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The XENON projects: Direct Detect DM

PRD 94, 122001 (2016)
62 kg Xe target
1.1x10-45 cm2 @50GeV/c2

Bigger detector

Lower background

Better sensitivity

XENON10
2005-2007

XENON100
2008-2016

XENON1T
2012-2019

PRL 121, 111302 (2018)
2 tonne Xe target
4.1x10-47 cm2 @30GeV/c2PRL 100, 021303 (2008)

14 kg Xe target
4.5x10-44 cm2 @30GeV/c2

(1T) Excess in ER background

Phys. Rev. D 102, 072004 (2020)

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.122001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.111302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.021303
https://doi.org/10.1103/PhysRevD.102.072004


5Excess in ER background in XENON1T
• In <30 keV region, expect background events 

23215, while we observed 285 events (∼3𝜎)

• Excess fit to 2.3 keV peak. 

PRD 102, 
072004 (2020)
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6Excess in ER background in XENON1T
• In <30 keV region, expect background events 

23215, while we observed 285 events (∼3𝜎)

• Excess fit to 2.3 keV peak. 

A sign of New Physics?

Solar axions, Neutrino magnetic moment,                                

ALPs, dark photons

 would be exciting! but need to confirm other BKG

PRD 102, 
072004 (2020)
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7Excess in ER background in XENON1T
• In <30 keV region, expect background events 

23215, while we observed 285 events (∼3𝜎)

• Excess fit to 2.3 keV peak. 

A sign of New Physics?

Solar axions, Neutrino magnetic moment,                                

ALPs, dark photons

 would be exciting! but need to confirm other BKG

37Ar (peak at 2.8 keV) as a background?

• 37Ar: removed by the online Kr distillation.

• The necessary air leak to explain the excess is 

> 13 L/y, while upper limit is 0.9 L/y 

 Exclude this hypothesis 

PRD 102, 
072004 (2020)
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8Excess in ER background in XENON1T
• In <30 keV region, expect background events 

23215, while we observed 285 events (∼3𝜎)

• Excess fit to 2.3 keV peak. 

A sign of New Physics?

Solar axions, Neutrino magnetic moment,                                

ALPs, dark photons

 would be exciting! but need to confirm other BKG

37Ar (peak at 2.8 keV) as a background?

• 37Ar: removed by the online Kr distillation.

• The necessary air leak to explain the excess is 

> 13 L/y, while upper limit is 0.9 L/y 

 Exclude this hypothesis 

PRD 102, 
072004 (2020)

3H as background?

• Contamination in tritiated forms (HT and HTO)

• Q-value = 18.6 keV, T1/2 = 12.3 yr

• 3H:Xe concentration 6.2 ± 2.0 x 10-25 mol/mol

 Could not confirm or exclude this hypothesis
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The XENON projects: Direct Detect DM

Bigger detector

Lower background

Better sensitivity

XENON10
2005-2007

XENON100
2008-2016

XENON1T
2012-2019

XENONnT

6 tonne Xe target
Projection [JCAP11(2020)031]:
1.4×10-48 cm2 @50 GeV/c2

Exposure: 20 tonne-year

2020-202x (taking data)

nT: a better Xenon TPC

Phys. Rev. Lett. 129, 161805 (2022)

(1T) Excess in ER background

Phys. Rev. D 102, 072004 (2020)
PRD 94, 122001 (2016)
62 kg Xe target
1.1x10-45 cm2 @50GeV/c2 PRL 121, 111302 (2018)

2 tonne Xe target
4.1x10-47 cm2 @30GeV/c2PRL 100, 021303 (2008)

14 kg Xe target
4.5x10-44 cm2 @30GeV/c2

https://iopscience.iop.org/article/10.1088/1475-7516/2020/11/031
https://doi.org/10.1103/PhysRevLett.129.161805
https://doi.org/10.1103/PhysRevD.102.072004
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.94.122001
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.121.111302
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.100.021303
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XENONnT: a Xe-based TPC
• TPC consists of: dual-phase Xenon (liquid + gas), 

