ENCE FOR E;\)V’F\J
I SWINBURNE
B U R UNIVERSITY OF
TECHNOLOGY
*NE -

PARTICLE PHYSICS

Status of direct
dark matter searches
with scintillators

Federico Scutti
Swinburne University of Technology

Federico Scutti Windows on the Universe 10.8.2023



Detection with scintillators

Dark Matter Halo .-~
Standard Halo Model: g :
 Canonical value for density: p=0.3 GeV/cms. e L ’,x" |
« WIMP wind: i

. V230 kmEey o
< P
' v, =30 kS =

Vg = Ve + vg cos(f) cos [w(t — tp)] .

« 0=60° earth orbit inclination wrt galactic plane.
« Max: 2 June, Min: 2 Dec.

:f.’....f:.. ------—"‘__——‘———
o o 7
/A N -
: December
WIMP :

S(t) = B+ So +|

" Target
-
molecule

Ion

recoil « Elastic scattering of WIMPs on target nuclei.

 Challenging as it produces a rare signal
concentrated at low energies ~keV.

« Modulation is small: z0.01 cpd/kg/keV.
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WIMPs

Dark Sector Candidates, Anomalies, and Search Techniques

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30M,

<€

QCD Axion
Ultralight Dark Matter Hidden Sector Dark Matter Black Holes
< > <€ >
Pre-Inflationary Axion Hidden Thermal Relics / WIMPless DM
«—> € >
Post-Inflationary Axion Asymmetric DM
<€ >
Freeze-In DM
<>
Going below the GeV threshold SIMPs / ELDERS
requires targets lighter than a nucleus. Seryllium-8
<>
Muon g-2
«—>
Small-Scale Structure
<€ > <>

Small Experiments: Coherent Field Searches, Direct Detection, Nuclear and Atomic Physics, Accelerators Microlensing

D R S R S S S S e B L L e

zeV aeV feV peV neV ueV meV eV keV MeV GeV TeV PeV 30Mg
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Crystal modules

Nal(T1l) Target

Electron WK
Capture
10.7%
1.46 MeV y)

W0Ar 3 keV Auger e

B- 89.3%
Q=13MeV

4OC a

Veto system needed

WX
Crystal natK (ppb) | 238U (ppt) | 232Th (ppt) | 2:°Pb (mBq/kg) Active mass (kg)
DAMA [1] 13 0.7-10 0.5-7.5 (5-30) x 103 250
ANAIS [2] 31 <0.81 0.36 1.5 112.5
COSINE [3] 35.1 <0.12 <2.4 1-1.7 ~60
SABRE [4] 4.3 0.4 0.2 0.49 =35+40=75 (goal)

[1] NIMA 592 (3) (2008), [2] EPJC 79 412 (2019), [3] EPJC 78 490 (2018), [4] Phys. Rev. Research 2, 013223 (2020).
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https://journals.aps.org/prresearch/abstract/10.1103/PhysRevResearch.2.013223

Quenching Factor

o
-
o

O
=
<

O
o
a1

0.00

Quenching factors

DAMA Na QF

+ Bignell et al. [1]

+ ¢ ¢ Stiegleretal. [2]
+ + 4 Xuetal. [3]
Jooetal. [4]
101 102

Nuclear Recoil Energy (keV)

E,, = QF (ENR)ENR

O
7 A
WIMP :
0..‘
Target
'\~ molecule

Ion
recoil

« Conversion of the nuclear recoil energy into electron equivalent energy.
« Changes both the amplitude and position of the signal.
« Might depend on the optical properties of the crystal affected by its growth method.
« Depends on the type of recoiling nucleus (Na or I).

[1] JINST 16 P07034, [2] arxiv:1706.07494 , [3] 10.1103/physrevc.92.015807 , [4] 10.1016/].astropartphys.2019.01.001.
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Crystal-based
experiments




DAMA/LIBRA

DAMA/LIBRA @ LNGS Passive
« Total target mass = 250 kg of NaI(T1). ‘ .

« Modulation observed for 14 years. Shlddlng
« 12.9 0 significance!

> 0.05 |- Phase 1
%0.025 SRS Phase 2
% 0 . ' e P A . e
5) | AR
T20.025
2 [
-0.05 T R B B R B AR B B
0 2 4 6 8 10 12 14 16 18 20
Energy (keV
gy (keV) Nal(TI)
1-6 keV
s 008 - . — DAMA/LIBRA-phasé2 ~250 kg (1.13 tonxyr) ‘ f ]
< 004 b § modulatlon ~() o1 cpd/kg/keV observed
S 002 B T NS | . By
R N Y R o T s W R 2> SO 2
- DA N e N ‘lE!!-V-"- TN TR N
S 002 L T ) ' ' ' e S S '
- - z :
= - ' :
'g -0.04 - : : : .
o N SN U SRR IS NS I SR NV A | SR S HRE A B S R P

6250 6500 6750 7000 7250 7500 7750 8000 8250

Time (day)

Nucl. Phys. At. Energy 19 (2018) 307-325
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20 cm lead

10 cm ancient lead

ANAIS-112

Active vetoes

1 i i | 4 ‘ —
@Canfrgnc 1In Spain
* :

N
W

; '_“i~ "/ﬁ '_, l k' } : !
] { FLT ¢

850 m rock overburden

|

:‘ ' % 2450 m.w.e.
: (‘V‘K - ) =

|
)

Anti-Rn box |

40 cm neutron shielding

« 3 x 3 detector modules: 112.5 kg of NalI(Tl) built by Alpha
Spectra company (US).

