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Outline

• Overview of the XENON experiment

• Detection channels and recent results

• The low-energy excess

• The next stage - XENONnT

APS/Alan Stonebraker
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Founded in 2002
> 170 scientists 

         27 institutions from 11 countries

The XENON Collaboration



M.Galloway | Krakow Jagiellonian Seminar 2021 4

The XENON Project
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The XENON Experiment

Laboratori Nazionali del Gran Sasso

Cryogenics 
and purification

DAQ and 
slow control

Xenon 
storage

Krypton 
distillation

1500 m overburden 
(3600 m.w.e.)

LNGS hall B
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Laboratori Nazionali del Gran Sasso

Cryogenics 
and purification
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slow control
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storage
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Interaction Types

7

Nuclear Recoils (NR) 
neutron background;

WIMPs, coherent neutrino 
scattering
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Interaction Types

7

Electronic Recoils (ER) 
gamma, beta backgrounds;
neutrino physics, solar axions, 

boson dark matter

Nuclear Recoils (NR) 
neutron background;

WIMPs, coherent neutrino 
scattering

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

Search for excess above known, well-modelled ER backgrounds.

< 100 events/(t/yr/keVee)
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The XENON Physics Program
WIMP DARK MATTER

PRL 119, 181301 
PRL 121, 111302 
PRL 122, 071301

PRL 122, 141301 
PRL 126, 091301

PRD 103, 063028

DOUBLE 
ELECTRON CAPTURE

Nature 568, 532

LIGHT 
DARK MATTER
PRL 123, 241803

PRL 123, 251801

SOLAR 8B CEvNS
PRL 126, 091301

TECHNICAL ANALYSIS 
PAPERS

PRD 99, 112009

PRD 100, 052014


NEUTRINOLESS 
DOUBLE-β DECAY

EPJ C (2020) 80:785 (analysis R&D)

SOLAR AXIONS
PRD 102, 072004

BOSONIC 
DARK MATTER

PRD 102, 072004

NEUTRINO
MAGNETIC MOMENT

PRD 102, 072004

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.119.181301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.111302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.071301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.071301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.122.141301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091301
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.091301
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.063028
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.063028
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.103.063028


Nuclear recoil searches
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WIMP dark matter
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Figure 2: Neutrino-induced nuclear recoil spectra for the different neutrino sources, for a Ge target (left) and a Xe target
(right).

and diffuse supernova neutrinos. Note that we are not
considering geoneutrinos nor reactor neutrinos in this
study. Indeed, as shown in [6], the contribution of the
geoneutrinos to the neutrino-induced recoil energy spec-
trum is at least 2 orders of magnitude below the solar
neutrino contribution over the whole energy range. The
reactor neutrinos are strongly dependent on the location
of the experiment with respect to the surrounding nuclear
reactors and on the power these reactors are working
at. While this contribution should be estimated indepen-
dently for each experiment, we are not considering them
as this is beyond the scope of this paper and will there-
fore only discuss the case of cosmic neutrinos as shown
in Fig. 1.

III. WIMP AND NEUTRINO BACKGROUND
EVENT RATE CALCULATIONS

A. WIMP-induced nuclear recoil rate calculation

Like most spiral galaxies, the Milky Way is believed to
be immersed in a halo of WIMPs which outweighs the
luminous component by at least an order of magnitude
[4, 22, 23]. The velocity distribution of dark matter in the
halo is traditionally modeled as a Maxwell-Boltzmann,
characterized by a density profile that scales as 1/r2 and
leading to the observed flat rotation curve [24]. Recent
results from N-body simulations in fact indicate that
this Maxwell-Boltzmann assumption is an oversimplifi-
cation [25–27], as there is a wider peak and there are fe-
wer particles in the tail of the distribution ; this result has
important implications for interpretation of experimental
results [28]. Further, substructures, streams, and a dark
disk may create distinct features in the velocity distribu-
tion [29–32]. Since the goal of this paper is to examine
the effects of the neutrino background on the extraction
of a WIMP signal, to make the connection to previous

experimental studies in this paper we just consider the
Maxwell-Boltzmann model, which is characterized by the
following WIMP velocity distribution in the Earth frame,

f(!v) =







1
Nesc(2πσ2

v)
3/2 exp

[

− (#v+#Vlab)
2

2σ2
v

]

if |!v + !Vlab| < vesc

0 if |!v + !Vlab| ≥ vesc
(1)

where σv is the WIMP velocity dispersion related to
the local circular velocity v0 such that σv = v0/

√
2,

!Vlab and vesc are respectively the laboratory and the
escape velocities with respect to the galactic rest frame,
and Nesc is the correction to the normalization of the
velocity distribution due to the velocity cutoff (vesc).

