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Cosmic Microwave Background

Emitted when protons and electrons form neutral hydrogen @/O
= Snapshot of the universe 380,000 years after Big Bang
= Thermal bath of nearly uniform temperature @ 5

- Temperature fluctuations at the level of §T/T ~ 10°% o @

reflect density perturbations 6p/p ~ 10°

T=-270.4346 °C

= 1 =-270.4345°C
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Expanding universe

= General relativity tells us how the universe evolves after recombination:
— Expansion proportional to scale factor a
= CMB temperature decreases proportional to a
= Inhomogeneities 6p/p grow proportional to a (during matter domination)

MAAM expansion by factor 1000 A\NANAN\/\/\U

= Present-day CMB temperature: To ~ 10*eV
= ao/ acvs~ 1000
= Expect inhomogeneities at the level 6p/p ~ 0.01
= Dramatic disagreement with data!
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Why we need dark matter 57 0,

Structure formation without dark matter Structure formation with dark matter
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Structure formation

= Dark matter starts forming overdensities
already before recombination

= Creating of potential wells that act as
seeds for subsequent structure formation

= Need approximately five times more dark
than visible matter

Dark
matter

Dark energy Normal
matter
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Dark matter direct detection

= Key prediction: Galaxies are embedded in dark matter halos

= We can estimate the local dark matter density
and velocity distribution from stellar kinematics

galactic bulge

galactic disc

— Dark matter particles are constantly passing .
through the Earth (~10° particles/s/m?) =~

o= galactic disc

Vil dark matter

density p (log scale)

= Almost all particles have no interactions o

0.1 kpc 1 kpc 10 kpc 100 kpc

= But even very rare events may be detectable! radius (log scale)

= Bosonic (wave-like) dark matter
WIMP Target Nucleus WIMP

from galactic halo in laboratory Elastic collision O

= Fermionic (particle-like) dark matter © % e
= Look for scattering @ :

= Look for conversion/absorption
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Differential event rate

= |nteraction rate proportional to
- Flux of dark matter particles  jy = 7Ny -V = py - U/
- Number of target atoms N =mp/my
— Scattering cross section o

= Accounting for velocity distribution gives

dR  po / ; do
QB = memy ) S0V GE

= Key observation: Kinematic threshold for scattering
AFE
_|AE 4

Umin =
q 2m,

AE: Energy transfer
g: Momentum transfer
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Elastic nuclear scattering

Umin — \/mNER/(Zl‘ﬂ)

Electron 09 W It h
4 Mmy:  nhucleus mass
M= mme/(mN + mx) m,. dark matter mass

electroweak mass scale

Nucleus

Vanilla WIMP

= Scattering possible only if vmin is smaller than the
Galactic escape velocity Vesc ~ 600 km/s ~ 2 - 103 ¢ % 104

= For fixed detector threshold (Er > Einresh): LOSS of o \/
sensitivity for light dark matter (my << mw) v
105.001 0.100 10 1000

Dark Matter Mass [GeV/c?]
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Models of Sub-GeV dark matter

= The Lee-Weinberg bound states that Sub-GeV dark matter particles cannot interact exclusively
via the known forces of the Standard Model

= Need new exchange particles ) e e e REEALL
1073
| Fermion
. 10735 | Asymmetric DMZ -
= Simplest example: Dark photon i " g,
o . . —37 5
= Similar to visible photon but massive | =
— Stability of dark matter via dark charge conservation = 107*°[- :
K i
= Interactions with visible matter via kinetic mixing z 10-4 - =
= o
= ~
10_43f ) ;g
= Large (but finite) viable parameter space 10-451— s
. 10747:_ | 1 IIIIII| I | IIIIIII
Balan, FK et al., arXiv:2405.17 102 10-1
mpwm [GGV]
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Possible avenues

= Scattering on electrons
= Lower detector threshold

= Lighter target nuclei
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Possible avenues

= Scattering on electrons Semiconductors, :
Dirac materials, ... 2Ny
= Lower detector threshold ~ not this talk :

o
— <
=
g

1 Il i 1
R r X M Y I

= Lighter target nuclei
Geilhufe, FK et al., arXlv:1910.02091
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Possible avenues

1.00 |-

= Scattering on electrons Semiconductors

Dirac materials, ...
= Lower detector threshold ~ not this talk

Energy (eV)
o
=3
3

—1.00

= Lighter target nuclei
Geilhufe, FK et al., arX1v:1910.02091

F. Toschi, calculated following Astropart. Phys. 6 (1996) 87

— He — Ar — Xe
/ 10-3 — Si  — Ge
© .
m, 10 Mow= 500 MeV

Mpobwm
gs1 = 104 cm?

