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•XENON1T Detector 
•What is Electronic Event? 
•Background model 

• + Tritium 
• + Solar Axion 
• + neutrino magnetic moment 
• + Bosonic dark matter 

• Future prospect
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XENON1T Experiment
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The XENON Collaboration: ~170 scientists
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XENON1T at Gran Sasso, Italy

gran sasso, Italy
•Laboratori Nationali del Gran Sasso in Italy 
•1,400 m rock overburden (3,400 m.w.e)
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History of XENON Experiment

XENON10 XENON100 XENON1T XENONnT

2005-2007 2008-2016 2012-2018 2019-202x

25 kg - 15cm drift 161 kg - 30 cm drift 3.2 ton - 1 m drift 8 ton - 1.5 m drift

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs
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•Direct Dark Matter  
(WIMP) search detector 

•3.2  tonne total/ 1 tonne 
fiducial LXe 

•Two phase Xe TPC 
•~250 x 3 inch PMTs 
•2012-2018 (terminated)
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XENON1T Detector

Cryogenics & 
Purification

DAQ & Slow Control

Xe  Storage & 
Recovery

Kr distillation column  
& Xe Analytics

Cryostat &  LXeTPC

Muon Veto



9

Two-phase Xe Time Projection Chamber
Two signals for each event:  
• 3D event imaging: x-y (S2) and z (drift time) 
• self-shielding, surface event rejection, 

single vs multiple scatter events  
• Particle identification using S2/S1 ratio 

(nuclear recoil vs beta, gamma)

�,�

ER

• Scintillation light - S1 
• Ionization electron -S2
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fast neutron
WIMP

electronic recoilnuclear recoil

-U/Th/40K etc background
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Interaction with dark matter

gamma, beta
Axion, Neutrino …
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Two-phase Xe Time Projection Chamber

• Recoil type discrimination from ratio of charge (S2) to light (S1)
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Two-phase Xe Time Projection Chamber

• Recoil type discrimination from ratio of charge (S2) to light (S1)
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• Scintillation light - S1 
•

WIMP Search 

Garbage !
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XENON1T WIMPs Search - 2018

13

Most stringent result on WIMP Dark Matter down to 3 GeV/c2 masses [PRL 121, 111302 + PRL 123, 251801]

One ton-year of search for WIMPs induced nuclear recoils
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WIMP Search Result

Phys.Rev.Lett. 121 (2018) no.11, 111302 
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PRL 123, 241803 - Migdal effect
PRL 123, 251801 - Light dark matter
PRL 121, 111302 - Main WIMP search

XENON1T

XENON1T

XENON1T
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XENON1T Electronic Recoil band band

17

Nuclear recoil energy scale -> Electronic recoil energy scale

10

FIG. 4. A zoomed-in and re-binned version of Fig. 3 (top),
where the data display an excess over the background model
B0. In the following sections, this excess is interpreted under
solar axion, neutrino magnetic moment, and tritium hypothe-
ses.

exhibit a clear time dependence. More detailed studies
of the temporal distribution of these events are described
in Sec. IVE.

Several instrumental backgrounds and systematic ef-
fects were excluded as possible sources of the excess.
Accidental coincidences (AC), an artificial background
from detector e↵ects, are expected to be spatially uni-
form, but are tightly constrained to have a rate of
< 1 event/(t·y·keV) based on the rates of lone signals
in the detector, i.e., S1s (S2s) that do not have a corre-
sponding S2 (S1) [51]. Surface backgrounds have a strong
spatial dependence [51] and are removed by the fiducial-
ization (1.0 tonne here vs. 1.3 tonnes in [3], correspond-
ing to a radial distance from the TPC surface of & 11 cm)
along with the stricter S2 threshold cut. Both of these
backgrounds also have well-understood signatures in the
(cS1, cS2b) parameter space that are not observed here,
as shown in Fig. 5.

The detection and selection e�ciencies were verified
using 220Rn calibration data. The � decay of 212Pb, a
daughter of 220Rn, was used to calibrate the ER response
of the detector, and thus allows us to validate the e�-
ciency modeling with a high-statistics data set. Similarly
to 214Pb, the model for 212Pb was calculated to account
for atomic screening and exchange e↵ects, as detailed in
Appendix A. A fit to the 220Rn data with this model and
the e�ciency parameter described in Sec. III C is shown
in Fig. 6 for a 1-tonne fiducial volume, where good agree-
ment is observed (p-value = 0.50). Additionally, the S1
and S2 signals of the low-energy events in background
data were found to be consistent with this 220Rn data
set, as shown in Fig. 5. This discounts threshold e↵ects
and other mismodeling (e.g., energy reconstruction) as
possible causes for the excess observed in Fig. 4.

FIG. 5. Distribution of low energy events (black dots) in
the (cS1, cS2b) parameter space, along with the expected
surface (purple) and AC (orange) backgrounds (1� band).
220Rn calibration events are also shown (density map). All the
distributions are within the one-tonne fiducial volume. Gray
lines show isoenergy contours for electronic recoils, where the
excess is between the 1 and 7 keV contours, highlighted in
blue.

FIG. 6. Fit to 220Rn calibration data with a theoretical �-
decay model (see Appendix A) and the e�ciency nuisance
parameter, using the same unbinned profile likelihood frame-
work described in Sec. III C. This fit suggests that the e�-
ciency shown in Fig. 2 describes well the expected spectrum
from 214Pb, the dominant background at low energies.

Uncertainties in the calculated spectra were consid-
ered, particularly for the dominant 214Pb background.
More details can be found in Appendix A, but we briefly
summarize them here. A steep rise in the spectrum at low
energies could potentially be caused by exchange e↵ects;
however this component is accurate to within 1% and
therefore negligible with respect to the observed excess.
The remaining two components, namely the endpoint en-

Accidental events

surface 
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In the past …

LETTER RESEARCH

could be quantified and led to a further removal of datasets (Methods). 
This yielded a final live time of 177.7 d.

Atomic X-rays and Auger electrons cannot be resolved individually 
owing to their sub-millimetre range in LXe and the rapid succession 
of the relevant atomic processes. Therefore, the experimental signa-
ture of K-shell 2νECEC in XENON1T is a single S1 + S2 pair. Both 
S1 and S2 signals were used for the analysis to achieve the optimal 
energy resolution for the resulting peak. The energy scale around 
the expected signal at E0 = (64.3 ± 0.6) keV was calibrated using 
monoenergetic lines of injected calibration sources (for example,83mKr),  
neutron-activated xenon isotopes and γ-rays from radioactive decays in 
the detector materials. The energy resolution of a Gaussian peak at E0 is 
σ/µ = (4.1 ± 0.4)%, where µ is the energy and σ is the width of the peak 
(Methods). The uncertainty on E0 reflects the uncertainties of both the 
energy reconstruction and the correction for sub-excitation quanta. 
An ellipsoidal 1.5-t inner fiducial mass was identified as providing the 
optimal signal-to-background ratio in sideband studies between 80 keV 
and 140 keV, above the blinded signal region.

