Dark matter direct detection: present
scenario and future prospects
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The Universe energy budget: a consistent picture
from an impressive number of observations
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DM existence proofs are overwhelming

100% And there are many:
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Dark matter: the puzzle

Large scale distribution of dark matter, probed through
gravitational lensing

. Dark matter is matter - it 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

N '
- Nature 445 (2007), 268



What do we know about dark matter?

Constraints from astrophysics FS@giqs
and searches for new particles: Suf S

. No electric charge

. No strong self-interaction

EXIists since the early Universe

Stable, or very long-lived

Probing dark matter through gravity



Possible DM particles

utrino H. Baer et al., Phys. Rept. 555, 2015
neutrino
10® neutrino WIMP
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INTERACTION STRENGTH WITH NORMAL MATTER(SM)



Super Symmetry theory and Dark Matter

SUSY predicts:

* the existence of Weakly
Interacting Massive Particles
(WIMPs) of dark matter

* interaction with matter IS so
weak that out of 1015 that
pass through your body per
day, only <1 interact | W« G

* interaction rate can be lower
i N '
than 1 event/ton/year...

Milky Way dark matter halo



How to look for dark matter
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How to look for dark matter
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How to look for dark matter

Direct detection

2

Ep=—2  <30keV

2mxe

Standard Model Standard Model
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DM direct detection principle

. Nuclear recolls

WIMP Y

™ . e
’ v
. collisions with electrons

In the atomic shell, or

absorption of light

» Q ~ bosons via the axio-
electric effect

ﬁ‘

Bremsstrahlung from
polarised atoms; e
emission due to so-
called Migdal effect

WIMP



What can we learn about DM?

Constraints on the mass and scattering cross section

Detection!

Scattering cross section on nucleons

DM mass

Scattering cross section on nucleons

. Local DM velocity PDF
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WIMP detection on Earth

(mN Ein)/(212)

Astrophysics
WIMP velocity distribution i
PO, f(’U)

<V> =220 km/s
Detector physics

<

dR/dE  arb units
=

Particle/nuclear physics

mw ., dU/dER




DM direct detection challenges

dO.SI

i (Er) x A® x F§;(ER)

Small deposited energies =

(~ keV)

Extremely low event rates =

fact
o good background

understanding

30 40 50 60 70 80

Recoil energy [keV]




Backgrounds

» Muons & associated showers; cosmogenic activation of detector materials
» Natural and anthropogenic radioactivity

> Neutrinos! Coherent neutrino-nucleus scattering was observed

C.A.J. O'Hare , PRD94, 2016 LB et al., JCAPO1 (2014) 044
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Background reduction

o Avoid cosmic activation LB et al., Eur. Phys. J. C75 2015

o Go deep underground
OFHC copper, pre-activation
OFHC copper, post-activation
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Cosmic radiation shielding

LNGS, ~ 3200 m water equivalent depth

Bad news: you can’t shield
neutrinos

Good news: eventually
these will be one of your
signals:

pp, ‘Be, 8B, DSNB, ...

—

o

=~
>

-\ WIPP/LSBB
. Kamioka
*e Soudan

o Boulby
e LNGS

Muon flux [cm™ s°7]
=
|
e
- J
N

—_—

-~

L—
Fs

_ LSM
% SURF

SNOLAB *.

Jin-Ping *._
i el X
6 7

Depth [km w. e.]




Cosmogenic backgrounds

Jungfraujoch, 3454 m

Avoid detector components
exposure to cosmic rays Ak B i

Spallation reactions can produce
long-lived isotopes

OFHC copper, pre-activation
OFHC copper, post-activation

Copper - after 1 y at the
“top of Europe”

1500
Energy [keV]



Material screening and selection

Counts keV™' day™

107!

1072

Ultra-low background HPGe detectors
Purification and distillation of LXe
Radon emanation facilities

Surface contamination

Gator HPGe detector at LNGS

L. Baudis et al., JINST 6, 2011

XENON collaboration, Eur. Phys. J. C75 2015
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WIMP direct detection experiments

Nuclear
recoil
energy LXe: XMASS

Ge: CDEX

Si: DAMIC, SENSEI At
Csl: KIMS

CsFs, CFsl: PICO Nal: ANAIS

CF.: DRIET, DMTPC, DAMA/LIBRA.,

MIMAC, NEWS COSINE, SABRE

(not a complete list)




Kinematics and DM mass

> Light DM: nuclear recolil energy - well below the threshold of most
experiments

» Total energy In scattering: larger, and can induce inelastic atomic processes
-> visible signals

Electron recoils \
| | | | | | | |
| | | | | | | |

10 keV/c? 1 MeV/c? 1 GeV/c? 1 TeV/c?
MDMm

Essig, Mardon, Volanski,
PRD85, 2012

US Cosmic Visions,
arxXiv:1707.04591



Present DM direct detection scenario

1 MeV 100 MeV 1 GeV 1 TeV
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Low mass searches - phonon detection at T ~ mK

Super-CDMS nuclear recoils

— 2 keV
Threshold

» Sub-keV energy thresholds
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» Probe sub-GeV particle masses
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» Phonons and ionization or light; ionization

WIMP Rate [keV kg day]
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High mass searches — liguefied noble gases

» Single (liquid) and two-phase Ar & Xe — - SN
detectors = e S

» Two-phase: time projection chambers

« 3D position resolution via light (S1) &
charge (S2): fiducialisation

« S2/S1 —> particle ID particle ===

« Single (DM) versus multiple (bkgd) ,
Interactions = drift time
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The impressive evolution of LXe WIMP TPCs

XENONTT

Fiducial mass [kg]
PandaX

XENONT00
XENONTO

o 1000-1300

Low-energy ER background
[ events / (tonne keV day) |




The XENONL1T Experiment >X<@

. 3.2tLXe XENON

Matter Project

. Largest LXe TPC ever operated: ~1m drift Xx ~1m diameter

. Most stringent exclusion limits for WIMP masses > 6 GeV/c?




