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Some (very brief) history

- 1922: J.C. Kapteyn coined the name ‘dark matter’,
in studies of the stellar motion in our galaxy (he
found that no dark matter is needed in the solar
neighbourhood)

« 1932: J. Oort suggested that there would be more
dark than visible matter in the vicinity of the Sun
(later the result turned out to be wrong)

- 1970s: V.C. Rubin & W. Ford: flat optical rotation
curves of spiral galaxies, 1978: Bosma, radio

from “Fritz Zwicky, Astrophysiker”, Verlag NZZ 3



Our Universe today: apparently consistent picture
from an impressive number of olbservations
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The dark matter puzzle

The dark matter puzzle remains
fundamental: dark matter leads to the
formation of structure and galaxies in
our universe

We have a standard model of CDM,
from ‘precision cosmology’ (CMB,
LSS): however, measurement #
understanding

For ~85% of matter in the universe
IS of unknown nature

Large scale distribution of dark matter,
probed through gravitational lensing

HST COSMOS survey; Nature 445 (2007), 268



What do we know about the dark matter?

So far, we mostly have “negative”
iInformation

Constraints from astrophysics and
searches for new particles:

No colour charge
No electric charge

No strong self-interaction

Stable, or very long-lived

Probing dark matter through gravity



Parameter space for searches
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- Masses & interaction cross sections span
an enormous range

e Most dark matter experiments optimised to
search for WIMPs

e However also searches for axions, ALPS,
SuperWIMPs, etc



Parameter space for searches
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Parameter space for searches
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How to detect Weakly Interacting Massive Particles

Direct detection

nuclear recoils from elastic scattering

X Direct detection
dependance on A, J; annual modulation, Tttt TTTTmTmmemmmmO
directionality A g < 10sMeV
local density and v-distribution § : %

= | H
= = Q 1
Indirect detection S .k Dark Matter -
AN Standard Model
high-energy neutrinos, gammas, charged CRs % : 2 mediators
2 1w
look at over-dense regions in the sky s
astrophysics backgrounds difficult '
Standard
Accelerator searches Model states

missing Et, mono-‘objects’, etc

can it establish that the new particle is the DM?
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Direct detection

Collisions of invisibles particles with atomic nuclei
=> Evis ( ~ tens of MeV):

~ 0. 1073
v/e~0.75 % 10 X Fr=-1— <30keV

N

REVIEW D VOLUME 31, NUMBER 12

Detectability of certain dark-matter candidates N
Observable: kinetic

Mark W. Goodman and Edward Witten

Joseph Henry Laboratories, Princeton University, Princeton, New Jersey 08544 e
(Received 7 January 1985 energy of the recoiling
We consider the possibility that the neutral-current neutrino detector recently proposed by N UCIeUS

Drukier and Stodolsky could be used to detect some possible candidates for the dark matter in galac-
tic halos. This may be feasible if the galactic halos are made of particles with coherent weak in-
teractions and masses 1—10° GeV; particles with spin-dependent interactions of typical weak
strength and masses 1—10? GeV; or strongly interacting particles of masses 1—10'* GeV.
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What to expect in a terrestrial detector?

AR oo [Vmes do
PTor dof(v)v g
It mw J\/(mnEw)/(2p2) 1t
Detector physics Particle/nuclear physics Astrophysics
Ny, Eyp m,do/dER po, f(v)
LIDJ: A
N Velocity
g lower WIMP mass f(V) distribution of
o) WIMPs in the

galaxy

higher
WIMP mass

. Er 0 200 600
v [km/s]
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Astrophysics

Density map of the dark matter halo
rho =[0.1, 0.3, 1.0, 3.0] GeV cm-3

Local density (at Ro ~ 8 kpc)
local measures use the vertical kinematics of
stars near the Sun as ‘tracers’ (smaller error bars,
but stronger assumptions about the halo shape)

global measures extrapolate the density from
the rotation curve (larger errors, but fewer
assumptions)

~=1.5 - 10 =3

] 10

0
x (kpc)

p(Ro) = 0.2 —0.56 GeVem™® = 0.005 — 0.015 Mg pe™?

