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The XENON Project

15 kg 161 kg 1 8.6t 50t

XENON10 XENON100 XENON1T XENONRNT

Exposure 0.87 kg e yr 48 kg ° yr Tteyr

BGindex ~1 ~5¢103 ~2¢104
cnts/(keV @ kg e yr)
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The XENON Experiment
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The XENON Experiment

ri Nazionali
Sasso!

Laboratori Nazionali del Gran Sasso LNGS hall B XENONIT

1500 m overburden
(3600 m.w.e.)
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Dual-phase Time Projection Chamber

(liquid/gas xenon TPC)
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Dual-phase Time Projection Chamber
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Interaction lypes
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Interaction lypes

Il ER W8 Surface Neutron W AC W WIMP
8000

5 6
45 0 0

4
keVNR 35 0
30

4000
Electronic Recoils (ER) 2

20
gamma, beta backgrounds; 2000

neutrino physics, solar axions,
boson dark matter

cS2y [PE]
o
S

. 2001
Nuclear Recoils (NR) |
neutron background; 200 L R
WIMPs, coberent neutrino LIS AR R SR
- I R | | | Le | |
scattering 03 10 20 30 40 50 60 70
cS1 [PE]

M.Galloway | Krakow Jagiellonian Seminar 2021



Interaction lypes

Electronic Recoils (ER)
gamma, beta backgrounds;

neutrino physics, solar axions,
boson dark matter

Nuclear Recoils (NR)

neutron background;

WIMPs, coberent neutrino
scattering

Discriminate NR from ER events; candidates above small
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neutron and instrumental backgrounds.
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Interaction lypes

Electronic Recoils (ER)
gamma, beta backgrounds;

neutrino physics, solar axions,
boson dark matter

Nuclear Recoils (NR)

neutron background;

WIMPs, coberent neutrino
scattering
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Discriminate NR from ER events; candidates above small
neutron and instrumental backgrounds.

Search for excess above known, well-modelled ER backgrounds.
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The XENON Physics Program
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Nuclear recoil searches



WIMP dark matter

Multiple observations via gravitational interactions indicate 85% of the matter in the
Universe is dark.
WIMPs: Weakly Interacting Massive Particles favoured by supersymmetry (Beyond Standard Model)
new physics expected at GeV masses with weak-scale cross section (thermal relic - “WIMP miracle”)

Search for a scattering interaction in terrestrial detectors with target nuclei.

Expected differential event rate NR-WIMP cross section vs mass parameter space

Nuclear and particle physics
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Spin-independent WIMP limits

SI WIMP-nucleon cross section [cm?]
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Currently most stringent result on WIMP Dark Matter down to
3 GeV/c2 masses [PRL 121, 111302 + PRL 123, 251801]
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Coherent neutrino-nucleus scattering

Neutrino flux [cm™2s 1keV~1]

Rev. Mod. Phys. 92, 045006 —— Solar pp
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e Solar neutrinos

¢ Diffuse supernova neutrino background

® Atmospheric neutrinos

® Search for 8B neutrinos

e Use measured flux (Borexino,
SNNO) to constrain xenon low-
energy detector response

® constrain non-standard
neutrino interactions

® set limit on DM-nucleus

expectation: 2.1 8B events (6 found,
consistent with background)

The primary scintillation signal S1 limits the threshold.
Lower the threshold (from 3 to 2 PMT hits)
5% efhiciency at 0.5 keV cutoft



Probing lower WIMP masses

Phys. Rev. Lett. 126 (2021) 091301
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Drop the discrimination requirement (S2/S1) and set limits with the S2 signal.
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Can also look for secondary emission (Migdal effect) in S2-only data.
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Electronic recoil
searches



‘Two-neutrino double electron capture

Electron capture

Atomic R/ v

T2vECEC = (],8+0.5stat £0.1sys)*x1022 y

highlights sensitivity to rare processes
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‘Two-neutrino double electron capture

Electron capture Neutrino emission
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‘Two-neutrino double electron capture

Rate
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Background model for ER searches

Search for an excess above known backgrounds.

Events/(t-y-keV)
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Background model for ER searches

Search for an excess above known backgrounds.

Events/(t-y-keV)
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Background model for ER searches

Search for an excess above known backgrounds.
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Background model for ER searches

Search for an excess above known backgrounds.

