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PARTICLE DARK MATTER

▶ STABLE
▶NON-RELATIVISTIC
▶NEUTRAL
▶NO EM INTERACTION
▶NO STRONG INTERACTION
▶NON-BARYONIC

NO SM CANDIDATE

WIMP “MIRACLE”

The measured dark matter relic density*

Ω"#h% =
3×10+%,cm/s+1	 

σ455v
= 0.120± 0.001

is obtained with mass (~100 GeV/c2) and 
annihilation cross section (~10-25 cm3s-1) 
typical of the weak scale

Weakly Interacting Massive Particles
▶Most investigated class of DM candidates
▶ Naturally arise in SUSY models
(e.g. neutralino)

Other candidates
▶ Axions or ALPs
▶ Kaluza-Klein
▶Wimpzillas
▶ and many others…

UNIVERSE ENERGY:     BARYONIC MATTER 5%   DARK MATTER 26.5% * DARK ENERGY 68.5%|
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▶ DIRECT DETECTION
▶ INDIRECT DETECTION
▶ PRODUCTION AT COLLIDERS

DARK MATTER DETECTION STRATEGY
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UNDERGROUND LNGS 
(ITALY)
3600 m.w.e. rock shielding

MUON VETO CHERENKOV 
DETECTOR
700 tonnes active ultra-pure 
water shield instrumented 
with 84 PMTs

LXe

GXe

WIMP SEARCH WITH XENON1T
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DUAL PHASE TPC
DETECTION PRINCIPLE
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FROM THE PRINCIPLE TO REALITY
A TYPICAL LOW ENERGY EVENT

https://github.com/XENON1T/pax

S1 signal S2 signal

Z position
Drift time

X-Y position
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RECOIL TYPE DISCRIMINATION
NUCLEAR RECOILS

WIMP
Neutron
Neutrino (CNNS)

NUCLEAR RECOILS
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RECOIL TYPE DISCRIMINATION
ELECTRONIC RECOILS

Gamma
Beta
Neutrino

ELECTRONIC RECOILS

|
Pi

et
ro

 D
i G

an
gi

   
|

Es
am

e 
Fi

na
le

 D
ot

to
ra

to
   
|

18
 M

ar
zo

 2
0

19



10

LXe-BASED DM DETECTORS
EVOLUTION OF SPECIES

XENON10
XENON100

LUX
PANDA X-II

XENON1T

XENONnT

2005 2008 2013 2016 2016 2019

22 kg 105 kg 250 kg 580 kg 2000 kg 6000 kgLXe

ACTIVE LIQUID XENON 
TARGET MASS

0.2
0.82.65.3

LOW ENERGY 
ER BACKGROUND 
[t•d•keV]-1

TOTAL LXe mass 
3.2 tonnes

0.02
(Goal)|

Pi
et

ro
 D

i G
an

gi
|

Es
am

e 
Fi

na
le

 D
ot

to
ra

to
|

18
 M

ar
zo

 2
0

19



11

THE XENON1T EXPERIMENT
AT LNGS (ITALY) Eur. Phys. J. C. (2017) 77:881
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THE XENON1T EXPERIMENT
AT LNGS (ITALY)

WATER TANK 700 t ultra-pure water
CHERENKOV MUON VETO 84 PMTS

Eur. Phys. J. C. (2017) 77:881
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THE XENON1T EXPERIMENT
AT LNGS (ITALY)

TPC
3.2 t LXe

248 PMTs

Eur. Phys. J. C. (2017) 77:881

WATER TANK 700 t ultra-pure water
CHERENKOV MUON VETO 84 PMTS
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THE XENON1T EXPERIMENT
AT LNGS (ITALY) Eur. Phys. J. C. (2017) 77:881

CRYOGENICS
AND

Xe PURIFICATION

TPC
3.2 t LXe

248 PMTs

WATER TANK 700 t ultra-pure water
CHERENKOV MUON VETO 84 PMTS
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THE XENON1T EXPERIMENT
AT LNGS (ITALY)