Understanding the measured energy spectrum is essential when 
searching for a small peak from 2νECEC. Three classes of backgrounds 
contribute to the spectrum: from intrinsic radioactive isotopes that are 
mixed with the LXe, from radioactive isotopes in the detector materials 
and from solar neutrinos. The latter is subdominant and well con-
strained from solar and nuclear physics. γ-rays from 60Co and 40K, as 
well as from 238U and 232Th decay chains, constitute the bulk of the 
detector material backgrounds. They can undergo forward Compton 
scattering before entering the 2.0-t active mass and produce a flat spec-
trum at low energies. Multiple scatters inside the active volume are 
rejected by selecting events with only a single S2 compatible with a 
single S1. The most important intrinsic background components are  
β decays of 214Pb, a daughter of 222Rn that is emanated from inner 
surfaces in contact with xenon, the two-neutrino double β decay of 
136Xe and the β decay of 85Kr. Monoenergetic peaks from 83mKr injected 
for calibration and activation peaks that occur after neutron calibra-
tions (131mXe and 129mXe) are present in the spectrum as well. The acti-
vation 124Xe + n → 125Xe + γ has implications for 2νECEC search, as 
125Xe decays to 125I via electron capture. With a branching ratio of 100% 
and a half-life of 59.4 d, 125I decays into an excited state of 125Te. The 
subsequently emitted γ-ray together with the K-shell X-ray, which is 
produced in 87.5% of cases, leads to a monoenergetic peak at 67.3 keV. 
Owing to its proximity to E0, this peak would present a large background  

for the 2νECEC search that would only become apparent after 
unblinding. Using an activation model based on the parent isotope, we 
verified that 125I was removed from the detector with a time constant 
of τ = (9.1 ± 2.6) d (Methods). This is in accordance with continuous 
xenon purification using hot zirconium getters26. Accounting for arti-
ficial neutron activation from calibrations and for activation by radio-
genic thermal neutrons in the purification loop outside the water tank, 
we expect = ±N (10 7) events125I

 in the 177.7-d dataset.
The background model was constructed by matching Monte Carlo 

simulations of all known background components18 with the meas-
ured energy spectrum. Taking into account the finite detector resolu-
tion, events with single energy depositions in the active volume were 
selected from the Monte Carlo data and convolved with the measured 
energy resolution. The weighted sum of all spectra was optimized 
simultaneously to resemble the measured energy spectrum (Methods). 
The blinded signal region was not used in the fit. The measured  
energy spectrum with the best fits for the individual components is 
shown in Fig. 2. After unblinding of the signal region, a clear peak  
at E0 was identified. The energy and signal width obtained from  
the spectral fit to the unblinded data are µ = (64.2 ± 0.5) keV and 
σ = (2.6 ± 0.3) keV, respectively. The resulting sum spectrum of the 
event rate is shown in Fig. 3. Converting the fit to the total event count 
yields = ±N (9 7) events125I

 from the decay of 125I and N2νECEC = 
(126 ± 29) events from 2νECEC. Compared to the null hypothesis, the 

χ∆ 2  value of the best fit is 4.4.
Several consistency checks were carried out. We verified that the 

signal was homogeneously distributed in space and accumulated lin-
early with the exposure. A simultaneous fit of an inner (1.0 t) and an 
outer (0.5 t) detector mass with different background compositions 
yielded consistent signal rates. We verified the linearity of the energy 
calibration by identifying the 125I activation peak at its expected posi-
tion, which is separated from E0 by more than the energy resolution.

The fit accounts for systematic uncertainties, such as cut acceptance 
and the number of 125I events, by including them as fit-parameter 

K L M N

e

e

L M N

X

e

Q

Q

Electron capture Neutrino emission

Atomic
relaxation 

Fig. 1 | Schematic of two-neutrino double electron capture. In the 
2νECEC process the nucleus captures two atomic-shell electrons (black), 
usually from the K shell, and simultaneously converts two protons (red) to 
neutrons (white). Two neutrinos (black) are emitted in the nuclear process 
and carry away most of the decay energy while the atomic shell is left in 
an excited state with two holes in the K shell. A cascade of X-rays (red, ‘X’) 
and Auger electrons (red, ‘e’) are emitted during atomic relaxation, when 
the K shell is refilled from the higher-energy L, M and N shells. In turn, 
vacancies are created in the refilling shells and are refilled with electrons 
from the higher-energy shells (arrows).

103

102

101

100

R
at

e
(k

eV
−1

 t−1
 y

r−1
)

a

131mXe
83mKr
85Kr

214Pb
Solar Q
136Xe

Materials
Interpolation
Fit

2QECEC
Blinded region
125I

25 50 75 100 125 150 175 200

Energy (keV)

−3
0
3

R
es

id
ua

lb

Fig. 2 | Fit of the background model to the measured energy spectrum. 
The exposure of the background data is 177.7 d in the 1.5-t inner fiducial 
mass and the uncertainties are Poissonian. a, The data are described by 
a simultaneous fit of Monte Carlo-generated background spectra, taking 
into account all known background sources and the 2νECEC signal (solid 
red line; χ2/d.o.f. ≈ 527.3/462; d.o.f., degrees of freedom) in two sub-
volumes of the detector (Methods). The linear interpolation of the detector 
material backgrounds below 100 keV is indicated by the purple dashed 
line. The remaining intrinsic background sources are shown as solid and 
dashed coloured lines. The energy region around the expected 2νECEC 
peak was blinded (grey band) until the background model was defined.  
b, The residuals between the data and the fit, including the 1σ (2σ) bands, 
are shown in green (light green).
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constraints. Additional systematic uncertainties have to be consid-
ered when converting the observed number N2νECEC into a half-life 
(Extended Data Table 1). The 124Xe isotopic abundance in XENON1T 
was measured underground with a residual gas analyser with a system-
atic uncertainty of 1.5%. The resulting molar isotopic abundance of 
124Xe is η = (9.94 ± 0.14stat + 0.15sys) × 10−4, which is 4% larger than 
the natural abundance31 of η = (9.52 ± 0.03) × 10−4. The acceptance 
of the data selection criteria between 55 keV and 75 keV is constant 
within the uncertainties at ϵ = 0.967 ± 0.007stat ± 0.033sys. The addi-
tional systematic uncertainty accounts for the fact that for a few data 
selection criteria only a lower limit on the acceptance was measura-
ble. The finite resolution of the position reconstruction in XENON1T 
leads to an uncertainty on the fiducial mass. This was quantified by 
contrasting the mass fraction, derived from the fiducial volume geom-
etry and LXe density32 of 2.862 g cm−3 at −96.1 °C, with the fraction 
of 83mKr events in the fiducial volume. With this, the fiducial mass is 
m = (1,502 ± 9sys) kg. The half-life is then calculated as

η
=ν

ν
/

εT N mt
M N

ln21 2
2 ECEC A

Xe 2 ECEC

where MXe is the mean molar mass of xenon, NA is Avogadro’s  
constant and t is the live time of the measurement. The resulting 
half-life for the K-shell double electron capture of 124Xe is 

= . ± . ± . ×ν
/T (1 8 0 5 0 1 ) 10 yr1 2

2 ECEC
stat sys

22 . This is the longest half-life 
ever measured directly. Indications of a similarly long half-life for 
2νECEC decay have been reported3 for 78Kr. Within the uncertainties 
these half-lives are equally long, but the uncertainty of our result for 
124Xe is about two times smaller. Furthermore, our result is compatible 

with the lower limit from XMASS7 within the uncertainties (Fig. 4). 
With regard to nuclear theory, this measurement provides the first 
benchmark for nuclear structure models from the proton-rich side of 
the mass parabola. Predicted half-lives from recent nuclear calcula-
tions8,13,14, which can now be refined further, are in the same window 
as the one observed (Fig. 4).

