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The TPC
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Nuclear recoil searches
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PRL 123, 241803 (2019) — S2-only Migdal 
PRL 123, 251801 (2019) — S2-only NR 
PRL 121, 111302 (2018) — S1 and S2 search
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This talk 

Search for excess above known BGs

What about the electronic recoils?
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Energy reconstruction
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226.9 live days 

1 tonne fiducial volume 

[1, 210] keV energy range 

Consider efficiencies of reconstruction and data 
quality cuts 

Threshold at 10% detection efficiency

The low energy excess
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Feb. 2018

Science Run 1

(SR1)

Feb. 2017



BACKGROUND MODELLING
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Background sources modelled with 
Geant4 

Most rates constrained by other 
measurements or time dependence 

Search for excess over known 
backgrounds between 1 and 210 keV

Backgrounds
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Dataset split in 2 

Different rates of activated lines

Backgrounds
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IS THE EXCESS REAL?
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Look at Rn-220 calibration data 

Beta-decay just like dominant background 

p-value 0.58 

Efficiency and energy reconstruction
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Mistake in energy reconstruction?? Mis-modelled efficiency?
The excess is here

Cannot explain 
the excess
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Atomic effects do lead to rate enhancement 

Not properly considered in GEANT4 

Teamed up with X. Mougeot (CEA) to 
calculate the correct spectrum

Shape of background spectrum
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The Pb-214 spectrum 
has an enhancement 
at low energy?

Uncertainty of 6% at low energy too small (need 50% increase)
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Single bin too thin compared to resolution 

Goes away when rebinning 

We do unbinned analysis

Statistical fluctuations

16

Could it be a statistical fluke?? What’s with the dip at 17 keV?



POSSIBLE 
EXPLANATIONS



IT COULD BE A NEW 
BACKGROUND
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Beta decay 

Q value 18.6 keV 

Half life 12.3 years

Tritium
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3.2σ over background 

(159 ± 51) ev/keV/t/yr 

< 3 atoms 3H / kg Xe
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Cosmogenic activation? 

Xe spallation 
31.58/kg/d at sea level 
(Zhang et al., Astropart. Phys 84, 62 (2016) 

Tritium — possible origins
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Prediction

Fit

? Where from?

Seems unlikely
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Emanation from detector materials? 

Atmospheric abundance (5—10)×10−18 HTO/H2O 

Best fit ⟹ 60—120 ppb H2O+H2

Tritium — possible origins
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? Where from?

HTO 
Light yield ⟹ O(1) ppb H2O

HT 
Electron lifetime 

⟹ < ppb O2-equivalent impurities

Can neither confirm nor rule out tritium 

All other significances reported 
both with and without 

tritium in BG mode
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2.8 keV energy released after EC 

X-rays / Auger electrons 

Tested as calibration source 

Argon-37

22

��

ß�Â�YQjIg�sI<g�<Qg�YI<X�IrdIEjIG��D<hIG�][�g<gI�O<h�Z<hh�hdIEjg]ZIjgs�E][hjg<Q[jh

0<XI�<�E][hIgp<jQpIYs�PQOP�p<YkI�]N�ª�Å�Z�f�ZÄ�<jZ]hdPIgQE�ÄÈ�g���N<Ej]g�ÃÁ�j]]�Y]q�j]�IrdY<Q[�jPI�IrEIhh
¥<hhkZQ[O�<�E][hj<[j�IZ<[<jQ][�Q[j]�jPI�GIjIEj]g¦

+Y<[[Q[O�j]�ZI<hkgI�Ir<Ej�E][EI[jg<jQ][�Q[�jPI�Y<D

�Ihj�NQj�<j�Ã�Ä�XI6�¥[]j�<j�ÄÈ�g�Ã�É�XI6¦

Ã�Ä�á�Á�Ã�XI6

Äı�¥OY]D<Y¦

ÄÈ�g�D<EXOg]k[G�� ? Where from?

Always present? No, removed by distillation 

Air leak? Would also introduce Kr

Ruled out



COULD IT BE 
NEW PHYSICS?
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(atomic recombination and de-excitation, 
 bremsstrahlung and Compton)

Solar axions
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1. ABC 

2. Primakoff

3. 57Fe
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Production 
Solar physics

Detection 
Axioelectric effect

Reconstruction 
XENON1T resolution, efficiency

Like the photo-electric effect for axions
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Solar axions
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Solar axions only: 3.4σ over background 
Axions + 3H: 2.0σ over background + 3H
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3D allowed region for the three 
parameters

Solar axions
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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-
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At least one of ABC and Primakoff non-zero

In tension with astrophysical constraints 
e.g. from stellar cooling 

(arXiv 1708.02111)
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Massive neutrinos have magnetic moment 

 

A larger value  ⟹ Majorana neutrinos 

Would lead to enhanced neutrino-electron 
scattering cross-section

μν ≈ 3 ⋅ 10−19 ( mν

eV ) μB

( ≳ 10−15μB)

Neutrino magnetic moment

27
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 —  

Compatible with other experiments 

In tension with astrophysical constraints 

arXiv 1910.10568  

arXiv 1907.00115

μν : (1.4 2.9) × 10−11μB

Neutrino magnetic moment
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FIG. 7. Fits to the data under various hypotheses. The null and alternative hypotheses in each scenario are denoted by gray
(solid) and red (solid) lines, respectively. For the tritium (a), solar axion (b), and neutrino magnetic moment (c) searches,
the null hypothesis is the background model B0 and the alternative hypothesis is B0 plus the respective signal. Contributions
from selected components in each alternative hypothesis are illustrated by dashed lines. Panel (d) shows the best fits for an
additional statistical test on the solar axion hypothesis, where an unconstrained tritium component is included in both null
and alternative hypotheses. This tritium component contributes significantly to the null hypothesis, but its best-fit rate is
negligible in the alternative hypothesis, which is illustrated by the orange dashed line in the same panel.

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.

D. Bosonic Dark Matter Results

For bosonic dark matter, we iterate over masses be-
tween 1 and 210 keV/c2 to search for peak-like excesses.
The trial factors to convert between local and global sig-
nificance were extracted using toy Monte Carlo methods.
While the excess does lead to looser constraints than ex-
pected at low energies, we find no global significance 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-
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.

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.

Mag. Moment: 3.2σ over background 

with 3H: 0.9σ over background + 3H
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Search for a mono-energetic peak 

Could be dark matter, 
e.g. axion-like particle or dark photon 

Most significant at 2.3 ± 0.2 keV 

No > 3σ excess ⟹ only report limits

Bosonic dark matter
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Axion like particle

Mono-energetic peak: 3.0σ over background (global)



Tritium 
3.2σ

Axions + 3H 
2.0σ

Solar axions 
3.4σ

μν 

3.2σ

Mono-energetic peak 
3.0σ

RESULTS ARE 
INCONCLUSIVE… 

…FOR NOW



XENONnT
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Some of what’s new in XENONnT
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• 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

TPC
Larger

• Total 8.4 t LXe 
• 5.9 t in TPC 
• ~ 4 t fiducial 
• 248 → 494 PMTs

222Rn
distillation

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

• New system, 
PoP in XENON1T
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Cryostat has been closed for several months 

Just recently started filling it with liquid xenon 

First scintillation light already seen (in gas xenon):

XENOnT — watch this space
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XENON preliminary
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twitter.com/XENONexperiment
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