CRYOGENICS
AND

Xe PURIFICATION

TPC
3.2 t LXe

248 PMTs

WATER TANK 700 t ultra-pure water
CHERENKOV MUON VETO 84 PMTS

DAQ
AND

SLOW CONTROL

Eur. Phys. J. C. (2017) 77:881
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THE XENON1T EXPERIMENT
AT LNGS (ITALY)

CRYOGENICS
AND

Xe PURIFICATION

TPC
3.2 t LXe

248 PMTs

WATER TANK 700 t ultra-pure water
CHERENKOV MUON VETO 84 PMTS

DAQ
AND

SLOW CONTROL

Xe STORAGE AND RECOVERY

Eur. Phys. J. C. (2017) 77:881
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BACKGROUNDS
NUCLEAR RECOIL BACKGROUND

Rate [t-1 y-1] Fraction [%]

Cosmogenic 
neutrons <0.01 <2.0

Radiogenic 
neutrons 0.6 ± 0.1 96.5

CNNS 0.012 2.0

▶ Cosmogenic neutrons
Induced by cosmic muons. 
Reduced to negligible contribution by rock overburden,  water passive shield and active 
Cherenkov Muon Veto.

▶ Radiogenic neutrons
From (𝛼,n) and spontaneous fission in detector’s materials.
Reduced via radiopure material selection, scatter multiplicity and fiducialization.

▶ Coherent Elastic neutrino-nucleus scattering (CNNS)
Mainly from 8B solar 𝜈. Constraint by flux and cross section measurement.
Irreducible background at very low energy (< 1 keV)

Expectations in 1 t FV, in [4,50] keVnr, single scatters

JCAP 04, 027 (2016)

JINST 9, P11006 (2014)

1.3 t0.65 t

Eur. Phys. J. C. (2017) 77:890
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BACKGROUNDS
ELECTRONIC RECOIL BACKGROUND

Rate 
[t-1 y-1]

Fraction 
[%]

222Rn 620 ± 60 85.4
85Kr 31 ± 6 4.3

Solar 𝜈 36 ± 1 4.9

Materials 30 ± 3 4.1
136Xe 9 ± 1 1.4

▶ 222Rn: 10 µBq/kg
Careful surface emanation 
control and further reduction by 
online cryogenic distillation.

▶ 85Kr: ~0.3 ppt (Kr/Xe)
More than 3 orders of magnitude 
reduction via online cryogenic 
distillation.

Expectations in 1 t FV, in [1,12] keVee, single 
scatters, before ER/NR discrimination

Lowest ER background 
ever achieved in a DM detector

▶ Predicted: 
71 ± 7 events / (t•y•keV)
MC simulations assuming the average 0.66 ppt Kr 
concentration

▶Measured: 
82+5

-3 (sys) ± 3 (stat) events / (t•y•keV) 
Data in 1300 kg FV and below 25 keVee

JCAP 04, 027 (2016)

Eur. Phys. J. C. (2017) 77, 275

Eur. Phys. J. C (2017) 77: 358
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DETECTOR RESPONSE MODEL
ER AND NR CALIBRATIONS
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> 10% efficiency

XENON1T, this result (220Rn, 82 V cm�1)
XENON100 (CH3T, 92 V cm�1, cred. region)
LUX (CH3T, 105 V cm�1)

LUX (127Xe, 180 V cm�1)
PIXeY (37Ar, 200 V cm�1)
NEST v2.0 beta (82 V cm�1)
Error bars are stat. + sys.
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> 10% efficiency XENON1T, this result (82 V cm�1)
Aprile 2005 (0 V cm�1)
Aprile 2006 (2 kV cm�1)
Aprile 2009 (0 V cm�1)
Aprile 2013 (530 V cm�1)
Plante 2011 (0 V cm�1)
Sorenson 2009 (730 V cm�1)
Manzur 2010 (0 V cm�1)
Manzur 2010 (1 kV cm�1)
LUX 2017 (180 V cm�1)
NEST v1.0 (82 V cm�1)

