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Outline

* Quick review of WIMP model (no Axions/others in this talk)
* Generalities on signal and backgrounds
* Most effective detection techniques

e Selection of recent results from direct DM detection experiments
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*many thanks to
E. Aprile, L. Baudis, P. Belli, R. Bernabei, G. De Lellis, G. Fiorillo, P. Gorla,

T. Marrodan, K. Palladino, D. Pinci, K. Ni, M. Schumann, K. Schaeffner, C. Vignoli
for useful materials used in this review
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Particle Dark Matter

Well motivated theoretical approach:
WIMP

(Weakly Interacting Massive Particle)

Dark Matter

But dark matter could be non
weakly-interacting or a completely different
type of particle

After Planck

— This talk is mainly focus on searches for WIMPs

pre-infl. QCD axion ' ‘ general thermal WIMP )
post-infl. sterile
fuzzy DM QCD axion neutrino
“classical” :
QCD axion non-thermal WIMP (FIMP)
_—) —p
QCD axion standard

thermal WIMP
(e.g. SUSY neutralino)

ADM
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WIMPs

Well motivated theoretical approach:

WIMP

(Weakly Interacting Massive Particle)

@ In the early Universe particles are in

]. [ILLLLLLL T T T L
thermal equilibrium: 94
. - . -3
creation < annihilation i . |
_ 4 o L _ n B 10-5 Incécreasing
XX < ee,ppu,qq WW-.2ZZ.. 10°¢ <0¢V>
10-
@ When annihilation rate <« Universe 19 \\V—"
expansion rate — ‘freeze out’ o \V“—
. . G 10-12 N S
@ Correct relic density for an annihilation 10 il
rate ~ weak scale 1 10t 10%  10°
time——
m/T

® \WIMPs are independently predicted in many BSM theories

In this talk | will focus mostly on WIMP direct detection
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WIMP hypothesis is still alive

CF1 WP1 arXiv:2203.08084
Thanks to Ben Loer, PNNL +
Graciela B. Gelmini, UCLA
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Dark Matter searches

@ Production at LHC @ Indirect detection @ Direct detection

P+p— xX+alot X = YY,44q, ... x N—-xN
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We live Iin a dark matter halo

From Cosmology: Dark matter and dark energy
Robert Caldwell & Marc Kamionkowski

Nature 458, 587-589(2 April 2009)

doi: 10.1038/458587a

Marco Selvi

park-matter ha/

Dark Matter Direct Detection Review

Vulcano Workshop, 26 Sept 2022, Isola d’Elba



WIMP density and velocity distribution

WIMPs in the galactic halo

Velocity distribution of WIMPs in the galaxy

DenS|ty map of the dark matter halo "..fialo restframe Earth restframe (Surpmer)
rho=[0.1, 0.3, 1.0, 3.0] GeV cm-3 i ' I
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High-resolution cosmological simulation with . _ _
baryons: F.S. Ling et al, JCAP02 (2010) 012 From cosmological simulations of galaxy
2 formation: departures from the simplest case
. — of a Maxwell-Boltzmann distribution
Plocal ™ 0.3GeV - cm

In direct detection experiments, mostly a
simple MB distribution, truncated at vesc, iS
used in the sensitivity calculation
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Direct Dark Matter Detection

ER ~ O(10keV)

Po

— O

)

also:
Electron recoils ¢ !
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Dark Matter in the Milky Way

Expected interaction rates in a detector:

a (E.1) = i V(Y t)-S2(E,v) d°v

Credit: ESO/L. Calcada

Astrophysical parameters:

@ /o = local density of the dark matter
In the Milky Way

'Standard’ value: p, ~0.3GeV/cm?

@ f(v,t) = WIMP velocity distribution,
(v) ~220km/s

Parameters of interest:
® m, = WIMP mass (~ 100 GeV)

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

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

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

2
TSI ~ % Zf) + (A—Z)fa]2  lsssmsemon
X

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

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

JN + 1 ap, an: effective couplings to p

2 2 andn; €Sy and ¢Sy

O-S'D ~J ’Ll, (ap <Sp> + CLn <Sn>) expectgtiqnpvalues of the pand n
J N spins within the nucleus

=> nuclei with non-zero angular momentum (corrections due to spin structure functions)
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Detector requirements and signatures

@ Requirements for a dark matter detector

Long term stability

Large detector mass
Low energy threshold ~ sub-keV to few keV’s

Very low background and/or background
discrimination

@ Possible signatures of dark matter
e Spectral shape of the recoil spectrum

@ Annual modulated rate
e Directional dependance

MODULATION

galactic plane

time

motion of the Earth causes
relative modulation of velocity

> annual variation in the rate

DIRECTIONALITY

- directional dependence of

nuclear recoils

~ 1 event kg yr

10 '
CMSSM
10411 ]
MasterCode, O.Buchmueller et al
10742} Eur.Phys.J. C72 (2012) 2243
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Nuclear Recoil Energy Spectrum

Rate after integration over WIMP velocity distribution
events [ A OW N (v) 0o

R~ 0.13 X X X
kg year | 100 10738 cm? 220kms—! 0.3GeVcem—3

5
10 —
20 m [GeV]
30 %
40
50

lighter WIMPs

Nuclear recoil spectrum for
different WIMP masses

events on Ge / keV [arb. Units]

B heavier VWIMPs
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EIlr [keV]
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Nuclear Recoil Energy Spectrum