J. Read, Journal of Phys. G41 (2014) 063101

=> WIMP flux on Earth: ~10° cm==s-! (Mw=100 GeV, for 0.3 GeV cm)
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Particle physics

- Use effective operators to describe WIMP-quark interactions

- Example: vector mediator

e 1 _ —
LY = 13 XWX

» The effective operator arises from “integrating out” the mediator with mass M and
couplings gq and gx to the quark and the WIMP

X X
M

V' 9q9x

contact interaction scale

—> Otot X A_4

A

14



—Xample cross sections
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Scattering cross section on nuclel

* In general, interactions leading to WIMP-nucleus scattering are parameterized as:

e scalar interactions (coupling to WIMP mass, from scalar, vector, tensor part of L)

2
ot~ Lz Zf,+ (A=) a2
X

=> nuclei with large A favourable (but nuclear form factor corrections)

e spin-spin interactions (coupling to the nuclear spin Jn, from axial-vector part of L)

dp, an. effective couplings to p
2 JN _I_ 1 S S 2 and n; <Sp> and <Sp>
J (a/p < p> _I_ a/n < n > ) expectation values of the p and n
N

spins within the nucleus

0OSD ~

=> nuclei with non-zero angular momentum (corrections due to spin structure functions) 16



Form factor corrections

With the WIMP-nucleus speed being of the order of 100 km s, the average momentum transfer

(p) =~ p(v)
will be in the range between 3 MeV/c - 30 MeV/c for WIMP and nucleus masses in the range

10 GeV/c? - 100 GeV/c?. Thus the elastic scattering occurs in the extreme non-relativistic limit and
the scattering will be isotropic in the center of mass frame

The de Broglie wavelength corresponding to a momentum transfer of p = 10 MeV/c

h
A= — ~20fm > rgAY3fm = 1.25fm A'/3
p

is larger than the size of most nuclei, thus the scattering amplitudes on individual nucleons will add
coherently

coherence loss will be important for heavy nuclei and/or WIMPs, and WIMPs in the tail of the
velocity distribution



Form factor corrections: spin-independent

 Important for heavy WIMPs and/or nuclei and for WIMPs in the tail of the velocity
distribution

d OS7J S
T | T T T T | T T T T E T T T T T T T T T T T T T T T T | T T T T | T T T T
*  This work ] * This work
1000 — Helm form factor 3 1000 — Helm form factor 3
— - Fitzpatrick et al. — - Fitzpatrick et al.

100 £
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Sq(w)

0.1g

0.01

0.001E

10

L. Vietze et al., Phys.Rev. D91 (2015) 4, 043520



Form factor corrections: spin-dependent

- WIMP-nucleus response (based on detailed nuclear structure calculations)
especially important for spin-dependent interactions

dosp g
e — 00,SD X A(C])
1 1 2 3 4 IIIIIIIIIIIIIIIIIIIIIIII |||II|IIII|IIII|IIII_
0 — S (u) 1b currents 0.19 — S (u) 1b currents E
1 p C 129 p ]
-- S _(u) 1b currents ; Xe - Sn(u) 1b currents .
0.01 — Sp(u) 1b + 2b currents 3 - Sp(u) Ib + 2b currents A
0001l mm S (u) 1b + 2b currents - 0.01¢ mm S (u) Ib +2b currents
=
10" = e
’’’’ 0.001
10° N\reemo-— 2 g
10°
g 0.0001 E
10 , , C
0 1 2 3 4 5
u
u = q*b*/2
P. Klos et al., PRD 88 (2013) — 4



