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Direct detection: dark matter in the Milky Way

FE(E ) =5 [v-f(v.1)-GZ(E,v) &V

Eg ~ O(10keV)

o —— Astrophysical parameters:

@ po = local density of the dark matter
in the Milky Way

o f(v,t) = WIMP velocity distribution

Parameters of interest:

e m, = WIMP mass (~ 100 GeV)

@ o = WIMP-nucleus elastic scattering
cross section (SD or Sl)

Teresa Marroddn Undagoitia (MPIK) Dark matter searches



Detector requirements and signatures

e Large detector mass (grams up to several tonnes)
e Low energy threshold ~ few keV’s or sub-keV

e Very low background and/or background discrimination
(from +’s, €7’s, neutrons and v’s!)

J. Phys. G: 43 (2016) 1 & arXiv:1509.08767 e Other signatures of dark matter
» Annual modulated rate
" e S » Directional dependance
—1 — Na

10° WIMP Wind
e

Rate [events /(kg-d-keV)]

40 . 60 80
Nuclear recoil energy [keV,,]
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Backgrounds and reduction strategies

e External +’s from natural radioactivity:
» Material screening & selection + Shielding

e External neutrons: muon-induced,
(a, n) and from fission reactions
» Go underground!
» Neutron shielding
» material selection for low
U and Th concentrations

<
EN

WIPP/LSBB
Kamioka
Soudan

Y2L

Muon flux [em? s
=Y

+ Neutrinos from the Sun,
atmospheric and from supernovae

ST I I AT AR ISR i
1077 7

Depth [km w. e.]
J. Phys. G: 43 (2016) 1 & arXiv:1509.08767

e Internal backgrounds:
» Liquids/gases: radioactive isotopes, Rn-emanation
» Solids: surface events from a- or 3-decays
» Cosmogenic activation important for all
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Overview of WIMP searches

10°% g7
= LUX (M)
A CRESST (Surf)
1074 /
—36
10 *&VO
& ViR EDELWEISS (Surf)
E 10 NN
3] \ NEWS-G
" " CRESST-II \\ DAMANa
S 10 DAMIC DAMA/I —
B CDMSIitE ‘\\‘(\‘ = CONE
Q 4 DarkSide-50 (S2)
va 10 \ \ ‘\\ SuperCDMS -\;S\ﬂd’sk‘
é XENONIT (82) <% EDELWEISS PEAP-3600 Dar —
= 107 =TT = NQN\QO =
= v-floor T
1074 \ = PandaX T
\\ - B
107 '
10*50 ||| 1 1 |||I||I L 1 |||l||| 1 L ||I|||I 1 1 |||||I| 1 L1 1111l

0.1 0305 1 3 5 10 30 50 100 300 1000 3000 10*
WIMP mass [GeV/c?]

Figure from Rept. Prog. Phys. 85 (2022) 5, 056201
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Direct detection experiments

Cryogenic Superheated
bolometers liquids

'PHONONS / HEAT |

Cryogenic bolometers
with charge readout

Scintillating cryogenic
—_ WIMP\ bolometers

Germanium Scintillating
detectors crystals
CHARGE LIGHT
Directional :'qul'd rr:oble—_gas Liquid noble-gas
detectors ual-phase time detectors

projection chambers

J. Phys. G43 (2016) 1, 013001& arXiv:1509.08767
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Annual modulation signature

e DAMA experiment @LNGS
using ultra radio-pure Nal crystals

e Annual modulation of the background
rate in the energy region (2 - 6) keV

e Last results (2021): signal at 13.7 o

ANAIS, improved from PRD 103 (2021) 102005

0»(;F:|k@ iDM2022 by Maria Luisa Sarsa ANAIS USing Nal CryStaIS
g oos @Canfranc:
'}—%5‘ 001 . Y —=— DAMA/LIBRA result o DAMA modulation disfavoured
§ % O.OOZ_ +ANAIS-.1.1? best fit at 3.8 ¢ for [1 '6] keV
l% 3-0-005— ".’f’o ure 3.0y at 4.2 o for [2-6] keV
°

0

e Experiment continuously
taking data
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Tests of annual modulation with Nal

F
SABRE @ LNGS
ANAIS @ Canfranc

DM-Ice @ South Pole
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Bolometer experiments

EDELWEISS experiment

e Excellent sensitivities (low m,) due to their low energy thresholds

e CRESST: scintillating bolometer

CRESST, PRD 100 (2019) 102002 (Ey, = 30eV)

o CDMS/EDELWEISS: germanium bolometers

CDMS-Lite, PRD 99 (2019) 062001 (Ey, = 70&V)

Teresa Marroddn Undagoitia (MPIK) Dark matter searches



Results from cryogenic bolometers
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New SuperCDMS HVeV result with 0.93 g silicon crystal with Ey, ~ 10eV
missing in this figure PRD 105, 112006 (2022)
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=750 ym