R~ 0.13

10"

dR/dE [ton'1keV'1 year’1]
o

Rate after integration over WIMP velocity distribution

events | A . _OWN (v) y 0o
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. ~._ nuclei : Sl 3
Nuclear recoil spectrum for
different target nuclei
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Backgrounds: Electron & Nuclear Recoills

WIMPs and Neutrons
scatter from the
Atomic Nucl®Us

Photons and Electrons
scatter from the
Atomic EIectrQns

Background

~ |0

)lense Energy

“»J[) )
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Backgrounds: external sources

WIMP single n/y double
scatter scatter

@ External ~’s from natural radioactivity:
e Suppression via self-shielding of the target
e Material screening and selection
e Rejection of multiple scatters & discrimination

@ External neutrons:
muon-induced, («, n) and from fission reactions

Actve Veto

e Go underground!
e Shield: passive (polyethylene) or active (water/scintillator vetoes)
e material selection for low U and Th contaminations

12 \ + . - . electron recoils

Background
region

it's quiet In the
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Underground laboratories

=10°

WIPP/LSBB

[ IIIIII|

Muon flux [cm™? s
S
|

10° =
107 =
- Jin-Ping
10-10 Croc v v v b b v b by
1 2 3 4 5 6 7

Depth [km w. e.]

LNGS in ltaly (XENON, DAMA, Cresst, DarkSide)
LSM in France (Edelweiss, MIMAC)

WIPP in USA (DMTPC)
LSBB in France (SIMPLE)
Kamioka in Japan (XMASS, NEWAGE) SURF in USA (LUX)

Soudan in USA (SuperCDMS, GoGeNT) SNOLAB in Canada (DEAP/CLEAN, PICASSO,
Y2L in Corea (KIMS) COUPP)

Boulby in UK (DRIFT, ZEPLIN) Jin-Ping in China (PandaX, CDEX)

Marco Selvi Dark Matter Direct Detection Review Vulcano Workshop, 26 Sept 2022, Isola d’Elba 17



Marco Selvi

Underground laboratories
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Backgrounds: internal and surface sources

@ Internal contamination in liquids:

e °°Kr: removal by cryogenic distillation/chromatography/centrifuges
e Rn:removal using activated carbon, distillation, dust removal

e Argon: 3°Ar (565 keV endpoint, 1 Bg/kg), *?Ar
e Xenon: *°Xe 3p decay (Tq2 = 2.2 x 10°"y) long lifetime!

@ Surface background in solids:

e Germanium detectors or solid scintillators grown out of high purity
powders or melts — low intrinsic background

e Cosmic activation
e Surface events from « or 3-decays

Marco Selvi Dark Matter Direct Detection Review Vulcano Workshop, 26 Sept 2022, Isola d’Elba 19



The ultimate background from neutrinos
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Sensitivity plot in direct DM experiments

Cross section

— Statistical significance of signal over expected background?

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

Refe rence

limit
%ﬂalcontour

/
\ Smaller target

nucleus
Lower
energy
th reshold
Increased
Exposure

(from T. Marrodan)

WIMP Mass

ROCN pO

m

o (v)

@ Positive signal
e Region in o, versus m,

@ Zero signal

e Exclusion of a parameter
region

o Low WIMP masses:
detector threshold matters

o Minimum of the curve:
depends on target nuclei

o High WIMP masses:
exposure matters e = mx t

Marco Selvi
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Direct detection Techniques

Semiconductors: Noble Gas not complete list!
Ge: CDEX, COGENT CF4: DRIFT, DMTPC,
Si: DAMIC, SENSEI MIMAC, Newage,

NEWS-G
Superheated liquids:
2-phase noble liquids: C3Fg, CF5l: PICO Semiconducting
« [Xe: XENON 1t, LUX/LZ, calorimeters:

lonization

~10%

Panda-X, DARWIN
LA ArDM, Darkside, ARGO

Ge, Si
SuperCDMS, Edelweiss I

Inorganic scintillators: ~1-9 %
Nal: DAMA/LIBRA, ANAIS, fast signal ~100 %
COSINE, SABRE slow signal

Csl: KIMS

Single-phase noble liquids:
LAr: DEAP-3600

LXe: XMASS
© CaWO,: CRESSTII
21,0319 Nal: COSINUS 16
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Competitive field, rapid progress

Moore: Factor 10 every 6.5 years

Dark Matter Searches: Past, Present & Future

-40 I I I 1 | |
10 3 il ® Edelweiss '98 3
E‘ - roville H-M ,24 :
E —41 i ® Homestake N UKD“{;, 8 1
<10 ® IGEX .
: DAMA '98 ’@ < DAMA ‘00 . ]
% - CDMS T'SUE '99 Edelweiss 01 LIGRA 08 ]
() 1~ 1 event kg’1 day’1 ® COMS 1 SUF '02
Q 1 0—42 3 Edelweiss '033 ® WA 07 -
©, - IN | ® ZEPLINII 1
o - © S|| Soudan '04 o CRESST "1
g ! e Ge
— 10'43 - ¢ Nal \Edelweiss ‘09 .
2 E ® Cryodet COMSII Soudiig 1) @ " Edelweiss 11
b i * Liq. Noble XENON™QQ 10 ~ 2KPLIN'M@ Darkside 15
7)) _44| SuperCRMS also focuses on light WIMPs |
J; 10 3 ) XENON100 " ® Panda¥X 15 E
8 o Projected :
'S x Signal SuperCDMS Souddg '14 _ 1
— 45 XMASS 800kg ® MON100®
<10 ® MNX ‘14 E
8 OWUX ‘15 ]
..w_. H ~1 event 100 kg™ yr™ P nda ed0
[= 10—46_ WIMP Search: Factor 10 every 3.3 years
=