Events/(t-y-keV)

103 &

| I | |
. 214pp
- 85Kr

- Compton
133Xe

. 136x¢ —-—. 125]

- 13lmXe  ——- solarv

- 83mKr —— Total
12450

-

Energy [keV]

M.Galloway | Krakow Jagiellonian Seminar 2021

10 components

Intrinsic

g~ 214Pp 136X e

85Kr

Neutron activated
131mXe (T12 = 11.9 d)

125] (T4, = 60 d)

16



Background model for ER searches

Search for an excess above known backgrounds.

Events/(t-y-keV)
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Background model for ER searches

Search for an excess above known backgrounds.
10 components
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Search for new physics

Events/(t-y-keV)
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Search for new physics

| | | . | |
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Solar axions:
Arise from Peccei-Quinn solution to strong-CP
problem in QCD: pseudo-NG boson
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Search for new physics

| | | . | | | | |
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Solar axions: Enhancement of the neutrino
Arise from Peccei-Quinn solution to strong-CP magnetic moment:
problem in QCD: pseudo-NG boson Majorana or Dirac nature
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Search for new physics
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Solar axions: Enhancement of the neutrino
Arise from Peccei-Quinn solution to strong-CP magnetic moment:

problem in QCD: pseudo-NG boson

Majorana or Dirac nature

Bosonic dark matter (axion-like particles, dark photons):
keV-scale dark matter, mediator of dark sector (dark photon)
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Solar axions

Production
8 | | | | | | |
7 -
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|
(8).0 2.5 5.0 7.5 10.0 125 150 17.5 20.0
Energy [keV]

Solar axions - emerge with keV-scale energies
(not dark matter)

_6x 106 GeV
~ i

QCD: | m, eV/c?
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Solar axions

Production
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Solar axions

Production
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Solar axions

Production Detection
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Solar axions

Production Detection
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Three production mechanisms in the Sun »  Xenon detection via axioelectric effect
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Enhanced neutrino magnetic moment

1013 ————
= Pp = pep
- 7Be 13N
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- |
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1 1 1 1 s
1010'1 100
E [MeV]

Neutrinos are massless in the SM, but oscillations indicate mass, thus a magnetic moment.

solar neutrino (pp) - electron scattering

doy, 5 1 1
dE, % (E E,,)
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Enhanced neutrino magnetic moment
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Neutrinos are massless in the SM, but oscillations indicate mass, thus a magnetic moment.
solar neutrino (pp) - electron scattering
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de, ~ "\ E, "B,

Minimally-extended Standard Model:
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B = leV
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Enhanced neutrino magnetic moment
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Neutrinos are massless in the SM, but oscillations indicate mass, thus a magnetic moment.

solar neutrino (pp) - electron scattering A larger magnetic moment would
Ao _ 2, ( 11 ) imply new physics, and possibly solve
dE, E. E, Dirac vs Majorana.
Minimally-extended Standard Model: Enhancement:
1, = 3eG pmy — 3% 10" ¥y x ( U ) 1, > 107wy ——  Majorana fermion
72 \/§ leV
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Bosonic dark matter

axion-like particles

dark photons
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Background model and inference
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Excess found

Events/(t-y-keV)
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Excess found

Events/(t-y-keV)

120 , , . : ;
100 F l |
80| ] [H [ l [
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[ SRI1 data
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2 A . Y—_— — o
—2F A p— R y—
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Energy [keV]

Excess electronic recoil events in XENON1T

E. Aprile et al. (XENON Collaboration)
Phys. Rev. D 102, 072004 — Published 12 October 2020

‘v‘ . . — . .
PhYSICS See Viewpoint: Dark Matter Detector Delivers Enigmatic Signal

reference region 1-7 keV

28S events observed
VS.
232 events expected (from best-fit)

3.30 Poissonian fluctuation over null

Theorists React to Potential Signal in
Dark Matter Detector

October 12,2020 - Physics 13,5132

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

Events/(t-y-keV)
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Excess electronic recoil events in XENON1T

E. Aprile et al. (XENON Collaboration)
Phys. Rev. D 102, 072004 — Published 12 October 2020

PhYSICS See Viewpoint: Dark Matter Detector Delivers Enigmatic Signal

reference region 1-7 keV

28S events observed
Vs.
232 events expected (from best-fit)

3.30 Poissonian fluctuation over null

Theorists React to Potential Signal in
Dark Matter Detector

October 12,2020 - Physics 13,5132

Atantalizing signal reported by the XENON1T dark matter experiment has sparked theorists to investigate

explanations involving new physics.

