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Heavy, Low-mass and Light Dark Matter

Dark Sector Candidates, Anomalies, and Search Techniques
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Upper Limits on o,, [cm?]

Upper Limits on o,, [cm?]

Heavy DM: limits improved by 5 orders of magnitude in the last 20 years
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Low-mass DM: limits improved by 4 orders of magnitude in the last 10 years
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Expected nuclear recoil event rates from WIMPs
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Gas

Two-phase Xenon detectors for both Heavy and Light

Liquid

Dark Matter
With both S1 and S2 signals (TPC mode):

- Low threshold: keV (set by S1: 2-3 PE)

« Corresponding S2: > 200 PE
- Ultra-low background

« 3D fiducialization
 ER/NR discrimination with S2/S1

4
With S2-only signal
(EC - Electron Counting mode):

« Ultra-low threshold: 10-100 eV (set by S2)
- single e- signal: 10~100 PE

- Background control a challenge:

Amplitude

- No ER/NR discrimination
* Only XY position determined, no Z

- Known/unknown source of single/few

A=
electrons

Time



The three most constraining limits for heavy dark matter
Interaction are all from liguid xenon based experiments.
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The Era of Liquid Xenon Time Projection Chambers
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The XENON Dark Matter Search Program

XENON10 XENON100 XENONAIT XENONNT

2005-2007 2008-2016 2012-2018 2019-2025
25 kg - 15em drift 161 kg-30cm drift 3.2ton-1mdrift 8 ton - 1.5 m drift

~10-43cm? ~10-45cm? ~10-47cm? ~10-48cm?
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Central Detector Components
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The XENON1T Detector and Water Shield/Veto
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The XENON1T Dark Matter Experiment
EPJ (2017), arXiv:1708.07051
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XENON1T Data taking

279 live-days low background physics data collected between Nov.
2016 and Feb. 2018. More data (SR2) collected until end of 2018.
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Instrument & Projection
JCAP 04, 027 (2016), 1512.07501
EPJ C 77, 881 (2017), 1708.07051

Analysis papers:
PRD 99, 112009 (2019), 1902.11297
PRD 100, 052014 (2019), 1906.04717

Physics results:

PRL 119,181301 (2017): first result
PRL121, 111302 (2018): SI

PRL 122, 071301 (2019): WIMP-pion
PRL 122, 141301 (2019): SD

Nature, 568, 532 (2019): Xe124 DEC
arXiv:1907.11485 (PRL): light DM
arXiv:1907.12771 (PRL): Migdal effect
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Detector Calibrations

AmBe neutrons

83mKr: to calibrate the energy response
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220Rn: to calibrate the Electronic Recoil (ER)
background from 222Rn

220RnPo a-decays: convection & ions
212pp B--decay: low-energy calibration
212

12BiPo decay: half-life measurement

?.ZORn

55.6s

4
6405keV

212p, 216p
= 299ns 0.145s
use neutrons to calibrate - P
. e 8- (64% . "
the Nuclear Recoil (NR) ot | s0.6m
Signals 208 [ o((36%)/;& | 22ppy [
stable | 6207keV,” 569.8keV | 10.6h
g 208
1
4999keV

3.05m

14



Energy response with fixed energy gammas

S1 Position Dependence
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Calibrating Electronic and Nuclear Recoils

Corrected S2 [PE]
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Event rate [events/(keV-kg-day)]

XENON1T achieved the lowest electronic recoil background, with
major contribution from remaining Radon-222 (~10 ;Bg/kg)
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The ultra-low Electronic recoils (ER) background

allows the search for other rare processes in nature.
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Other three main types of background: Surface,
, Radiogenic neutrons
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Observation of two-neutrino double electron capture
in Xe-124 with XENON1T

Nature, 568 (2019)

131mXe  —— 214pp —— Materials 2vECEC
83mKr Solarv ===+ Interpolation Blinded region
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Xe-124 20ECEC half-life measured: [1.8 = 0.5(sys) + 0.1(stat)]x10%* years
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Surface Background, from reduced-S2 events from Rn-daughters
on the PTFE surface
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Radiogenic neutrons

Simulated NR single-scatter rate

Source Rate [t1 y-1] | Fraction [%]
Radiogenic n 0.6 +£0.1 96.5
CEvVNS 0.012 2.0
Cosmogenic n < 0.01 <20

(Expectations in 4-50 keV search window, 1t FV, single scatters)

JCAPO4 (2016) 027
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CSZb [PE]

One ton-year of data, after unblinding

Phys.Rev.Lett.121, 111302 (2018)

(arXiv:1805.12562)
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Piecharts indicate the relative PDF of background and the best-fit

of 200 GeV/c2 WIMPs at cross-section of 4.7x10-47 cm?2 o3
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Phys.Rev.Lett.121, 111302 (2018)
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WIMP-nucleon og; [cm?]

XENON1T
placed the most stringent constraints for heavy WIMPs above 6 GeV/c?2

Spin-independent
PRL 121, 111302 (2018)
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279 days data in 1.3 ton (1.0 ton yr)
Energy region: 5-41 keVnr (1.4-10.6 keVee)
ER background: 82 evts/ton/yr/keVee

Best Sl limit: 4.1 x10-47 cm? at 30 GeV/c?