The differential recoil energy rate is then given by [24],

dR

dEr
= MT ×

ρ0σ0

2mχm2
r

F 2(Er)

∫

vmin

f(!v)

v
d3v (2)

where ρ0 is the local dark matter density, mχ is the
WIMP mass, mr = mχmN/(mχ + mN ) is the WIMP-
nucleus reduced mass and σ0 is the normalized to nucleus
cross section. Note that we will assume that the WIMP
couples identically to the neutrons and protons, though
generically a larger theoretical parameter space is avai-
lable [33]. F (Er) is the nuclear form factor that describes
the loss of coherence for recoil energies above ∼10 keV.
In the following, we will consider the standard Helm form
factor [24]. For the sake of comparison with running ex-
periments, we will consider the standard values of the dif-
ferent astrophysical parameters : ρ0 = 0.3 GeV/c2/cm3,
v0 = 220 km/s, Vlab = 232 km/s and vesc = 544 km/s.

Detector

Nuclear and particle physics

Astrophysics

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

N ~ 1/mX

Elow << Ethreshold

mχ ~ mr

WIMP masses in the range of 10 - 1000 GeV 
c-2  typically yield recoil energies of 1 - 100 

keV.
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Spin-independent WIMP limits

11

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

12

Rev. Mod. Phys. 92, 045006

p

p’

k

k’

ν

ν

Z0

θ

• Solar neutrinos
• Diffuse supernova neutrino background
• Atmospheric neutrinos

The primary scintillation signal S1 limits the threshold.
Lower the threshold (from 3 to 2 PMT hits)

5% efficiency at 0.5 keV cutoff

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

• Search for 8B neutrinos
• Use measured flux (Borexino, 

SNO) to constrain xenon low-
energy detector response 

• constrain non-standard 
neutrino interactions

• set limit on DM-nucleus
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Probing lower WIMP masses

13

8B

Phys. Rev. Lett. 126 (2021) 091301

Drop the discrimination requirement (S2/S1) and set limits with the S2 signal. 
Can also look for secondary emission (Migdal effect) in S2-only data.



Electronic recoil 
searches
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Two-neutrino double electron capture

15

T2νECEC = (1.8±0.5stat ±0.1sys)×1022 y

highlights sensitivity to rare processes
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Two-neutrino double electron capture
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Two-neutrino double electron capture
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Nature 568, 532—535 (2019)

First observation of this process in 124Xe 

4.4σ above background

longest half-life directly measured   
T2νECEC = (1.8±0.5stat ±0.1sys)×1022 y

highlights sensitivity to rare processes
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Background model for ER searches
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Search  for an excess above known backgrounds.
10 components
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Background model for ER searches

16

Search  for an excess above known backgrounds.

214Pb

Intrinsic

85Kr

136Xe
124Xe

Materials

Neutron activated
131mXe (T1/2 = 11.9 d)

133Xe (T1/2 = 5.3 d)
      125I   (T1/2 = 60 d)

Solar neutrinos

10 components



M.Galloway | Krakow Jagiellonian Seminar 2021

Search for new physics

17



M.Galloway | Krakow Jagiellonian Seminar 2021

Search for new physics

17

Solar axions:  
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Search for new physics

17

Solar axions:  
Arise from Peccei-Quinn solution to strong-CP 

problem in QCD: pseudo-NG boson

Enhancement of the neutrino 
magnetic moment:  

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

18

Production

a

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

QCD:
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Solar axions

18

Production

gae
axion-electron

ABC: atomic recombination & 
de-excitation, bremsstrahlung, 
and Compton interactions

gaγ
axion-photon

Primakoff effect

gan
axion-nucleon

Nuclear de-excitation

Detection

Detector 
effects

Xenon detection via axioelectric effectThree production mechanisms in the Sun

a

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

QCD:
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Enhanced neutrino magnetic moment

19

solar neutrino (pp) - electron scattering 
d�µ

dEr
= µ2

⌫↵

✓
1

Er
� 1
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◆

<latexit sha1_base64="H5Qs1wQ5K/8loynvCHbwllGQyI4="></latexit>
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Neutrinos are massless in the SM, but oscillations indicate mass, thus a magnetic moment.
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A larger magnetic moment would 
imply new physics, and possibly solve 

Dirac vs Majorana.