Citations per year now 349

198

148 PRD

3 / arXiv

2019 2020 2021
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Solar axion results

events/(t-y-keV)
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Energy [keV] ! (this work)
1072 5= T > 3 7 5
Axion favored over Jae le=12
background-only at 3.4c ABC

Couplings not independent from g, ; can be factored out.
Relative rates unconstrained (model-independent)

Strong tension with astrophysical constraints

J

from stellar cooling (arXiv:2003.01100)
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Neutrino magnetic moment
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Neutrino magnetic moment

Events/(t-y-keV)
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(this work)

Neutrino magnetic moment favored
over background-only at 3.2¢

1y € (1.4, 2.9) x 107 up
(90% C.L.)

Compatible with other experiments.
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Bosonic dark matter
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Bosonic dark matter
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Bosonic dark matter
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Investigation of the
Excess
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Energy reconstruction and resolution

Calibration with 37Ar after the science run: decays via electron capture with 2.8 keV deposition.

| | I |
— 3%7Ar data 14 F i —=- 2VECEC
175001 ___ 7 g kev i : Y Lux
i i — 12| : ¢ XENON100
15000 = | 4 XENONIT
12500 | - B B :
prw] I
. e £ |
= 10000 - . 2 :
© PRELIMINARY i |
7500 |- - > :
@ |
5000 F - g ? |
I
2500 - 1 | i —
0 1 : 1 1 1 1 L
0 . : : 0 100 200 300 400 500
0 1 2 3 4 5
Energy [keV] Energy [keV]
37Ar 2.8 keV reconstructed peak Energy Resolution
Mean energy 37Ar Resolution
Observed: 2.827 keV Observed: 18.12%
Model: 2.834 keV Model: 18.88%

Validates energy reconstruction and resolution down to 2.8 ke V.
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Threshold
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.................... O eeeeeetreannn————areetnnn————————————————— 800 L 22°Rn calibration data i,
0.8 1 [ [ [
s B |
= 2
0 0.4 GC.'D 400 -
>
- -value = 0.50
o2y . Selection | P e
------------------------------------- T e eC lon eS B 1
0.0 o —— "'1'(')1 —_ "1'(')2 ' I SR1 %2%Rn data
Energy [keV] 0 =~— | | | | | |
2 B ®e ’ ~ ° ®e ‘ ]
All signal and background models are first ° S Teette T e T T e e
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convolved with efficiency and resolution. 5 > 1 : 3 10 17 14
Energy [keV]
° threshold at efficiency Fit to **’Rn (*'*Pb) calibration data using same

® excess peaks in the 2 - 3 keV region analysis framework

) .
(80% efficiency) **'Rn calibration reconstructs as expected:

Validates efficiency and energy reconstruction down

to threshold.
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Event spatio-temporal uniformity
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Expectation: a signal would
be distributed uniformly in
space and time.

Events are uniformly
distributed within fiducial
volume (1042 kg in center of
TPO).
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Event spatio-temporal uniformity
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Expectation: a signal would
be distributed uniformly in
space and time.

Events are uniformly
distributed within fiducial
volume (1042 kg in center of
TPO).

Consistent with constant
time, but with very low
statistics!

(dedicated annual modulation
analysis in progress)



Fluctuations and correlations
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An unbinned profile likelihood analysis was

used for this analysis.
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Fluctuations and correlations

Events/(t-y-keV)
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An unbinned profile likelihood analysis was

used for this analysis.
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New background: tritium

| _(a) Tritium | Tritium favored over background-only at 3.2¢
EZ :: E(l) EZ+3H N : Best-fit tritium rate: 159 + 51 events/(t - y)
Z: 100} ] i SH:Xe concentration: (6.2 + 2.0)>< 10=2° mol /mol
Z 8o l ' I l .
453 60 [ l l I—
= A0r [ ] possible in molecular form as

N
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[

1

tritiated hydrogen or water
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=]

= ® Cosmogenic production ruled out (Xe

e LAEA spectrum

after efficiency and resolution pur iﬁC atiOn)

3 °
H hzllf'llfe 121;3 yr ® Possible emanation from materials (PTFE, SS)
Q-value 18.6 keV from natural abundance
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o Tritiated water ruled out (would inhibit light

4000 COHCCtiOIl).

2000 1

® ‘Tritiated hydrogen unlikely but difficult to
quantify.

0.0 2.5 5.0 75 10.0 125 150 17.5 20.0

Energy [kev) We can neither confirm nor exclude its presence.
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Further checks

1-7keV
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—— Modulation + const (p-value: 0.73)
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Time dependence revisited for signals
(constant 1n time), trittum decay, and
annual modulation.