PMTs at top & bottom, electrodes

• An interaction deposits energy in Xe, liberates 

both scintillation light and electrons

• Scintillation Light: reach PMTs (S1)

• Electrons: drift upward by electrical field, 

extracted at the gas phase, produce more 

scintillation light (S2)

• Based on S1 & S2, reconstruct energy, x-y position 

(S2 patern) and z position (drift time S1→S2)

ionization 
charge

Phonon         
heat

Scintillation 
light

CUORE
PICO
SIMPLE

DAMA/LIBRA
XMASS

DEAP

CoGeNT
DAMIC

CRESST

CDMS
Edelweiss

LUX/LZ
XENON

PandaX
DARWIN

S2 light 
(x,y)

ve(tS2 – tS1)
z

S2

S1



11
TM

EX
2

0
2

3
 1

/8
/2

0
2

3
, Q

u
y

N
h

ơ
n

, V
iệ

t
N

am
, K

h
ai

 B
u

i <
tu

an
kh

ai
.b

u
i@

ip
m

u
.j

p
> 

XENONnT: ER/NR discrimination

Particle identification by S2:S1 ratio

Xe

NR: 𝑛, WIMPs, n

e–

ER: g, b, n

• TPC consists of: dual-phase Xenon (liquid + gas), 

PMTs at top & bottom, electrodes

• An interaction deposits energy in Xe, liberates  

both scintillation light and electrons

• Scintillation Light: reach PMTs (S1)

• Electrons: drift upward by electrical field,  

extracted at the gas phase, produce more 

scintillation light (S2)

• Based on S1 & S2, reconstruct energy, x-y position 

(S2 patern) and z position (drift time S1→S2)

• Electronic Recoil (ER): from g, b, n; high S2:S1 ratio

• Nuclear Recoil (NR): from 𝑛, WIMPs, n; low S2:S1
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Low background techniques in XENON

H
al

l-
B

, 1
4

0
0

m
 d

e
p

th

• The experiment is set up at 1400 m depth LNGS 

with m-flux 1 m-2h-1 JCAP05(2012)015

• Active water cherenkov muon veto: 9.6mf x 10mh 

water tank JINST 9, P11006 

• Neutron veto: Gd-loaded water Cherenkov and 

Gd water purification

• Strict material screening EPJ C 82, 599 (2022)

• LXe properties: Radiopure & Self-shielding

• Distillation of krypton PTEP 2022, 053H01

and radon arxiv:2205.11492

https://doi.org/10.1088/1475-7516/2012/05/015
https://doi.org/10.1088/1748-0221/9/11/P11006
https://doi.org/10.1140/epjc/s10052-022-10345-6
https://doi.org/10.1093/ptep/ptac074
https://arxiv.org/abs/2205.11492


13
TM

EX
2

0
2

3
 1

/8
/2

0
2

3
, Q

u
y

N
h

ơ
n

, V
iệ

t
N

am
, K

h
ai

 B
u

i <
tu

an
kh

ai
.b

u
i@

ip
m

u
.j

p
> 

From XENON1T to XENONnT: Reuse + Upgrade

Liquid 
purification

A bigger TPC, 
x3 Xe mass,

x2 PMTs

neutron Veto
Water Cherenkov detector

Gd-loaded water purification
Super-K, EGADS technology

Rn distillation

More DAQ 
readout 
channels

More storage 
for Xenon

ReStoX-II

m-veto

Cryostat and support 
structure for TPC Xenon storage,  

Kr-distillation

DAQ and             
Slow Control

Cryogenics, 
purification,
Rn/Kr calib. 
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Newly added: bigger TPC

Commissioned during 
2020 COVID pandemic

• Size: 1fx1hm (1T) → 1.3fx1.5hm (nT)

• Active/Total Xe: 2t/3.2t (1T) 
×3

5.9t/8.6t (nT)