Enhancement:
Majorana fermionμν ≳ 10−15μB

<latexit sha1_base64="FmBqEnH1D94fKK5m7rpWCMGW7YA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbELbegF48RzQLJEHo6laRJT8/Q3SOEIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphIrg2nvfu5BYWl5ZX8quFtfWNza3i9k5dx6liWGOxiFUzpBoFl1gz3AhsJgppFApshMPLid+4Q6V5LG/NKMEgon3Je5xRY6Wbtkw7xZLnlj2/fOqT38R3vSlKMEe1U3xrd2OWRigNE1Trlu8lJsioMpwJHBfaqcaEsiHtY8tSSSPUQTY9dUwOrNIlvVjZkoZM1a8TGY20HkWh7YyoGeif3kT8y2ulpnceZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nYIN4fNT8j+pH7n+ietdH5cqF/M48rAH+3AIPpxBBa6gCjVg0Id7eIQnRzgPzrPzMmvNOfOZXfgG5/UD0S2OKQ==</latexit>⌫

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

20

Detection via axioelectric effect

axion-like particles

Kinetic mixing with SM photons

dark photons

Thermal DM, non-relativistic: deposited energy is rest mass of particle.
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Background model and inference

21

55.8 days 171.2 days

Background model B0 
Partitioned into two datasets and fit 

simultaneously

SR1a: activated backgrounds, peaks
SR1b: allows to constrain the dominant 

214Pb background at low energies

• Unbinned profile likelihood
• Likelihood of 2 partitions combined
 

• Test statistic q for inference

nuisance parameters 
that maximise L

max. L with specified 
signal parameter µs
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Excess found

22

reference region 1-7 keV
285 events observed 

vs.
232 events expected (from best-fit)

3.3σ Poissonian fluctuation over null
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Excess found

22

reference region 1-7 keV
285 events observed 

vs.
232 events expected (from best-fit)

3.3σ Poissonian fluctuation over null

now 349

PRD

arXiv
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Solar axion results

23

Axion favored over 
background-only at 3.4σ

a

gae < 3.7⇥ 10�12

gaeg
eff
an < 4.6⇥ 10�18

gaega� < 7.6⇥ 10�22 GeV�1
<latexit sha1_base64="axhHK6wo1sJwVJ1gGAsvLW4rOrc="></latexit>

Strong tension with astrophysical constraints 
from stellar cooling (arXiv:2003.01100)

P
ri

m
ak

off

ABC
Couplings not independent from gae ; can be factored out.

Relative rates unconstrained (model-independent)
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Neutrino magnetic moment

24

Neutrino magnetic moment favored 
over background-only at 3.2σ

<latexit sha1_base64="FmBqEnH1D94fKK5m7rpWCMGW7YA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbELbegF48RzQLJEHo6laRJT8/Q3SOEIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphIrg2nvfu5BYWl5ZX8quFtfWNza3i9k5dx6liWGOxiFUzpBoFl1gz3AhsJgppFApshMPLid+4Q6V5LG/NKMEgon3Je5xRY6Wbtkw7xZLnlj2/fOqT38R3vSlKMEe1U3xrd2OWRigNE1Trlu8lJsioMpwJHBfaqcaEsiHtY8tSSSPUQTY9dUwOrNIlvVjZkoZM1a8TGY20HkWh7YyoGeif3kT8y2ulpnceZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nYIN4fNT8j+pH7n+ietdH5cqF/M48rAH+3AIPpxBBa6gCjVg0Id7eIQnRzgPzrPzMmvNOfOZXfgG5/UD0S2OKQ==</latexit>⌫
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Neutrino magnetic moment

24

Neutrino magnetic moment favored 
over background-only at 3.2σ

µ⌫ 2 (1.4, 2.9)⇥ 10�11 µB
<latexit sha1_base64="7wLZ6jxLsKpAwsSg+E1znqhbPoI="></latexit>

(90%C.L.)

<latexit sha1_base64="vCMmzFLmvPD4XUMbH/UgbE/SAcs=">AAAB/nicbVDLSsNAFJ3UV62vqLhyEyyFChISqai7YjcuXFSwD2hCmUwn7dCZSZiZCCUU/BU3LhRx63e482+ctFlo64GBwzn3cs+cIKZEKsf5Ngorq2vrG8XN0tb2zu6euX/QllEiEG6hiEaiG0CJKeG4pYiiuBsLDFlAcScYNzK/84iFJBF/UJMY+wwOOQkJgkpLffOoeu14Fe/MY1CNBEsb9p09Pe2bZcd2ZrCWiZuTMsjR7Jtf3iBCCcNcIQql7LlOrPwUCkUQxdOSl0gcQzSGQ9zTlEOGpZ/O4k+tilYGVhgJ/biyZurvjRQyKScs0JNZSrnoZeJ/Xi9R4ZWfEh4nCnM0PxQm1FKRlXVhDYjASNGJJhAJorNaaAQFREo3VtIluItfXibtc9ut2Rf3tXL9Jq+jCI7BCagCF1yCOrgFTdACCKTgGbyCN+PJeDHejY/5aMHIdw7BHxifP7hilBA=</latexit>

In strong tension with 
astrophysical constraints

Compatible with other experiments.
In tension with astrophysical constraints.

