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Torino, last July

First post-COVID in-person meeting!
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The XENON Program
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XENON10 XENON100 XENON1T XENONnT
2005–2007 2009–2016 2016–2018 2020–2025

NOW

25 kg LXe

15 cm drift length


SI  9  10–44 cm2


at 100 GeV/c2 (2007)
σ ∼ ×

161 kg LXe

30 cm drift length


SI  10–45 cm2


at 50 GeV/c2 (2016)
σ ∼

3.2 t LXe

1 m drift length

SI  4  10–47 cm2


at 30 GeV/c2 (2018)
σ ∼ ×

8.4 t LXe

1.5 m drift length

SI  1.4  10–48 cm2


at 50 GeV/c2 (20 t   yr)
σ ∼ ×

×

PRL 100 (2008) 021303

PRD  94 (2016) 122001

PRL 121 (2018) 111302
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Detecting Particles with a TPC
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The Tale of
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An Unexpected Excess of Events

7

Released on
17 June 2020
Cited
483 times
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The XENON1T Excess
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PRD 102 (2020) 072004

‣ 3.3σ excess in electronic recoil data near 2 keV ➞ compatible with new physics models 
(up to 3.4σ) or a tritium background (3.2σ)
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PRD 102 (2020) 072004

‣ 3.3σ excess in electronic recoil data near 2 keV ➞ compatible with new physics models 
(up to 3.4σ) or a tritium background (3.2σ)
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The XENON1T Excess
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PRD 102 (2020) 072004

‣ 3.3σ excess in electronic recoil data near 2 keV ➞ compatible with new physics models 
(up to 3.4σ) or a tritium background (3.2σ)

ν magnetic momentSolar axions

Bosonic DM Tritium

3.4σ 3.2σ

3.2σ3σ

Low-energy

ER excess

axion–tritium 
discrimination

A few
 
months



From 1T to nT
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From 1T to nT—TPC Upgrade
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‣ 1.5× longer drift length (1 m ➞ 1.5 m)


‣ 3× larger LXe active mass in the TPC (2 t ➞ 5.9 t)


‣ Twice as much PMTs as in XENON1T (248 ➞ 494)
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From 1T to nT—Neutron Veto
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‣ Active neutron veto filled with pure water around the 
TPC, Gd-doping planned


‣ 120 PMTs  high-reflectivity walls to contain light 
➞ Čerenkov detector seeking neutron captures


‣ Crucial to enhance the WIMP sensitivity by tagging 
neutrons (68% efficiency now, 87% expected with Gd)

+
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From 1T to nT—Purification Upgrade
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‣ New liquid-phase purification technique with low-
radon O2 filters [EPJC 82 860 (2022)]


‣ High-flux purification at 2 L/min LXe (  350 kg/h) 
➞ very high purity achieved within a week 
(  20× longer electron lifetime than XENON1T)

≈

>
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From 1T to nT—Radon Removal Upgrade
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‣ New distillation column constantly removing 222Rn 
(ER background) from xenon [arXiv:2205.11492]


‣ GXe-only mode during SR0 ➞ 222Rn reduction 
down to 1.77 μBq/kg (7× lower than XENON1T)


‣ Reaching goal of  1 μBq/kg with LXe mode (next 
science runs)

<
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XENONnT Science Run 0
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‣ Science Run 0 (SR0), 6 July–10 Nov. 2021 ➞ 97.1 days of science livetime


‣ High stability overall (light and charge yields ± 2%, PMT gain ± 3%), monitored with 
regular calibrations and remaining internal radioactivity (222Rn , materials )


‣ Intermittent, localised high single-electron emissions ➞ limited drift field (23 V/cm)
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Low-Energy ER Response

16

Two low-energy ER calibration sources to validate our procedures


‣ 37Ar ➞ 2.82 keV peak, anchoring response model at low energy with high statistic


‣ 212Pb (from 220Rn) ➞ flat β spectrum, estimating acceptance and validating threshold