XENON1T "20 Qg ParMaX (4t)

8 LZ 256t fid)

-47
1 - ] ] ] ] ] ] | |
0 1¢F 5 1990 1995 2000 2005 2010 2015 2020 2025 2030
; Year XENONNT ‘22 © o |7 o5
10-4&— o - PandaX (304) © YLD
E detector sensitivity improved @ s0-1001
by ~5 orders of magnitude in the last 20 years
: ...andmoretocome .....................onkonnexiyeare
1049 = Atm. Neutrino Fog
Marco Selvi Dark Matter Direct Detection Review Vulcano Workshop, 26 Sept 2022, Isola d’Elba 23



Two main lines of improvements (+ others)

mX
_— Nature physics, 2017
LOW- SS ' DAMA/LIBRA
DAR TER dark matter claim |
using Nal crystal
-40 ‘ : . 4.
107 J \ scintillafors
§ 10 . _
S :
|———————————————---_-----da_m- W R ——
~ 1 event/ kg-day &
2 10743 large target
o
- Post LHC1 mSUSY constraint
S 1074
5 \ - exposure
low energy T 107 4 Neutrino coherent!
threshold =R 2CaHiching mainly liquid noble
2
5 verformance 104 jrereeeerreeee o TSTANDARD'] | 9%
P 5 ! P ~ 1 event/ tonne-year
10748 4 \ cosaill
diverse e .
o 10—49 &
technologies 3
10-50- ! S U R | ! Sirs=iperal=stiaNat =y LR |
10° 10 10° 10°
210319 WIMP mass (GeV/c?) 20
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Two main lines of improvements (+ others)

. . .y 10’”3' T~ RPN ' FU-SVI R
. quu|d Noble targets :s - g f\‘ N \ Siebenborn UCLA DM 2018J
$ j0%- NN ’
e Largest and most sensitive over the widest WIMP ~ § :: o E
range Cryogenic detectors: :1
low threshold, high N » 5
energy resolution \ N —m—m—
« 5GeV-1 TeV WIMP masses probed 3 104‘? \ RN E
: % 10'55 v i \i,;»___;, . e 3
« Darkside, DARWIN, DEAP3600, LUX, LZ, Panda-X, = o N —
1074 =
XENON1T, XENONNT oo x 10.000 unid noble gas:
o target mass, low bgd
. i 1 Bilard, Strigan, F iguerca-F elciano {
Cryogenic crystal targets B A ¥
07 1 2 3 45 7 10 20 30 4050 1200
« Oldest technology, with new innovations WA TR S
« 1-10 GeV WIMP masses probed ' .
50 GeVic
 CRESST, EDELWEISS, SuperCDMS,
Q
o
- Alternate targets with unique properties
» Nal crystals, bubble chambers E’R_L 118 (20‘17) 251301
0. 0. 0 0.2 0.4
* ANAIS, COSINE, DAMA/LIBRA, SABRE, PICO a
n

e Directional detectors
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Directional detectors

VariOUS teChniqueS: Crgrus

Low pressure Gas TPC (Cygno, DRIFT, NEWAGE, D3,
DMTPC, ...

I

Nuclear Emulsion (NEWSdm)
Columnar recombination in noble gas (RED: LAr)

Crystals with Anisotropic Response (ADAMO: ZnWO4)

Carbon NanoTubes

Arbitrary units

Directional dependence:
an 0(100) forward /backward
asymmetry that no background
whatsoever can mimic
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Scintillating crystals and annual modulation

@ Mostly Nal (TI) and Csl (Tl) used in dark matter searches

@ Arrays of several crystals at room temperature
— simple operation, important for long-term stability

@ No particle discrimination
— Low radioactivity of the target material
— Rejection of multiple scatters in different crystals

_—

modulated WIMP Signal
unmodulated WIMP Signal

0.6—

December 3 ”

Event Rate [a.u.]

0.4 L Background

02—

Time [years]
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DAMA-LIBRA

« DAMA and DAMA/LIBRA phase 1

« 250-kg high-purity Nal(Tl) array collected data for 14 solar
cycles

* observed ~0.01 cpd/kg/keV modulation in 2 - 6 keV energy
range

e over 9 o stat. significant; WIMP signal interpretation in tension
with other experiments

« DAMA/LIBRA phase 2 arXiv:1805.10486
* 250-kg high-purity Nal(Tl) array collected data for 6 solar cycles
« 2-6 keV range combined now gives 12.9 o stat. significant
* Modulation clearly evident in lowest energy bins now too (1-3

keV)
2-6 keV
S : : DAMA/LIBRA-phasel (1.04 tonxyr) > € DAMA/LIBRA-phase2 (1.13 tonxyr) >
v
3
1
2z |
E |
E |
g
| 246ty
L | . . |
16 | Time (day)
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DAMA-LIBRA results

0.02

-0.02

Residuals (cpd/kg/keV)
o

0.02

—0.02
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o

1-3 keV
% 08 ¢ : DAMA/LIBRA phaséZ ~250 kg (1. 13 toanr) : : R
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Pl o g : o ,
“h —0.06 S ST T I T l T I L L L T
=ﬁ 6250 6500 6750 7ooo 7250 75oo 7750 sooo 8250
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7 ; A~~~
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neutrons, muons, or worst ... neutrinos !!! Energy (keV)