All p-values are similar.

S2-only allows for a lower energy

threshold
0(100 V)

é 11 )
ty < 3.1 x 10 B

Gae < 4.8 x 10712

Rus < 2256 events/t/y
\_ J

Both checks consistent with all
hypotheses.



Our results are...
inconclusive.

(what’'s next?)



XENONNT

PMT array (494 PMTs in total, TPC (59tLXe, ~ XENONNT is currently

in 2 arrays) 4 t fiducial) Gd-doped water) taking science data!
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TPC (59t LXe, | Neutron veto (120 PMTs, ‘ XENONNT is currently

in 2 arrays) 4 t fiducial) Gd-doped water) taking science data!
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XENONNT

Liquid xenon
purification system

<t ‘

Rn distillation column

o & aa
' iy g' OQ e . ’o | reduce 222Rn (214Pb)
TPC (5.9 t LXe, Neutron veto (120 PMfs, ‘ XENQNHT: is currently
in 2 arrays) 4 t fiducial) Gd-doped water) taking science data!
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XENONNT
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PMT array during assembly

Waveform during current operation
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XENONNT: Detector performance

— 1.0 T T L L L IR B
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XENONNDNT: purification

25
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Lifetime [ms]

£S5
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Purity Monitor e

XENON Preliminary

0 | I | | | | |
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Time [d]

lonization electrons - survival probability

+  High purification flux for removing electronegative XENONA1T: 0.65 ms = 0.9 x maximum
impurities: 2 1 /min LXe ~ 350 kg/h drift-time (30 % cathode survival)
- Low-Rn filters for science data taking XENONNT: 2.2 ms maximum drift

- Achieved electron-lifetime of > 20 ms (> 90 % cathode survival)
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XENONNT: Radon distillation
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Reached equilibrium concentration of 1.72 uBq/

kg by gas extraction only
Background goal 1 uBg/kg

Constant removal of emanating radon from

: : : Additional factor 2 in Rn removal possible via
xenon using difference in vapor pressure

liquid extraction
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XENONNT: neutron veto

= Muon veto PMTs

Support structure

Cryostat and TPC

Neutron veto PMTs

Neutron veto reflector

5m

Neutron capture lines from
AmBe and 9Be (a,n)

<

102 E
E 101'E
+  Gadolinium-doped water Cherenkov detector with fg
0.5 % Gd2(SO4)3 g 10
- Optically separate inner region of existing muon veto S04
. 120 PMTs =

- Projected 87 % neutron tagging efficiency
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XENONNT: background projections
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XENONNT: background projections

JCAP 11 (2020) 031

WIMP-nucleon og; [cm?]
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XENONRNT SI projectionin 20ty
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WIMP mass [GeV/c?]

WIMP-nucleon og; [cm?]

10746

1048

XENONNT SI projection

‘# XENON1T 50 GeV/c? WIMP

Exposure [ty]

Improve existing WIMP limits by more than one order of magnitude with 20 tonne-year exposure

Reach neutrino fog (and detect 8B neutrinos from the sun)

Discovery potential beyond 10-47 cm? for 50 GeV/c2 WIMP in ~ one year live time



XENONNT: excess

Expected o

12

10

I

I I I I I =
214pPh. 1 pBq/kg (XENONNT goal) T

214pph: 3 uBg/kg
214PDh: 5 uBg/kg (achieved in SR2) - n

1 2 3 4 D §
Exposure [t-y]

~

\_

~

XENONnNT will discriminate axions from tritium

with - few months of data

J
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Vary the 214Pb

contribution

(mow 1.72 uBq/kg)

Discriminate
based on energy
spectrum alone.

Uses best-fits

from 17T search.
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Summary

e XENONIT still holds the best limit for ST WIMPs
(although may change soon)

® [ower dark matter masses and other physics can be
probed with new analysis techniques to lower the

threshold

® An excess at low energies is best fit with solar
axions, but in tension with astrophysical constraints

e XENONNT is currently taking science data with 1/6
of the 1T background and 20 times more exposure.

iis: i stesth www.xenonexperiment.org

instagram.com/xenon_experiment
00000

000000000
00000000000

o000 0O ..::
o000 0 .
S2%0 twitter.com/xenonexperiment
000
( 1

T Y )
XENON M.Galloway | KIT 2021
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Coherent neutrino-nucleus scattering