This first direct observation of 2νECEC in 124Xe also illustrates how 
xenon-based dark-matter search experiments, with their ever-growing  
target masses and simultaneously decreasing background levels, 
are becoming relevant for other rare event searches and neutrino 
physics. It sets the stage for 0νECEC searches that can complement 
double-β-decay experiments in the hunt for the Majorana neutrino. 
Related processes involving the emission of one or two positrons 
(2νECβ+, 2νβ+β+, 0νECβ+, 0νβ+β+) in 124Xe might also exhibit 
interesting experimental signatures. The next-generation detectors 
XENONnT18, LZ19 and PandaX-4T33 are already under construction 
and will be able to probe these as-yet-unobserved decays with unprec-
edented sensitivity.

Online content
Any methods, additional references, Nature Research reporting summaries, source 
data, statements of data availability and associated accession codes are available at 
https://doi.org/10.1038/s41586-019-1124-4.
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Fig. 3 | Zoom on the energy region of interest for 2νECEC in 124Xe.  
a, The best-fit contribution from 2νECEC with N2νECEC = 126 events is 
shown by the solid black line and the full fit is indicated by the solid red 
line. The peak from 125I with =N 9 events125I

 is indicated by the solid gold 
line. The background-only model without 2νECEC (red dashed line), 
again over the full-fit range, clearly does not describe the data. The error 
bars indicate Poisson uncertainties. b, Residuals for the best fit are given 
with the 1σ (2σ) band indicated in green (light green). c, A histogram of 
the 125I activation peak as seen in 6 d of data after a dedicated neutron-
generator calibration. The Poisson uncertainties (error bars) of the data 
were calculated before a linear background was subtracted. The peak 
shows the expected shift with respect to the 2νECEC signal. The blue 
dashed line indicates a binned likelihood fit of the Gaussian peak.
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Fig. 4 | Observed 2νECEC half-life compared with theoretical 
predictions and other experiments. The measured half-life (solid blue) 
with the 1σ (2σ) statistical uncertainty band indicated in green (light 
green) is compared to the experimental 90% confidence level (C.L.) upper 
limits from XMASS7 (dashed yellow line) and XENON10025 (dashed 
red line). Recent results from nuclear structure calculations8,13,14 for 
the 2νECEC show good agreement with the half-life measured in this 
work. The theoretical half-lives from the quasiparticle random-phase 
approximation (QRPA(2013)8 and QRPA(2015)13) were calculated for the 
double K-shell-electron (KK) capture (observed) as well as for electron 
captures from higher shells (not observed), so they have been scaled up by 
the KK fraction21 f2νKK = 0.767 of the decay. The effective theory (ET14) 
and nuclear shell model (NSM14) half-lives for the double K-shell-electron 
capture are also shown.
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Observation of two-neutrino double electron 
capture in 124Xe with XENON1T
XENON Collaboration*

Two-neutrino double electron capture (2νECEC) is a second-
order weak-interaction process with a predicted half-life that 
surpasses the age of the Universe by many orders of magnitude1. 
Until now, indications of 2νECEC decays have only been seen for 
two isotopes2–5, 78Kr and 130Ba, and instruments with very low 
background levels are needed to detect them directly with high 
statistical significance6,7. The 2νECEC half-life is an important 
observable for nuclear structure models8–14 and its measurement 
represents a meaningful step in the search for neutrinoless double 
electron capture—the detection of which would establish the 
Majorana nature of the neutrino and would give access to the 
absolute neutrino mass15–17. Here we report the direct observation 
of 2νECEC in 124Xe with the XENON1T dark-matter detector. 
The significance of the signal is 4.4 standard deviations and the 
corresponding half-life of 1.8 × 1022 years (statistical uncertainty, 
0.5 × 1022 years; systematic uncertainty, 0.1 × 1022 years) is the 
longest measured directly so far. This study demonstrates that the 
low background and large target mass of xenon-based dark-matter 
detectors make them well suited for measuring rare processes 
and highlights the broad physics reach of larger next-generation 
experiments18–20.

The long half-life of double electron capture makes it extremely 
rare, and the process has escaped detection for decades. In 2νECEC, 
two protons in a nucleus are simultaneously converted into neutrons 
by the absorption of two electrons from one of the atomic shells and 
the emission of two electron neutrinos1 (νe). After the capture of the 
two atomic electrons, mostly from the K shell21, the filling of vacan-
cies results in a detectable cascade of X-rays and Auger electrons22. 
The nuclear binding energy Q released in the process (on the order  
of 1 MeV) is carried away mostly by the two neutrinos, which are not 
detected within the detector. Thus, the experimental signature appears 
in the kiloelectronvolt, rather than the megaelectronvolt, range. The 
process is illustrated in Fig. 1.

2νECEC is allowed in the standard model of particle physics and is 
related to double β decay as a second-order weak-interaction process. 
However, few experimental indications exist. Geochemical studies4,5 
for 130Ba and a direct measurement2,3 for 78Kr quote half-lives of the 
order of 1020–1022 yr.

Even longer timescales are expected for a hypothetical double elec-
tron capture without neutrino emission (0νECEC)16,17. A detection of 
this decay would show that neutrinos are Majorana particles15 (that is, 
their own anti-particles) and could help us to understand the domi-
nance of matter over antimatter in our Universe by means of leptogen-
esis23. A Majorana nature would give access to the absolute neutrino 
mass, but only with theoretical nuclear-matrix-element calculations. 
A plethora of different nuclear models8–14 can also be applied to pre-
dict the 2νECEC half-life; thus, its measurement would provide a 
vital experimental constraint for these models, as well as insight into  
double-β-decay processes on the proton-rich side of the nuclide chart.

Here we study the 2νECEC decay of 124Xe. Natural xenon is a radio-
pure and scalable detector medium that contains about 1 kg of 124Xe 
per tonne. 124Xe undergoes 2νECEC to 124Te with24 Q = 2,857 keV. 