50 pixels

Low threshold searches with CCDs

I b

=
0

SENSEI DAMIC DMSQUARE
PRL 125 (2020) 171802 PRL 123, 181802 (2019) EPJC 77 (2017) 12, 905 N. Avalos@TAUP2021
. DM-e scattering (Fpu = (ame/q)?)
particle tracks @ Gram-scale Si detectors i ° forirmr—
- with Ey, ~ 50 €Ve prelminary
Low-energy Electron I
candidates . 33
" e 3D track reconstruction
. rE 1073
. e Test of DM-e~ scattering ¢ |
.. 4 below to 1 MeV DM mass
& low mass WIMPs tests ™™
| =S
sEnergy‘?neasum‘dSbypix:?[keV] B — Future: OSCURA, aio0 kg * By 'gnon . LM‘ v] “ier e
grgn:llzlﬁgoggs(tgﬂx?\;}gr detector by SENSEI&DAMIC DM-e™ scattering (light mediator)

DAMIC @ iDM2022 by Danielle Norcini
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Cross sections for WIMP elastic scattering

e Spin-independent interactions: coupling to nuclear mass
m2

g = m [(Z-fo+ (A-2)-13]2, £y eff. couplings to pand n

e Spin-dependent interactions: coupling to nuclear spin

2 MEMY |y
o050 =2 - Gr - sy - L - [8p(Sp) + an(Sn) |2

(Sp,n): expectation of the spin content of the p, n in the target nuclei
ap,n: effective couplings to p and n
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Superheated fluid detectors

COUPP experiment e Great sensitivity to spin-dependent o

SD WIMP-proton/neutron cross section [cm?]

10

. WIMP mass [GeV/c?|
-] Energy de.pos't'ons > Epn Figure from Eric Vazquez Jauregui @I CHEP2022
— expanding bubble

detected with cameras + @ PICO40L: about to take data @SNOLAB

piezo-acoustic sensors @ PICO-500: ton-scale experiment to be
@ Bubble chamber with installed in the miniCLEAN space
C3Fg superheated fluid @SNOLAB on 2023-2024
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Advantages of liquid noble gases

e Large masses and homogeneous targets (LNe, LAr & LXe)

Two detector concepts: single & double phase

e 3D position reconstruction — fiducialization

e Transparent to their own scintillation light

Single phase (liquid) -type of detector:

e High light yield using 47 photosensor
coverage

@ Pulse shape discrimination from scintillation

e Very effective in liquid argon
(108 NR/ER separation)
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The DEAP single phase LAr detector

DEAP - LAr detector at SNOLAB, Canada
Dark matter Experiment with Argon and Pulse shape discrimination

» 3600 kg total mass & 3280 kg fiducial volume
» Results of 231 d pear, PRD 100 (2019) 022004

» Most competitive liquid argon results
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From Jan. 2018 to Mar. 2020: blinded data — analysis on-going
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Two phase noble gas TPC

@ Position resolution
— XY from PMT pattern
— Z from drift time

Teresa Marroddn Undagoitia (MPIK)

e Scintillation signal (S1)

e Charges drift to the liquid-gas surface
e Proportional signal (S2)

— Electron- /nuclear recoil discrimination

Gamma
200
gamma
= 150 ¢ s2
=
uj 100 s1 drift time
o
50 —
0 |
[} 20 60 100 120
time [usec]
200
150 WIMP (here neutron)
£ s2
w 1% drift time
50 S —
|
v
0 20 60 100 120
time [usec]
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The DarkSide experiment

Top SiPM array

e DarkSide-50 run @LNGS with 50 kg mass

DarkSide, PRD 98 (2018) 102006 & PRL 121 (2018) 8, 081307

e DarkSide-20K: new global LAr collaboration

» 50t total target mass
» TPC inside an acrylic vessel
» SiPM for light read-out (~ 19 m?)

Bottom SiPM array 1077

38
o
10
w0
10
10
1074
0%

39Ar is a naturally occurring  emitting
isotope, with Qg = 565 keV.

Activity in AAr: 1 Bq/kg,

DarkSide-50 UAr: 0.73 mBgq/kg (1:1400)

@ Aiming at high mass
dark-matter search
ROI (20 - 200) keV,,,
— filling with underground
argon planned for 2026

T T T T Ty Ty T

T

Dark Matter-Nucleon o, [cm?]

107 10? 10t 2
M, [Tev/c?]