Light yield: Ly

Neutrino flux: ¢

Charge yield: Ly 14

12

* Lightyield and signal rate highly

<10
correlated, so XENON1T-only result E 8 <

>

S Gl
becomes an upper ||m|t on the "5' N i E——
combination of both 2

 Combination of XENONT, LLNL charge
yield and LUX light yield enables to set

upper limit on neutrino flux

®<14-100ecm™>2s1(90% C.L.)

e Measured neutrino flux from SNO enables

to set upper limit on the light yield e 3 1 5 6
Ly [ph / keV] (Flat)
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i
=Qy+Ly
i
I
I
I

|
XENONIT
+ Qy + Flux
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Coherent neutrino-nucleus scattering

1.0

0.5

® neutrino interactions with
up, down quarks

® SM interaction is at 0.0,
0.00

—0.5

I XENONIT
I COHERENT

Phys. Rev. Lett. 126 (2021) 091301
COHERENT LAr 2020

i CHARM
~1.97% —5.5 0.0 0.5 1.0
£0¢
4.6 x 1027 CEVNS

nuclei/tonne Xe v, survival probability Neutrino flux cross-section

NOb S

dR dN do(E,,T
e=m.J Pe(Ey)° . o( v )dE
E

dT dE dT Y

v, min v
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Axion statistical inference

3D confidence volume (90% C.L.)

\_

Gae < 3.7 x 10712

GaegSt ) < 4.6 x 10718

JaeGay < 7.6 x 10722 GeV ™!

J

( Poor fit for small ABC rate ]

57Fe

103 I
104} _:
107 __
SOldf v
*
-6 . :
T8 0 N'Z :
c) ]
107E -z __
10° = = (this work) __
- ® -
2 P
s| | |
10 L |
10 0 : ; ; 5
gae le—12
ABC
: Strong tension with astrophysical constraints from A
stellar cooling
(arXiv:2003.01100)
) J
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Axions via Inverse Primakoff effect

Goy =3-107° GeV~!, g, = 510712, g&ff =5.1077

140 - —— XENONIT B, model
""" ABC Flux + Inverse Primakoff
1204 Primakoff Flux + Inverse Primakoff
""" 57Fe Flux + Inverse Primakoff
XENONIT E 100- } ¢ XENONIT SR1 Data
>
s Y £ *
.... \
2
=
4
€3]
//\
e Xe
1078 — 0 . : : . .
- ! 1 0 5 10 15 20 25 30
> WDLF excl E [keV]
B With Inverse Primakoff e R
3 B Without Inverse Primakoff -~ 27
Solar excl ’ ‘
A
p~PandaX 1
excl.
; —tLUX excl
10—12 : r
10” 10712 107" ot
Jae —15.0 —14.5 —14.0 —13.5 —13.0 —12.5 —12.0 —11.5 —11.0
log gae
C. Gao, et al.

arXiv:2006.14598

Coherent interaction of axion with field of atom via axion-photon coupling.
Minimising the tension with stellar constraints.
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Statistical Method

Unbinned profile likelihood analysis

* Profile over the nuisance parameters
(background components, efficiency)

expected total expected total 1 - over all observed events,
signal events background events N =42251
\‘ V ’/" background PDF
‘C(:usa b 0) = Poiss(N|utor) !
N 3
Mo, O : nuisance 0 Hb; P
L322 1 (B 0) + -
parameters = - tot Htot
0 = includes shape X r Ch,. (t,,) X H Co, (6,),
parameters for the eff. m ) TN n o w
spectral uncertainty & N, T ’
peak location uncertainty Htot = Z,u by THs Tl

J
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signal PDF

.. constraints on the expected nr
of background (m) events and
shape parameters (n=6)
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Statistical Method

Unbinned profile likelihood analysis

* Profile over the nuisance parameters

(background components, efficiency)

expected total expected total

1 - over all observed events,

signal events background events N =42251
\‘ V ’,"' background PDF  signal PDF
L(fis, o, @) = Poiss(Npuior) s
N v ¢
Hb, 0 : nuisance r b . s |
parameters x 1: ; Wit f j (EZ’ H) + Lot fs (Ezv 9)
0 = includes shape X r C,.. (pp, ) X H Co, (0,),
parameters for the eff. . L nw
spectral uncertainty & IR = e “~._ constraints on the expected nr
peak location uncertainty Heot = Z L of background (m) events and
J shape parameters (n=6)
* Combine likelihoods of the 2 partitions L=0L, X Lb|
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Statistical Method