XENONLIT results:

nuclear recolls
WIMP Searches

© Use charge signal (S2) only

© Achieve lower energy threshold (at

ogr < 4.1 x 1074"cm? at 30 GeV/c? the expense of higher backgrounds)
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XENONI1T: an extremely sensitive system that
allows for non-WIMP Physics

pp solar neutrinos (v - e scattering)
. 8B neutrinos (coherent v - nucleus scattering)
. Supernova neutrinos ~ DARWIN
. Neutrinoless double beta decay in $36Xe
. Double electron capture in 1%4Xe
. Solar axions and axion-like particles (via axio-electric effect)
. Heavy sterile neutrinos (masses in the > 10 keV range)

. Bosonic SuperWIMPs (via absorption by Xe atoms)
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DARWIN collaboration, JCAP 1611 (2016) 017



XENONLIT results:

Neutrino less double beta decay

» Search for OvpBB-decay of 13¢Xe, at Qpp= 2.458 MeV
» Correct for signal saturation, determine event multiplicity, energy scale, resolution

» Achieved o/E ~0.8%; Ov[33-decay data analysis and data/MC matching in progress
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XENON collaboration, Eur. Phys. J. C 80 (2020) 785



XENONLIT results:

Double electron capture

124% 6 + 2™ — 12476 + 2V,

The 2 neutrinos leave
the detectors
unnoticed

X-rays with at ~ 64
keV are observed (Q-
value: 2.96 MeV)

KLM
K LM
2 electrons are captured De-excitation of V M
from the atomic shell the atom w_

o/E = (4.1 £0.4)% at 64 keV



XENONAIT results:

Double electron capture
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XENONAIT results: Light DM through Migdal effect

XENON collaboration, PRL 123 (2019) 241803
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XENONAIT results: Low energy excess

» Energy region: (1, 210) keV; background model good fit over most of the energy
region; excess between (1,7) keV: number of observed events: 285, expected
from background: (232+15) events

» Lowest background in history - (1,30) keV: 76+2 events/(t y keV)
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XENONAIT results: Low energy excess
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(however in strong tension with stellar cooling constraints, see e.g. 2006.12487)



XENONAIT results: Low energy excess

Considering a new type of background
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- less than 3 3H atoms per kg of Xe
> cosmogenic production by Xe-spallation or H,O adsortion in walls

> we can neither confirm nor exclude the Tritium hypothesis at this point



Axions vs. Tritium in XENONnNT

Assuming that the excess persists and Is from solar axions
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Future liguefied noble gases detectors
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How well do we expect to measure DM?

. DM mass and cross section reconstruction for various masses (20, 100, 500
GeV/c?) and cross sections

Exposure: 200ty Exposure: 200ty

154 events 224 events

10 100 10 100 1000
m,[GeV/c?] m,[GeV/c?]

1 o and 2 ¢ confidence level regions, marginalized over astrophysical parameters
Vesc = 944 +40km /s

vo = 220 £ 20km/s
py = 0.3 +£0.1GeV/cm®




Wil directional information help?

. Yes, but mostly for low WIMP masses
. Several directional techniques currently in R&D phase

. Might be difficult to reach the 10-*® - 10-*° cm? cross sections

36.6 t yr exposure, 500 events 367 t yr exposure, 500 events

NO direction
CF

no direction.  Xe
By =2 keV

“=\vith direction 1\ with direction

neutrino bounds

P. Grothaus, M. Fairbairn, J. Monroe, Phys. Rev. D 90, 055018



Directional detectors

. Low-pressure (~0.1 atm) gas and nuclear emulsion
detectors to measure the recoll direction (30° and 13°
resolution), correlated to the galactic motion towards
Cygnus

. Challenge: good angular resolution plus head/tails at 30-50
keV nuclear recoill

. CYGNUS aiming at converging the gas detectors efforts to
a single consortium (He+SF, , 1000 m?3)

Recorded silver grains  “.
alongthe particle trajectory

30-40 grains/100 pm for MiP

S0 micron -

Resolution of 0.3 micron %,

Microscopic Image

DRIFT, Boulby DMTPC, WIPP MIMAC, Modane NEWAGE, Kamioka NEWSdm, LNGS
Mine 1 m3 prototype 51 chamber 50 keV threshold nuclear emulsion
1 m3 prototype CF, gas CF4 gas CF4 gas a few kg detector in

CS2 + CF,gas preparation



Summary

A variety of technologies employed for DM detection

we have been narrowing

down the options; tremendous progress over the past decades, and expected
for next

Rich non-WIMP physics programme (neutrinos, axions/ALPs, dark photons, etc)

Keep in mind that today’s background might be tomorrow’s signal!
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