Because the amount of energy released by the recoiling nucleus is neg-
ligible (on the order of 10 eV) and the neutrinos carrying away the 
energy Q are undetected, only the X-rays and Auger electrons are meas-
ured. The total energy for double K-shell-electron capture24 is 64.3 keV. 
This value has already been corrected for energy depositions that do 
not exceed the xenon excitation threshold22. Previous searches for the 
2νECEC decay of 124Xe were carried out with gas proportional counters 
using enriched xenon6, as well as large detectors originally designed  
for dark-matter searches25. The currently leading lower limit on the 
half-life of this decay comes from the XMASS collaboration at 

> . ×ν
/T 2 1 10 yr1 2

2 ECEC 22  (90% confidence level)7.
XENON1T26 was built to detect interactions of dark matter in the 

form of weakly interacting massive particles (WIMPs) and has recently 
placed the most stringent limits on the coherent elastic scattering 
of WIMPs with xenon nuclei27. XENON1T uses 3.2 t of ultra-pure  
liquid xenon (LXe), of which 2 t are within the sensitive volume of the 
time-projection chamber (TPC): a cylinder with diameter and height of 
about 96 cm and with walls of highly reflective polytetrafluoroethylene, 
equipped with 248 photomultiplier tubes (PMTs). The TPC is used for 
the measurement of the scintillation (S1) and ionization signals (S2) 
induced by particle interactions—the latter by converting ionization 
electrons into light by means of proportional scintillation. It provides 
calorimetry and three-dimensional position reconstruction and meas-
ures the scatter multiplicity.

The detector is shielded by the overburden due to its underground 
location at Laboratori Nazionali del Gran Sasso, by an active water 
Cherenkov muon veto28 and by the LXe itself. All detector materials 
were selected to have low amounts of radioactive impurities and low 
radon emanation rates29. In addition, the anthropogenic β-emitter 85Kr 
was removed from the xenon inventory by cryogenic distillation30. The 
combination of material selection, active background reduction and  
selection of an inner low-background fiducial volume in the data  
analysis results in an extremely low event rate of about 80 events 
keV−1 t−1 yr−1. This makes XENON1T the most sensitive detector for 
2νECEC searches in 124Xe at present.

The data presented here were recorded between 2 February 2017 and 
8 February 2018 as part of a dark-matter search. Details on the detector 
conditions and signal corrections can be found in the original publi-
cation27. The data quality criteria from the dark-matter analysis were 
applied, with the exception of those exhibiting low acceptance in the 
energy region of interest, around 60 keV. During the analysis, the data 
were blinded (that is, inaccessible for analysis) from 56 keV to 72 keV 
and unblinded only after the data quality criteria, fiducial volume and 
background model had been fixed. Datasets acquired after detector 
calibrations with an external 241AmBe neutron source or a deuterium– 
deuterium-fusion neutron generator were removed to reduce the 
impact of radioactive 125I, which was produced by the activation of 
124Xe during neutron calibrations and was taken out within a few days 
using the purification system. A pre-unblinding quantification of this 
removal using short-term calibration data led to a first reduction of the 
dataset to a live time of 214.3 d. This dataset was used to construct the 
background model. After unblinding, the long-term behaviour of 125I 

*A list of participants and their affiliations appears at the end of the paper.
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Nature 568, 532–535

The direct observation of 2νECEC in 124Xe with the XENON1T dark-matter detector. 
The corresponding half-life of 1.8 × 1022 years is the longest measured directly so far. 
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Signal Efficiency and Fiducial volume

19

Reduced fiducial volume for ER searchSimilar selection criteria as WIMPs search in 2018

High acceptance for ER energy > 2 keV
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The Low Energy Excess (ER)

20

Excess between 1- 7 keV!

Observation: 285

Expectation: 232±15

Excess is most abundant between 2-3 keV
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Background model
Search  for an excess above background.

Predicted energy spectra based on detailed modeling of each background component 
Rates constrained  by measurements and/or  time dependence 

214Pb

Intrinsic

85Kr

136Xe

124Xe

Materials

Solar neutrinos

Neutron activated
131mXe

133Xe

125I

214Pb

10 BG components
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Background fit
Unbinned profile likelihood  analysis 

Combining the likelihoods of the 2 partitions
Profile over the nuisance parameters

SR1(all)

SR1a

SR1b

t-dependent Bg
< 50 days after 
neutron calibration

> 50 days after 
neutron calibration
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What is this?

23

Background? Signal? (Beyond Standard Model)
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What is this?

24

In the (extended) SM:  

A larger value would imply new physics, and possibly solve 
Dirac vs Majorana.

Solar Axions
- QCD axion 
= Axions would also be produced in the 
Sun, with kinetic energies ~ keV

Neutrio Magnetic moment
µ⌫ ⇡ 3⇥ 10�19

⇣m⌫

eV

⌘
µB

<latexit sha1_base64="MYza2qo5NbFCH7bcvfCY768tof0="></latexit>

Bosonic Dark matter
- candidate for Warm Dark Matter 
-Axion-like particles like QCD axions. 
-allows for ALPs to take on higher masses than QCD axions

Background? Signal? (Beyond Standard Model)
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What is this?

25

In the (extended) SM:  

A larger value would imply new physics, and possibly solve 
Dirac vs Majorana.

Solar Axions
- QCD axion 
= Axions would also be produced in the 
Sun, with kinetic energies ~ keV

Neutrio Magnetic moment
µ⌫ ⇡ 3⇥ 10�19

⇣m⌫

eV

⌘
µB

<latexit sha1_base64="MYza2qo5NbFCH7bcvfCY768tof0="></latexit>

Bosonic Dark matter
- candidate for Warm Dark Matter 
-Axion-like particles like QCD axions. 
-allows for ALPs to take on higher masses than QCD axions

Background? Signal? (Beyond Standard Model)

!-decay of tritium?
Low-energy (Q value 18.6 keV) 
Long half life (12.3 years) 
Atmospherically “abundant” and 
cosmogenically produced in xenon

Removed by purification system?
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Statistical Inference

26

Neutrino Magnetic Moment

Solar Axions

ABC rate 
Primakoff rate 

57Fe rate

3independent* 
parameters 3-dimensional 

confidence 
volume

gae
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solar ν rate 
enhancement

1parameter

smoothly transitions from upper- to two-sided 
limit at 3σ. (K.D. Morå, arXiv:1809.02024)

1-dimensional 
confidence 
interval

µ⌫
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Toy-MC methods for significance*No assumptions about specific QCD 
axion models

a

⌫
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Unbinned likelihood ratio 
tests 

Profiled over nuisance 
parameters

9

L(µs,µb,✓) = Poiss(N |µtot)

⇥
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@
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fbj (Ei,✓) +
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fs(Ei,✓)
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A

⇥
Y

m

Cµm(µbm)⇥
Y
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C✓n(✓n), (15)

µtot ⌘
X

j

µbj + µs,

where µs and µb are the expected total signal and back-
ground events. Both µb and ✓ are nuisance parame-
ters, where ✓ includes shape parameters for the e�ciency
spectral uncertainty (see Fig. 2), as well as peak loca-
tion uncertainties, specifically for 124Xe (3 peaks), 83mKr,
and 131mXe. Having largely subdominant event rates,
the 3 peak locations from 125I EC are fixed at their
expected positions to save computation time. Index i

runs over all observed events with the total number of
N (=42251 events), and Ei corresponds to the energy of
the ith event. fb and fs are the background and sig-
nal probability distribution functions, and index j runs
over all the background components. Cµ and C✓ are con-
straints on the expected numbers of background events
and the shape parameters. Index m runs over back-
grounds including 85Kr, solar neutrino, 136Xe, 83mKr,
125I, 133Xe, and 131mXe, while index n is for all six shape
parameters.

