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Dark Matter

e Vast evidence for non-luminous dark matter in

the universe

e Strong impact on astrophysics and cosmology
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Composition of the Universe

Normal Matter:
Dark Matter: 4.9%

26.6%

e Thermal production in
early universe

e Relics remain today, via
some mechanism (often
assumed freeze-out)

Dark Energy:
68.5%

Source: Planck Collaboration. A&A 594, A13 (2016).



Dark Matter in our Galaxy

e (Galactic “halo” of dark

matter: approximately
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Dark Matter as a Particle

e Particle nature of dark matter?
Interactions with normal matter?

e Requires physics beyond the Standard
Model

e Popular candidate: Weakly Interacting

Massive Particle (WIMP)

o Massive particle at the
electroweak scale (GeV - TeV)

o Many theory candidates, e.g.
LSP in SUSY

o “WIMP miracle”: current DM

density explained by weak-scale
mass and cross-section

three generations of matter
(fermions)
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Dark Matter Direct Detection
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Status of Direct Detection

Decades-long campaign to probe
WIMP dark matter (Lee-Weinberg limit:
m > 2 GeV)

Issues:
1) Approaching the “neutrino floor”, a
challenging background to

overcome

2) Assumption of electroweak-scale
physics--worth keeping?
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Dark Matter Kinematics

Max kinetic energy carried
by dark matter is

-1 2
KEmax /2 mDM Vescape

Transferred inefficiently to

target unless m,,, = Miarget

To probe MeV-scale dark

matter, we need:

1) Light target

2) Ability to access meV
recoil energies
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Superfluid Helium as a Dark Matter Target

He-4 meets all the requirements plus:

—

, He Atom

e Cheap
e Easy to purify
e Intrinsically radiopure

e Remains liquid/superfluid down to
absolute zero

e Monolithic, scalable

e Calorimetry for signal readout

13



Proposed Detector

—

, He Atom

O(1 kg) cubic mass of helium, operated at ~50
mK, in dilution refrigerator

5 transition-edge sensor (TES) arrays on
walls, adjacent to helium

e Detect UV photons, triplet excimers, IR
photons

Vacuum layer between helium and 6th TES
array

e Detect quasiparticles via quantum
evaporation

14



Recoils in Helium (generic incident particle IP)

Quasiparticles (heat)

Singlet UV
Photons (16 eV)

Ionlzatlon Excitation
Triplet
| . % Molecules
~100% recombination IR photons

(1eV) 15



Recoils in Helium (generic incident particle IP)

Quasiparticles (heat)

Singlet UV
Photons (16 eV)

Ionlzatlon Excitation
Triplet
| I—> . % Molecules
~100% recombirfation IR photons



Detecting Excimer Signal

Singlet decay

e Half-life of few ns
e 16 eV photon

Hits detector walls on ns timescale
Detected directly by TES

Calorimetry possible because of
large Kapitza resistance
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Detecting Excimer Signal

Triplet decay

e Half-life of 13 seconds
e 16 eV photon (but too slow for
our detector)

Helium dimer molecule travels
ballistically, detected by TES on few
ms timescale

Also some IR from higher
excitations, 1 eV

18



Recoils in Helium (generic incident particle IP)
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Quasiparticles in “He

Quasiparticles: collective excitations in
superfluid helium

Long-lived

Classified based on momentum:
Phonons, R- rotons, R+ rotons
(roton = high-momentum phonon)

At interface, can transform from one
type to another (i.e. P & R- < R+)
if E

<t . . <E
roton quasiparticle maxon

energy [meV]

1.5

phénons? ﬁ-

R+

1 2 3
momentum [keV/c]

Emaxon

E roton
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Detecting Quasiparticle Signal

Recoils produce ~0.8 meV phonons

and rotons
@® He atom

Propagate ballistically, bounce

around the detector (few ms)
-7

Transmission of quasiparticles into
the wall is suppressed by Kapitza
resistance

Quasiparticle

Tt~ —a _ _Vf atom into vacuum, followed by
energy deposit on top TES

Quantum evaporation of a helium

21



Detecting Quasiparticle Signal

van der Waals

iparticl free atom
Binding energy between quasiparticie
helium and solid will amplify
signal
------------------- ®-> -
~1 meV{ /4 0.62 meV
1 meV recoil energy — up to
40 meV detectable energy
Film burner to remove
helium from calorimeter LHe vacuum

binding

Cal.