• Number of PMTs: 248 (1T) 
×2

494 (nT)

• PTFE reflectors maximize light detection 

efficiency: 34% (1T) → 36% (nT)

• Field shaping rings with tuneable potential

• E(drift): 23 V/cm, E(extract): 2.9 kV/cm

• short-circuit between the cathode 

and bottom screen limited the  

cathode voltage to -2.75 kV
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Newly added: Liquid purification
• Electronegative impurities in Xe cause loss 

of drift 𝑒−and worsen S2 signals 

• New TPC: x1.5 drift length, x3 total Xe mass

new liquid purification technique with:

o high flow of 2 L/min (or 1000 SLPM)

o replaceable low-radon filter units

o online purity monitor

reach very high purity in less than a week, 

18 h to exchange the entire volume

Full TPC 
drift time

electron 
lifetime

electrons surviving 
a full drift length

XENON1T 0.67 ms 0.65 ms 30 %

XENONnT 2.2 ms 10+ ms >90%

EPJC 82, 860 (2022)
arXiv:2205.07336

https://doi.org/10.1140/epjc/s10052-022-10832-w
https://arxiv.org/abs/2205.07336
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Newly added: Liquid purification
• Electronegative impurities in Xe cause loss 

of drift 𝑒−and worsen S2 signals 

• New TPC: x1.5 drift length, x3 total Xe mass

new liquid purification technique with:

o high flow of 2 L/min (or 1000 SLPM)

o replaceable low-radon filter units

o online purity monitor

reach very high purity in less than a week, 

18 h to exchange the entire volume

Full TPC 
drift time

electron 
lifetime

electrons surviving 
a full drift length

XENON1T 0.67 ms 0.65 ms 30 %

XENONnT 2.2 ms 10+ ms >90%
XENON1T ~1ms
XENON1T <1ms
GXe Purification

>10 ms during science run

EPJC 82, 860 (2022)
arXiv:2205.07336

https://doi.org/10.1140/epjc/s10052-022-10832-w
https://arxiv.org/abs/2205.07336
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Newly added: Radon distillation

214Pb

P
R

D
 1

0
2
, 0

7
2
0
0
4
 (2

0
2
0
)

XENON1T

136Xe
85Kr

• 214Pb is dominant in low energy

originated from 222Rn in LXe/GXe

• Rn column is operated in during 

science run

1.7 mBq/kg (GXe-only mode)

Next Run (LXe+GXe): <1 mBq/kg

Rn column with 2 operation modes:

o GXe: Remove Rn from signal cables, 

cryogenic pipes…

o LXe: Remove Rn from TPC body, PMT, …

EPJC 82, 1104 (2022)
arxiv:2205.11492

https://doi.org/10.1140/epjc/s10052-022-11001-9
https://arxiv.org/abs/2205.11492
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• Inside muon Veto water tank, surround TPC

• Octagonal structure 3x4 m

• 120 PMTs 8’’ Hamamatsu R5912-100 HQE (~40%)

 Detect Cherenkov radiations

• Covered by ePTFE reflecting foils: 

 high coverage & light collection efficiency

• Pure water: n-capture on 1H

 H(n,g) 2.2 MeV peak; tcapture ~200 ms, en-tag ~68%

• Gd-loaded water: n-capture on 155Gd,157Gd

 g-cascade, SEg  8MeV, tcapture ~30 ms , en-tag ~87%

B
o

tt
o

m
 v

ie
w

current

Next step

Newly added: neutron Veto – nVeto
Muon Veto
Water tank

n
-c

ap
tu

re
 

cr
o

ss
-s

e
ct

io
n

TPC

nVeto
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• Inside muon Veto water tank, surround TPC

• Octagonal structure 3x4 m

• 120 PMTs 8’’ Hamamatsu R5912-100 HQE (~40%)