<latexit sha1_base64="FmBqEnH1D94fKK5m7rpWCMGW7YA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4GmbELbegF48RzQLJEHo6laRJT8/Q3SOEIZ/gxYMiXv0ib/6NnUVwfVDweK+KqnphIrg2nvfu5BYWl5ZX8quFtfWNza3i9k5dx6liWGOxiFUzpBoFl1gz3AhsJgppFApshMPLid+4Q6V5LG/NKMEgon3Je5xRY6Wbtkw7xZLnlj2/fOqT38R3vSlKMEe1U3xrd2OWRigNE1Trlu8lJsioMpwJHBfaqcaEsiHtY8tSSSPUQTY9dUwOrNIlvVjZkoZM1a8TGY20HkWh7YyoGeif3kT8y2ulpnceZFwmqUHJZot6qSAmJpO/SZcrZEaMLKFMcXsrYQOqKDM2nYIN4fNT8j+pH7n+ietdH5cqF/M48rAH+3AIPpxBBa6gCjVg0Id7eIQnRzgPzrPzMmvNOfOZXfgG5/UD0S2OKQ==</latexit>⌫
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Bosonic dark matter

25

Dark photons

Axion-like particles

90% CL upper limits and sensitivities

68% CL 
coverage 
interval
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Bosonic dark matter

25

Dark photons

Axion-like particles 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)

90% CL upper limits and sensitivities

68% CL 
coverage 
interval



Investigation of the 
Excess
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Energy reconstruction and resolution

27

PRELIMINARY

37Ar 2.8 keV reconstructed peak

        Mean energy 

Observed: 2.827 keV

Model: 2.834 keV

Energy Resolution

        37Ar Resolution 

 Observed: 18.12%

Model: 18.88%

Validates energy reconstruction and resolution down to 2.8 keV.

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

28

220Rn calibration data 

Fit to 220Rn (212Pb) calibration data using same 
analysis framework

220Rn calibration reconstructs as expected:

p-value = 0.50

All signal and background models are first 
convolved with efficiency and resolution.

10%

Validates efficiency and energy reconstruction down 
to threshold.

• 1 keV threshold at 10% efficiency

• excess peaks in the 2 - 3 keV region 
(80% efficiency)
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Event spatio-temporal uniformity

29

Expectation: a signal would 
be distributed uniformly in 

space and time.

Events are uniformly 
distributed within fiducial 

volume (1042 kg in center of 
TPC).

PRELIMINARY
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Event spatio-temporal uniformity

29

Consistent with constant 
time, but with very low 

statistics!
(dedicated annual modulation 

analysis in progress)

Expectation: a signal would 
be distributed uniformly in 

space and time.

Events are uniformly 
distributed within fiducial 

volume (1042 kg in center of 
TPC).

PRELIMINARY



Fluctuations and correlations

30

funny correlation? 
(1-10 keV rising 

steadily)

statistical fluke? (see 17 keV 
dip)

An unbinned profile likelihood  analysis was 
used for this analysis.
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New background: tritium

31

Best-fit tritium rate: 159± 51 events/(t · y · keV)
<latexit sha1_base64="lHUFcGQmaWarBmnvrJrLjDz+8rM=">AAACInicbVDLSgMxFM34rPVVdekmWIS6qTPVou6KblxWsK3QKSWT3mpoMjMkd4Qy1F9x46+4caGoK8GPMX0Iaj0QcnLuI/eeIJbCoOt+ODOzc/MLi5ml7PLK6tp6bmOzbqJEc6jxSEb6KmAGpAihhgIlXMUamAokNILe2TDeuAVtRBReYj+GlmLXoegKztBK7dyJVz6hfqxo2bvzFcMbrVK4hRDNYP/7XUCfdyKkfTq+e1DfG9B2Lu8W3RHoNPEmJE8mqLZzb34n4omyzblkxjQ9N8ZWyjQKLmGQ9RMDMeM9dg1NS0OmwLTS0YoDumuVDu1G2p4Q6Uj9WZEyZUxfBTZzOLX5GxuK/8WaCXaPW6kI4wQh5OOPuomkGNGhX7QjNHCUfUsY18LOSvkN04yjdTVrTfD+rjxN6qWid1AsXRzmK6cTOzJkm+yQAvHIEamQc1IlNcLJPXkkz+TFeXCenFfnfZw640xqtsgvOJ9f9PmjUw==</latexit>

