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The Evolution of XENON Experiments for Dark Matter

Mission: build large-target-mass, low background and low threshold liquid xenon detectors
to search for DM and other rare events at Gran Sasso Underground Laboratory
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Key Technology: Two-Phase Xenon Time Projection Chamber

time
GXe S92
\ * Eextraction
drift time
Lxe (depth)

particle

Why liquid xenon? Why two-phase TPC?

* large target feasible (cost, cryogenics) * 3D position sensitivity (fiducialization)
* negligible intrinsic background * electronic recoil (ER) and nuclear recoil
* fast and abundant scintillation (NR) discrimination

* sensitive to both Sl and SD * low threshold (keV) with S1

* other physics (ovbb etc.) * ultra-low threshold (sub-keV) with S2
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XENON Experiment at Gran Sasso Underground Lab
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XENONIT Science Runs (2016-2018)

® 279 live-days science run data (SRO & SR1) collected between Nov. 2016 and Feb. 2018.
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Instrument & Sensitivity & Analysis
JCAP 04, 027 (2016), 1512.07501
EPJ C 77, 881 (2017), 1708.07051
PRD 99, 112009 (2019), 1902.11297
PRD 100, 052014 (2019), 1906.04717
EPJ C 80, 785 (2020), 2003.03825

Other search results:

WIMP Search Results:

PRL 119,181301 (2017): first result
PRL 121, 111302 (2018): one ton-y SI
PRL 122, 071301 (2019): WIMP-pion
PRL 122, 141301 (2019): WIMP-SD
arXiv:2011.10431: inelastic scattering

Nature, 568, 532 (2019): Xe124 Double Electron Capture
PRL 123, 241803 (2019): light DM (Migdal effect)

PRL 123, 251801 (2019): light DM (S2-only)

PRD 102, 072004 (2020): low energy ER excess

(New) arXiv:2012.02846: search for CEVNS from 8B solar neutrinos
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Amplitude | PLE/bin|

Amplitude [PE/bin|

A typical low energy event
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Parameters reconstructed from the waveforms:

S1, S2, XY positions, drift time (Z), etc.
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Event-type Discrimination in XENONIT

® Electronic Recoils: gamma rays, beta decays, DM-electron scattering, neutrino-electron scattering...
® Nuclear Recoils: from WIMP dark matter, neutrino-nucleus coherent scattering, neutrons
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Search for WIMP Scattering in Nuclear Recoils

l"l Ll ' Yl'lll' L L) L B

Il ER M Surface Neutron I AC W WIMP

Extending WIMP coverage down to 3 GeV
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cS2y [PE]

New Physics Searches with Electronic Recoils

Recent results reported: arXiv:2006.09721 (PRD 2020)

Il ER M Surface Neutron I AC W WIMP
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® Solar neutrino - electron scattering

® Solar axion - electron interaction

Dark matter absorption and electron emission
® Axion-like particles (ALPs)
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* g, g,are detector-specific parameters, determined
* W =13.7¢€V is the average energy needed to produce a

* energy reconstruction validated down to 2.8 keV (peak

cS2y [PE]

Energy Reconstruction for Electron Recoils

from all available calibration lines
photon or electron in LXe

from 37Ar calibration)
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Flux [10'6 cm™ d! keV1]

Solar axion search in XENONIT

* Axion is the theoretically-motivated new particle to solve the “strong CP problem”
* Axion could be the DM candidate particle to also solve the “dark matter problem”, but the mass
of DM axion would be too low to be detected by XENON1T
¢ Axions could be produced in the Sun
* via three model-dependent couplings: g, 8,,» 8.,
® detectable kinetic energy ~keV in XENON1T

Jae  3LE% < 62/3)
Opge = O 1l — —

e Solar axions are detected in XENON1T via axioelectric effect: = ' 5 16mam? 3

Solar axion flux on earth Expected solar axion detected in XENON1T
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Flux [cm™? s MeV1]

Solar neutrino detection in XENONIT

* Solar neutrinos would also be detected by XENONI1T via elastic scattering on electron or nucleus.
* Solar neutrino electron scattering contributes a minor electronic recoil background

* Alarge neutrino magnetic moment (y, > 10_15/43) would enhance the solar neutrino electron
scattering rate, a signature for new physics and indicate Majorana nature of neutrinos
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Bosonic dark matter, ALPs, dark photon

Axion-like particle (ALPs), similar to QCD axions, are pseudoscalar bosons and viable DM
candidates with mass higher than QCD axions.