R. Bernabei et al., Nucl. Phys. At. Energy 19, 307 (2018)
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DAMA-LIBRA new results

Two additional annual cycles released in summer 2021

Annual Period Exposure
Cycles (kgxd)

Time (day)

1-6 keV 1-6 keV
Dec 23, 2010 - Sept. 9, 2011 commissioning 3 * DAMALIBRA-phse:2 I ke 150 omom) "
3
I Nov. 2, 2011 - Sept. 11, 2012 242.5 62917 0.519 3
“
i Oct. 8, 2012 - Sept. 2, 2013 242.5 60586 0.534 é
=
\Y Sept. 8, 2013 - Sept. 1, 2014 242.5 73792 0.479 &
\% Sept. 1, 2014 - Sept. 9, 2015 2425 71180 0.486 2 6 k Time (day)
- eV 2-6 keV
VI Sept. 10, 2015 - Aug. 24, 2016  242.5 67527 0.522 3 ‘ DAMA/LIBRA-phase2 =250 kg (1.53 tonxyr) )
B
o
Vil Sept. 7, 2016 - Sept. 25, 2017 242.5 75135 0.480 &
Vil Sept. 25, 2017 - Aug. 20, 2018 2425 68759 0.557 E
‘>
o~
IX Aug. 24, 2018 - Oct. 3, 2019 2425 77213 0.446 -
o - Time (day)
New data point with the 8 a.c. of
AE A(cpd/kg/keV) T=2n/w (yr) t; (day) CL DAMA/LIBRA-phase2 (1.53 tonxyr)
(1-3) keV 0.0191+0.0020  0.99952:+0.00080 149.6+5.9  9.60 -
DAMA/LIBRA-ph2 (1-6) keV  0.01058+0.00090  0.99882+0.00065 144.5+5.1 11.80 % 0.05 Preliminary results
(2-6) keV  0.009540.00076  0.99836+0.00075 141.1+5.9  12.60 %0 025
DAMA/LIBRA-ph1 + %_
DAMA/LIBRA-ph2 (2-6) keV ~ 0.00959+0.00076  0.99835+0.00069 142.0+4.5  12.60 5 0 " e -
DAMA/Nal + uf().ozs
DAMA/LIBRA-ph1 + (2-6) keV ~ 0.010140.00074  0.99834+0.00067 142.4+4.2  13.7c
DAMA/LIBRA-ph2
-0.05
0 2 4 6 8 10 12 14 16 18 20
Energy (keV)
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Comparing DAMA with others

* not compatible with experiments with other targets
P P g XENON100 4-year ER
modulation study,
10 5 orders of PRL 118, 101101 (2017)
WE magnitude S A
e to most other 5 8
107 experiments S5 S N N _
10 | T = S
\:E E = [ 1 T T T T ; 1 T
> [ 2 T : '
;24 10_4.- E_ -§ 12:'_ ; |f\]k‘L’lL‘Ll —::—i a § g § '6. -:
S 0k £ F } DAM/ 1
.9 l() 43 § 10;_ XENON 100 : DAMA/LIBRA —_L—i : : E
I3 ~44 > T : : T
O 10"E D 5 D Run [-1II + expected i
75 = 8 T E : By ‘
i 10_45 .\T. - Run I phase from 1
& S 6 : DM halo + .
ORRTRC s F T
9 4= e 0
10 Z of \ +
Q- b \ -
1074 E P o A A e e e v rrrss S IR B AR AR AR
_49 40 60 80 100 120 140 160 180 200 220 2 46 81012
10 1 bl 1 | bl 1 [ TR T T B Phase [Day&] -A(TSl)
| 2 3 5 10 20 30 50 100 200 500 1000
WIMP Mass [GeV/c?] XENON collaboration, arXiv: 1507.07747, Science 349, 2015
. . Mean electronic recoil energy (keV)
DAMA/LIBRA N
12— DAMA/LIBRA annually modulated ~ —|
1020 = F spectrum (2-6)keV interpreted as
3 8 10 —— leptophilic DM, axial-vector coupling —
21018 g —— mirror DM ]
§1o1o g 8l —— XENON100 70 summer live days |
= £100s o C N
...but also with ER models, Lo 3 6 Jr :
- mgm 599 § :_ _:
i.e. leptophilic i r Jr 1 :
* o) 1 bt
0 Mar May Jul Sep Nov Jan Mar C ++ +
e S T R T I——T) 3%
Consider the 70 days with the largest signal S1 (PE)

DAMA/LIBRA modulated spectrum as would be seen
in XENON100 (for axial-vector WIMP-e- scattering)
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Other Nal detectors

f

T

Canfranc

20 ¢m lead Anti-Rn b::Tl—'
10 cm ancient lead

40 cm neutron shielding \»

DM-lce17 @ South Pole

\ l
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Other Nal detectors
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e COSINUS (light & phonons)

e COSINE100 running since
September 2016

 ANAIS 112 started
operations in August 2017
and will have 3 o
significance after 5 years

DAMA allowed region (90%C.L., 30, 50)

RN COSINE-100, 2 years of data

deddd — —— 2-20 keV,,, Median Sensitivty (90%C.L.)