3H:Xe concentration: 6.2± 2.0⇥ 10�25 mol/mol
<latexit sha1_base64="z/agMrUFvletRlZfEaWopBwFzAU=">AAACFXicbVDLSgMxFM3UV62vqks3wSK40HFmfC6LblxWsA/ojCWTZtrQZDIkGaEM9SPc+CtuXCjiVnDn35g+Ftp64MLhnHu5954wYVRpx/m2cnPzC4tL+eXCyura+kZxc6umRCoxqWLBhGyESBFGY1LVVDPSSCRBPGSkHvauhn79nkhFRXyr+wkJOOrENKIYaSO1igdntgf9hEPPdqCvKScKus5dduidDh58jnRX8owLdmRq0CqWHNsZAc4Sd0JKYIJKq/jltwVOOYk1ZkippuskOsiQ1BQzMij4qSIJwj3UIU1DY2TWB9noqwHcM0obRkKaijUcqb8nMsSV6vPQdA7vVNPeUPzPa6Y6uggyGiepJjEeL4pSBrWAw4hgm0qCNesbgrCk5laIu0girE2QBROCO/3yLKl5tntsezcnpfLlJI482AG7YB+44ByUwTWogCrA4BE8g1fwZj1ZL9a79TFuzVmTmW3wB9bnD18unSk=</latexit>

( )
)

Tritium favored over background-only at 3.2σ

IAEA spectrum 
after efficiency and resolution 

3H half-life 12.3 yr 
Q-value 18.6 keV

• Cosmogenic production ruled out (Xe 
purification)

• Possible emanation from materials (PTFE, SS) 
from natural abundance

• Tritiated water ruled out (would inhibit light 
collection).

• Tritiated hydrogen unlikely but difficult to 
quantify.

possible in molecular form as 
tritiated hydrogen or water

3H:H in H2O is 5 - 10 x 10-18 mol/mol

We can neither confirm nor exclude its presence.
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New background: tritium

31

< 3 tritium atoms per kg of xenon! 

Best-fit tritium rate: 159± 51 events/(t · y · keV)
<latexit sha1_base64="lHUFcGQmaWarBmnvrJrLjDz+8rM=">AAACInicbVDLSgMxFM34rPVVdekmWIS6qTPVou6KblxWsK3QKSWT3mpoMjMkd4Qy1F9x46+4caGoK8GPMX0Iaj0QcnLuI/eeIJbCoOt+ODOzc/MLi5ml7PLK6tp6bmOzbqJEc6jxSEb6KmAGpAihhgIlXMUamAokNILe2TDeuAVtRBReYj+GlmLXoegKztBK7dyJVz6hfqxo2bvzFcMbrVK4hRDNYP/7XUCfdyKkfTq+e1DfG9B2Lu8W3RHoNPEmJE8mqLZzb34n4omyzblkxjQ9N8ZWyjQKLmGQ9RMDMeM9dg1NS0OmwLTS0YoDumuVDu1G2p4Q6Uj9WZEyZUxfBTZzOLX5GxuK/8WaCXaPW6kI4wQh5OOPuomkGNGhX7QjNHCUfUsY18LOSvkN04yjdTVrTfD+rjxN6qWid1AsXRzmK6cTOzJkm+yQAvHIEamQc1IlNcLJPXkkz+TFeXCenFfnfZw640xqtsgvOJ9f9PmjUw==</latexit>

3H:Xe concentration: 6.2± 2.0⇥ 10�25 mol/mol
<latexit sha1_base64="z/agMrUFvletRlZfEaWopBwFzAU=">AAACFXicbVDLSgMxFM3UV62vqks3wSK40HFmfC6LblxWsA/ojCWTZtrQZDIkGaEM9SPc+CtuXCjiVnDn35g+Ftp64MLhnHu5954wYVRpx/m2cnPzC4tL+eXCyura+kZxc6umRCoxqWLBhGyESBFGY1LVVDPSSCRBPGSkHvauhn79nkhFRXyr+wkJOOrENKIYaSO1igdntgf9hEPPdqCvKScKus5dduidDh58jnRX8owLdmRq0CqWHNsZAc4Sd0JKYIJKq/jltwVOOYk1ZkippuskOsiQ1BQzMij4qSIJwj3UIU1DY2TWB9noqwHcM0obRkKaijUcqb8nMsSV6vPQdA7vVNPeUPzPa6Y6uggyGiepJjEeL4pSBrWAw4hgm0qCNesbgrCk5laIu0girE2QBROCO/3yLKl5tntsezcnpfLlJI482AG7YB+44ByUwTWogCrA4BE8g1fwZj1ZL9a79TFuzVmTmW3wB9bnD18unSk=</latexit>
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Tritium favored over background-only at 3.2σ

IAEA spectrum 
after efficiency and resolution 

3H half-life 12.3 yr 
Q-value 18.6 keV

• Cosmogenic production ruled out (Xe 
purification)

• Possible emanation from materials (PTFE, SS) 
from natural abundance

• Tritiated water ruled out (would inhibit light 
collection).