—Xpected interaction rates

* For a typical WIMP mass of 100 GeV/c?, the expected WIMP flux on

Earth (for the ‘standard local density’ value) is: WIMP
P 9 _
¢y = X x (v) = 6.6 x 10*cm™?s™!
o%
Er

- This flux is sufficiently large that, even though WIMPs are weakly /O\
interacting, a small but potentially measurable fraction will ‘:O‘Sg ) nucleus
elastically scatter off nuclei in an Earth-bound detector —

« Direct dark matter detection experiments aim to detect WIMPs via
nuclear recoils which are caused by WIMP-nucleus elastic
scattering

« Assuming a scattering cross section of 1038 cm?, the expected rate
(for a nucleus with atomic mass A = 100) would be: U

N
R = TA X @y X 0 ~ 0.13 events kg~ tyr~

1 WIMP



—Xpected interaction rates
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—xample: spectral dependance on the WIM

» Recoil spectrum gets shifted to low energies for low WIMP masses

« One needs a light target and/or a low threshold to see low-mass WIMPs

| | | | | | |
_ 4| light WIMPs __ 5 |
g = — 10 —
- — 20 m_[GeV]
&1 — 30 x i
S — 40 _
> = 50
QO
~ _
©
O _
<
o | _
=
S |
© heavy WIMPs

E [keV]

P mass



Dark matter signatures

¢ Rate and shape of recoil spectrum depend on target material

¢ Motion of the Earth causes:
- annual event rate modulation: June - December asymmetry ~ 2-10%

- sidereal directional modulation: asymmetry ~20-100% in forward-
backward event rate

Z
_— t=12h

WIMP wind

Cygnus ———»

v=~220 kKm/s —_—
_—)
galactic plane —_— y/ /

t=0h

December >

23
Drukier, Freese, Spergel, PRD 33,1986 D. Spergel, PRD 36, 1988



Backgrounds

- Cosmic rays & cosmic activation of detector materials
+ Natural (338U, 232Th, 40K) & anthropogenic (5Kr, 137Cs) radioactivity: Y, €, 7, (¥

- Ultimately: neutrino-nucleus scattering (solar, atmospheric and supernovae neutrinos)

T T T TTT I T T T T TTTT T T T T TTTT T T T T TTTT V _|_ N H V _|_ N
10+12 | pp pp —_|
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How to deal with backgrounds?

« Go deep underground « Use active shields

HPGe material screening

« Select low-background materials

LB et al., Eur.Phys.]J. C75 (2015) 10, 485
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z [cm]

How to deal with backgrounds?

Fiducialization

Radius [cm]

Discrimination
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Direct dark matter detection technigues
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The WIMP landscape in 2015

10—37

10738 |

— 107
g 10—40

WIMP—nucleon cross section
e e T e T e T e S o W = S =
SO O O o o o o o o
L L L L L L L L 4
O o0 ~J (@) &) ~ W [\ o

ek

S
()1
@)

o O
e
: \‘
'\ ;
4
- Threshold &

\| S
\\‘\i.

Y ‘\\\
\\\ \

- atomic mass

| COmg
| "'Be \
Neutrinos NS"
” B Detector size 1077
Neutrinos
X time matter 10~10
wom™ “|1071!
’E’DS:\\B Neutrin© {10712
Nﬁnosp\'\ef\c and | 10—13
| 10 100 1000 104

WIMP Mass [GeV/c?]