 Detect Cherenkov radiations

• Covered by ePTFE reflecting foils: 

 high coverage & light collection efficiency

• Pure water: n-capture on 1H

 H(n,g) 2.2 MeV peak; tcapture ~200 ms, en-tag ~68%

• Gd-loaded water: n-capture on 155Gd,157Gd

 g-cascade, SEg  8MeV, tcapture ~30 ms , en-tag ~87%
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current

Next step

Newly added: neutron Veto – nVeto
Muon Veto
Water tank

n
-c

ap
tu

re
 

cr
o

ss
-s

e
ct

io
n

TPC

nVeto
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• Inside muon Veto water tank, surround TPC

• Octagonal structure 3x4 m

• 120 PMTs 8’’ Hamamatsu R5912-100 HQE (~40%)

 Detect Cherenkov radiations

• Covered by ePTFE reflecting foils: 

 high coverage & light collection efficiency

• Pure water: n-capture on 1H

 H(n,g) 2.2 MeV peak; tcapture ~200 ms, en-tag ~68%

• Gd-loaded water: n-capture on 155Gd,157Gd

 g-cascade, SEg  8MeV, tcapture ~30 ms , en-tag ~87%

B
o

tt
o

m
 v

ie
w

current

Next step

Newly added: neutron Veto – nVeto
Muon Veto
Water tank

n
-c

ap
tu

re
 

cr
o

ss
-s

e
ct

io
n

TPC

nVeto

Gd Water Purification System (GdWPS):
For 3.4 t Gd2(SO4)3  8H2O (0.2% Gd)
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DAQ & Computing for TPC, MV and NV

• Readout for TPC: 494 PMTs + top-array PMTs 

with lower gain for high-energy study

• Readout for muon Veto, and neutron Veto

• “Triggerless” mode: individual channels are 

read out any time they cross the threshold

• GPS synchronization for all 3 detectors

• Fully live processing

• Open-source software: strax+straxen

Check out github.com/XENONnT/straxen

arxiv:2212.11032 on DAQ of XENONnT

drift time  100ms (z7cm)

473 PE 11951 PE
S1 S2

(max drift time  2.2ms)

~160ns ~3.4ms

S2 (x,y)

https://github.com/XENONnT/straxen
https://arxiv.org/abs/2212.11032


22First Science Run of XENONnT

• Livetime: 97.1 days July 6 – Nov 11 2021

• Fiducial Volume: (4.37 ± 0.14) tonnes

• Exposure: 1.16 tonne-yr

• Drift field: 23 V/cm, Extraction field: 2.9 kV/cm

• Internal (220Rn, 83mKr, 37Ar) & External (AmBe) calibrations

• Rn distillation in gas-only mode

• 477/494 PMTs working with gain stability of 3%

• Hotspot: Localized high single electron emission, 

randomly occurred, anode  ramp down
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23Calibration (ER): 83mKr

• 83mKr bi-weekly calibration: inject to LXe

• 32.2 keV and 9.4 keV gamma emissions 

• T1/2 =1.83 h  Expect to distribute uniformly in 

our detector

• Used to study position dependence of: 

S1 light collection efficiency,  S2 light 

collection efficiency, distortion in 

position reconstruction

Field simulation (COMSOL) 
validation with Kr data
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24Calibration (ER): 220Rn and 37Ar

220Rn and 37Ar calibration 
in reconstructed energy

2
2

0R
n

 calib
ratio

n
 

in
 cs1

, cs2
 sp

ace

• 212Pb from 220Rn decay chain (injected to Lxe) gives                   

a roughly flat b-spectrum

 estimate cut acceptance, validate threshold, 

ER band calibration

• 37Ar emits a mono-energetic 2.82 keV peak

 Validate energy reconstruction and resolution at          

low-energy with high statistics 

 Long T1/2 (35 days), inject 37Ar at the end of science run

220Rn
T1/2=55.8s

216Po
T1/2=150ms

212Pb
T1/2=10.6h

a ba

arxiv:2211.14191 
on 37Ar calibration
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https://arxiv.org/abs/2211.14191
https://arxiv.org/abs/2211.14191


25Calibration (NR): 241Am(a,n)Be

• AmBe emits 4.4 MeV g-ray and neutron

• For NR calibration: 

o select 4.4 MeV g-ray in nVeto

o Tight coincidence between S1 and NV signals 

 Strong suppression of accidental coincidence (AC) 

and Electronic Recoil (ER) events.