Figure from the DarkSide collaboration
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Current generation: LZ, PandaX-4T and XENONnT

LZ: PANDAX-4T: XENONNT:
e 7T target mass @ 4T target mass @ 6T target mass

All running and collecting data!
— A race to measure WIMPs down to o ~ 10748 cm?
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Reminder: XENONIT results [

M ER M Surface Neutron B AC = WIMP
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XENONTT, publications from 2018 to 2021

o XENONA1T operated at LNGS from 2016 to 2019
providing several world leading results in the last years

— Migdal result: depends on the experimental confirmation of this effect!
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Reminder: XENONIT results I1
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XENONI1T, PRD 102 (2020) 072004

e Excess of events in (1-7) keV in the background (ER) region
~ 3.3 o statistical significance
— Unclear origin: Background? An interesting signal?
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Recent LZ data
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XENONnT

@ Assembled and
commissioned during 2020

e First science run in 2021:
SRO with 1.16 tonne-years
TPC:1.5mlongund 1.5m @

5.9t liquid xenon in the detector ® 3x larger target mass
(8.5t total mass) @ 5x less background
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Improvements from IT to nT

New TPC and new cryostat

Additional and improved PMTs (494 units in total)

Novel liquid-phase purification system

New neutron veto system (water-based in the current phase)

e New radon removal system
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Radon background

Dominating background in XENON1T & other LXe experiments

5 e Extensive radon
s Preliminary screening campaigns
-l o
o W'ﬂi dab et | | e Additional distillation
° 't ] H*H* ﬂH*H*{HH MimpliiHH*}**HW“ (gas mode) to reach
1 fit 1.7 uBa/kg
+ 22 Rn u_decay best fit equilibrium: (1.72 + 0.03) pBa/kg
0 e Lowest radon level ever
5 o2 . . ] . achieved in a LXe
g o PR R R experiment
i A R O S
g_z L, T e <1 uBg/kg already
s m = = " = reached in SR1!

days since distillation start (intermediate mode)
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Low energy response
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e Calibration data: 3’Ar and 2°°Rn used to study the low energy
response in XENONNT

e Efficiency at low energies: at ~ 80% above ~ 3keV
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SRO electronic-recoil science data
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@ Spectrum still dominated by 2'*Pb at low energies
@ Above 40keV, 2nd order weak processes dominate:
— Double electron capture 20vECEC of '2*Xe  (ty/p = 2.23 x 10?"y)
— Double beta decay 2177 of “*Xe (tjp=1.1x10%2y)
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SRO electronic recoil data
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e No excess present in XENONNT
e Origin of XENON1T excess maybe a tritium background/statistics
— XENONNT was throughly prepared to avoid tritium
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Constrains on physics models
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XLZD consortium
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Common paper with physics case: arXiv:2203.02309
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Other detectors and technologies being developed ...
.. but not discussed in this talk

CDEX, geomarion

Dwecfmm/ éyﬁr

WFN() /zzyff@z(r& ds NEM%/ MM‘/{/

ANDROMeDa, ranctubes Oﬁ/éff .
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Summary | . - ‘8 : : _ g

Direct searches are quickly prégfessing
. covering a large DM range in mass and cross section
Eﬁ(p!bri_hgl‘\l\‘lll\/IIPs but also ligt M',fAs',-qirk"bhotohs

..; *in'various detec
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Solar axions

Hypothetical axions proposed as a solution to the 'strong CP-problem’

— Solar axions would be produced in the Sun with ~ keV energies:

» Atomic recombination and de-excitation, Bremsstrahlung and Compton: ABC
» Primakoff conversion of photons to axions
» A mono-energetic 14.4keV nuclear transition of °’Fe

1. ABC: —

Production
ABC « g2 i

2. Primakoff:

&
{
!
o |
X
Flux [10!6 cm2 d! keV!]

oy
Primakoff « ga,2 57Fe « (ggi)?
M Jam m |
3.57Fe: N L
~ - a . . 5.0 7.5 10.0 125 15.0 17.5 20.0

Energy [keV]
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Solar axion detection

20

Primakoff « gay2gac?

e w (51 gao?
10

Rate [ty 'keV!]

7.5 100 12,5 15.0 17.5 20.0
Energy [keV]

Detection of axions via axioelectric and inverse Primakov effects

» Energy resolution and shell structure affects the spectrum
Xenon’s L-shells have binding energies at 5.45keV, 5.10keV, and 4.78 keV
» Model-dependent couplings to matter
(ABC flux dominant in DFSZ models while Primakoff is dominant in KSVZ)
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Neutrino magnetic moment

Neutrinos acquire magnetic moment in extensions of the SM

» Source: neutrinos from the Sun (mostly from pp-reactions)
» Reaction: elastic scattering off electrons

40 T T T T T
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Low-mass WIMP searches using the Migdal effect

7 >

SR DR -
TN

Scheme from Dolan et al., PRL 121 (2018)101801

@ Sudden acceleration of a nucleus can lead to excitation or ionization
of the shell electrons e etal., JHEP 03 (2018) 194

@ Yet no experimental evidence of this effect!

@ Two strategies being followed:

» MIGDAL collaboration: ER+NR vertex in a low pressure gaseous detector

» Nakamura et al.: two clusters (NR + X-ray) in position sensitive gaseous
detector Nakamura et al., (2020) arXiv:2009.05939
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