This class of models can be searched in XENON1T with mono-energetic electronic recoil peaks

ALPs can be absorbed in Xe via axioelectric effect and produce mono-energetic peaks, with
rate:

1.5 x 104° m.; Toe
o L : 2 a pec -1 43-1
R A e (kev,fcz) ( b )kg d

XENONIT is also sensitive to vector bosonic dark matter (eg. dark photon), coupled with SM
photons via kinetic mixing term k, with rate:

4.7 x 10% ., (keV/e? Tpe 1 9—1
R U (K0 ) () e

= L.ooking for “peaks” above known ER background
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Internal Electronic Recoil Background in XENONIT

!

* Cryogenic distillation to reduce Kr/Xe from ~10 ppb (commercial) to
B sub-ppt to suppress ER background from Kr85 beta decay

SR * Lowest ER background achieved in >1 tonne of DM-search target
®* Remaining ER background mainly comes from Radon-222
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Radon-222

* Radonis a radioactive gas (half-life 3.8 d) from the breakdown of uranium in soil, rock, water
and, in our case, detector materials
* Radon natural level in air: ~15 Bq/m3

* Radon measured in the XENONi1T target: ~10 /Bq/kg of xenon

Uranium
. . 8 %
B Protactinium 31% () TPC + cryostat (#54, #48)
6 % :
Thorium @ cryogenic system (#50)

®

() cryogenic pipe + heat exchangers
+ heater (#52, #13, #14)

() pipe with cables (#49)
@ cable feedthrough (#51)

() QDrive pumps C205 (#20a),

36 % C206 (#22) and C207

@ gas purifiers (#16, #17)

Astatine

4 %

Polonium
Radon-222 emanation measurements for XENON1T

Bismuth arXiv:2009.13981

Lead
Thallium

Mercury
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10-component of ER background in XENONIT

Expected background spectrum in XENON1T

* Internal background: SR1,: near n-calibration
* Pb-214 from Radon, beta decay, dominant at low-energy : —a : : : :

|
* Kr-83, sub-ppt, beta decay 10% & ke Materials oy
* Intrinsic background: Sy N o
* Xe-124, double electron capture peaks, first observedin = 103 i
XENONi1T (1904.11002,Nature 2019) > f A
* Xe-136, double beta decay :: i
* Activated background, following neutron calibration: T, 102 E
* Xe-131m, 164-keV peak P
o+
* Xe-133, beta+gamma, >80-keV g 1
* l-125, gamma-+internal conversion electrons peaks 10 E
* External: ]
* Gammas from surrounding materials: sub-dominant 100 ¥ | . —
* solar neutrino - electron scattering (sub-dominant) 025 50 75E 100 [klz\;’] 150175 200
. ner e
* Contaminant: 9y
* Kr-83m, 41.5 keV peak SR1y,
| | | | | | | |
10 ¢ E
I I I I I I A ]
10° E — I T
F \ —— ti,=11.83%0.08 days ] ; 103 3 -
I Neutron Activation o) - .
= | =
103k >
2 o
g | [
= 3
M 10tk 3
i T
10° 20117-03 201I7-05 201I7-O7 20117-09 20117-11 201;3-01 100 [( l l l ] I\ l
_ . 0O 25 50 75 100 125 150 175 200
Time-evolution and model of 131mXe Energy [keV]
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Compare observed data with the background model (Bo)

-—-- 214pp ---- Solarv  ---- 8MKr
———- 83Ky 133 @ 124y a
---- Materials ---- 3ImXe  —— B