• Used for: NR band calibration in TPC, estimate 

neutron tagging and detection efficiency in nVeto
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26Calibration (NR): 241Am(a,n)Be

NR band

129Xe inelastic
scattering

• AmBe emits 4.4 MeV g-ray and neutron

• For NR calibration: 

o select 4.4 MeV g-ray in nVeto

o Tight coincidence between S1 and NV signals 

 Strong suppression of accidental coincidence (AC) 

and Electronic Recoil (ER) events.

• Used for: NR band calibration in TPC, estimate 

neutron tagging and detection efficiency in nVeto
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27Energy reconstruction

• The energy is a combination of cS1 and cS2: 

E = 13.7eV × ൗcS1
g1 + ൗcS2

g2

• Doke plot  determine g1 and g2

 Use mono-energy peaks to calibrate for low-E 

(1-140 keV): 37Ar, 83mKr, 129mXe, 131mXe

• LY and CY overtime: small variations (1%-2%)

g1=(0.151±0.001)PE/ph
g2=(16.5±0.6)PE/e−
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• The energy is a combination of cS1 and cS2: 

E = 13.7eV × ൗcS1
g1 + ൗcS2

g2

• Doke plot  determine g1 and g2

 Use mono-energy peaks to calibrate for low-E 

(1-140 keV): 37Ar, 83mKr, 129mXe, 131mXe

• LY and CY overtime: small variations (1%-2%)

g1=(0.151±0.001)PE/ph
g2=(16.5±0.6)PE/e−
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29Data Quality Cuts

Events are required to pass a range of quality cuts:

• S1 and S2 peak should each have patterns, 

top/bottom ratios etc. consistent with real events

• S2 width consistent with the expected diffusion

• An S2 over 500 PE

• Not within 300ns of a neutron veto event

• Events must be within ER band

• Fiducial volume cut selects a mass of 

(4.37±0.14)tonnes with low backgrounds

Average total cut 
acceptance 86%
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30Control 3H in XENONnT
• Aim to reduce possible HT or HTO in XENONnT

 2 months-outgassed + GXe purification with Zr 

getters; 3 weeks of GXe cleaning

• To clarify Tritium hypothesis:

o Carry out a Tritium Enhanced Data (TED) run for 

14.3 days after the first science run

o TED: Bypass GXe purification, which enhance 

the HT and HTO in LXe by a factor 10-100

o Data collected in this TED mode were blinded
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31Control 3H in XENONnT
• Aim to reduce possible HT or HTO in XENONnT

 2 months-outgassed + GXe purification with Zr 

getters; 3 weeks of GXe cleaning

• To clarify Tritium hypothesis:

o Carry out a Tritium Enhanced Data (TED) run for 

14.3 days after the first science run

o TED: Bypass GXe purification, which enhance 

the HT and HTO in LXe by a factor 10-100

o Data collected in this TED mode were blinded

• After the unblinding, no evidence was found for 

a tritium-like excess.

 3H is therefore not included in the BKG model.TM
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Science Run: Blinded analysis & BKG model

124Xe 2νECEC
• 9 components in the Background Model

• Full blind analysis with various stages of unblinding

• Energy range: (1-140) keV 

• Fiducial mass: (4.37±0.14) t, Exposure: 1.16 tyr

• 124Xe 2νECEC: clearly observed in nT

XENON1T
124Xe 2νECEC

For 124Xe 2nECEC
PRC 106, 024328 (2022)
PRD 102, 072004 (2020)
Nature 568, 532–535 (2019)
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https://doi.org/10.1103/PhysRevC.106.024328
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1038/s41586-019-1124-4
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Science Run: Blinded analysis & BKG model