Due to time-dependent backgrounds, the SR1 data
set is divided into two partitions: SR1a consisting of
events within 50 days following the end of neutron cal-
ibrations and SR1b containing the rest, with e↵ective
live times of 55.8 and 171.2 days, respectively. Including
this time information allows for better constraints on the
time-independent backgrounds and improves sensitivity
to bosonic dark matter, especially as the time-dependent
background from 133Xe impacts a large fraction of its
search region. The full likelihood is then given by

L = La ⇥ Lb, (16)

where La and Lb are evaluated using Eq. (15) in each
partition. Nuisance parameters that do not change with
time, along with all of the signal parameters, are shared
between the two partitions. The constant nuisance pa-
rameters are:

• the e�ciency parameter, which is dominated by de-
tection e�ciency and does not change with time.

• The 214Pb component, which was determined to
have a constant rate in time using detailed studies
of the ↵-decays of the 222Rn and 218Po as well as
the coincidence signature of 214Bi and 214Po.

• The solar neutrino rate, which would vary by ⇠3%
between the two partitions on account of Earth’s
orbit around the Sun. This is ignored due to the
subdominant contribution from this source.

• The decay rates of the intrinsic xenon isotopes
136Xe and 124Xe, as well as the Compton contin-
uum from materials.

The remaining parameters all display time dependencies
that are modeled in the two partitions.
The test statistic used for the inference is defined as

q(µs) = �2ln
L(µs,

ˆ̂µb,
ˆ̂✓)

L(µ̂s, µ̂b, ✓̂)
, (17)

where (µ̂s, µ̂b, ✓̂) is the overall set of signal and nuisance

parameters that maximizes L, while L(µs,
ˆ̂µb,

ˆ̂✓) is the
maximized L by profiling nuisance parameters with a
specified signal parameter µs. The statistical signifi-
cance of a potential signal is determined by q(0). For
the neutrino magnetic moment and bosonic dark mat-
ter searches, a modified Feldman-Cousins method in [80]
was adopted in order to derive 90% C.L. bounds with the
right coverage. We report an interval instead of an upper
limit if the global significance exceeds 3�. For bosonic
dark matter this corresponds to 4� local significance on
account of the look-elsewhere e↵ect, which is not present
for the neutrino magnetic moment search. The 3� signif-
icance threshold only serves as the transition point be-
tween reporting one- and two-sided intervals, and was
decided prior to the analysis to ensure correct coverage.
A two-sided interval does not necessarily indicate a dis-
covery, which in particle physics generally demands a 5�
significance and absence of compelling alternate explana-
tions.
Since the solar axion search is done in the space of

gae, gaega�, and gaeg
e↵
an , we extend its statistical analy-

sis to three dimensions. For this search, we use a stan-
dard profile likelihood construction where the true 90th-
percentile of the test statistic (Eq. (17)) was evaluated
at several points on a three-dimensional grid and in-
terpolated between points to define a 3D ‘critical’ vol-
ume of true 90-percent threshold values. By construc-
tion, the intersection of this volume with the test statis-
tic q(gae, gaega�, gaegan) defines a three-dimensional 90%
C.L. volume in the space of the three axion parameters.
In Sec. IV we report the two-dimensional projections of
this volume, found by profiling over the third respective
signal component.

IV. RESULTS

When compared to the background model B0, the
data display an excess at low energies, as shown in
Fig. 4. The excess rises with decreasing energy, peaks
near 2–3 keV, and then subsides to within ±1� of the
background model near 1–2 keV. Within 1–7 keV, there
are 285 events observed in the data compared to an ex-
pected 232± 15 events from the background-only fit, a
3.3� Poissonian fluctuation. Events in this energy re-
gion are uniformly distributed in the fiducial volume. Al-
though the statistics are limited, the excess events do not

statistical significance:
→　q(0)
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Tritium 
Solar Axion 
Neutrino magnetic moment + others

27
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• ER is the dominant background

• Surface background & neutron distribution are not uniform. 
Spatial likelihood is taken into consideration.

28

The XENON1T ER Background

dominated by Pb214 betas

Decent matching across the whole 
energy range 1-210 keV

(76 +/- 2) events/(t·y·keV) in [1, 30] keV

Lowest background rate ever achieved in this energy range!
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Tritium (3H) ? 

29

Low energy (Q-value 18.6keV) 

Long half life (12.3 years)

Two possible ways to introduce tritium:

IAEA spectrum 
after efficiency and 
resolution 

Cosmogenic production

Atmospherically abundant
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Tritium Fit

30

Tritium favored over background-only at 3.2σ

6.2± 2.0⇥ 10�25 mol/mol
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3H:Xe concentration

Tritium Rate



Masaki Yamashita, ISEE, Nagoya

Xe

31

Tritium hypothesis

31
(note: tritium from activation While underground is negligible.)

Cosmogenic activation of xenon: 
~32 tritium atoms/kg/day 

(Zhang, 2016)

1 ppm water in bottles  
implies tritium forms 
predominately HTO.

From purification and 
handling, this component 

seems unlikely.

Efficient removal (99.99%) in 
purification system (SAES 

getter with hydrogen removal 
unit)
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Tritium Hypothesis
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Atmospheric abundance in materials

Any T in xenon gas prior to 
filling would be removed. 

What about T emanating 
from materials in equilibrium 
with removal?

 *IAEA/WMO, “Global Network of Isotopes in 
Precipitation.  The GNIP Database. ” 
https://nucleus.iaea.1723org/wiser(2015).

H2O 
H2O:Xe concentration constrained from 
light yield measurement

O(1) ppb

H2 
H2:Xe concentration not constrained by any 
measurement. 

O2-equivalent concentration is <ppb from 
xenon purity measurement (e-lifetime) 

H2 would require equilibrium 
emanation rate ~100x higher than 
electronegative impurities. 

HTO:H2O concentration*  
(assume same for HT)

5�10⇥ 10�18 mol/mol
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Required (H2O + H2):Xe 
concentration to explain  
excess                                                 

60—120 ppb

https://nucleus.iaea.1723org/wiser(2015)
https://nucleus.iaea.1723org/wiser(2015)
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Tritium Hypothesis
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Atmospheric abundance in materials

Any T in xenon gas prior to 
filling would be removed. 

What about T emanating 
from materials in equilibrium 
with removal?

 *IAEA/WMO, “Global Network of Isotopes in 
Precipitation.  The GNIP Database. ” 
https://nucleus.iaea.1723org/wiser(2015).

H2O 
H2O:Xe concentration constrained from 
light yield measurement

O(1) ppb

H2 
H2:Xe concentration not constrained by any 
measurement. 

O2-equivalent concentration is <ppb from 
xenon purity measurement (e-lifetime) 

H2 would require equilibrium 
emanation rate ~100x higher than 
electronegative impurities. 