Unbinned profile likelihood analysis

* Profile over the nuisance parameters
(background components, efficiency)

expected total expected total 1 - over all observed events,
signal events background events N =42251
\‘ V ’,"' background PDF  signal PDF
L(ps, pro, 0) = Poiss(Nuyer) s
N v v
Hb, 0 : nuisance r b . s |
parameters X 1: ; Lot fbj (Eu H) —+ ltos fs (Ezy 9)
0 = includes shape X r C,.,. (1p,,) X H Cy. (6,),
parameters for the eff. . \ w
spectral uncertainty & N, T “\\ constraints on the expected nr
peak location uncertainty Htot = Z L of background (m) events and

J shape parameters (n=6)

* Combine likelihoods of the 2 partitions L=0L, X Ebl

.. . N max. L with specified
o Test statistic q for inference L(us, fun, @) < .
— _9] Hs, Kb, signal parameter s
q(ps) = —2ln—=————
»C(/isa Hb, 0 ) «---- nuisance parameters
] ] ] that maximise L
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Event quality and backgrounds

élo4 13.0 8000 T I I | ' '
.l 253
— e 11 103 {2.0 &
§ =l liss 4000
> - 102
|| q10° 105 £
‘ ‘ : ‘ ‘ e — ia i 8.0 —_ 2000
40 A || o lso E
’é‘ 20 113 45 so ) 710()% '_"Q 1000
S 0r fa o 1 : S [\
> 5 | 10° 1150 = W
: [ S L
S o wo a1 o5 Ol
x (cm) Time (us) +7.236e2 i
200
surface
w0 6 _ é“" - 1000 10 20 30 40 50 60 70
20 663 :8 660 716:2?4041132 i 10 % CS ]. [PE]
£ OO e 195 10BN 2) {10° g £
s 0 29 841041172 732 i T | 6 %
T _20] REE ;’lloiioilja‘g: b 4 %
o NGRS || o .- Instrumental backgrounds
0
40 E 1 . . .
o [ * 3 No accidental coincidences (AC) or surface
- 100 € .
§ o 1 e e backgrounds reconstructed in ROI
> =
- i 200 2 falls within ER band (physical events)
10° 10I02 10105 10108 220 82
Time (us) 1

Event classification and
waveform inspection: all ok.
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Event quality an

ackgrounds

Event classification and

élo4 13.0 8000 T I I | ' '
& 2.5 5
- N T E a3 120 &
§ ™ liss 4000
> ' 1.0 2
{102 0.5 <E(
| ' ] R 2000
401 222333345 11 1102 50 >
_ 20f £ Pooc N 100 & 1000
§ o i 52 | *100 = 150g S
>_ i 1C | = U)
. i i 200 400
ol ; |
T e e o o o S1
x (cm) Time (us) +7.236e2 i
200
surface
I 100, 10 20 30 40 50 60 70
10 '-% CS]_ [PE]
T 18 &
2 16 S
1a £
e 3 g Instrumental backgrounds
0
{10° 0 _ No accidental coincidences (AC) or surface
— 100 £ .
5 e backgrounds reconstructed in ROI
> =
200 falls within ER band (physical events)
—;10 —‘20 (I) 2IO 410 10I02 : 10105 10108 4250 82
X (cm) Time (us) |

Valid events

waveform inspection: all ok.
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Energy Reconstruction

S1 S2
=g1Nph =92N€

E = (Nph—I—Ne) - W
with W =13.7 eV/quanta for xenon
g1 and g2:

detector-specific gain constants;

extract gi1/gz from calibration data



Energy Reconstruction

{
| ML A_ T
S2

=g1Nph =92N€

E = (Nph—I—Ne) - W
with W =13.7 eV/quanta for xenon
g1 and g2:

detector-specific gain constants;

extract gi1/gz from calibration data

anticorrelated

U::sw S1
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Energy Reconstruction

500
KM ‘J IM w0 Doke plot
1 — 400 L3325 ke
‘ IL\\ ! - _ %
i <
)
S1 82 & 300 B 131mX
—_ — No] €
= g1Nph =0- N, @ X 1639 keV
o 200~
o)
E = (Npw+ No) - W :
L
: O 1001
with W =13.7 eV/quanta for xenon g1 = 0.1426*3:99%1 pe/ph
g, =11.55%3:81 pe/e
] ] l l I
g1 and g2 O 5 6 7 8 9 10
detector-specific gain constants; Light yield [pe/keV]
extract gi1/gz from calibration data
S2 g2 S1 L 92
E’\J)T anticorrelated E g1 E |44