ER

220Rn calibration (17 days)

AmBe calibration (30 days)

DD neutron generator (1.5 days)

NR

Background data (279 days)

▶ Combined ER/NR fit
▶ Detailed MC simulations of LXe
microphysics and detector processes
▶ 99.7% ER rejection 
in NR reference region [NR median,-2𝜎] |
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BACKGROUNDS
SURFACE BACKGROUND
▶ Radioactivity on PTFE surface and charge loss
Events can fall in the NR energy region due to abnormally small 
S2.  And due to position reconstruction resolution they can be 
reconstructed inwards.
Reduced by volume fiducialization.

▶ Data driven model
Derived from event surface control samples.

210Po control sample 

XENON Preliminary
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BACKGROUNDS
ACCIDENTAL COINCIDENCES
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DARK MATTER SEARCH RESULTS
1 tonne-year Exposure:

278.8 live-days x 1.3 t Fiducial Mass

XENON1T
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BACKGROUND PREDICTIONS
1.3 t 0.65 t

Full ROI NR 
Reference

ER 627 ± 18 0.60 ± 0.13

neutron 1.43 ± 0.66 0.14 ± 0.07

CNNS 0.05 ± 0.01 0.01

AC 0.47 +0.27 0.04 +0.02

Surface 106 ± 8 0.01

TOTAL BKG 735 ± 20 0.80 ± 0.14

Mass

(S2,S1)
region

▶ Background models
In 4-dimensional space: S1, S2, r, z

▶ Statistical inference
Done with PLR analysis in 1.3 t fiducial volume and 
full (S1,S2) space, corresponding to 
[4.9, 40.9] keVnr and [1.4, 10.6] keVee.

▶ NR reference region
Between NR median and -2𝜎 quantile. Numbers in 
table are for illustration; final results from complete 
PLR statistical inference.

1.3 t0.65 t

WIMP

278.8 days 
live-time

1.3	t	Volume

50 GeV/c2
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RESULTS
UNBLINDED DATA SET

▶ Blinding and salting
Data were blinded in the NR signal region and salted with unknown number of fake events.
▶ Pie charts
Events passing all selection criteria are shown as pie charts representing the relative PDF 
from each component for the best-fit model for 200 GeV WIMP (𝜎SI=4.7•10-47 cm2 ).
▶ Statistical interpretation
Unbinned profile likelihood with all model uncertainties included as nuisance parameters.

ER BKG

SURFACE
BKG

200 GeV 
WIMP signal 

shape 
1-2𝜎 contours 

--- NR Reference region
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RESULTS
SPATIAL DISTRIBUTION

▶ Core volume
The innermost volume is free of surface and neutron background. 
The spatial modeling of backgrounds allows to increase the fiducial volume.
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STATISTICAL INTERPRETATION
< 1 SIGMA DISCOVERY SIGNIFICANCE
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RESULTS
WORLD-BEST CONSTRAINTS ON WIMPS
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▶ Spin-independent WIMP-nucleon cross section
Strongest exclusion limits (at 90% CL) on WIMPs > 6 GeV/c2.

▶ 1 sigma upper fluctuation at higher WIMP masses
Local p-value ~0.2 (at 200 GeV/c2).  No significant excess (>3 sigma) is observed.

▶ 𝜎SI < 4.1•10-47 cm2

at 30 GeV/c2

▶ x7 better sensitivity 
compared to previous 
experiments (LUX, PANDAX-II)

Phys. Rev. Lett. 121, 111302

|
Pi

et
ro

 D
i G

an
gi

|
Es

am
e 

Fi
na

le
 D

ot
to

ra
to

|
18

 M
ar

zo
 2

0
19



28

RESULTS
WORLD-BEST CONSTRAINTS ON WIMPS
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▶ Spin-independent WIMP-nucleon cross section
Strongest exclusion limits (at 90% CL) on WIMPs > 6 GeV/c2.