)

Helium

Differential rate
[events / (t yr keV)]
(=]
<

¢ "
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The DELight Experiment

21 liter superfluid “He

56 MMC wafer calorimeters

(LAMCALS)
(37 in top-array, 19 in bottom-array)
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Signal generation in superfluid helium

Excimer

w Singlet :
——
T~ 0(ns) UV photons
LDM .
Q@Q }
@5@ N
J‘gd_
lonization o IR photons Triplet
— excimers
O 3
& Sensor
Condensation
AVAVAVAV V.Y
_— MWW Vacuum
Quantum
4He evaporation
phonons / rotons (quasiparticles): a~1meV Phonon + rotons
prompt UV photons: a~16eV Quasiparticles

delayed UV photons (from excimers): a~ 16 eV
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Energy partitioning
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= Ratio of photon and quasiparticle signal differs for
nuclear recoil (NR) and electron recoil (ER)!

= Potential discrimination of signal and background

Energy partition (%)
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Detection principle

-------- -lv-\(b---«----- ->» - mmmeeay
%’I er—.:/’
“He Vacuum

Sensor wafer

Si: ~10 meV
Al503: ~ 20 meV

GF: ~ 40 meV

1 He atoms
! Helium-to-vacuum

interface

Rhonon / rote,
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Detection principle

Sensor wafer

ﬂlt 0.62me\.l. — \
Si: ~10 meV
AlxO3: ~20 meV
GF: ~ 40 meV

4He Vacuum

) ) : ) : ) Felix Kahlhoefer
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Magnetic MicroCalorimeters

Sensor: paramagnet

absorber

Energy
deposition

=

Temperature
rise

=)

A

oT
~1mK

temperature T

~10mK

Thath

Absorber + Sensor

/

CtOt
= ~1
T G ms

Change in sensor
magnetization

time ¢

>

Magnetic flux
change in SQUID

=>
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Magnetic MicroCalorimeters
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Projected sensitivities

DELight (preliminary) Projection DELight Projection
35 = Phase-| 20eV goal background ;‘E Phase-l, 1 kg-d Phase-Il, 100 kg-d
107 TR —— 20eV (goal) —— 106V (goal)
I 50 eV
s 100 eV
-37 o
101 % 10 37
E 2
S 107 5 o
pus 10
o
@
[=]
E 41| Preliminary background model a1
Z 10 —— Moderate passive shield 10
—— Thin passive shield
_ No external shielding
10 431 1 0’43
45L_
10 - -45
10" 10” 10' 10 10" 10° 10'
DM Mass (GeV) DM Mass (GeV)

= Phase-l (years 1-4): 1 kg+d exposure, 20 eV threshold
= Phase-ll (years 5-8): 100 kg-d exposure, 10 eV threshold
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Going lower: The Migdal effect

= So far: Assumed factorisation of fundamental scattering process and subsequent excitations

= But: Possible to have scattering
and excitation at the same time

excluded by | accessible accessible
10'{ cosmology | through through
inelastic elastic
scattering = scattering

100_

10—1_

Ewn =20 eV

= Different kinematics: Inelastic scattering means that
/ —— Elastic scattering entlre klnetlc energy can be depOSIted

10724

Maximal energy deposition in keV

—— Inelastic scattering

1073 ! . .
100 10t 102 103 104
DM mass in MeV
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Going lower: The Migdal effect

= So far: Assumed factorisation of fuindamental scatterina nrocess and subsequent excitations

X (mm)

= But: Possible to have scat
and excitation at the sam¢ _ SEGRECEEEIEES
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Transition probability

No Transition State ‘Eewc’ [CV]
— il 10— 2% 218 20.616
~- coxetal — 31‘5“ p 5
= ol T PR 2'P | 21.218
: — 3 Pj
sum 318 22.920
10~3F === coxet al
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] 10—4_
&,
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108 Ee /
1077¢
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Sensitivity projections
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State | |Eezc|[eV]
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Going even lower :
A4

= For sub-eV recoils: Effective field theory of superfluid *He \/
- Direct coupling of dark matter to collective modes (@)
— Creation of one-phonon and two-phonon excitations :‘_‘,»""(km)
= Tiny energy deposition (<< eV) " )

= How to detect this? — - Knapen et al., arXiv:1611.06228
|J/_1 1064nm laser E,
= |dea: optomechanical cavity — A 0
= Dark matter scatters off highly [SG """""" ﬂﬂjﬂpﬁ % 1027)
populated phonon mode SNSPD _ Filter cavities ™ fyie i
— Scattered phonon converted mK  Superfluid cavity § 1029}
into photon 3
- Single-phonon detection! E.g N
e 2 10 10° 10 102

Baker et al., arXiv:2306.09726

Dark matter mass m, (keV)
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Conclusions

= Nature of dark matter among the most important
open questions of fundamental physics

= Promising direction: Sub-GeV dark matter (e.g. with
dark photon mediator)

= Requires lower thresholds, lighter targets (or both)
= Superfluid helium

= DELight: Simultaneous detection of UV photons from
eximers and evaporation from quasiparticles

= Future directions:
- Direct excitations via the Migdal effect The DELight collaboration (2026)

— Single-phonon detection in optomechanical cavities
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