• Tritiated hydrogen unlikely but difficult to 
quantify.

possible in molecular form as 
tritiated hydrogen or water

3H:H in H2O is 5 - 10 x 10-18 mol/mol

We can neither confirm nor exclude its presence.



M.Galloway | Krakow Jagiellonian Seminar 2021 32

200 500 1000 2000

S2 [PE]

0.2

0.5

1

2

5

10

20

50

E
ve

nt
s

/
bi

n

3H

Solar axion (ABC)
∫ magnetic moment
Background

PRL 123, 251801
µ⌫ < 3.1⇥ 10�11 µB

<latexit sha1_base64="LSUULtWfe0NV92tuaVK062Ayp14="></latexit>

gae < 4.8⇥ 10�12
<latexit sha1_base64="lME4KwDSBlr7mwB8oGTOt8EfB6c="></latexit>

RH3 < 2256 events/t/y
<latexit sha1_base64="f+GwG/6cXr9cm3vTl/XzGD6WAV4="></latexit>

S2-only allows for a lower energy 
threshold
O(100 eV)

Further checks

Both checks consistent with all 
hypotheses.

Time dependence revisited for signals 
(constant in time), tritium decay, and 

annual modulation.

All p-values are similar.



Our results are… 
inconclusive.

(what’s next?)
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XENONnT

34

PMT array (494 PMTs in total, 
in 2 arrays)

TPC (5.9 t LXe, 
4 t fiducial)

Neutron veto (120 PMTs, 
Gd-doped water)

XENONnT is currently 
taking science data!
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XENONnT

34

PMT array (494 PMTs in total, 
in 2 arrays)

TPC (5.9 t LXe, 
4 t fiducial)

Neutron veto (120 PMTs, 
Gd-doped water)

Liquid xenon  
purification system

Rn distillation column
reduce 222Rn (214Pb)

XENONnT is currently 
taking science data!
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XENONnT

35

S1 + S2 event in 
dual-phase mode

S1 S2

100 µs

PMT array during assembly Waveform during current operation
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XENONnT: Detector performance

36

• Resolved peaks in S1-S2 space resolved 

• Photon detection efficiency ~ 0.17 PE/photon 

(XENON1T 0.14 PE/photon) 

• Energy resolution at 41.5 keV ~ 7.6 % (XENON1T 8 %) 

• S2 resolution of 15.1 % (XENON1T 13.7 %)

• 485 PMTs used in data analysis 

• Average quantum efficiency 34 %

83mKr calibration

PMTs
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XENONnT: purification

37

• High purification flux for removing electronegative 

impurities: 2 l /min LXe ≈ 350 kg/h 

• Low-Rn filters for science data taking 

• Achieved electron-lifetime of > 20 ms 

XENON1T: 0.65 ms ≈ 0.9 x maximum 
drift-time (30 % cathode survival)

XENONnT: 2.2 ms maximum drift 
(> 90 % cathode survival)

Ionization electrons - survival probability
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XENONnT: Radon distillation

38

Xenon

Radon

• Reached equilibrium concentration of 1.72 µBq/

kg by gas extraction only 

• Background goal 1 µBq/kg 

• Additional factor 2 in Rn removal possible via 

liquid extraction

Constant removal of emanating radon from 

xenon using difference in vapor pressure
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XENONnT: neutron veto

39

• Gadolinium-doped water Cherenkov detector with 

0.5 % Gd2(SO4)3 

• Optically separate inner region of existing muon veto 

• 120 PMTs 

• Projected 87 % neutron tagging efficiency

Neutron capture lines from 
AmBe and 9Be (⍺,n)
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XENONnT: background projections

40

• Total ER rate reduced by factor six 

• ER background for WIMP and axion search dominated by 222Rn (2νββ of 136Xe above 30 keV) 

• Neutrino-dominated NR: target  < 1 neutron NR event per 20 t-yr target exposure

(12.3 ± 0.6) events/keV/t/yr

JCAP 11 (2020) 031
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XENONnT: background projections

41

• 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 cm2 for 50 GeV/c2 WIMP in ~ one year live time

JCAP 11 (2020) 031
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XENONnT: excess

42

XENONnT will discriminate axions from tritium 
with ~ few months of data

Vary the 214Pb 
contribution

Discriminate 
based on energy 
spectrum alone. 