---- 1°%Xe -—-- 125] I SR1 data

10* i,
SR1 (226.9 days) ]

Events/(t-y-keV)

0 25 50 75 100 125 150 175 200
Energy [keV]

* Lowest background rate observed in any dark matter detector with one-ton target
* Observed rate consistent with expected background model, except at the lowest energy bins
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Looking into the low energy region

* Clear excess events between 1-7 keV
* 285 events observed vs. 232 * 15 events expected from B, 3.3 fluctuation)

120 | | | | |
100 [ ‘ —
=l ] N
5 1 ]1|l ITI

5
z l ‘
20 — BO ]
I SRI1 data

0 | | | | |
2_ ) * ® ) (] ) T
| AR o
0 é llO 1I5 . ZIO 2I5 30

Energy [keV]

unbinned data: https:/doi.org/10.5281/2zen0do.4273099

21


https://doi.org/10.5281/zenodo.4273099

Possible energy misconstruction or instrument background?

validate energy reconstruction jnstrument background check 214Ph beta decay spectrum
ool ' ' ' ' ' ' ] 8000 . — T . . . 12. i} 1.2 T T T T T T T T
4000 COI = -
. L onRecalls i | | =
b [ l 2000 b e O o = o8l -
g 400r 1 & > ossf ] = This work-*""Pb
& = 1000 206k 006 M — GEANT4 10.6 -~
200 — Bestiit - % .;“ 0.5¢ { = IAFA LiveChart
I SR1 220Rn data 400 = 045 om 1 7
0 I I I I I I I e 0.90 ;
2r N 200 = 021 0 10 20 30 .
° | . = surface
| | | | | | | 100 1 1 1 1 0.0 l_ _l 1 1 l— 1 1 1
0 2 4 6 8 10 12 14 20 30 40 50 60 70 0 25 50 75 100 125 150 175 200
Energy [keV] cS1 [PE] Energy [keV]
* same analysis framework used to * accidental-coincidence (AC) and * atomic effects can increase rate at
1t 220 212 1 1
fit 2Rn (2Pb) calibration data surface backgrounds not low energy
* gofp=o0j3 . . . .
. . contribute to electron recoils, as teamed up with expert (X.
validated efficiency and energy
reconstruction expected Mougeot) on beta-decay spectrum

* ~6% uncertainty on shape
* ~50% needed to account for excess
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Possible new background: Ar-37?

* Ar-37: decay via electron capture, emitting 2.8 keV x-ray (peak in ER)
* Ar-37 from initial concentration in xenon gas?
* with natural abundance of 102 mol/mol in nat-Ar, would decay (half-life=35d) toa
negligible level at the start of XENON1T
* further removed by cryogenic distillation that removes Kr-85
® Ar-37 in the air leaking into the detector during the run?
* maximum air leak rate constrained by Kr/Xe measurement: < 0.9 liter/year
* measured Ar-37 concentration in air around XENONI1T: < 3.2 mBg/m3
* maximum event rate from Ar37 leaking into the detector: <5 events/t-y (vs. ~65
events/t-y observed excess)
* In addition, the best-fit peak is 2.3+/-0.2 keV (not 2.8 keV)

I 1 I 1

140 — B, + 2.3 keV peak
) -=-= 2.3 keV peak
120 N
é’ 80 - l I l ’ l ] ’ l T Ar-37 can’t explain the observed excess
7 [ ],
5 1 l” Ilf
M 40F .

20

0 s 1 \‘_L L L
0 2 4 6 8 10
Energy [keV]

unbinned data: https:/doi.org/10.5281/zenodo.4273099
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https://doi.org/10.5281/zenodo.4273099

SH Activity [pBq/tonne]

* Tritium: a beta emitter with 12.3 years half-life, Q value at 18.6 keV

Possible new background: Tritium?

* Exist in the atmosphere/water and can be produced cosmogenically in xenon
* The purification system (getter) in XENON1T would remove tritium from activation
* How about tritium from H20 in Xe?

