e S 10° 5 10%7 &
4 ‘O .5 0
N et S 10°F : 107 ¢
\R— . R+ Q 4 -41 8
‘\ '0' g 10° - 10 TJ
\ L -5 =
e ” T o102 104 <
<5 o
[ % 10° |- 0% 2
0.0 107 - 047 =
¥ 1074 |
keV MeV GeV TeV
- Slide from Scott Hertel, U. Massachusetts
feV peV neV ueV. - meV eV keV. MeV  GeV  TeV PeV
Dark Matter Mass
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Electron Recolls

fev  peV  nev  wev  mevV eV keV  MeV GevV  TevV  PeV
Dark Matter Mass
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How do we look for DM with electron recoils?

Hochberg et al. 1504.07237
see also Essig et al. 1108.5383

* Pretty much all experiments
that look for nuclear recoils
also see electron recoils! Light mediator

e Single electron sensitivity
expected in both liquid noble
and crystal experiments.

e The main issues are
threshold, fiducialization, and
lowering backgrounds.

° . : : 10—43’; el e ]
Using materials Wll’[h a. banql 106 105 104 105 102 01 1
gap or even quasiparticles in

my|[GeV]
superconductors can
3

drastically reduce the
threshold! / &

feV peV neV ueV. - meV eV keV.~ MeV  GeV  TeV PeV

Dark Matter Mass
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Electron Recoils with Silicon Detectors

XENON100

XENON100

XENON10

fev  peV  nev  wev  mevV eV keV  MeV GevV  TevV  PeV
Dark Matter Mass
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Electron Recoils with Scintillators

XENON100 XENON100

XENON10

102 103

fev  peV  nev  wev  mevV eV keV  MeV GevV  TevV  PeV

Dark Matter Mass
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Coherent / Resonant Detection
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Bosonic Dark Matter

What kind of Bosons?

pseudoscalar vector

Spin O Spin 1

Axions and other Hidden Photon or

Goldstone Bosons other Vector Field
Electromagnetism Nuclear Force Nuclear Spin  Nuclear Spin  Electro-  Nucleon
= magnetism  Current

(iFF) ( a /Y ~) O..a -
fa _GG H / [~ A~ / [ ’ ; ’
B ( 2 Nyhoys ’V) (%muw) (eF F) (gA#Jg_L)

QCD Axion General Axions
Kinetic B-L

Dipole moment o
Mixing

Slide From Surjeet Rajendran

fev peV  neV eV mevV eV keV  MeV  GevV  Tev  PeV

Dark Matter Mass
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The Axion Dark Matter eXperiment (original concept from P. Sikivie)

= E : ADMX is sensitive to New ADMX experiment
(G2 Funded Xperiment sub-yoctowatts of insert fabricated and
microwave power being assembled

Halo axions convert into
microwave photons inside
a RF cavity threaded by a
strong magnetic field

Dilution refrigerator
and quantum-limited
amplifiers provide

% sensitivity for the ADMX
o “Definitive Search”
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G2 ADMS Search Capability

U. Washington, LLNL, U. Florida, U.C. 107 ¢
Berkeley, National Radio Astronomy S FP—
Observatory, Sheffield U., Yale U., U. 10°F Telescope
Of COIorado _ Solar-Magnetic
(+ new collaborators soon) 10° |

The dilution refrigerator in ADMX E 10“°
significantly speeds the dark- :;:f

Mlcrowave
matter search, so that ...

Cavity

Gen 2 ADMX Projected Sensitivity

Cavity Frequency (GHz) 10
1 10 100

—_

=
-
o

AN

p—y

S
=y
w

—y

S
-t
»

... ADMX has the sensitivity to either
detect the dark-matter QCD axion or
reject the hypothesis at high
confidence. This is called the
“Definitive Search”.

10 100 1000
Axion Mass (ueV)

fev  peV  neV  weV  mevV eV kev  MeV  Gev  Tev  PeV
Dark Matter Mass

Enectali Figueroa-Feliciano \ PONT \ April 2017

Axion Coupling 9ay | (GeV’1)
S
o

—

<
L
o




Variety of Experiments

* Microwave Cavities

* Low noise amplifiers (ADMX) and Rubidium Atoms

(CARRACK)

* Look for dark matter axions (low mass) converting to

photons in B-Field

e Solar Observatories

» X-Ray (CAST) and Germanium detectors

* Look for axions generated from the sun

» Higher coupling required than for DM axions.