U;‘n S1
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Energy Reconstruction

500
KM 60Co DOkeplot
1 ?'I ! — 20013325 ke
‘ IL\\ ) ‘ %
i <
0
S1 82 & 300 B 131mX
— — © 129m ¥
= O Nph =0 N@ T 236.)§ekev 163.9 keV
= 200
o
E = (Npn + Ne) - W _r;U
: O 100F
with W =13.7 eV/quanta for xenon g1 = 0.1426*3:99%1 pe/ph
g, =11.55%3:81 pe/e
] ] | I |
g1and gz: O 5 6 7 8 9 10
: : Light yield [pe/keV
detector-specific gain constants; ght yield [pe/keV]
extract gi1/gz from calibration data
S2 g S1 n g2
El\l)f anticorrelated E 451 E %%

g1 and g2 are used to reconstruct

energy of each event

S1 N S92
gl g2

B=( )W

U:S1 S1
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Energy Reconstruction

2D analysis 1D analysis
7 S1 | 82
oo . E — (g_l + 9—2) -W
* . , N % . ¢ o
R IRITIRTI R,
S1 [PE] E[keV]
S2/S1 space Combined Energy Scale
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Energy Reconstruction

2D analysis 1D analysis
™ o
(V)
S1 S22
AT Pelate) "
® e o ’ % 0 ’ >
AL IR
S1 [PE] E[keV]
S2/S1 space Combined Energy Scale
37Ar (2.8 keV) .
2500 . - E oo . .
17500 ___ 5 gkev i
102 & 15000 |- i
£ 12500 i
;‘ij - & 10000 L ELIMINARY i
1019 7500 |- i
£ !
= 5000 |- :
PRELIMINARY 2500~
00 1I0 2IO 3I0 40 10° 00 i é ' é lll
cS1 [PE] Energy [keV]
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214Pb p-decay spectral model

*1“Pb dominant background component

Rate [arDb. units]
o — o o = =
(\®) > (@) (@0 (@) (\®)

O
o

| I I | | I | I
— ——
|
—— This work - 214Pp
— GEANT4 10.6 —
- [AEA LiveChart
B 0 110 210 30 ]
l | l l | l l l
0 25 50 75 100 125 150 175 200

Energy [keV]

Atomic screening and
exchange effects can

increase rate at low energies.

~6%0 uncertainty on the

shape

~50%0 needed to account

for excess

22pp, 3K also calculated.

s

.

\
Calculated spectra by

X. Mougeot

_/




Tritium: activation

Evolution of tritiated water (HTQO)

3SH Activity [pBg/tonne]
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Tritium: activation

Above ground
cosmogenic activation
(sea level) of xenon:
~32 tritium atoms/kg/d
(Zhang et al, 2016)

Evolution of tritiated water (HTQO)

3SH Activity [pBg/tonne]

E | | | | | | | |
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L. o mmmmmmmT T ms - -
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1 04 = 1. Above ground 2. Underground = :
|' production decay % 0
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= 4. Decay |
oF 15
107 = ==+ HTO prediction I %
=
1072 1
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Tritium: activation

Above ground
cosmogenic activation
(sea level) of xenon:
~32 tritium atoms/kg/d
(Zhang et al, 2016)

1 ppm water in bottles

— HTO.

Evolution of tritiated water (HTQO)

3SH Activity [pBg/tonne]
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Tritium: activation

Above ground
cosmogenic activation
(sea level) of xenon:
~32 tritium atoms/kg/d
(Zhang et al, 2016)

1 ppm water in bottles

— HTO.

Coldtrap

Evolution of tritiated water (HTQO)

3SH Activity [pBg/tonne]
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Tritium: activation

Above ground
cosmogenic activation
(sea level) of xenon:
~32 tritium atoms/kg/d
(Zhang et al, 2016)

1 ppm water in bottles

— HTO.