. — — 1-20 keV,,, Median Sensitivty (90%C.L.)
Ox1oc Ox20

« SABRE South (50 kg in Australia)

% + DAMA/LIBRA phase 3 — R&D
Lol P iiiiiios underway

10 10°
WIMP Mass (GeV)
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Other Nal detectors: ANAIS-112

Active vetoes

THE DETECTOR:

20 cm lead

10 cm ancient lead

3x3 matrix of 12.5 kg Nal(Tl) cylindrical modules
(112.5 kg active mass), each coupled to 2 HQE PMT

e IL/"

Muon veto: 16
plastic'scintillators

Anti-Rn box

40 cm neutron shielding

taking data since August 2017
>400 kg X y exposure by now

N

Phys. Rev. D 103, 102005 (2021)

A (cpd/kg/keV)

DAMA/LIBRA-phase2 1-6 keV (0.0105 & 0.0011)

/
s DAMA/Nal +
o DAMA/LIBRA-phasel + 2-G keV (0.0102 + 0.0008)
3 0.015 DAMA/LIBRA-phase2
= 0.0 * ...... [
= ~>~ —=— DAMA/LIBRA result
g' ® 0.005— . . Prog. Part. Nucl. Phys. 114 (2020) 103810
© = —e— ANAIS-112 best fit
c2 o
() = 1o sensitivity
B 0005 [ exposure 3.0y
5 0O 20 sensitivity
'8 _0_01 o oo [ .. .......... . ................. exposure 3‘0 y
€ L e 3o sensitivity
D exposure 3.0y
-0.02

[1-6] keV [2-6] keV

Current sensitivity: 2.50 [1-6] keV
2.70 [2-6] keV

12

3.6

_ [1-6] keV mod hyp: Sm = (-0.0045 + 0.0044) (cpd/kg/keV) B
41— — %%NDF = 130.9 / 106 [pval=0.05] -
— H. null hyp — %2/NDF = 132.0 / 107 [pval=0.05]
DAMA mod hyp: Sm = 0.0105 (cpd/kg/keV) — x2/NDF = 142.7 / 107 [pval=0.01] 3.4;

-IIIII|IIIi.__

3.2

I
——

[2-6] keV mod hyp: Sm = (-0.0008 + 0.0039) (cpd/kg/keV)
— x2INDF = 115.7 / 106 [pval=0.24]
null hyp — x2/NDF = 115.7 / 107 [pval=0.27]

H’+ DAMA mod hyp: Sm = 0.0102 (cpd/kg/keV) — x2NDF = 123.7 / 107 [pval=0.13]
N

336 s
2 g 3
534 S
i PR e

0.1— 0.1—

Pttt g T M Al i

i : o TR AT T
-0.1—{ +J+H+*}++H+ 0.1 * * * ijf
0 200 400 0 DayeafterAugusts, 2017 200 400 0 Daye after August 3, 2017
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Other Nal detectors: ANAIS-112

presented at IDM2022

0.02
B (o)) 0.015—
| Muon veto: 16 g " -
plastic seintillators :c-)_ ; 0.01— & DAMA/LIBRA result
Q 0.005
g =< —e— ANAIS-112 best fit
| c & 0
- 23
T ©.-0.005
20 cm lead = 3

Anti-Rn box
10 cm ancient lead
40 cm neutron shielding

3x3 matrix of 12.5 kg Nal(Tl) cylindrical modules
(112.5 kg active mass), each coupled to 2 HQE PMT

taking data since August 2017
>400 kg X y exposure by now

/ mod

-
3

L [1 -6] keV mod hyp: Sm = (-0.0045 + 0.0044) (cpd/kg/keV) 3.6 L [2-6] keV mod hyp: Sm = (-0.0008 + 0.0039) (cpd/kg/keV)
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— H. null hyp — %2/NDF = 132.0 / 107 [pval=0.05] null hyp — ¥2/NDF = 115.7 / 107 [pval=0.27]
L DAMA mod hyp: Sm = 0.0105 (cpd/kg/keV) — y?/NDF = 142.7 / 107 [pval=0.01] 3.48< Hu} DAMA mod hyp: Sm = 0.0102 (cpd/kg/keV) — x2/NDF = 123.7 / 107 [pval=0.13]
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Other Nal detectors: COSINE-100

First approach: model dependent vs background

10!

10°

1071

Event Rate [cpd/kg/keV]

1072

1073

2nd approach: model independent (annual modula1t0ion)

Preliminary

wn 21%Pb
H

= Total Model
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arXiv:2104:03537
New data release: 1.7y vs 59days
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Other Nal detectors: COSINE-100

First approach: model dependent vs background arxiv:2102:03537

New data release: 1.7y vs 59days

100y Preliminary 107 —— COSINE-100 59.5 days

—— DAMA/LIBRA-phase1
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o
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Nal: COSINE-100 data analyzed “a la DAMA”

An induced annual modulation signature in COSINE-100 data by DAMA /LIBRA’s

Rate Residual Rate

Residual
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analysis method
Single-hit event rate in COSINE100 data

P T T
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. . L] '
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— (c) Residual rate at 1-6 keV
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(e) Single-hit at 2-6 keV

g

| Sept.16- Aug. 17 1 Sept. 17-Aug. 18 1 Sept. 18 - Aug. 19 +

— (g) Residual rate at 2-6 keV

¢t

P #*f#kit @F e
: |

— (h) Residual rate ;t 2-6 keV

:*+* }{

5(;0 10;)0
Days from Jan. 1%, 2016

Exponential decrease
(due to 3H or 210P0o)

= 5
Days from Jan. 1, 2016

Average rate
In each year

No surprise: it’s not an oscillation pattern,

but a saw-teeth one (with opposite phase)

Rate (counts/keV/kg/day)

arXiv:2208.05158
@ I Lo
| AR «......... _

Residual (counts/keV/kg/day)

MC simulafcion

FIG. 7.