Spin-dependent
PRL 122, 141301 (2019)
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« same data as for the S| search
« Xe129 (29.5%), Xe131 (23.7%)
* best SD-neutron limit;: 6.3x10-42 cm2 at

30 GeV/c?
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From XENON1T to XENONNT

LIS
XENON1IT |
total: 8-ton Rt otal:3.2-ton
1.4 m TPC




Upgrade from XENONIT to XENONWT

Basic characteristics of XENON1T & nT TPCs

XENON1IT XENONNT

Drift (cm) 97 148
Diameter (cm) 96 133
# of PMTs (R11410) 248 494
Active Mass (tonne) 2.0 5.9

Total Mass (tonne) 3.2 8.4
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Concentration [uBq/kq]

XENONIT to XENONNWT: Reduce Rn background by 1/10

TPC
(4.8 = 2.2) mBq

cryo pipe
(9.2 £ 1.0) mBq

o Material selection with 222Rn sereening

(2.0 £ 0.3) mBq

o screening facilities with few atoms/probe sensitivit

« Replace parts with large Rn contribution
o Post-manutacturing surface treatment

o Reduction with high through-put online distillation

(10.9 = 1.7) mBq

100mm pipe + cables
(2.7 £ 0.2) mBq

porcupine

(1.9 = 0.2) mBq

cryo system
(2.4 £ 0.3) mBq

Radon source identified in XENONIT e Goal: 1 pPg/kg
25
. 222 R Rn-less
. 218 po in GXe
20 | 214 BiPo RN220 8c(alibraa\tion Condenser
Online radon distillation
15 | i N Distillation stage
AL 4 : . Py AL ; b
2 Piston pump
4 - + 4 abd . “
10 - . 4
SE*4atrsaasr —— Reboiler
Py * a2 T4 IS b A
* Liquefier
© A A A
W2 e 0 e e T @1 e Rn in LXe
= o © O D(;te ko k > decays
Online Rn removal with distillation tested in XENON100 and XENONIT Pedicated Bn distillation column

(Eur. Phys. J. C, 77:358, 2017) 28



XENONIT to XENONNT: reduce nuclear recoil background
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Great discovery potential
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Prospect of the global heavy dark matter search
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XENON1T’s S2-only results for Low-Mass Dark Matter

Nuclear Recoil Scattering

10*

arXiv:1907.11485
Mean energy in flat ER spectrum [keVe]
0.15 0.2 0.3 0.5 0.7 1 2 3

M, =5 GeV/c?, o,., = 1e-42 cm® Te | ' ' ' ' o
F — Xe (A=131) R 3 < 5 >
- — Ge (A=73) - 107 F 20 GeV /c?
- — Ar (A=40) > "
B —— Ne (A=20) v *
= 10% |
I X

10"

Events

10!

90 120 150 200 000 1000
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* Threshold: ~200 eVee (4~5 e-)
- Exposure: 22 tonne-days (60 kg-year)
- Background: ~1 event/keVee/tonne/day (>400 eVee)

3000
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S2 width |ps]
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SI DM-nucleon o [em?|
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The lowered S2 threshold further
constrained WIMP mass below 6 GeV

‘ arXiv:1907.11485

].l;n'k""ufuld'- ) ”\...'l 'Tll‘.'

XENONIT BandaX 1

(this work)

(A): SI DM-nucleus scattering
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SD DM-neutron o [cm?|
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Status of the Low-mass (GeV-scale) Dark Matter Searches
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For future:

Need improvement to suppress the background.
Need a reasonable large target mass (~100 kg).
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Light DM Search with the Migdal effect

* Migdal effect in dark matter detection
e Masahiro Ibe et al, arXiv:1707.07258, Dolan et al., 1711.09906
* atomic electrons lags behind recoil nucleus resulting in ionization/excitation of atoms

;> Bremsstrahlung

Auger electron

XENONI1T, arXiv:1907.12771
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Looking for “Migdal” electron recoil signals from sub-
GeV DM produced nuclear recoils

XENONI1T, arXiv:1907.12771
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Searching for light dark matter interaction with electrons
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Counts / 0.1 electrons

Efficiency

Single and a few electron rate in the LXe bulk

XENONT10, arXiv:1206.2644
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e Background at a few electron level is not always going down with increasing target mass.
e We now understood much better the sources of these background electrons.
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XENON1T S2-only search for dark matter electron scattering
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The search is limited by background (not target mass or threshold).

For future: background understanding and suppression needed
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Dark photon dark matter absorption & Axion-like particles
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Summary

e XENON1T achieved the lowest background among any DM search
experiments with more than one-tonne of target

e XENONA1T has set the most constraining limits across a large mass

range for heavy DM, low-mass DM, light DM, dark photon and axion-
like particles.

e With the upcoming XENONNT, together with PandaX-4T, LZ and

DarkSide-20k, the next few years of dark matter hunting will be
VERY exciting!
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