HTO:H2O concentration*  
(assume same for HT)

5�10⇥ 10�18 mol/mol
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Required (H2O + H2):Xe 
concentration to explain  
excess                                                 

60—120 ppb

Unlikely
Maybe?

https://nucleus.iaea.1723org/wiser(2015)
https://nucleus.iaea.1723org/wiser(2015)
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Tritium Hypothesis
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Atmospheric abundance in 
materials

Any T in xenon gas prior to 
filling would be removed. 

What about T emanating 
from materials in equilibrium 
with removal?

 *IAEA/WMO, “Global Network of Isotopes in 
Precipitation.  The GNIP Database. ” 
https://nucleus.iaea.1723org/wiser(2015).

H2O 
H2O:Xe concentration constrained from 
light yield measurement

O(1) ppb

H2 
H2:Xe concentration not constrained by any 
measurement. 

O2-equivalent concentration is <ppb from 
xenon purity measurement (e-lifetime) 

H2 would require equilibrium 
emanation rate ~100x higher than 
electronegative impurities. 

HTO:H2O concentration*  
(assume same for HT)

5�10⇥ 10�18 mol/mol
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Required (H2O + H2):Xe 
concentration to explain  
excess                                                 

60—120 ppb

Unlikely
Maybe?

And there are additional uncertainties… 
‣ Unknown radiochemistry in liquid xenon environment (isotopic exchange, 

diffusion, solubility, etc.)  
‣ Presence of other tritiated molecules?

https://nucleus.iaea.1723org/wiser(2015)
https://nucleus.iaea.1723org/wiser(2015)
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Tritium 
Solar Axion 
Neutrino magnetic moment + others
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Solar Axion

36

Axion 
Solution to the “strong CP problem” 

Natural candidates of the dark matter

Axions would also be produced in the Sun, with 
kinetic energies ~ keV 
However, solar axion is not a dark matter.

e
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Production

Detection

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

•ABC axion (Redondo 2013, Dimopoulos 1986) 
(atomic recombination, Bremsstrahlung, Compton) 
•Primakoff (Primakoff 1951, Dicus 1978) 
•M1 transition of 57Fe (Moriyama 1995)
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Solar Axion
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Axioelectric effect
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Fitting Axions to the Excess

38

Axion favored over background-only at 3.5σ

•Unbinned profile likelihood  
analysis 

• XENON1T BG + Axion          
(ABC, Primakov, 57Fe) 

• + Tritium background will com 
later.
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Solar Axion Results

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

Excludes one of: 

•      

•

gae = 0
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Allowed Parameter Space

40

In tension with astrophysical constraints from stellar cooling 
(arXiv 2003.01100)

P
ri

m
ak

o!

ABC

Tension:
Red giants
White dwarfs
HB stars

•extra cooling
•if axions take away energy 
from starts too much..
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•3D confidence volume 
(90% C.L.)  

•Projected onto 2D regions

41

Only accept 57Fe value near 
best-fitPoor fit for small ABC rate

Profile over Primakoff

~ABC

~5
7 F

e

Allowed Parameter Space
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Considering the Inverse Primakoff Process

42

If inverse Primakoff process 
dominates, it will not fit the excess 

as good

(arXiv 2006.14598v1)

Considering inverse Primakoff process 
can weaken the tension with stellar 

cooling constraint

Interesting additions from theorists to our data analysis

Inverse Primakov
with Xe atomic electric field
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Tritium + solar axion

43

Axion + 3H  favored over  3H hypothesis at 2.1σ

Can we distinguish the two hypothesis by additional checks?

Tritium (3H) is almost zero, but 
likelihood ratio Lsignal vs Lbg is 
small so the significance is 
reduced.
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Tritium 
Solara Axion 
Neutrino magnetic moment + others

44
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Summary and Interpretations of the Excess

45

XENON1T observes ER excess events in 1-7 keV region

14

FIG. 8. Constraints on the axion-electron gae, axion-photon
ga�, and e↵ective axion-nucleon ge↵an couplings from a search
for solar axions. The shaded blue regions show the two-
dimensional projections of the three-dimensional confidence
surface (90% C.L.) of this work, and hold for ma < 100 eV/c2.
See text for more details on the three individual projections.
All three plots include constraints (90% C.L.) from other
axion searches, with arrows denoting allowed regions, and
the predicted values from the benchmark QCD axion mod-
els DFSZ and KSVZ.

very close to the limit reported by Borexino [39], which
is currently the most stringent direct detection constraint
on the neutrino magnetic moment. Similar to the solar
axion analysis, if we infer the excess as a neutrino mag-
netic moment signal, our result is in strong tension with
indirect constraints from analyses of white dwarfs [111]
and globular clusters [41].
As in Sec. IVB, we report on the additional statistical

test where an unconstrained tritium component was in-
cluded in both null and alternative hypotheses. In this
test the significance of the neutrino magnetic moment
signal is reduced to 0.9�.
This is the most sensitive search to date for an en-

hanced neutrino magnetic moment with a dark matter
detector, and suggests that this beyond-the-SM signal
be included in the physics reach of other dark matter
experiments.

FIG. 9. Constraints (90% C.L.) on the neutrino magnetic mo-
ment from this work compared to experiments Borexino [39]
and Gemma [112], along with astrophysical limits from the
cooling of globular clusters [41] and white dwarfs [111]. Ar-
rows denote allowed regions. The upper boundary of the in-
terval from this work is about the same as that from Borexino
and Gemma. If we interpret the low-energy excess as a neu-
trino magnetic moment signal, its 90% confidence interval is
in strong tension with the astrophysical constraints.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over (fixed) masses
between 1 and 210 keV/c2 to search for peak-like ex-
cesses. The trial factors to convert between local and
global significance were extracted using toy Monte Carlo
methods. While the excess does lead to looser constraints
than expected at low energies, we find no global signifi-
cance over 3� for this search under the background model
B0. We thus set an upper limit on the couplings gae and
 as a function of particle mass.
These upper limits (90% C.L.) are shown in Fig. 10,

along with the sensitivity band in green (1�) and yel-

Neutrino Magnetic Moment (3.2")
# magnetic moment enhance the cross section.(Solar # in this case)

90% confidence interval
µ⌫ 2 (1.4, 2.9)⇥ 10�11 µB

<latexit sha1_base64="7wLZ6jxLsKpAwsSg+E1znqhbPoI="></latexit>
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Figure 3: The energy distribution after applying all cuts. The black points show the data.
The blue histograms show the best-fit signal + BG MC simulation with 1 σ errors shown
by the green histograms. The red-dotted histograms show the 90% CL upper limit for the
neutrino-millicharge signal.

shows the energy distribution of the data and the best-fit signal + BG.
The contribution a neutrino magnetic moment at our 90% CL signal limit
would have made is also shown again. The best fit neutrino magnetic mo-
ment was µν =1.3×10−10µB, with a χ2/d.o.f = 85.9/98, while µν = 0
yielded χ2/d.o.f = 88.2/98. The 90% CL upper limit for the neutrino mag-
netic moment is estimated from the χ2 probability density function to be
µν =1.8×10−10µB.