* H20/Xe is estimated at 1 ppb level based on light yield, while the excess rate requires ~100 ppb

* How about H2 in Xe?
* H2/Xe not directly constrained but would require ~100 ppb
* typically the purification getter would reduce it to <1 ppb (but not directly measured)

Estimated tritium activity from activation

Time [days]

* A fit with tritium results 159 +/- 51 events/(t-yr-keV)

* favored over background-only hypothesis at 3.26, but difficult to explain where it’s from
* would be ~3 tritium atoms per kg of xenon (concentration too low to measure directly)
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Rate [ty lkeV!]

events/(t-y-keV)

New Physics: Solar Axion?

Expected solar axion spectrum in XENON1T

] ] ] ] ] ] ]
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>’Fe « (ggg)zgaez
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* Excludes g, =0
* 90% CL surface inscribed in a cuboid with

* g.,<3.8x10712
. gaegcf{;f <4.8x10718

* 8ue8ay < 1.7X 10722 GeV™!

* in strong tension with astrophysics constraints
* include inverse Primakoff scattering
(2000.14598, 2006.15118) would alleviate the
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New Physics: Neutrino Magnetic Moment?
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neutrino magnetic moment favored over
background-only at 3.20

u € (1.4, 2.9)x 1071y, (9% CL)

consistent with the most stringent direct
constraints from solar/reactor neutrino
experiments

in strong tension (similar to the axion case)
with astrophysics constraints
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E I
Nl FO R -
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Borexino Gemma Glebular White SZ-only S14852
clusters  dwarts ( This worl)

arXiv:20060.09721 (PRD 2020)



New Physics: Bosonic dark matter?

* searches for excess peaks over background from 1-210 keV

* the excess best-fit with mono-peak at 2.3 £ 0.2 keV (68% CL) with 3.00 (4.00) global (local) significance
* sets the most stringent limits for bosonic dark matter (ALP, dark photon) between 1-210 keV/c?

1 | | |

1410 - — B, + 2.3 keV peak -
-== 2.3 keV peak

Events/(t-y-keV)

Pr—
™
P—
P——
—,——i
—
[ I— I

6 8 10
Energy [keV]

arXiv:20060.09721 (PRD 2020)
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New Physics: Bosonic dark matter?

* searches for excess peaks over background from 1-210 keV

* the excess best-fit with mono-peak at 2.3 £ 0.2 keV (68% CL) with 3.00 (4.00) global (local) significance
* sets the most stringent limits for bosonic dark matter (ALP, dark photon) between 1-210 keV/c?

Events/(t.y-keV)
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T I T I 10-11 -
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o F
100 - oL
" XENCNILT
80 I ’ [ I ] I 'I r [ (82-<nly) XENONIT
1 1r 1011 L (Lthis work)
o0 HEUBIT o
[ —a il ——— sl sl
40 — 10! 10 101 107
_ m. [keV/c?]
20 - L1 |
() L I
6 8 10

Energy [keV]

—
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kinetic mixing K

— — — — —

< = < = =
2 = &5 B =

XENON1T .
(this work) E

1018 |-

XENUANTT

1S2-vrly]

10 o7 107 10 TE

my [keV/c?]
28



Experimental Checks and Theoretical Interpretations

An incomplete look into >100 arXiv papers interpreting the XENON1T excess

experimental checks: 2006.13278 (tritium), 2006.16220 (reconstruction), 2007.00528 (Ar37), 2007.13686
(beta decay), 2008.06485 (PandaX-II)

more on solar axions: 2000.12487, 2000.14598, 2006.15112, 2006.15118, 2000.14568, 2006.16931

more on solar neutrino interactions: 2006.11225, 2006.11919, 2006.11250, 2000.12457, 2006.12887,
2000.15112, 2000.16009, 2000.16192, 2007.01765, 2007.05513, 2007.15503, 2008.05080

more on bosonic dark matter: 2006.10033, 2000.11243, 2000.12488, 2000.13159, 2000.13029, 2000.14521,
2007.00874, 2008.08504