124Xe 2νECEC
• 9 components in the Background Model

• Full blind analysis with various stages of unblinding

• Energy range: (1-140) keV 

• Fiducial mass: (4.37±0.14) t, Exposure: 1.16 tyr

• 124Xe 2νECEC: clearly observed in nT

Partially unblinded for 
low-energy ER analysis

WIMP blind analysis 
is ongoing

“kin” at DEC peak
due to NR blind region
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34XENON1T vs XENONnT
• Exposure: 1.16 tyr

 x2 exposure of XENON1T 0.65 tyr

• Background in [1-30] keV:                          

16.1±0.3 events/(tyrkeV)

× Τ1 5 background rate in XENON1T             

82±3 events/(tyrkeV)

• Exclude XENON1T excess in [1-30] keV

 Most likely explanation of XENON1T 

excess is a small 3H contamination.

XENON1T

XENONnT

 In XENONnT, taking steps to reduce 

tritium outgassing sees no excess
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35XENON1T vs XENONnT
• Exposure: 1.16 tyr

 x2 exposure of XENON1T 0.65 tyr

• Background in [1-30] keV:                          

16.1±0.3 events/(tyrkeV)

× Τ1 5 background rate in XENON1T             

82±3 events/(tyrkeV)

• Exclude XENON1T excess in [1-30] keV

 Most likely explanation of XENON1T 

excess is a small 3H contamination.

 In XENONnT, taking steps to reduce 

tritium outgassing sees no excess

XENONnT: achieved the lowest 

background level ever in ER searchTM
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Potential Dark Matter Signal Gives Way to New Limits
M. Rini, Physics 15, 159 DOI: 10.1103/Physics.15.159

PRD 102, 072004 (2020)

PRL (2022) 129.161804

arXiv:2207.03764 PRL 129, 161805 (2022)

https://physics.aps.org/articles/pdf/10.1103/Physics.15.159
https://doi.org/10.1103/PhysRevD.102.072004
https://doi.org/10.1103/PhysRevLett.129.161804
https://doi.org/10.48550/arXiv.2207.03764
https://doi.org/10.1103/PhysRevLett.129.161804


36Limit on New Physics
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Direct detection exp.

μν < 6.3 x 10-12 μB

90% upper limit on 57Fe solar axion 
component is 20.4events/(t×yr)
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37Summary and Outlook
• Successful construction and commissioning of XENONnT

 Current exposure 1.16 tyr

 Lowest BG ever achieved: 16.1±0.3 events/(tyrkeV)

• Fully blinded analysis of ER data: No excess [1-140] keV 

 BSM models that explain the XENON1T excess are excluded 

 New world-leading limits on solar-axions, ALP, DP, and 

neutrino magnetic moment 

• XENON1T excess is most likely due to the small 3H 

contamination 

• More info: PRL 129, 161805 (2022), arXiv:2207.11330

• NR WIMP unblinding is in progress (STAY TUNED!)

What’s next:

•Unblinding NR

•WIMP search analysis

•Ongoing science run (SR1) with 

factor 2 lower radon level

Follow us:

Xenonexperiment.org

Xenon_experiment

XENONexperiment

XENONexperiment
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https://doi.org/10.1103/PhysRevLett.129.161805
https://arxiv.org/abs/2207.11330


38XLZD: Next-generation Dark Matter Detector
• Leading Xenon Researchers unite to build next-

generation Dark Matter Detector

• The XENON/DARWIN and LUX-ZEPLIN collaborations

(XLZD) have now joined forces to work together on

the design, construction, and operation of a new,

single, multi-tonne scale xenon observatory to

explore dark matter.

• White paper: A Next-Generation Liquid Xenon

Observatory for Dark Matter and Neutrino Physics

[arxiv:2203.02309]

https://www.ipmu.jp/20210721-
NextGenerationLiquidXenonDetector

2021/4/26, 27   XENON/DARWIN, LUX-ZEPLIN meeting
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