WIMP—nucleon cross section [pb]

28



SU

SY

Predictions: 2 examples

CMSSM

BayesFITS (2014)
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DAMA/LIBRA annual modulation signal

* Period = 1 year, phase = June 2 + 7 days; 9.3-sigma

Emily Shields et al. / Physics Procedia 61 (2015) 169 — 178

g
h
T T T

* Results in tension with many WIMP searches

DAMA Singles Spectrum

Rate (cpd/kg/keVee)
(&)
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o
T T T T T[T 17

- Several experiments to directly probe the modulation signal
with similar detectors (Nal, Csl): SABRE, ANAIS, DM-Ice,
KIMS

—
T TT

e “Leptophilic” models viable (until a few weeks ago...) Energy (keVee)
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Cryogenic Experiments at mK Temperatures



Cryogenic Experiments at mK Temperatures

Principle: phonon (quanta of lattice vibrations) mediated detectors

Motivation: increase the energy resolution + detect smaller energy depositions (lower the
threshold); use a variety of absorber materials (not only Ge and Si)

The energy resolution (W = FWHM) of a semiconductor detector (N = nr. of e-h excitations)

Wstat — 2.35 V FeE 0(E> — \/ % — \/% Wstat — 2.35 O'(E)

E

- E = deposited energy; F = Fano factor; N = E/g; in Si: € = 3.6 eV/e™-h pair (band gap is 1.2 eV! - where does

70% of the energy go?). F-> the energy loss in a collision is not purely statistical (=0.13 in Ge; 0.11 in Si)
Maximum phonon energy in Si: 60 meV
= many more phonons are created than e -h pairs!
For dark matter searches:
= thermal phonon detectors (measure an increase in temperature)
= athermal phonon detectors (detect fast, non-equilibrium phonons)
Detector made from superconductors: the superconducting energy gap 2A~ 1 meV

= binding energy of a Cooper pair (equiv. of band gap in semiconductors); 2 quasi-particles for every
unbound Cooper pair; these can be detected -> in principle large improvement in energy resolution



Basic Principles of mK Cryogenic Detectors

- A deposited energy E (ER or NR) will produce a temperature rise AT given by:

Absorber
C(T)

C(T) = heat capacity of absorber

G(T) = thermal conductance of the link
between the absorber and the
reservoir at temperature To

Normal metals:
the electronic part of C(T) ~ T, and dominates the

heat capacity at low temperatures

Superconductors:

the electronic part is proportional to exp(-T¢/T)
(Tc = superconducting transition temperature)
and is negligible compared to lattice contributions
for T<<T¢



Basic Principles of mK Cryogenic Detectors

« For pure dielectric crystals and superconductors at T << T, the heat capacity is given
by:

3 m = absorber mass

C(T) ~ % 6’3 J K™ 1 M = molecular weight of absorber
D

Op = Debye temperature (at which the h
highest frequency gets excited) 0, = Tm

= the lower the T, the larger the AT per unit of absorbed energy
= in thermal detectors E is measured as the temperature rise AT

- Example: at T = 10 mK, a 1 keV energy deposition in a 100 g detector increases the

temperature by:
AT ~1uK

* this can be measured!



hermal Detectors

- The intrinsic energy resolution (as FWHM) of such a calorimeter is given by (ks is the

Boltzmann constant):

W = 2.356\/kgT2C(T)

C(T)

= number of phonon modes
B

k,T = mean energy per mode

Info about the sensor. the thermal

§= 1.5-2 link and the T-dependance of C(T)

- Example for the theoretical expectation of the intrinsic energy resolution:

= a 1 kg Ge crystal operated at 10 mK could achieve an energy resolution of about 10 eV => two
orders of magnitude better than Ge ionization detectors

= a 1 mg of Si at 50 mK could achieve an energy resolution of 1 eV => two orders of magnitude

better than conventional Si detectors



emperature SeEnsors

- Semiconductor thermistor: a highly doped semiconductor such that the resistance R is a strong
function of temperature (NTD = neutron-transmutation-doped Ge - uniformly dope the crystal by
neutron irradiation)

- Superconducting (SC) transition sensor (TES/SPT): thin film of superconductor biased near
the middle of its normal/SC transition

- For both NTDs and TESs/SPTs, an energy deposition produces a change in the electrical
resistance R(T). The response can be expressed in terms of the logarithmic sensitivity:

Typical values:

_ dlog(R(T))

o = a =-10 to -1 for semiconductor thermistors

dlog(T)

a ~ +108 for TES/SPT devices

— the sensitivity of TES/SPTs can be extremely high (depending on the width of the SC/
normal transition)

— however, the temperature of the detector system must be kept very stable



—Xample:

hermal

Detector with S

P [-sensor

* The change of resistance due to a particle interaction in the absorber is detected by a
superconducting quantum interference device (SQUID) (by the change in current induced in the
input coil of the SQUID)

Thermal link G(T)

Sensor R(T)

Absorber, C(T)

Heat sink To

R

— En
m j
Cu holder

lo  Input Coil

/

SQUID

— Rref

- Thermal detectors: slow -> ms for the phonons to relax to a thermal distribution

- TES: can be used to detect fast, athermal phonons -> how are these kept stable?



=S with Electrothermal-Feedback

« To << Tc: substrate is cooled well below the SC transition temperature Tc

- A voltage Vs is placed across the film (TES)

and equilibrium is reached when ohmic heating of VB
the TES by its bias current is balanced by the 4 |
heat flow into the absorber SC film

When an excitation reaches the TES |]:I|eat
ow

— the resistance R increases

— the current decreases by Al ermal link

= this results in a reduction in the Joule heating Low-temperature sink To

The feedback signal = the change in Joule power heating the film P=IVg=Vg2/R

The energy deposited is then given by:

E=-V, f Al (t)dt

=> the device is self-calibrating



=S with Electrothermal-Feedback

- By choosing the voltage Vg and the film resistivity properly

=> one achieves a stable operating T on the steep portion of the transition edge

normal conducting

R K !

transition edge

______ — R NG GRRE LR

superconducting

ET-feedback: leads to a thermal response time 102 faster than the thermal relaxation time
+ a large variety of absorbers can be used with the transition edge sensor



=Xperiments at ~mK temperatures

CDMS at Soudan
SuperCDMS at SNOlab EDELWEISS at Modane CRESST at LNGS

Ge detectors at 18 mK CaWQOs detectors at 10 mK
Detect phonons and charge Detect phonons and light

Ge/Si detectors at 30 mK
Detect phonons and charge




Ionization yield
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Background rejection in CDMS

- Ratio of the charge/phonon-signal and time difference between charge and phonon
signals => distinguish signal (WIMPs) from background of electromagnetic origin
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CaWOs detectors at 10 mK

67 events observed (730 kg-day)

~ 37 expected from backgrounds

there was room for a signal...

later focussed on reducing backgrounds



New CRESST data

- Exposure of 29.35 kg days, one upgraded detector module (data August 2013 - January 2014)

« New design with fully scintillating inner housing (past: metal clamps holding crystals were not
scintillating, 2°°Pb recoils from alpha-decays of 21°Po were source of background)

« The past excess over background found in previous runs is not confirmed
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New phase of
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Bolometers: recent results
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Future: SuperC

DMS/EU

q

—CA at SNOLAB

- Cooperation between SuperCDM and
EURECA (CRESST+EDELWEISS) at SNOLAB

« SuperCDMS cryostat payload

¢ initially 50 kg, up to 400 kg

= multi-target approach (Si, Ge, CaWOs3) to low-

mass WIMP region

Start data taking in 2018
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Cryogenic detectors at mK temperatures

Probe low WIMP mass region
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Liquetied noble gases



Cryogenic noble liquids: some properties

- Xenon (“the strange one”) and argon (“the inactive one”) used in dark matter detectors

« Dense, homogeneous targets with self-shielding; fiducialization
« Large detector masses feasible at moderate costs