220Rn data
PRL 129 (2022) 161805



Dr. Erwann Masson — LPNHE

Low-Energy ER Background

17

‣ Blind analysis (energy region  20 keV)<

‣ Initial background estimates mainly based 
on external measurements

PRL 129 (2022) 161805
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Low-Energy ER Background

17

‣ Blind analysis (energy region  20 keV)<

‣ Initial background estimates mainly based 
on external measurements

‣ Background starts to be dominated by rare 
double-weak processes (124Xe 2νECEC, 
136Xe 2νββ)

PRL 129 (2022) 161805
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Low-Energy ER Background
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‣ Blind analysis (energy region  20 keV)<

‣ Initial background estimates mainly based 
on external measurements

‣ Background starts to be dominated by rare 
double-weak processes (124Xe 2νECEC, 
136Xe 2νββ)

‣ Excellent data-model agreement over the 
whole energy range, even at low energy

PRL 129 (2022) 161805
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Low-Energy ER Background

17

‣ Blind analysis (energy region  20 keV)<

‣ Initial background estimates mainly based 
on external measurements

‣ Background starts to be dominated by rare 
double-weak processes (124Xe 2νECEC, 
136Xe 2νββ)

‣ Excellent data-model agreement over the 
whole energy range, even at low energy

PRL 129 (2022) 161805

124Xe 2νECEC

136Xe 2νββ

No excess observed
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ER Background—XENONnT vs Others
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‣ Outstanding 5× reduction compared to XENON1T ➞ (16.1  1.3) events/(t  yr  keV)


‣ XENON1T-like excess excluded at 8.6σ ➞ XENON1T excess likely caused by a small 
tritium contamination (further investigations underway), not by BSM physics

± × ×

PRL 129 (2022) 161805

XENONnT (4.37 t fiducial volume)XENON1T (1.04 t fiducial volume)
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Searching for New Physics
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No event excess ? Let’s set new limits on some BSM models!

PRL 129 (2022) 161805
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Searching for New Physics
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No event excess ? Let’s set new limits on some BSM models!

‣ Solar axions (possible strong CP problem solution, would be produced in the Sun  keV)∼

‣ Enhanced neutrino magnetic moment (enhanced ν–e– cross section at low energy)

‣ Bosonic Dark Matter (ALPs & dark photons, would produce monoenergetic peaks)

PRL 129 (2022) 161805

Bosonic Dark MatterSolar axions Enhanced μν
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Results—Solar Axions

20

PRL 129 (2022) 161805

‣ Two potential detection channels


a. Axioelectric effect (already in 
the XENON1T result)


b. Inverse Primakoff effect (new 
in the XENONnT analysis)


‣ Improved constraints on axion-
photon, axion-electron and 
axion-nucleon couplings
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Results—Neutrino Magnetic Moment
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PRL 129 (2022) 161805

‣ Improved constraint on the 
neutrino magnetic moment 
➞ 6.3   10–12 Bμν < × μ

The most stringent limit 
from any DM direct detection 

experiment so far!
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Results—Bosonic DM
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PRL 129 (2022) 161805

‣ New stringent limits over a large ALP and dark photon mass range (1–140 keV/c2)


‣ No limit in 39–44 keV/c2 due to the unconstrained 83mKr background trace amount

ALPs (Axion-Like Particles) Dark photons
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In Conclusion
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The XENONnT first science run (SR0) yielded its first results!


‣ 5× lower background than XENON1T, very high xenon purity, great performance overall


‣ No excess in low-energy ER data, the XENON1T excess was not caused by BSM physics


‣ New world-leading limits on the same models (solar axions, neutrino , bosonic DM)μν

@XENONexperiment
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In Conclusion
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The XENONnT first science run (SR0) yielded its first results!


‣ 5× lower background than XENON1T, very high xenon purity, great performance overall


‣ No excess in low-energy ER data, the XENON1T excess was not caused by BSM physics


‣ New world-leading limits on the same models (solar axions, neutrino , bosonic DM)μν

What’s next?
‣ WIMP search analysis in progress ➞ Nuclear 

Recoil data soon to be unblinded


‣ Science Run 1 about to start with twice as 
less radon and a better detector knowledge

@XENONexperiment



Dr. Erwann Masson — LPNHE

What’s Next Long Term?
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World-leading DM direct search collaborations joining forces 
Behold the XLZD Consortium!