4.4. Search for neutrino interactions due to dark photons

We also searched for a signal excess due to a dark photon with MA′ in
the range from 1×10−3 MeV/c2 to 1×103 MeV/c2. Again we found no sig-
nificant excess. The middle and bottom parts of Figure 5 show the energy
distributions of the data and the best-fit signal + BG. The contribution dark
photons would have made at our 90% CL limit is also shown in the figure.
The value of gB−L from the best fit is 1.1×10−6 with a χ2/d.o.f = 85.3/98 for
MA′ =1×10−3 MeV/c2 and is null with χ2/d.o.f = 88.2/98 for 10 MeV/c2.
The upper limits for gB−L for MA′=1×10−3 MeV/c2 and 10 MeV/c2 are
1.3× 10−6 and 8.8× 10−5 at 90% CL, respectively. The 90% CL upper limit
on the coupling constant as a function of the dark photon mass is shown in
Figure 6, together with the limits and allowed region from other experimental
and astrophysical analyses [18]. Like the other neutrino and anti-neutrino
scattering experiments we exclude a wide area in this parameter space, and
for neutrinos our limit on gB−L is more stringent than Borexino’s for MA′ <
0.1 MeV/c2. While the exclusion areas derived in [18] from other experi-

12

XMASS
arXiv:2005.11891

< 1.8×10−10 μB 

10-4 cpd/keV
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Summary and Interpretations of the Excess

46

XENON1T observes ER excess events in 1-7 keV region

15

low (2�). The losses of sensitivity at 41.5 keV and
164 keV are due to the 83mKr and 131mXe backgrounds,
respectively, and the gains in sensitivity at around 5
and 35 keV are due to increases in the photoelectric
cross-section in xenon. The fluctuations in our limit
are due to the photoelectric cross-section, the logarith-
mic scaling, and the fact that the energy spectra dif-
fer significantly across the range of masses. For most
masses considered, XENON1T sets the most stringent
direct-detection limits to date on pseudoscalar and vec-
tor bosonic dark matter couplings.

FIG. 10. Constraints on couplings for bosonic pseudoscalar
ALP (top) and vector (bottom) dark matter, as a function of
particle mass. The XENON1T limits (90% C.L.) are shown in
black with the expected 1 (2)� sensitivities in green (yellow).
Limits from other detectors or astrophysical constraints are
also shown for both the pseudoscalar and vector cases [50, 81,
82, 113–120].

Due to the presence of the excess, we performed an ad-
ditional fit using the bosonic dark matter signal model,
with the particle mass allowed to vary freely between
1.7–3.3 keV/c2. The result gives a favored mass value of
(2.3 ± 0.2) keV (68% C.L.) with a 3.0� global (4.0� lo-
cal) significance over background. A log-likelihood ratio
curve as a function of mass is shown in Fig. 11, along with
the asymptotic 1-� uncertainty. Since the energy recon-

struction in this region is validated using 37Ar calibration
data, whose distribution has a mean value within < 1%
of the expectation at 2.82 keV [83], this analysis can also
be used to compare the data to potential mono-energetic
backgrounds in this region.

FIG. 11. The log-likelihood ratio for di↵erent bosonic dark
matter masses with respect to the best-fit mass at 2.3 keV/c2.
At each mass, we show the result for the best-fit coupling
at that mass. The green band shows an asymptotic 68%
C.L. confidence interval on the bosonic DM mass. As noted
in the text, the global significance for this model is 3.0 �.

E. Additional Checks

Here we describe a number of additional checks to in-
vestigate the low-energy excess in the context of the tri-
tium, solar axion, and neutrino magnetic moment hy-
potheses.
The time dependence of events in the (1, 7) keV region

in SR1 was investigated. The rate evolution does not
show a clear preference for one hypothesis over the others
for several reasons. For one, the event rates have large
uncertainties as a result of the limited statistics and short
exposure time. Additionally, the expected time evolution
of the solar signals (axion and ⌫ magnetic moment) is a
subtle ⇠ 7% (peak-to-peak) rate modulation from the
change in Earth-Sun distance; such a small e↵ect is not
observable with our exposure. Similarly, the expected
exponential decay of the tritium rate cannot be observed
due to its long half-life with respect to the duration of
SR1. Therefore, none of the hypotheses is rejected on
the grounds of time dependence.
Since the excess events have energies near our 1 keV

threshold, where the e�ciency is ⇠ 10%, we consid-
ered higher analysis thresholds to check the impact of
this choice on the results. With the excess most promi-
nent between 2 and 3 keV, where the respective detec-
tion e�ciencies are ⇠ 80% and 94%, changing the analy-
sis threshold has little impact unless set high enough so

Bosonic Dark Matter (3.0")Fitting a mono-energetic peak to the excess:
2.3 +/- 0.2 keV

Best fit: ∼60 events/tonne/year
 4.0 σ local significance

3.0 σ (global).
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Summary
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In the (extended) SM:  

A larger value would imply new physics, and possibly 
solve Dirac vs Majorana.

Solar Axions
- QCD axion 
= Axions would also be produced in the 
Sun, with kinetic energies ~ keV

Neutrio Magnetic moment
µ⌫ ⇡ 3⇥ 10�19

⇣m⌫

eV

⌘
µB

<latexit sha1_base64="MYza2qo5NbFCH7bcvfCY768tof0="></latexit>

Bosonic Dark matter
- candidate for Warm Dark Matter 
- Axion-like particles like QCD axions. 
- allows for ALPs to take on higher masses than QCD axions

Background? Signal? (Beyond Standard Model)

β-decay of tritium?
Low-energy (Q value 18.6 keV) 
Long half life (12.3 years) 
Atmospherically “abundant” and 
cosmogenically produced in xenon

Removed by purification system?

3.0σ

3.5σ

3.2σ

3.2σ
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More detail on analysis (FAQ)
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XENON1T’s Response to Betas

49

beta decay of Pb212 
is used to calibrate 
detector’s response 
to ER background

Decent matching between data and MC 
down to the energy threshold <~2keV !

21

4. Application to the Transitions of Interest

These di↵erent models have been applied to the
ground-state to ground-state transitions in 212Pb, 214Pb,
and 85Kr decays. The resulting spectra are similar to
each other in the major part of the energy range, except
at low energy.

The di↵erences are illustrated in Fig. 15 for the low
energy region of the 214Pb � spectrum. The yellow curve
is the GEANT4 RDM model as described in A 1 and the
non-physical discontinuity due to the screening correc-
tion is clearly visible at 12 keV. The red curve is from
IAEA LiveChart, thus generated by the first version of
the BetaShape program as described in A2. One can
see the e↵ect of Bühring screening correction that tends
to decrease the emission probability. The cyan and blue
curves were determined as described in A3, without and
with the atomic exchange correction, respectively. The
screening e↵ect is found to have a much smaller influence
on the spectral shape when determined using a full nu-
merical procedure than when applying an analytical ap-
proximation. However, the atomic exchange e↵ect has a
strong influence, as expected from previous studies [146].