Coldtrap

Efficient removal
(99.99%) in
purification system

Evolution of tritiated water (HTQO)

3SH Activity [pBg/tonne]
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Tritium: activation

Evolution of tritiated water (HTQO)

Above ground = | : : | | , , , -
cosmogenic activation | — 106[- J10-19
(sea level) of xenon: = | SRS |
o e - —’——__ g = :
~32 tritium atoms/kg/d g 104 '_,;’ 1. Above ground 2. Underground 'é i — 1021 o
(Zhang et al, 2016) 2 1 production decay gl g
= 102k— & d.,2 2
| , 10723 &
1 ppm water in bottles | heay —
= = 4. Decayl - QO
— HTO. > oF I S . <
'-8 10°F ===+ HTO prediction | ® —10-2° E
< ! ® SRI bestfit tritium : “% % = ™
Coldtrap T 10-2F ) = 110-27
3p ok o
Efficient removal - ' ' | ' ' ' °
(99.99%) in Q (LQQ D;QQ QQQ %QQ \QQQ '\(LQQ »\D;QQ \609
urification system Time [days]
P y y




Tritium: activation

Evolution of tritiated water (HTQO)

Above ground = | : : | | , , , -
cosmogenic activation | — 106[- J10-19
(sea level) of xenon: = | SRS |
o e - —’——__ g = :
~32 tritium atoms/kg/d g 104 '_,;’ 1. Above ground 2. Underground 'é i — 1021 o
(Zhang et al, 2016) 2 1 production decay gl g
= 102k— & d.,2 2
| , 10723 &
1 ppm water in bottles | heay —
= = 4. Decayl - QO
— HTO. > oF I S . <
'-8 10°F ===+ HTO prediction | ® —10-2° E
< ! ® SRI bestfit tritium : “% % = ™
Coldtrap T 10-2F ) = 110-27
3p ok o
Efficient removal - ' ' | ' ' ' °
(99.99%) in Q (LQQ D;QQ QQQ %QQ \QQQ '\(LQQ »\D;QQ \609
urification system Time [days]
P y y

From purification and handling,
this component seems unlikely.



Tritium: emanation

Tritium is naturally abundant in water (HTO) and hydrogen (HT) - emanation from materials
"H:H in H>O is 5 - 10 x 10* mol/mol *

*Hydrology measurements from IAEA nuclear database



Tritium: emanation

Tritium is naturally abundant in water (HTO) and hydrogen (HT) - emanation from materials
"H:H in H>O is 5 - 10 x 10* mol/mol *

Best-fit tritium (~ 6 x 10"* mol/mol) requires > 30 ppb of (H>O + H») impurities

*Hydrology measurements from IAEA nuclear database



Tritium: emanation

Tritium is naturally abundant in water (HTO) and hydrogen (HT) - emanation from materials
"H:H in H>0 is 5 - 10 x 107" mol/mol *

Best-fit tritium (~ 6 x 10* mol/mol) requires > 30 ppb of (H,O + H;) impurities

HTO

o
Relative S1 Light Yield

| |
100 a0
Fine LCM]

Our light yield implies
o) ppb H.O

*Hydrology measurements from IAEA nuclear database
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Tritium: emanation

Tritium is naturally abundant in water (HTO) and hydrogen (HT) - emanation from materials
"H:H in H>O is 5 - 10 x 10* mol/mol *

Best-fit tritium (~ 6 x 10"* mol/mol) requires > 30 ppb of (H>O + H») impurities

HTO HT

e No direct measure of
H> abundance or
impurity concentration

e

.
@

i2

i3

o

}

§

]

}

§

§

}

}

}

For O:-equivalent
impurities, electron
lifetime indicates

0O(0.1) ppb

Electron lifetime [us)

o
Relative S1 Light Yield
[

| 1 i
0 10 20 30 40

Fint [€M]

¢ x 100 higher H;

Our light yield implies concentration than O»-
o) ppb H.O eq. molecules - possible?

*Hydrology measurements from IAEA nuclear database
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Tritium: emanation

Tritium is naturally abundant in water (HTO) and hydrogen (HT) - emanation from materials
"H:H in H>O is 5 - 10 x 10* mol/mol *

Best-fit tritium (~ 6 x 10"* mol/mol) requires > 30 ppb of (H>O + H») impurities

HTO HT

e No direct measure of
H> abundance or
impurity concentration

-
H

@
i2
i3
o
H
H
]
H
H
H
H

For O:-equivalent
impurities, electron
lifetime indicates

0O(0.1) ppb

Electron lifetime [ps)

o
Relative S1 Light Yield
[

1 | =
0 10 20 30 40 0.6

Fint [€M]

¢ x 100 higher H;

Our light yield implies concentration than O»-
o) ppb H.O eq. molecules - possible?

( HTO, HT emanation unlikely based on LXe purity. J

*Hydrology measurements from IAEA nuclear database

M.Galloway | Krakow Jagiellonian Seminar 2021



XENONNT
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