@XLZDconsortium [arXiv:2203.02309] Luca’s talk, 16:30
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votre attention !
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Dark Matter in a Nutshell
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‣ A non-luminous matter is needed to explain what is 
observed in the Universe at all scales


‣ Standard cosmological model ➞ 27% of non-baryonic, 
non-relativistic, and almost non-interacting matter


‣ Most promising candidate in particle physics 
➞ Weakly Interacting Massive Particles (WIMPs, )χ

20–60 kpc
2–10 M

pc
4 Gpc

NGC 6503, Hubble Space Telescope

Bullet Cluster, Chandra X-ray Observatory

WIMP (expected) ID card

‣ High mass, m   GeV/c2–TeV/c2


‣ Low velocity, v0  220 km/s (locally)

‣ Very low interaction cross section, 

int   10–41–10–48 cm2

‣ Elastically scatters off atomic nuclei 

➞ Nuclear Recoils (NR)  100 keV

χ ∈
≈

σ ∈

≲
CMB, Planck
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Liquid Xenon as a Detection Medium

‣ Maximised interaction cross section (  A2)


‣ High stopping power and self-shielding


‣ Free from harmful intrinsic background


‣ Powerful DM discrimination combining 
scintillation and ionisation properties

∝

28

Liquid Xenon (LXe) ID card

‣ High atomic number Z  54

‣ High mass number, A 131

‣ High density at 177 K, 2.86 g/cm3

‣ No long-lived radioisotopes in WIMP ROI

‣ Efficient UV scintillator (178 nm)

=
⟨ ⟩ =

⟨ρ⟩ =

electron recoil

nuclear recoil

atomic motion

excitation + ionization

Xe*

Xe+ + e-

+Xe

Xe2
+ + e-

Xe**+Xe

Xe2
*

+Xe

2Xe + hν

scintillation light (175 nm)

ionization 
electrons

escaping 
electrons

recombination

S2S1

8

PRC 81 (2010) 025808

‣ Scalable ➞ well suited to DM search and evolving projects like XENON
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Reconstructing Energy
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 ne∝ nγ∝

S2S1

S2
 [P

E]

S1 [PE]

dN
/d
E

E [keV]

E = W ( cS1
g1

+
cS2
g2 )

Qy = −
g2

g1
Ly +

g2

W

Low-energy focus (37Ar, 83mKr, 131mXe, 129mXe) Optimised reconstruction at low energy
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Keeping 8 tonnes of LXe Safe (STORAGE)
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‣ ReStoX2 ➞ fast xenon recovery system through xenon 
crystallisation (500 kg/h)


‣  6 m high, up to 10 t of xenon cooled by liquid nitrogen (LN2)


‣ Designed and funded by Subatech and LPNHE (+ LAL) 
➞ 100% French contribution

∼
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The XENON1T Low-Energy ER Excess
‣ Very good match between electronic 

recoil data and our comprehensive 
background model in 1–210 keV


‣ Lowest background rate ever achieved 
in 1–30 keV 
➞ (76   2) events/(t   yr   keV)± × ×

Observed 285 events in 1–7 keV

Expected (232  15) events


➞  3.3  Poissonian fluctuation!
±

∼ σ

31

PRD 102 (2020) 072004
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PRD 102 (2020) 072004

Statistical

fluke?

Systematic

effects?

New

physics?

Unexplored

background?

UNLIKELY UNLIKELY

Tritiated hydrogen

from detector materials

POSSIBLE

Solar axions

ν magnetic moment


Bosonic DM

POSSIBLE
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Statistical Fluke?