Uses best-fits 
from 1T search. 

(now 1.72 µBq/kg)



Summary
• XENON1T still holds the best limit for SI WIMPs 
(although may change soon)

• Lower 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

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

M.Galloway | KIT 2021

instagram.com/xenon_experiment

twitter.com/xenonexperiment

www.xenonexperiment.org 

https://www.instagram.com/xenon_experiment/
http://instagram.com/xenon_experiment
http://twitter.com/xenonexperiment
http://twitter.com/xenonexperiment
http://www.xenonexperiment.org/
http://www.xenonexperiment.org/




Extra
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Coherent neutrino-nucleus scattering

46

Φ < 1.4 ⋅ 107 cm−2s−1 (90 % C . L.)

• Light yield and signal rate highly 

correlated, so XENON1T-only result 

becomes an upper limit on the 

combination of both 

• Combination of XENON1T, LLNL charge 

yield and LUX light yield enables to set 

upper limit on neutrino flux 

• Measured neutrino flux from SNO enables 

to set upper limit on the light yield

Light yield: Ly

Charge yield: Ly
Neutrino flux: ɸ
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Coherent neutrino-nucleus scattering

47

6

FIG. 3. Projections of the 90% confidence volumes in Ly

and � (top), and in Ly and the Qy interpolation parame-
ter q (bottom). The green area shows constraints using only
the XENON1T data. Combining the XENON1T data and
external constraints on Qy [16] and Ly [19, 32] (shown in
black dash-dotted lines) gives the confidence interval shown
in pink, and an upper limit on �. Conversely, combining the
XENON1T data and constraints on � [14] and Qy yields the
dark blue interval and upper limits on Ly. The dashed white
line displays the 68% confidence interval. Ly is assumed con-
stant in the 8B CE⌫NS ROI for these constraints.

the detector surface area, the AC background will be
the biggest challenge for the discovery of 8B CE⌫NS.
The AC background modeling and discrimination tech-
niques used in this analysis will improve the sensitivity of
XENONnT to 8B CE⌫NS and low-mass DM. The novel
cryogenic liquid circulation system developed to ensure
e�cient purification in XENONnT will mitigate the re-
duction of S2s due to impurities, improving the accep-
tance of low-energy NRs from 8B neutrinos and DM. Ad-
ditionally, the data will be analyzed in a triggerless mode
to minimize e�ciency loss and better understand the AC
background. Together with the significantly larger expo-
sure, these techniques give XENONnT strong potential
to discover 8B CE⌫NS.

The large uncertainty in both Qy and Ly will be the
dominant systematic in constraining new physics from
DM and non-standard neutrino interactions. Improving
these uncertainties by calibrating NRs in LXe using in-
situ low energy neutron sources [40] and dedicated de-

FIG. 4. Constraints on new physics using XENON1T data.
Top: Constraints on non-standard vector couplings between
the electron neutrino and quarks, where the XENON1T 90%
confidence interval (light blue region) is compared with the
results from COHERENT [3, 28] (pink and dark red regions)
and CHARM [33] (green). Bottom: The 90% upper limit
(blue line) on the spin-independent DM-nucleon cross section
�SI as function of DM mass. Dark and light blue areas show
the 1� and 2� sensitivity bands, and the dashed line the me-
dian sensitivity. Green lines show other XENON1T limits on
�SI using the threefold tight-coincidence requirement [6] and
an analysis using only the ionization signal [7], and other con-
straints [34–38] are shown in red. The dash-dotted line shows
where the probability of a 3� DM discovery is 90% for an
idealised, extremely low-threshold (3 eV) xenon detector with
a 1000 t⇥ y exposure [39]. The black dot denotes DM that
has a recoil spectrum and rate identical to the 8B neutrinos.

tectors [16] can crucially improve the sensitivity of next-
generation experiments to both 8B CE⌫NS and light DM.
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νe survival probability Neutrino flux
CEνNS 

cross-section

dRe

dT
= 𝒩 ⋅ ∫Eν, min

Pe(Eν) ⋅
dN
dEν

⋅
dσ(Eν, T)

dT
dEν

4.6 x 1027 
nuclei/tonne Xe

• neutrino interactions with 
up, down quarks

• SM interaction is at 0.0, 
0.00
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Axion statistical inference

48

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

57
Fe

ABC

Strong tension with astrophysical constraints from 
stellar cooling

(arXiv:2003.01100)

Poor fit for small ABC rate

gae < 3.7⇥ 10�12

gaeg
eff
an < 4.6⇥ 10�18

gaega� < 7.6⇥ 10�22 GeV�1
<latexit sha1_base64="axhHK6wo1sJwVJ1gGAsvLW4rOrc="></latexit>
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Axions via Inverse Primakoff effect