 High light yield 15 phe/keV allowing threshold of 1 keVee.

« Low-energy calibration using 1°9Cd sources in Mylar
windows.

- Five year exposure completed by August 2022 with
95% live time. Started 3 August 2017.
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AN AIS— 112 Phys. Rev. D 103, 102005

—
1

0.9 z_ ........................... ....................... ................................ ................................

0.8 z_ .................... S —— ................................ ................................
0.7 ; — detector 0

efficiency

Analysis (3 years of data):

— detector 1

» Pulse shape cut to select events from Nal(Tl) 3/ B e
SCintillatiOIl. . E — detector 4

04 E ..................... ................................ ........... —— detector5 |

° Asymmetric eVent I'ejectiOn (E < 2 kev) to remove 03 ....................... ................................ ........... :::::z:z:: .......

N — S L [T et

- detector 8

Ny - — T e o ——
« Remove 1 second after a muon passage. 0] > 3 7 5 5

PMT-originated events.

« Multiplicity = 1. Remove multi-module events. energy (keV)

Low-energy region

cpd/kg/keV

Data
Simulation

cpd/kg/keV

1 9 keV

{ K->2%0Ar 127

8 10
energy (keV)

3.2ke 22Na->22Ne

1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1
10 20 30 40 50 60

energy (keV)
Revision of background model underway
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c e e Ni,d
« Minimising: ¥? = Z( -
Td

- .ui,d)z

2
Oid

AN AIS— 112 Phys. Rev. D 103, 102005

where niq4, 0iqd are computed in 10 days bins i corrected
by live time and efficiency for each detector d.

« Background probability distribution drawn from the
background model for every detector.

Hia = [R(),d(l %dgb%gd(ti);)}_l_ SmCOS((D(ti — l‘()))]MdAEAl‘

Credit: Maria Martinez, PCP23 Daejeon Korea

(counts/keV/kg/day)

=
0p)

0.02

0.0 | [—

0.005}

~0.005 =~
—0.01f=

i

0.02
[1,6] keV

Federico Scutti

2,6] keV

—i— DAMAV/LIBRA result

—o— ANAIS-112 best fit

| Simulated background

[&)]

5.5E [1-6] keV

rate (cpd/kg/keV)

=D0
=D1
=D2
-D3
-D4
=D5
=D6
=D7

b 1000 2000 3000
days after August 3, 2017 (days)

Best fits are incompatible with
DAMA/LIBRA at 3.9 c and 2.8 o in
[1-6] and [2-6] keV regions for a
sensitivity of =2.9 o.

1o sensitivity
exposure 3.0y « New BDT-based analysis released:
20 sensitivity JCAP11 (2022) 048.

exposure 3.0y

30 sensitivity
exposure 3.0y

Windows on the Universe

« Expected to yield a 5 o sensitivity to

DAMA/LIBRA by late 2025.
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2-inch
PMT

8 detector modules from Alpha Spectra: 106 kg of NaI(TI).

COSINE-100

Plastic
Scintillator 5-inch
Panel PMT

‘_l_ ‘_'".:_/'

(3cm)

Lead(20cm)

Active since 2016.

Copper Box

Active veto

About 93% of good data taken (6.2 years of good data).

Liquid scintillator active veto 2200 L.

Calibration with ¢°Co and 22Na.

Energy scale stability verified by monitoring 4°K decay

energy.
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Total rate: R, (¢[S,,, i, Bi) =

COSINE-100

=

o+

Phys. Rev. D 106, 052005

Nykgd

[
|
|
] )

> Bie M HS, cos (w(t — to))
k=1 ¢

» Dedicated model for detector i and background k.
o Flat: long lived backgrounds: 40K, 238U, 232Th.
« Exponential: decaying backgrounds. Separate model for 210Pb, 3H etc.

e« Modulation.
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« Background model created using first 1.7 years of data + MC simulations.
- Data normalised by live-time and efficiency in 15 days bins before fitting.
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Modulation Amplitude [dru]
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0.01 1
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-0.04

COSINE-100

Fixed phase and period
« Period = 365.25 days.
« Phase = 152.5 days.

i

—0.02 1

¢ DAMA/Nal + DAMA/LIBRA
¢ COSINE-100 Single-Hit
¢ COSINE-100 Multiple-Hit

Ji.f; g.,ﬁ *

|
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|

g 2 4 &5 @ B

io - 12

Energy [keV]

4 16 Q8

« 2.8 years of data and 60 kg of Nal(TI).
 The best fit amplitude is consistent with DAMA and null hypothesis.