4000

2000 Time dependent (Days)

An example of a simulation of the the

DAMA /LIBRA experiment in the single-hit 2—6 keV

TABLE III. Annual modulation amplitudes from var-

ious experiments.

The amplitudes of the annual mod-

ulation fits using the DAMA-like method to the COSINE-
100 3 years data (this work) are compared with results from
DAMA/LIBRA [1, 2], COSINE-100 [16], and ANAIS-112 [17]
in both 1-6keV and 2-6 keV regions.

counts/kg/keV /day 1-6keV 2-6keV

This work -0.0441+£0.0057 -0.0456£0.0056
DAMA /LIBRA 0.01054+0.0011 0.0095+0.0008
COSINE-100 0.006740.0042 0.0050+0.0047
ANAIS-112 -0.003440.0042 0.0003£0.0037
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Nal: COSINE-100 data analysed “a la DAMA”

An induced annual modulation signature in COSINE-100 data by DAMA /LIBRA’s

Rate Residual Rate

Residual

Single-hit event rate in COSINE100 data
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but a saw-teeth one (with opposite phase)

analysis method

arXiv:2208.05158

— (a) Single-hit at 1-6 keV — (b&Single—hh at 116 keV
' ]

P T T

— (c) Residual rate at 1-6 keV

ulation of the the
single-hit 2—6 keV

plitudes from var-

of the annual mod-
e method to the COSINE-
work) are compared with results from
A [1, 2], COSINE-100 [16], and ANAIS-112 [17]
in both 1-6keV and 2-6 keV regions.

5(;0 1060
Days from Jan. 1, 2016

Exponential decre counts/kg/keV /day 1-6 keV 2-6keV
due to 3H or 210 : h This work -0.0441£0.0057 -0.0456+0.0056
(due to 3H or In each year DAMA/LIBRA  0.0105+0.0011 0.009540.0008
. e ot e COSINE-100 0.006740.0042 0.005040.0047
No surprise: it’s not an oscillation pattern, ANAIS-112 L0.0034-20.0042 0.0003-L0 0037
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Cryogenic bolometers

Phonon sensor

= T+ AT

aranans RHNRNNNN”NQ:-

Thermal phonon

Crystal absorber

M—thermal phonon
NR
%H"L'd
y //{H‘HQQ;N‘ Y

A

Weak thermal link

-

Thermal bath

Light Yield

@ Crystals at (10-100) mK

@ Temperature rise:

AT = E/C(T)
E.g. Geat20mK, AT =20 uK for
few keV recaoill

Measurements of AT

NTD: neutron
transmutation-doped Ge sensors

TES: Transition edge sensors

Discrimination: combination
with light or charge read-out

Large separation of electronic
and nuclear recoil bands

(o}
(W Example from CRESST, EPJC 72 (2012) 1971
o 20 0 60 80 100 120 140
Energy [keV]
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Cryogenic bolometers

phonon sensors (0V)

iomzaﬁm.emwv?&-‘ + SuperCDMS/EDELWEISS 2
N

N techniques
= '« HV (CDMSlite): Luke phonons:
f N/ S low threshold, but no
sl discrimination

Y Lukeprrons _ * IZIP/FID: ionization and
SR R ecoil Phonond ¥ Ge, Si ~1 kg each phonon signals with
interleaved sensors
discriminate against electronic
, e ] recoils and surface events

« CRESST

« CaWQ, crystals for phonons
and scintillation

'+ DAMIC
« SiCCD

h.

ch
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Summary of low mass Dark Matter searches

Dark Matter Particle-Nucleon Cross Section (pb)

10°

10°

10*

10°

10°

10

1

1 0‘1
102
1073
107*
107
10°°
1077
10°®
107°

10710
107"

T T T T [T T]

I I T T 1

CRESST-111 2018 IDM (prelim.)
- CRESST-Il 2016

CDMSilite 2015

SuperCDMS 2014

DAMIC 2016

DarkSide-50 2015

LUX 2016 combined

- PandaX-1l 2016

CRESST-above ground 2017|:
i CDEX 2014

CDMS-Si 2013
I CoGeNT 2013
EDELWEISS-III 2016
DarkSide 2018 - binom.
e NEWS-G 2018
XENON1t 2018
PICO 60 C F8 2016

11

soiieenniind o Qe b diend b doee e o d i,

0.1

21.03.19

Coherent Neutrino Scattering on Cawo
| [ 1 1 11

.............................................................................................................................

lllIlJﬂ’HIIIII'HHMI]IIIHIIIIIIIIII‘IIIIIIM|IHIIIIIHIIIII IIIIIIIIHIIIIIH[I

> 3 4567 10
Dark Matter. Rarticle:Mass (GeV/c?)

