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Dark Matter Candidates

The Wannabe Scientist
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Ways to detect Dark Matter

Break it {

DM annihilation

Indirect detection
(SM particles from
dense regions)
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Dark Matter Sighatures

e DM gravitationally bound to the Milky Way

> Vpy <V, ~600km/s = 2x1073 ¢

(typical: vp,, # 300 km/s = 1073 ¢) N Earth
Elastic scattering (heavy DM, basic kinematics): 30 km/s
e Energy transfer to nuclei (“NR”) up to 10s of keV «
e Energy transfer to electrons (“ER”): order of eV Sun

Lower energies for lower-mass particles
220 km/s

e DM density at location of Earth: 0.3 GeV/c*/cm®
— ~150 g/earth; 150,000 /cm?/s for 60 GeV particle

e Main challenges:
e Medium-/high-mass particles: background (BG)
e | ow-mass particles: detection threshold

e DM signatures:
e Medium-/high-mass particles: NR signal with ER BG
e Scattering: ~exponential spectrum, target mass dependent
e Absorption: peak at DM particle mass (non-relativistic!)
e Annual modulation

e Directionality / diurnal modulation
DM direct detection @ SUSY 2024 - W Rau




Direct Detection Channels

Nuclear Recoils Electron Recoils

ER

Dark Absorption
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Direct Detection Channels

Nuclear Recoils Electron Recoils

* Low momentum transfer:
nuclear coherence (raterewA?)
 Low-mass/ DMs higher E-transfer for low A * High
* Migdal effect —E-transfervia nucleusto e : transf
improves Kinematic match'at low mass possi
DM mass range: DM mass range:
few hundred MeV to TeV+ ~e~-mass up to > GeV

Dark Absorption

* Bosons: Dark Photons, Axion-
like particles (ALPs)
* Like Photo-electri¢c Effect
* Kinetic E small (non-rel.):
measured E'= DM particle mass
DM mass range:
band gap (eV) to ~2x e-mass
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Alternative
channels/models:

* Spin dependent

* Other operators
(EFT)

* Lightly lonizing
Particles (LIPs)

* Supermassive
strongly
interacting
particles



Direct Detection of Dark Matter

Cryo detectors
Superheated liquids

\ Germanium
Silicon

lonization

Scintillation
/ /Semlconductors Gas
Emulsion
Liquid Xe/Ar
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Experiments — lonization Detectors

12: ........... m,=5 GeV/c?, o32*'=1.33x10 cm?
Germanium Detectors (70 K) 105 =10 GeVIc?, s8r=5 0610 i
+ Historically: first DM DD experiments 2 I ‘ | "
. = 8 | CDEX-1B
« Presentday: CDEX @ Jinping : HHH
* Point-contact (low threshold) B 6;_ ’““ ‘ t CDEX-10
. Mlnlmlze ba.ckground E ’ || ||| H *l " T
* Looking for a variety of DM models o ||| || T fH fy ++ RLETARE Wi
I ¥ S ¥
Energy (keV)
Past (1 kg) - Presen
— || || Immersed in LAr
= || Inside big (13 m)
= — | LN dewar
700 kg-d, : . w_— i
~200 eV, threshold - 200 kg-d (published) = || coscer ||
: 160 eV, threshold ~ =  |v
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Results — Spin-independent Interaction
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Experiments - lonization Detectors

Silicon CCDs: DAMIC-M / SENSEI / Oscura n’é\,r,i’,’,,’;,m* l-

* Good position resolution; low mass per detector Dlﬁusmn

 Repeated readout of each pixel: 3 200F § i limited
resolution better than single e~ § ) g /Back

« DAMIC-M (2x9 g)/ SENSEI (6+1 x~2 g) § jj:jg ‘n

« Exposure: 85 (D)/ 35 (S) g-d -3

* Focus on Electron-interacting DM too0f

e Future: 100g(S)/700g (D) /10 kg (Oscura) zzg ...Jfﬁz | —

Energy measured by pixel / keV

.\.‘.l,i.li‘A<

2
Charge [e-]

SENSEI
Open
cryostat

por _s_tre::‘ture| \ 488 ; Box with two CCDs
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Results — Electron Recoll
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Experiments - lonization Detectors

Gas - NEWS-G (SNOLAB)

DM direct detection @ SUSY 2024 - \W Rau

Spherical proportional counter
Innovative electrode design: small spheres
(avalanche field), distributed (drift field)

2 sensors (top/bottom):

discard distorted field region

Pulse shape discriminates surface events
Different target gas mixtures
(incl. CH, for low-mass DM)

E Field [V/m]
10°

3 cm Archeological lead

22 cm Low Activity lead

Stainless steel skin

2140 em Copper sphere

30




Results — Spin dependent Interaction

WIMP exclusion limit (S140@LSM, 135mbar CH4)
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Experiments — Noble Liquids

Xe dual-phase TPCs (XENON (6t), LZ (7t), PandaX (4t)) = e

* Noble liquids are excellent scintillators . e \)"‘¢E,

 |nert atoms: charge transport possible g2 - Sk

* 2 3Signals for ER/NR discrimination: | Xe I drift time

(depth)

* S1: scintillation, “weak”

* S2:drifted charge+gas ampl., “strong”
High density: self-shielding

Future: DARWIN / PandaX-Xt (50-t scale)

Il ER W Surface Neutron I AC I WIMP

8000 R [crx
4 %0 60 10 20 30
kCVNR
4000
2000 AT L.
E -.:._ T
= 1000 &
a S, e
oy N p_©
%) P
O o .o
400FH. - i r A
\ A ; 3 .- ._/' I.. . . 'e'
200K . R
. & ”:.10 :. .o . we . . B .. T ST o . ..-. .:. :- q.-. '...
|1 1 | | [+ -1 | R RO
03 10 20 30 40 50 60 70 - | - | -
cS1 [PE] —1005 500 1000
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Experiments — Noble Liquids