20

Amplitude [dru]

Phys. Rev. D 106, 052005

Floated phase: [1 - 6] keV
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« Commissioning of COSINE-200 has started. First physics runs by the end of 2024.
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SABRE

« The ambitious program of SABRE foresees two detectors in two underground locations:

« SABRE North: at Laboratori Nazionali del Gran Sasso (LNGS) in Italy.
« SABRE South: at the Stawell Underground Physics Laboratory (SUPL) in Australia.
« Same detector module: high purity NaI(Tl) + HPK R11065 PMTs.

LY

Istituto Nazionale di Fisica Nucleare

A : P .A‘-(V ;:; e oy 3 S ..'.
~ o ’ @, oV U4 ¥ -~
Laboratori Nazienali del Gran Sasso o ™ \&ed 7 ol Yl T an
$ g ¢ 5 -
- | —ry ‘?:'. ‘/,-." L
> ) &a N r s
' 1 - /

Stawell Underground Physics Laboratory:

o First underground laboratory in the southern hemisphere
1025 m deep (2000 m water equivalent) with flat overburden.

 Located in the Stawell gold mine 240 km west of Melbourne.

Federico Scutti Windows on the Universe
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SABRE crystals

» Crystals grown from Astrograde Nal powder from Merk using the vertical
Bridgman-Stockbarger method.

« RMD has previously grown a 3.5 kg crystal (Nal-33) for SABRE with very
low background.

« Nal-033 tested at LNGS: natK contamination determined with ICPMS is
the lowest ever measured.

« New crystal Nal-035 produced by RMD in Boston is currently being
characterised at LNGS.

Eur. Phys. J. C 81, 299 (2021)

Nal-35 DAMA/LIBRA ANAIS COSINE

crystals crystals crystals
LY [phe/keV] 12.1 +0.2 6-10 15 15
FWHMWE 13% 16% 11% 12%
@59.5 keV
238U [ppt] < 0.5 0.7-10 0.2-08  <0.02-0.12
252Th [ppt] < 0.5 0.5-7.5 0.1-1 0.3-2.4
Alpha rate 0.54 + 0.01 0.08-0.12 0.7-3.15  0.74-3.20
[mBq/kg]
natK [ppb] 4.6 + 0.2 <20 17-43 17-82
(from ICP-MS)
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SABRE North

« Fully passive shielding and no active veto rejection due to
organic scintillators phased off at LNGS.

3 x 3 matrix of NaI(T1) detectors (=40 kg).

 Inner 5 mm thick ultra pure Cu box.

« 10-15 cm Cu and 80 cm PE shielding structure (=30 t).

 Predicted background from environmental gamma and
neutrons =0.01 cpd/kg/keV in the region of interest.

 Currently four crystals underground at LNGS.

« Two more crystals foreseen by 2023 to complete crystal
characterisation prior to full production.
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Feedthrough
plate

OFHC Cu
enclosure

Teflon internal
structure

3"R11065
Hamamatsu PMTs

Nal(Tl)
crystal

SABRE South

EJ200 scintillators

for muon detection
and rejection

Steel and PE
shielding to reduce
environmental
background

7 Nal(TI) crystals (each
equipped with 2 R11065
PMTs) in Cu enclosures

18 R5912 PMTs for
veto

Veto vessel filled
with 10T of LAB
doped with PPO
and Bis-MSB

« In situ evaluation and validation of the background using the large active veto.

« Highest purity crystals (total mass 35 kg) and largest active veto.

10.8.2023 RV
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SABRE South
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 Overall veto requirement is expected to suppress 27% of the total background.
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Fig. 8 90% exclusion curve for the SABRE South experiment after

three years of data taking (in blue) assuming a background model in Fig. 9 The exclusion and discovery power of SABRE South for a DA-
the 1-6 keV,. region given by Figure 2 and an exposure mass of 50 kg. MA/LIBRA-like signal. The shaded regions indicate 10 statistical un-
The best fits to the DAMA/LIBRA data for this model in both the low- certainty bands.

and high-mass region are shown in pink.

« SABRE South is expected to reject the DAMA/LIBRA modulation at 40 (null results) or
confirm it at 50 (for a compatible modulation) within 2.5 years.

« SABRE South full detector deployment by end of 2024. TDR available!
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Conclusions

« Several experiments based on crystal scintillators are well under way in testing
the DAMA/LIBRA results: ANAIS, COSINE, and very soon SABRE.

 No sign of a signal yet but more data is needed to reach a conclusive result.
Might just be a few years away...

- Many improvement are foreseen from enhanced target purity to analysis
methods and interpretation of results:

- Updated QF measurements.
- Migdal effect to lower WIMP mass reach.
- Enhanced target mass and purity.

- Machine learning methods in analysis.
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