32

PRD 102 (2020) 072004

‣ KDE with energy resolution as width ➞ low-energy excess still significant, the rest no


‣ Display binning change ➞ bin width smaller than energy resolution, low-energy excess 
robustly visible across several bins, the rest no
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Statistical Fluke?
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PRD 102 (2020) 072004

‣ KDE with energy resolution as width ➞ low-energy excess still significant, the rest no


‣ Display binning change ➞ bin width smaller than energy resolution, low-energy excess 
robustly visible across several bins, the rest no

UN
LIK
ELY
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Systematic Effects?

33

‣ Excess close to but not at the analysis threshold 
(  85% detection efficiency at 2–3 keV)∼

‣ Still present if threshold is doubled

PRD 102 (2020) 072004

‣ Surface events ➞ absent from the search region 
thanks to fiducialisation


‣ Accidental Coincidences (AC events) ➞ tightly 
constrained and well-understood (S1, S2) signature

AC
Surface

Excess here

WIMP search here
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‣ Excess close to but not at the analysis threshold 
(  85% detection efficiency at 2–3 keV)∼

‣ Still present if threshold is doubled

‣ Efficiency verified with high-statistic 220Rn calibration 
data ➞ background model validated

PRD 102 (2020) 072004

‣ Surface events ➞ absent from the search region 
thanks to fiducialisation


‣ Accidental Coincidences (AC events) ➞ tightly 
constrained and well-understood (S1, S2) signature

AC
Surface

Excess here

WIMP search here
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‣ Excess close to but not at the analysis threshold 
(  85% detection efficiency at 2–3 keV)∼

‣ Still present if threshold is doubled

‣ Efficiency verified with high-statistic 220Rn calibration 
data ➞ background model validated

PRD 102 (2020) 072004

‣ Surface events ➞ absent from the search region 
thanks to fiducialisation


‣ Accidental Coincidences (AC events) ➞ tightly 
constrained and well-understood (S1, S2) signature

AC
Surface

Excess here

WIMP search hereUN
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The Tritium Hypothesis
‣ Never observed before as background in LXe TPCs


‣ β  emitter ➞ Qβ  18.6 keV, t1/2  12.3 yr


‣ Cosmogenic activation? Atmospheric abundance?

− = =

34

NDS 130 (2015) 1-20 
PRD 102 (2020) 072004

Tritium hypothesis

favoured over B0 at 3.2σ

‣ Fitted rate ➞ (159  51) events/(t  yr)


‣ 3H/Xe  (6.2  2.0)  10–25 mol/mol 
➞  3 tritium atoms/kg of xenon

± ×

= ± ×
≲
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Tritium from the Cosmos?

35

PRD 102 (2020) 072004

1.  Xenon gas storage above ground ➞  32 tritium atoms/(kg   d) ➞ tritiated water (HTO) 
 with  1 ppm water impurities


2.  Xenon gas moved underground ➞ tritium decay, no more cosmogenic activation

∼ ×
∼

3. Xenon filled into its cold storage 
vessel ➞ water condensation 
(including HTO) and “capture” by 
the vessel walls 
➞  4000 HTO reduction 


4. Further tritium decay


5. Purification and detector filling 
➞ 99.99% water removal 
(including HTO)

×

Expected

Observed
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PRD 102 (2020) 072004

1.  Xenon gas storage above ground ➞  32 tritium atoms/(kg   d) ➞ tritiated water (HTO) 
 with  1 ppm water impurities


2.  Xenon gas moved underground ➞ tritium decay, no more cosmogenic activation

∼ ×
∼

3. Xenon filled into its cold storage 
vessel ➞ water condensation 
(including HTO) and “capture” by 
the vessel walls 
➞  4000 HTO reduction 


4. Further tritium decay


5. Purification and detector filling 
➞ 99.99% water removal 
(including HTO)

×

Expected

Observed

UN
LIK
ELY
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Tritium from the Atmosphere?
‣ Atmospheric abundance ➞ tritium stored as tritiated water (HTO) or hydrogen (HT) in 

detector materials, then emanating in xenon


‣ HTO/H2O  (5–10)   10–18 mol/mol, assuming the same value for HT/H2 
➞ (H2O   H2)/Xe   30 ppb required to make up the tritium-fitted excess