 High light (~40 photons/keV) and charge (Wpar = 24 eV, Wixe = 15 eV) yields

Properties [unit] Xe Ar Ne
Atomic number: 54 18 10
Mean relative atomic mass: 131.3 40.0 20.2
Boiling point T}, at 1 atm [K] 165.0 87.3 27.1
Melting point T}, at 1 atm [K] 161.4 83.8 24.6
Gas density at 1 atm & 298 K [g17] 540 1.63 0.82
Gas density at 1 atm & T}, [g1™?] 9.99 5.77 9.56
Liquid density at T}, [gcm ™3] 2.94 140 1.21
Dielectric constant of liquid 1.95 1.51 1.53

Volume fraction in Earth’s atmosphere [ppm| 0.09 9340 18.2

W. Ramsay: “These gases occur in the air but sparingly as a rule, for while argon forms nearly 1 hundredth of the
volume of the air, neon occurs only as 1 to 2 hundred-thousandth, helium as 1 to 2 millionth, krypton as 1 millionth

and xenon only as about 1 twenty-millionth part per volume. This more than anything else will enable us to
form an idea of the vast difficulties which attend these investigations. “



lonization in noble liquids

« The energy loss of an incident particle in noble liquids is shared between: excitation, ionization

and sub-excitation electrons liberated in the ionization process

- The average energy loss in ionization is slightly larger than the ionization potential or the gap
energy, because it includes multiple ionization processes

= the ratio of the W-value (= average energy required to produce an electron-ion pair) to the
lonization potential or gap energy = 1.6 - 1.7

Material Ar Kr Xe
Gas

Ionization potential I (eV) 15.75 14.00 12.13
W values (eV) 26.4° 242 22.0°
Liquid

Gap energy (eV) 14.3 11.7 9.28
W value (eV) 23.6+0.3° 18.4+0.3° 15.6+0.3¢

- the W-value in the liquid phase is
smaller than in the gaseous phase

- the W-value in xenon is smaller than
the one in liquid argon, and krypton
(and neon)

=> the ionization yield is highest in
liquid xenon (of all noble liquids)



The scintillation process in noble liquids

- Scintillation in noble liquids arises in two distinct processes: excited atoms R* (excitons) and
ions R*, both produced by ionizing radiation:

R*+R+R —R}+R

Excitons (R*) will rapidly form excited dimers
R§ — 2R + hv (R*2) with neighbouring atoms

The excited dimer R*2, at its lowest excited
4 4+ level, is de-excited to the dissociative ground
R™+ R — R2 state by the emission of a single UV photon
Ry +e” = R*™+R

This comes from the large energy gap

R** — R* + heat between the lowest excitation and the
ground level, forbidding other decay
R*+R+R—R5+R channels such as non-radiative transitions

*
Ry — 2R + hw hv = UV photon emitted in the process



The scintillation process in noble liquids

Kubota et al.,
PRB 20, 1979

holes R+

localized
ions R+>

lonizing charged particles

electrons

thermalized
electrons

recombination

T=15ns

escape

excitons R*

A fraction of the ionization electrons will
recombine with ions and produce a scintillation
photon in the process called recombination

Electrons that thermalize far from their parent
lon may escape recombination

A mechanism called “bi-excitonic quenching”

can also reduce the scintillation yield in very
dense tracks:

RF+R" — RY — R+R" +e”

excited molecular states

UV light

1Z+U 32+u
fast slow
luminiscence



he energy of the UV photons
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Leff

Light vield in noble liquids (nuclear recoils)

* In general, two methods are used:
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= a direct method using mono-energetic neutrons scatters which are tagged with a n-detector

= an indirect method by comparing measured energy spectra in LXe from n-sources (AmBe) with
Monte Carlo predictions

Direct method example, liquid xenon
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Light yield in noble liquids (electronic recoils)

« The light yield decreases with lower deposited energies in the LXe; field quenching is ~ 75%, only weak field-dependance

The energy threshold of XENON100 is 2.3 keV => can test DAMA/LIBRA

Relative light yield to 32.1 keV of 83MKr
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http://xxx.lanl.gov/abs/1303.6891

lonization Yield of Nuclear Recoils in Noble Liquids

* Nucle