0.2 0.3 1

20 30

1070
10°%' G
107%
1073
1073
107
1

n Cross Sectlon cm

A
| |
W W
NOO

107°° 8
10—39 Z
107
1074
107%

333
S AN S
(&) 1SN w

Dark Matter Particle-

<
NuN
(&)

1

Marco Selvi

Dark Matter Direct Detection Review

Vulcano Workshop, 26 Sept 2022, Isola d’Elba



Liquid Noble Detectors

@ Large masses and homegeneous targets (LNe, LAr & LXe)
Two detector concepts: single & double phase

@ 3D position reconstruction — fiducialization

@ Transparent to their own scintillation light

LAr LXe
Z (A) 10 (20) 18 (40) 54 (131)
Density [g/cm°] 1.2 1.4 3.0
Scintillation )\ 78 nm 125nm 178 nm
BP [K] at 1 atm 27 87 165
lonization [e /keV]* 46 42 64
Scintillation [y/keV]* 7 40 46

* for electronic recolls
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Liquid Noble Detectors: Double Phase TPC

@ Scintillation signal (S1)
@ Charges drift to the liquid-gas surface
@ Proportional signal (S2)

— Electron- /nuclear recoil discrimination

Gamma
200
amma
150 y S2
D
uj 10 S1 drift time
™ < >
0 |
0 20 40 60 80 100 120
time [usec])
200
150 WIMP (here neutron)
3 S2
o uj 1% drift time
@ Dirift field 50 S1 B k
@ Electronegative purity 0 |
I . 0 20 40 60 80 100 120
@ Position resolution time [usec]

Marco Selvi Dark Matter Direct Detection Review Vulcano Workshop, 26 Sept 2022, Isola d’Elba 44



DarkSide-50 and -20k

* DarkSide-20k
 Scheduled for 2024-257

e Utilizing underground argon

* Atmospheric LAr veto,
DUNE style cryostat
possible

* Background free

* Global Argon Dark Matter
Collaboration

DarkSide-50

UAr Condenser Gas Pumps

. _ , . DarkSide-20k
@ Detector inside Borexino counting facility

at LNGS (ltaly)

@ 50kg depleted argon from underground Optical & EM
sources barrier

1]

\\\\\\\ \o

I T |

\
1

> 1000 reduction in 3°Ar level

\

=
-«

NN

#
V1
5
¢
7
»
#~
.
%
o
!

@ Pulse shape & charge/light ratio nVeto
for particle discrimination

Pulse-shape separation > 107 '9
TPC

@ Hamamatsu R11065 as photosensor

Challenge: operation of PMTs at LAr temperatures
Cryostat

— plan to use SiPMs in the next generation detector

3/19/19 H. Wang UCLA/Princeton @GSSI DS GM
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Liquid Argon results: DarkSide-50 & DEAP-3600

DEAP-3600, arXiv:1707.08042

Ter (keV, )

DarkSide-50, arXiv:1802.07198

Energy [keV ]
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g E ; - | | | | | | | | | 500
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0.8 |- 10° -8l NG 400
| 0. - _ 1
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L .‘1_;\. 102 ‘Hg 0. - - g x 5 |Ve' ays
04 - _.: 0.4 e 200
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A I I A B L IR I 70
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0.6 ©
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0.4 —30
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0 50 100 150 200 250 300 350 400 450 z
S1 [PE] a
102 10 2 10
M, [TeV/c”]
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Liquid Argon: DarkSide-50 new S2-only result

Masato Kimura | IDM22 - 19 July ‘22

Projected Sensitivity

-39 XE’VO S Xl 0 LUX 2021
10 /v]r \ S \'\. \
VTR T —— PandaX-4T 2021
\ \'\'\ \'\\.
S ——- DAMIC 2020

. —— XenonlT 2020
10-40 e \
o QuenChmg 3 =< ——— Cresst-III 2019
Fluctuation ™. ) T TTESSmscme-|  —-- Pico-60 2019
i : —— XenonlT Migdal 2019
-41 |
107 E - DS50 2018

-
_________
\ -

] - CDMSlite 2017
| PICASSO 2017
10742

= Xenonl00 2016

; ——=- Cresst-II 2015

. CDMS 2013
10743 Pla6:6b Cogent 2013

DS-50 (2022)
Expected (1 0/20)

Cresst II 2012
DAMA/LIBRA 2008
LAr Neutrino Floor

10—44 -

Dark Matter-Nucleon Oy [cm2]

] UL

Preliminary

10-45 | | [ 1 |
1.0 1.5 2.0 3.0 4.0 5.0 6.07.0 10.0

My [GeV/c?] Result will appear soon!
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The future LAr TPC: DarkSide-20k

rd -

 Unconersr | Gaspums 28 m2 of PhotoDetectors with SiPM

DarkSide-20k
8280 PDM’s

Optical & EM
barrier

drift length 3.5m

50tons of depleted argon

nVeto

40tons fiducial mass with 5¢cm from the walls

T

TPC
70% of background from top and bottom

Cryostat

. \.
UV AUy V- UHERY ey
Y “al

optimisation of further z cut for DM search ongoing

. rr
s Sisaaass
T

3/19/19 H. Wang UCLA/Princeton @GSSI DS GM g

Organic scintillator-free design: the only liquid around is argon (and nitrogen). Most of the
TPC and VETO material is acrylic (PMMA). Gadolinium (2% in mass) in the VETO is embedded

in a solid matrix of PMMA.

copper cage

Acrylic TPC

LAr filling expected in 2026
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Evolution of LXeTPC detectors

N
N XENONNT

TOTAL LXe mass:

3.2 tonnes XE N ON 1T
PANDA X-II
LUX X@
XENON100 JX - (K 2
XENON10 ) L@
- JON\S

6 2005 2008 2013 2016 2016 2020

& 22 kg 105 kg 250 kg 580 kg 2000 kg 6000 kg

‘ o
0.2 0.03
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Evolution of LXeTPC detectors

Fiducial mass [kg]

= = 10°
10 = before discrimination = 0
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Summary of prev-gen Noble Liquid results

Cross Section [cm?]
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Summary of prev-gen Noble Liquid results
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Current and next steps: LXe TPCs

e Results from running
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PandaX-4T

10.63 tonne x year exposure
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3.7 tonne liquid xenon in sensitive volume (see Qing’s talk)
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LUX-ZEPLIN

PTFE field cage maximizes light collection efficiency.