* Lab experiments

* Photon regeneration and polarization changes

(PVLAS)

» Look for production of axions from light passing

through B-field
» Higher coupling required.
 Ultralight axions (nano-eV)
* ALPS Il (light shining through wall)
* (NMR / LC Circuit)
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New |deas to search for Hidden Photons
Dark Matter Radio Station

oscillating E’ field

(dark matter) shield

/ “ Search for Hidden Photons
with a large Spherical Mirror

vy 8 -l -

+ Chaudhuri+ 1411.7382 C

Tunable resonant LC circuit

(a radio) |
CASPEI L f‘«.__
Axion affects physics of nucleus, NMR is sensitive prol "
xion affects physics of nucleus is sensitive probe Z R ;
& 4 ‘
a G i
SQUID | 77 o
pickup [ / / /
loop \
g
axion “wind Ua
OR E*

Budker+ 1306.6089
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Hidden Photon Searches

v =My [2n
kHz MHz GHz THz PHz

=3
LU VB ()

precision
EM

stellar
production

ex(py/ pcdm)ll2

ot

S =2 &
= b &

-
|
[
(%) ]

Next few Xenon 10/100 |

years at
SLAC/
Stanford

44
(dish
focussing?)

fev  peV  neV  weVv  mevV eV keV  MevV  GevV  TevV  PeV
Dark Matter Mass
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Indirect Detection of Sterile Neutrinos

* Sterile neutrinos are a natural way 0 I*¢ I+t 2
of giving the known neutrino d b
species mass. |F sterile neutrinos R
exist, and one of them has a mass Ve NI NI N
between a few keV and 100 keV, it ‘e p it ;

could constitute some or all of the

dark matter.
904G 2.m? sin® 20

 Sterile neutrinos may decay to a 102474
: - - .2 =
photon and active neutrino via — (1.38 x 10729 g~ 1) (Sm 29> ( UE )
loop-suppressed processes. 10—7 1 keV
>

fev  peV  nev  wev  mevV eV keV  MeV GevV  TevV  PeV
Dark Matter Mass
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Sounding Rocket Payloads

* 300 seconds of on-target data above 169
Km

* High resolution X-ray microcalorimeter
with ~1cmA2 area and large ~steradian
FOV

e Flights from White Sands Missile Range in
New Mexico and Woomera Range in
Australia

: 2>
- ,,.

‘ 0’ By’ .

Yy
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The Micro-X Sounding Rocket

ACS
OR§< Telemetry Micro-X Science Black Brant IX Terrier
VN o nstument Second Stag First Sige
1 4

TES
Microcalorimeter

Cryostat
)

Optical Bench
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The Micro-X Sounding Rocket

* Payload under development. First flight less than a year
away!

* TES Microcalorimeter array with 128 pixels, each with a
0.9mm x 0.9mm x (3um Bi + O0.7um Au) absorber

* Baseline energy resolution is 3-4 eV FWHM, flat out to
0-7 keV.

e 0.38 steradian FOV ~ 1200 arcmin radius, expect to
increase to 1 srin the future.

TES

Microcalorimeter . . .
Electronics Cryostat * For sterile neutrino searches, we will fly

i the payload without the mirror to obtain
' a large FOV and thus greater grasp:

 With mirror, grasp = 38 cm? deg?

* Without mirror, grasp = 1256 cm?
deg?

Enectali Figueroa-Feliciano \ PONT \ April 2017




FOV for Micro-X GC Observation

Sco-X1
Micro-X £ \\\ Sk =
Field 1 ¢ \‘MICEO X Flelq 2
] . Y ot e L
; > .'I,. . re . . y
_______ x' s
\ Micro-X Field 3
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Sterile Neutrino Bounds

o107 e .
N = X-ray Constraints
.%10_5 E
10°% &
; = Bovyarski'etiall 2006
10° §§ 106566 67 68 69 7 71 72 73 74 75
108
107°
10710 -
101" - | H“"\‘\x\\\
E Micro-X Projection T TRAL
10—12 ] | ; ; ; , . . l RAZE
1 10
mg [keV

E.F.F etal Apd 814:82, 2015
arXiv:1506.05519
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Mock Micro-X GC Observation

25 ———— = =

> [ 553 = =
- X X A o

0 [ 5o < <
[Q\ 20—
~ -
C i /| Boyarski et al line
D 151 :
TR, :

10F :

A

| | | | | | | | |
03.5 3.55 3.6 3.65 3.7

E.FF. etal, ApJ 814:82, 2015 Energy [keV]
arXiv:1506.05519
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Conclusions

The next ten years will be very exciting for dark matter direct detection. Various
G2 Experiments will come online, covering a lot of new parameter space.

Although WIMPs remain a very interesting dark matter candidate, other
scenarios are gaining traction in the theoretical community, while new ideas for
direct searches have been proposed and are gaining momentum.

Sterile Neutrino indirect searches with the Micro-X Payload will obtain world-
leading sensitivity and be a definitive test of the 3.5 keV line.

Both Old and New approaches are important!

Hidden Sector Particles

ALPS AXIONS
V'S
Coherent/Resonant Electron Nuclear
Detection Recoils Recoils
"V pev  meV eV mev oV kv MoV et EREEERTCY
Dark Matter Mass
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