10s of meV

22
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Reflection as R-
(allowed; forbidden)

P—R- R-—R- R+—R-
In “He bulk, quasiparticles move freely P—R- R+—-R-

/2

Quasiparticle Propagation

At interface, can be transmitted, reflected, or
transformed (if E conserved)

We simulate probabilities for g.p. interactions
(e.g. at right: reflection at helium-solid interface)
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Helium-Solid Interface

Quasiparticle Propagation _,Transmission (20x) _Reflection as R-

Simulated all reflection/transmission
probabilities

Angle [radians]
=

o

Transmission highly suppressed, as

expected; allows ballistic movement Reflection as P Reflection as R+
without decay

3
~
\}

Reflection as same flavor most likely,
but significant chance of changing

Angle [radians]
®

flavor ‘
0 2500 5000 0 2500 5000
p [eV/c] p [eV/c]

T Probabilities based on calculations in 0 0.2 ) 0.4 0.6 0.8 1

Phys. Rev. B 77, 174510 (2008).
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Helium-Vacuum Interface

Quasiparticle Propagation

Reflection as R-

Evaporation

N

At helium-vacuum interface,
transmission (quantum evaporation) is
most likely for phonons
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Quantum Evaporation

Simulated pulses from evaporation \

Vary height of recoil (h = 20 cm at top of detector)
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Nuclear Recoil (NR) Electron Recoil (ER)
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Discrimination
ER acceptance at 50% NR acceptance

Signal is NR;
backgrounds are
dominated by ER

=
o
|
N
1

Discriminate between
ER and NR by using
ratio of energy in
each channel

Cannot discriminate
light/phonon ratio

Leakage Fraction
o

10_84 LA AL B L AL R LA LS B LELE LR AL B T T T
below 20 eV, but : : . ~ ~ V . . _
superb discrimination 10 1072 107! 10° 10f 102 10° 104  10°
above 500 eV Recoil Energy (eV)
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Backgrounds

Water (60 cm)

Shielding based on
SuperCDMS SNOLAB
projections 1

Lead (23 cm)

HDPE (40 cm)

Deep underground

6 Copper Cans
(3/8" thick)

Cubic Helium Mass
(1, 10, 100 kg)

HDPE (60 cm)

T Phys. Rev. D 95, 082002 (2017)
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Recoil Rate [cts/kg/keVee/day
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Projected Sensitivity

Black Dashed: Extended
neutrino floor to ~100 keV

Used coherent interactions of
solar neutrinos with helium

Dominated by pp and ’Be
neutrinos
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Conclusion

Superfluid “He offers a
cheap, practical, and
powerful target for probing
new dark matter interactions

Existing technology
(HERON; advancements in
calorimetry by CDMS,
CRESST, etc.)
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Backup Slides
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Detecting Excimer Signal

025
Triplets Singlets
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0.20} red
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0.05

Observation of singlet/triplet excimers
by Carter et al.

e Titanium TES in 100 mK “He bath
e 2’Na gamma source

Singlets from TES coincident with
PMT,; triplets from only TES

0.00 R
0 5 10

Energy measured in TES (eV)

Carter et al.d Low Temp Phys (2017) 186:183—-196

15

20

41



Previous work by HERON

364 keV electron pulse

HERON: proposed pp . s ¢ g,

neutrino observatory % Y,
= | Evaporation T,

R&D at right shows C_)N . M

simultaneous detection < -w(' "

of photons and rotons »n R i
c C
© Scintillation

Achieved 300 eV 5

threshold at 30 mK » 4

ol L ) . . 1 . . . ]
1000 1500 2000

Source: J. S. Adams et al. AIP Conference Proceedings 533, 112 (2000). Tlme [“S]
Also see: J. S. Adams et al. Physics Letters B 341 (1995) 431-434. 42



DETAILS

Previous work by HERON st
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= (Gamma NR = = Gamma ER
Backgrounds == Rayleigh - Gamma ER (Disc)
==+ Nuclear Thomson —— Neutrino
10% ---- Delbruck — Neutron
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Recoil Rate [cts/kg/keVee/day

— (Gamma NR - =  (Gamma ER
Backgrounds == Rayleigh —— Gamma ER (Disc)
==+ Nuclear Thomson —— Neutrino
10% Delbruck —— Neutron

=
o
N

100 ’~~ﬁ~“—~‘—§
ER background:

80 evts/kg/da
. g/aay
l Discrimination
10-4 0.06 evts/kg/day
10°°
lllllllllllllllllll l\....
1078 e
1073 102 10-! 10° 10' 102 10° 10° 10° 45

Recoil Energy E, [eV]



- Gamma NR = = Gamma ER
Backgrounds == Rayleigh —— Gamma ER (Disc)
==+ Nuclear Thomson —— Neutrino
10 '+ -~ Delbruck —— Neutron
Neutrinos
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[N - Coherent elastic

10° - neutrino-nucleus
scattering (recently
102 observed!)

For 100 kg detector
mass and 1 year
exposure, expect ~60
events, mostly pp
neutrinos

=
o
~

Recoil Rate [cts/kg/keVee/day

=
o
&

" e,
107037102 10-T 10° 10' 102 10° 10% 10° 46
Recoil Energy E, [eV]



— (Gamma NR - =  (Gamma ER
Backgrounds == Rayleigh - Gamma ER (Disc)
==+ Nuclear Thomson —— Neutrino
104 -=++ Delbruck — Neutron
102 Neutrons
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background; mostly
outside search region
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