= ×
+ ≳

36

PRD 102 (2020) 072004

Tritiated water (HTO)

H2O/Xe  O(1) ppb=

3H/Xe  10–26 mol/mol∼

➞

Light yield

measurement

➞

Tritiated hydrogen (HT)

No H2 measurement

O2-eq./Xe   1 ppb<

100   more H2 required to explain the excess×

➞

Electron lifetime

measurement➞
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PRD 102 (2020) 072004

Tritiated water (HTO)

H2O/Xe  O(1) ppb=

3H/Xe  10–26 mol/mol∼

➞

Light yield

measurement

➞

Tritiated hydrogen (HT)

No H2 measurement

O2-eq./Xe   1 ppb<

100   more H2 required to explain the excess×

➞

Electron lifetime

measurement➞

UN
LIK
ELY

POS
SIB
LE
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The Solar Axion Hypothesis
‣ Hypothetical particle suggested as a QCD strong CP problem solution


‣ Motivated Dark Matter candidates (  keV) or possibly produced in the Sun (  keV)≪ ∼

37

PRD 102 (2020) 072004

Atomic recombination and de-excitation, 
Bremsstrahlung and Compton (ABC)


 Axion-electron coupling (gae)2∝

Primakoff conversion of 
photons to axions


 Axion-photon coupling (gaγ)2∝

A 57Fe monoenergetic

nuclear transition (14.4 keV)


 Effective axion-nucleon coupling (gan )2∝ ef

e

e

a
gae

a
γ

γgaγ

a

n

n
gan

Detection via

axioelectric effect


 (gae)2∝

Reconstruction

effects

⊗
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The Solar Axion Hypothesis

38

PRD 102 (2020) 072004

Axion hypothesis

favoured over B0 at 3.4σ

‣ Simultaneous search for ABC, 
Primakof and 57Fe axions 
(unconstrained components in the fit)


‣ Axion hypothesis still favoured over 
B0   tritium at 2.0+ σ
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Solar Axion Results

39

PRD 102 (2020) 072004

‣ 3D 90% C.L. volume gae vs. gae gaγ vs. gae gan


‣ Exclusion of gae   0 OR gae gaγ   gae gan   0


‣ Strong tension with stellar cooling constraints

= = =

 ABC∼

 P
ri

m
.

∼

 ABC∼

 57
Fe

∼

 Prim.∼

 57
Fe

∼

ef

 ABC∼  Prim
.

∼
57

Fe
 ∼

ef
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The ν Magnetic Moment Hypothesis

40

PRD 102 (2020) 072004

‣ SM extensions ➞ magnetic moment  enhancing ν–e– cross section at low energyμν

‣ Cherry on top, 10–15 B ➞ neutrinos may be Majorana fermionsμν ≳ μ

Neutrino magnetic

moment hypothesis 
favoured over B0 at 3.2σ
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The ν Magnetic Moment Hypothesis

40

PRD 102 (2020) 072004

‣ SM extensions ➞ magnetic moment  enhancing ν–e– cross section at low energyμν

‣ Cherry on top, 10–15 B ➞ neutrinos may be Majorana fermionsμν ≳ μ

‣ Strong tension with astrophysical limits but consistent with comparable Borexino results

Neutrino magnetic

moment hypothesis 
favoured over B0 at 3.2σ
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The Bosonic Dark Matter Hypothesis

41

PRD 102 (2020) 072004

‣ Searching for two main components as monoenergetic peaks 
➞ Axion-Like Particles  axions (  (gae)2) with higher masses 

➞ Dark photons, could couple with photons (  2) and be 
absorbed by photoelectric effect

≈ ∝
∝ κ

Axion-Like Particles Dark Photons
‣ Most significant at 

(2.3   0.2) keV/c2 
(favoured at 3 )


‣ No excess above 
3  ➞ upper limits 
on gae and 


‣ Best limits overall

±
σ

σ
κ