boosted dark matter: 2006.10735, 2006.11837, 2006.11264 (GC, or sun), 2006.12447 (Sun-heated),
2006.12529 (Migdal+boosted), 2006.12767 (CR-boosted), 2006.13910 (CR boosted), 2006.16078,
2007.15000, 2008.07116 (CR-boosted)

inelastic dark matter: 2006.11938, 2006.13018, 2006.14089, 2006.15672, 2007.04963, 2008.12137
mediator and Z’ models: 2006.11949, 2006.13183, 2007.02898

decaying dark matter: 2006.12348, 2008.03150, 2008.09615

strongly interacting dark matter: 2002.04038

luminous dark matter: 2006.12461

mirror dark matter: 2006.14577

plasma dark matter: 2007.15191

pico-charged particles: 2007.14421

shining dark matter: 2006.12462

sterile neutrinos: 2008.05029, 2008.03150
black holes: 2007.00650, 2009.02315
hydrogen decay: 2006.15140
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This Week in Physics Magazine — October
12

VIEWPOINT

Dark Matter Detector Delivers Enigmatic Signal
Tongyan Lin - October 12, 2020

Are the excess events detected by the XENON1T
experiment a harbinger of new physics or a
mundane background?

SYNOPSIS

Theorists React to Potential Signal in Dark Matter Detector
October 12, 2020

Atantalizing signal reported by the XENON1T dark
matter experiment has sparked theorists to
investigate explanations involving new physics.

FOCUS

Nobel Prize: Facing the Reality of Black Holes
October 6, 2020

Three scientists were recognized for proving that
e gravitational collapse can lead to a black hole and
for observing the supermassive black hole at the
center of our Galaxy.

©
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XENONIT Excess from Anomaly-Free
Axionlike Dark Matter and Its Implications
for Stellar Cooling Anomaly

Fuminobu Takahashi, Masaki Yamada, and Wen
Yin

Phys. Rev, Lett, 125, 161801 (2020)

Published October 12, 2020

Neutrino Self-Interactions and XENONIT
Electron Recoil Excess

Andreas Bally, Sudip Jana, and Andreas
Trautner

Phys. Rev, Lett. 125, 161802 (2020)
Published October 12, 2020

Explaining the XENONLT Excess with
Luminous Dark Matter

Nicole F. Bell, James B, Dent, Bhaskar Dutta,
Sumit Ghosh, Jason Kumar, and Jayden L.
Newstead

Phys. Rev. Lett. 125, 161803 (2020)
Published October 12, 2020

Boosted Dark Matter Interpretation of the
XENONI1T Excess

Bartosz Fornal, Pearl Sandick, Jing Shu, Meng
Su, and Yue Zhao

Phys. Rev. Lett. 125, 161804 (2020)
Published October 12, 2020

Electric But Not Eclectic: Thermal Relic
Dark Matter for the XENON1T Excess

Joseph Bramante and Ninggiang Song
Phys. Rev. Lett. 125, 161805 (2020)
Published October 12, 2020



What’s next? XENONnNT

* Larger target mass: 5.9-tonne (x3 of XENONi1T) * Reduce Nuclear Recoil Background

* larger cryostat/ TPC * improve WIMP search sensitivity

* more PMTs * Gd-loaded water as neutron-veto
* Reduce Electronic Recoil Background * Improve signal detection

* improve new physics search in ER * Liquid purification

* Reduce Radon
arXiv:2007.08796 (JCAP)
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Commissioning ongoing...
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XENONNT: major upgrades to reduce the ER & NR backgrounds
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XENONNT: Expected ER and NR background in 4-tonne fiducial mass

arXiv:2007.08796 (JCAP)
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XENONNT: Searches for WIMP Dark Matter and Beyond

arXiv:2007.08796 (JCAP)

NR channel:
—— Atm+DSN Atm - DSN . . e .
Solar v 8 hep XENONNT improves WIMP detection sensitivity
—— Neutrons
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Large liquid xenon detectors are expected to make contributions to many new

physics topics in the next few years!
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