Ar single / dual-phase (DEAP, DarkSide) , | | | § Glove box
* ER/NRdiscrimination by pulse shape o ™ Central suppor assernbly
e Much cheaper than Xe > 005 N‘ ] & o
* Intrinsic radioactivity s oIf 1 4 1‘“:(’)
* Cosmogenic 3/4°Ar g-o;zf Electronrecoil | .. Vacuum jacketed neck (orange}

Cooling coil

(tail/peak large) | vew

* Underground Ar, distillation .
DEAP: 3.3 t single phase T e

0 A o - r‘\ ‘[\r T ‘r " \

Acrylic flow guides

. | 7 | argon
» DarkSide-50: 50 kg, dual phase Z 0os| I | Veto PAIT
 Future: DS-20k (20 t), Argo (300 t), g ol | ~asspums
> 1ght guides
DS-LM (1 t, low thrgshold) £ 0I5k Nuclear recoil % e
* Replace PMTs by SiPMs ) 02f (tail/peak small)] Steel shell
—~ I L I
0 20 4060 l:':sraer?golliggn:{‘lo 160 180 1 Da I‘kSIde 50 00 20&) 3000 4000 5000 |3_27915g“
SAAMMEAAAAARRRARARERRRRRARERRRMRRRRY ¥ v s ime [ns] 1quid argon

Filler blocks

Foam blocks behind
PMTs and filler blocks

—— Bottom spring support

SiPM array for
DarkSide

O O 0O OO0 O o o o
H N W b U100

TR P TS P P S B R s —_—
05 \ 9= 25 ==
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Results — Spin-independent Interaction
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Results — Spin-independent Interaction

1651 _____________ — - _________________ ——— ________________ - -

—_

O.
B
o

—_

O.
B
)

—
OI

—_

O.
B
»

WIMP-nucleon cross section [cm 2]
B
B

—_
OI
B
@
f
|

ol

WIMP Mass [GeV/c]

DM direct detection @ SUSY 2024 - \W Rau



Experiments — Cryogenic Detectors

Cryogenic lonization Detectors
 Phonons: good resolution (O(eV) in kg det.)
 Charge: ER/NR discrimination
* NTL effect (HV, electric potential

energy — phonon energy): low

EDELWEISS Ge

. © detector (900 g)
threshold charge meas. with phonons SuperCDMS G i
. ) . , , -
Different technologies for readout detector (1.4 kg) 5 D
 EDELWEISS: Ge, thermal sensors | 0Ol AR
 SuperCDMS: Ge, Si, athermal sensors . 0 5
 Target mass small compared to Xe/Ar SuperCDMS Si 6
- Focus on low-mass DM (NR and ER/DA) detector (1 g) -
* Future: push even lower in threshold / DM mass - — -
TTEA 450 . rliue’roanor Shielding
| Electron recoils: . -7t 400 — Model Refiigerat ‘
- N [ 150V Data E-TanK

—= | background .m0 |, 3%0 X '
c ety § 300 eh-pair m
0, Soak S 250 . P
® 57 resolution
S _ 2 . S
S i £ 150 in g-scale
o 5 e = 4 %100
O, g{;’ Nuclear recoils:| 25 J detectors

‘ .ﬁ"ﬁ‘sff-‘ﬁ"‘:,?&; signal 1 0 0 T TR, T —T

S il ] Phonon Energy (eV) > = \ : o N < 3

Phonon signal 0 1 2 3 4 5 6 Seismic Platform SNOBOX
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Experiments — Cryogenic Detectors

Cryogenic Scintillators

* Scintillation for ER/NR discrimination
Light: separate cryogenic detector
Multiple materials/targets available
CRESST: Long-running, mainly CaWQO,

Recently:

* ~20 g detectors, few eV resol.

* LiAlO, for spin-dependent search
COSINUS:

* Nal (another DAMA check)

* Under construction

COSINUS n-calib.

light yield
P

0.5
0.0
excess light Na band
0.5 electron band | band
gamma band —— inelastic band
-1.0
25 50 75 100 125 150 175

ncal data - energy (keV)
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Results — Spin-independent Interaction
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Results — Spin-independent Interaction
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Results — Spin-independent Interaction
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Results — Dark Photon Absorption

SuperCDMS
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Experiments —

PICO (~room temp) / SBC (cryogenic)
* Superheated liquid; particles create
 Read out with cameras and piezzos (
* Insensitive to ER (low energy density

bubbles

sound)
track)

(becomes sensitive when threshold too low)
* Neutron discrimination (multiple bubbles)

* Alpha discrimination (more acoustic
* Threshold detector (no energy resolu

* PICO: C,Fg—Fisspintarget (40 L, 250 L coming)

power)
tion)

 SBC: scintillating bubble chamber (Xe or Ar)

* Scintillation removes energy from ER
— lower threshold possible

 Under construction at SNOLAB;
prototype running at FNAL

DM direct detection @ SUSY 2024 - \W Rau
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Results — Spin dependent Interaction
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Experiments — Other

Various Projects and ideas
e Superfluid Helium:
* Readout with cryo detectors
* Low threshold (low-mass, NR)
* Herald (US), DELight (Germany)
* Very low threshold cryogenic detectors

technology improvements, new materials (meV band gap)
(SPICE, Splendor)

* More distant future:
Gravitational detection of Planck-mass particles

* And many more...
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Conclusions

* Strong evidence for Dark Matter

* Direct Detection can test particle masses
from meV to TeV+

* Different technologies focus on different
ranges and interaction channels

* Many projects are coming online or expect new
data soon

* The first detection might just be around the
corner ...
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