49

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

50

Unbinned profile likelihood  analysis 
• Profile over the nuisance parameters 
(background components, efficiency)

expected total 
signal events

expected total 
background events

µb, θ : nuisance 
parameters

θ = includes shape 
parameters for the eff. 
spectral uncertainty  & 
peak location uncertainty 

i - over all observed events, 
N = 42251 

background PDF signal PDF

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

<latexit sha1_base64="n8RMi2oSAmxvldHxduG6yvd6+BQ="></latexit>
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Unbinned profile likelihood  analysis 

• Combine likelihoods of the 2 partitions

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

expected total 
signal events

expected total 
background events

µb, θ : nuisance 
parameters

θ = includes shape 
parameters for the eff. 
spectral uncertainty  & 
peak location uncertainty 

i - over all observed events, 
N = 42251 

background PDF signal PDF

constraints on the expected nr 
of background (m) events and 
shape parameters (n=6)
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• Test statistic q for inference

nuisance parameters 
that maximise L

max. L with specified 
signal parameter µs
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 Event quality and backgrounds

51

S1

S2

Event classification and 
waveform inspection: all ok.

AC surface 

No accidental coincidences (AC) or surface 
backgrounds reconstructed in ROI

falls within ER band (physical events)

Instrumental backgrounds
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 Event quality and backgrounds

51

S1

S2

Event classification and 
waveform inspection: all ok. Valid events 

AC surface 

No accidental coincidences (AC) or surface 
backgrounds reconstructed in ROI

falls within ER band (physical events)

Instrumental backgrounds
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Energy Reconstruction

52

with W = 13.7 eV/quanta for xenon

E = (Nph +Ne) ·W = (
S1

g1
+

S2

g2
) ·W
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= g1 = g2

g1 and g2:  
detector-specific gain constants; 

extract g1/g2 from calibration data
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= g1 = g2

g1 and g2:  
detector-specific gain constants; 

extract g1/g2 from calibration data

anticorrelated

Doke plot

g1 and g2 are used to reconstruct 
energy of each event

E = (Nph +Ne) ·W = (
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+
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g2
) ·W

<latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit>

E = (Nph +Ne) ·W = (
S1

g1
+

S2

g2
) ·W

<latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit><latexit sha1_base64="d6IcuMqTVy/aBIabuKEG5iEtPeM="></latexit>



M.Galloway | Krakow Jagiellonian Seminar 2021

Energy Reconstruction

53

Combined Energy Scale

2D analysis 1D analysis

S2/S1 space

E = (Nph +Ne) ·W = (
S1

g1
+

S2

g2
) ·W
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214Pb 𝜷-decay spectral model

54

Atomic screening and 
exchange effects can 

increase rate at low energies.

~6% uncertainty on the 
shape 

~50% needed to account 
for excess 

212Pb,  85Kr also calculated.

Calculated spectra by 
X. Mougeot

214Pb dominant background component
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Tritium: activation

55

HTO prediction

Evolution of tritiated water (HTO)
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Tritium: activation

55

Above ground 
cosmogenic activation 
(sea level) of xenon: 

~32 tritium atoms/kg/d 
(Zhang et al, 2016)

HTO prediction

From purification and handling, 
this component seems unlikely.

Efficient removal 
(99.99%) in 

purification system

Evolution of tritiated water (HTO)

1 ppm water in bottles  
HTO.

Coldtrap
SR1 best-fit tritium 
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Tritium: emanation

56

Tritium is naturally abundant in water (HTO) and hydrogen (HT) - emanation from materials 
3H:H in H2O is 5 - 10 x 10-18 mol/mol *

*Hydrology measurements from IAEA nuclear database
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Tritium: emanation

56

Tritium is naturally abundant in water (HTO) and hydrogen (HT) - emanation from materials 
3H:H in H2O is 5 - 10 x 10-18 mol/mol *

Best-fit tritium (~ 6 x 10-25 mol/mol) requires > 30 ppb of (H2O + H2) impurities

*Hydrology measurements from IAEA nuclear database

Our light yield implies 
O(1) ppb H2O

HTO HT
• No direct measure of 

H2 abundance or 
impurity concentration

• For O2-equivalent 
impurities, electron 
lifetime indicates    
O(0.1) ppb 

• x 100 higher H2 
concentration than O2-
eq. molecules - possible?

HTO, HT emanation unlikely based on LXe purity.



M.Galloway | Krakow Jagiellonian Seminar 2021

XENONnT

57

XENONnT measured ER spectrum