494 3” PMTs in total - Hamamatsu R11410-22.

Woven electrode grids to generate electric-field in the
active xenon region (7 tonnes of LXe)

Nominal cathode voltage of -50 kV (drift field ~ 300 V/cm)

~ 2 tonne instrumented skin region between the outside
of the TPC and the inner wall of the cryostat vessel.

Construction in radon reduced clean room at surface _ . _
assembly lab completed in 2019 * First (not blinded) results presented in July ‘22
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LUX-ZEPLIN new results (July 2022)

Rn level: * Science Run 1 - ~3.5 month run, exposure is 60 live days x 5.5 tonnes fiducial

+ (7t active in TPC+2t Xe skin+17t Gd-loaded LS)
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The XENON1T ER excess
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The XENON1T ER excess

Possible interpretations:

PRD 102, 072004

(2020)
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XENONNT

B_-Ledand built by INFN
="+ others

i\
fi‘ ] e

Inner region of
existing muon veto

* Total 8.4t [Xe optically separate
e 59tin TPC 120 additional PMTs
e ~ 4 tfiducial Gd in the water tank

248 — 494 PMTs 0.5 % Gd2o(SO4)s

distillation purification
* Reduce Rn (214Pb) from
pipes, cables, » Faster xenon cleaning

e 5L/min LXe
. (2500 slpm)
« XENON1T ~ 100 slpm

L5 cryogenic system
w NI‘{‘ Nlﬂ 8l * New system,

= HL I PoP in XENON1T
o —

« Completed construction in 2020
« Commissioning in first half of 2021
« Currently in Science Run
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XENONNT
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Gd-loaded
Water Cerenkov
Neutron Veto
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XENONNT

Gd-loaded
Water Cerenkov
Neutron Veto
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XENONNT new results (July 2022)

Zoom in the low-energy region:
no discrepancy from the bkg model

Energy spectrum dominated
by 2nd-order weak processes

_ BO _ 214Pb o 136Xe _ 124Xe _ 83mKr 2 5
1 Data $Kr Solar v — Materials — '*Xe — By
50 1 Data
20 F
2nd order —
_ 40} S
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£ 5 1 |
2 7
: 5 l
]
5 =
b
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Energy [keV] ©
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XENONNT key performances in SRO: 0 5 10 15 20 25 30
> 10 ms electron lifetime, Energy [keV]
1.77 £ 0.01 uBqg/kg radon concentration arXiv:2207.11330, accepted by PRL

Excellent agreement with our background model.
Lowest ER background ever achieved in a DM experiment: Nuclear recoil data are

(16.1 £ 0.3) events/(t X yr X keV) still blinded

WIMP search results
soon

No trace of 3H, even in the Tritium-enhanced run

Set new best limits on Solar Axions,  magnetic moment, ALPs, ...
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Comparison of the ER bkg in LXe detector
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XLZD -> next-gen LXe detector

XLZD Consortium

Leading Xenon Researchers unite

MOU between LZ, XENON, DARWIN

to build next-generation Dark )

Successful XLZD meeting 27-29 June 2022 Matter Detector

at Karlsruhe Institute of Technology
e https://xlzd.org/

e White paper (2203.02309 LZ collaborations

A Next-Generation Liquid Xenon Observatory for Dark Matter and Neutrino Physics

J. Aalbers."*?2 K. Abe.?? V. Aerne.” F. Agostini.® S. Ahmed Maouloud.” D.S. Akerib."*? D.Yu. Akimov.? J. Akshat.?
A K. Al Musalhi.!® F. Alder.!! S.K. Alsum.'? L. Althueser.!® C.S. Amarasinghe.!* F.D. Amaro.!® A. Ames,!:?
I'.J. Anderson B. Andrien.” N. Angelides.'® E. Angelino.'” J. Angevaare.!® V.C. Antochi.’ D. Antén Marti

B. A 23 HM. A , F. A : 24

z XENON
1 Ar~ DARWIN
ki AFan 20 |uxzepun

Marco Selvi Dark Matter Direct Detection Review

SURF is distributing this press release on behalf of the DARWIN and
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XLZD -> next-gen LXe detector (DARWIN)

Various ongoing R&D on Rn, photosensors, electrodes

top Sensor array
(955 PMTs, electronics,

outer cryostat copper + PTFE panels)

\

inner cryostat top electrode

field cage frames (Titanium)

(copper, 92 rings)
TPC reflector

support structure (PTFE, 24 panels)

(PTFE, 24 pillars)
bottom electrode
frames (Titanium)

RS bottom sensor array

pressure vessel

http://darwin-observatory.org/

@ Baseline design for a large liquid xenon dark matter detector
@ TPC of about 2.6 m o & 2.6 m drift length
@ 50t LXe total mass (40t inside the TPC)
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Direct Detection of WIMPs by 20307

Gradient of Xe discovery limit, n = —(dInc/dIn MT) !
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Thanks !

Marco Selvi
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