FIG. 15. Low energy part of the � spectral shape of the
ground-state to ground-state transition in 214Pb decay. This
first forbidden non-unique transition was calculated as al-
lowed in every case but with di↵erent levels of approximations,
as described in the text. The four spectra are normalized by
area over the full energy range. See text for details on the
shape of each spectrum.

Both transitions in 212Pb and 214Pb ground-state to
ground-state decays were calculated as allowed, accord-
ingly with the approximation described in A2. It is im-
portant to keep in mind that formally, such first forbid-
den non-unique transitions should be determined includ-
ing the structure of the initial and final nuclear states,
a much more complicated calculation that is beyond the
present scope.

The transition in 85Kr decay is first forbidden unique
and can thus be calculated accurately without nuclear
structure. The description of the exchange e↵ect from

[57, 149] used here is only valid for allowed transitions.
For a first forbidden unique transition, one can expect a
contribution of the  = ±2 atomic orbitals but the exact
solutions have still to be derived. However, the spectral
shape is derived from a multipole expansion of the nu-
clear and lepton currents, as shown in the shape factor
in Eq. (A5). Therefore, one can expect that the allowed
exchange correction should give the main contribution,
and this was done to determine the 85Kr � spectrum.
The tritium � spectrum used in this work was ob-

tained from the IAEA LiveChart [58], thus calculated
using the standard Fermi function without corrections.
As 3H decays via an allowed transition, this spectrum
is su�ciently precise at energies above 0.5 keV, as con-
firmed experimentally in [79].

5. Uncertainties

The dominant contribution to the continuous
XENON1T low-energy background comes from 214Pb
� decay. We thus focus the uncertainty discussion
on the 214Pb ground-state to ground-state transition,
calculated for the final model (blue curve in Fig. 15).
The transition energy is directly given by the Q-

value [153]: Q� = 1018(11) keV. This uncertainty
can be propagated by calculating the spectrum at
(1018 ± 11) keV, namely at 1�. The result is an enve-
lope centered on the spectrum calculated at the Q-value,
which provides an uncertainty on the emission proba-
bility for each energy bin. The relative uncertainty is
1.7% below 10 keV and 1.1% at 210 keV. However, most
of this uncertainty is removed because the 214Pb spec-
trum is left unconstrained in the fitting procedure. The
remaining uncertainty component on the emission prob-
ability is ⇠ 0.5% for each energy bin, in which the shape
of the spectrum cannot vary steeply.
The atomic screening e↵ect only slightly modifies the

shape of the � spectrum. Its uncertainty contribution
can thus be safely ignored. The atomic exchange e↵ect
strongly a↵ects the spectral shape below 5 keV, and its
accuracy depends on the atomic model used. For the �
spectra of 63Ni and 241Pu, the residuals between their
high-precision measurement and the improved calcula-
tion in A 3 showed that the agreement is better than
the statistical fluctuations due to the number of counts
in each energy channel, from 0.5 keV to the endpoint en-
ergy. A conservative value of 1% for each energy bin is the
maximum relative uncertainty and is the value adopted
here.
The 214Pb transition of interest is first forbidden non-

unique. As explained in A4, the nuclear structure should
be taken into account for such a transition because it has
an influence on the spectral shape. Treating it as an al-
lowed transition induces an inaccuracy which cannot be
estimated by comparison with a measured spectrum –
no measurement has been reported so far. In the same
mass region, the 210Bi decay exhibits also a first forbid-

Atomic effects can increase rate at low energies, but have a small impact. 
~6% uncertainty on the shape 

~50% needed to account for excess

Teamed up with expert on β-decay spectra (X. Mougeot)

214Pb (Main BG in XENON1T)
atomic exchange effect
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Fluctuations and correlations

statistical fluke? (see 17 keV dip) 

funny correlation? (1-10 keV rising steadily)

Note: we use an unbinned profile likelihood  analysis
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Uniformity, Energy threshold, time dependency…

51

Threshold effects

Time dependence
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Energy Calibration at Low Energy

52

E = W (nph + ne)
<latexit sha1_base64="CVVcu7Px6xVsKn2p3FJz0SiHFk0=">AAAB/XicdVDLSgMxFM3UV62v8bFzEyxCRSiZjsW6EIoiuKxgbaEtQyZN29BMZkgyQh2Kv+LGhSJu/Q93/o2ZtoKKHrhwOOde7r3HjzhTGqEPKzM3v7C4lF3OrayurW/Ym1s3KowloXUS8lA2fawoZ4LWNdOcNiNJceBz2vCH56nfuKVSsVBc61FEOwHuC9ZjBGsjefbOBTyFDVgQXhINxvAQCo8eeHYeFRFyXVSGhpxUymVkiFMpOciFjrFS5MEMNc9+b3dDEgdUaMKxUi0HRbqTYKkZ4XSca8eKRpgMcZ+2DBU4oKqTTK4fw32jdGEvlKaEhhP1+0SCA6VGgW86A6wH6reXin95rVj3Kp2EiSjWVJDpol7MoQ5hGgXsMkmJ5iNDMJHM3ArJAEtMtAksZ0L4+hT+T25KRcctlq6O8tWzWRxZsAv2QAE44BhUwSWogTog4A48gCfwbN1bj9aL9TptzVizmW3wA9bbJ6YHk3A=</latexit>

E = W

✓
S1

g1
+

S2

g2

◆

<latexit sha1_base64="R/1AE251QmRnw0/RhTrqHxWgkrc="></latexit>

g1 and g2: detector-specific gain constants

Calibration of XENON1T down to 2.8 keV
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XENON1T results are … 
inconclusive. 
Then?

53
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Next Step: XENONnT
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Larger active volume

Reduced background level

Commissioning ongoing

3x

~1/6 XENONnT

Sensitivity Paper :arXiv:2007.08796
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New Apparatus in XENONnT

56

• Inner region of 
existing muon veto 

• optically separate 
• 120 additional PMTs 
• Gd in the water tank 
• 0.5 % Gd2(SO4)3

Neutron
veto LXe

purification
• Faster xenon cleaning 
• 5 L/min LXe 

(2500 slpm) 
• XENON1T ~ 100 slpm

222Rn
distillation

• Reduce Rn (214Pb) from 
pipes, cables, 
cryogenic system 

• New system, 
PoP in XENON1T
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Will Coronavirus Freeze  the Search for Dark Matter? 
An experiment under 4,600 feet of Italian rock wasn’t immune from the pandemic’s interruption. 
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Next Steps: XENONnT
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XENONnT will discriminate axions from tritium 
with ~ few months of data

Based on energy spectrum alone.  
Uses best-fit from 1T search. 
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• ER Excess Events in XENON1T  
–  Solar Axion 3.5" 
– Neutrino Magnetic Moment (3.2") 
– Bosonic Dark Matter (3.0") 
– Tritium Background (3.0") 
– Solar Axion + Tritium + Background (2.1") 

• XENONnT will tell us next year (commissioning phase now) 
•Stay tune!

59

Summary