▶ 𝜎SI < 4.1•10-47 cm2

at 30 GeV/c2

▶ x7 
BETTER 
SENSITIVITY 
compared to 
previous 
experiments 
(LUX, PANDAX-II)

Phys. Rev. Lett. 121, 111302
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MOVING FURTHER
XENONnT

▶MINIMAL UPGRADE
XENON1T infrastructure 

and sub-systems 

originally designed for 

a larger LXe TPC

▶ FIDUCIAL Xe TARGET ▶ BACKGROUND ▶ FAST TURNAROUND
Fiducial mass: ~4 t

Target LXe mass: 5.9 t

Total LXe mass: 8 t

Identified strategies to 

reduce 222Rn backgorund

by a factor ~10

Installation starts in 

2018

Commissioning in 2019

▶NEW TPC
Larger inner cryostat

476 PMTs

▶ LXe PURIFICATION ▶ RADON DISTILLATION ▶NEUTRON VETO
Faster cleaning of large LXe

volume (5000 SLPM)

Online removal of 222Rn 

emanated inside the 

detector

Tagging and in-situ 

measurement of 

neutron-induced

background
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WIMP mass [GeV/c2]
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LUX (2017) PandaX-II (2017)

XENON1T (1 t⇥yr, this work)

XENONnT (20 t⇥yr Projection)

n discovery limit
Bagnaschi 2017Billard 2013

▶ XENON1T: THE FIRST MULTI-TON 
SCALE LXe-TPC 
Successfully operated for > 1 year 

▶ LOWEST BACKGROUND EVER 
Among all DM  detectors

▶ Strongest limit on WIMP-nucleon 
SI cross-section 
Above  6 GeV/c2

Minimum at 4.1•10-47 cm2 for  30 GeV/c2 WIMP

▶ XENONnT:
A larger and better detector will enable a 
further boost in sensitivity

SUMMARY
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THE XENON COLLABORATION
SUBTITLE

▶ ~165 
SCIENTISTS

▶ 27 
INSTITUTIONS

▶ 11 
COUNTRIES
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WHAT IS DARK MATTER
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WHY DO WE CHOOSE XENON?
▶ High A=131   
👍 𝜎WIMP-N ~ A2 à Larger probability of SI 
WIMP-nucleon interactions

▶ Self shielding    
👍 High Z=54 and high density 
𝜌=2.8 g/cm3

▶ Scalability
👍 Compact detectors scalable to larger 
dimensions

▶ High purity
👍 136Xe decay rate negligible; 85Kr removed to 
<ppt level

▶ Light and charge yields
👍 Highest among noble liquids

▶ “Easy” cryogenics
👍 Xenon is liquid at -95° C

▶ VUV scintillation light
👍 178 nm à no need for wavelenght shifters

▶ Odd-nucleon isotopes
👍 131Xe and 129Xe allow to study also the SD 
interaction|
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MUON VETO
WATER CHERENKOV SUB-DETECTOR
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XENON SYSTEMS
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XENON PURIFICATION
ELECTRON LIFETIME
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83mKr

83mKr source injected in LXe which uniformly distributes in the whole TPC volume à Ideal to 
understand spatial dependence of the light (S1) and charge (S2) signals.

S2
 X

Y 
co

rr
ec

tio
n 

m
ap

S1
 X

YZ
 c

or
re

ct
io

n 
m

ap
SIGNAL SPATIAL CORRECTIONS

VOLUME CALIBRATIONS WITH 83mKr Plots	just	for	illustration
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LIGHT DETECTION SYSTEM
PMT STABILITY
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LIGHT AND CHARGE SIGNALS
TIME STABILITY
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POSITION RECONSTRUCTION
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CALIBRATIONS
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ER AND NR MODELING
REAL DATA AND MC SIMULATIONS

DATA SAMPLES FOR STATISTICAL 
INFERENCE OR MODELS

Particle propagation

Energy deposit

Xe scintillation/ionization

Charge drift

Photon propagation 

PMT/electronics response

Trigger and reconstruction

Cuts selection

Light emission Charge emission

Extraction/proportional scintillation

REAL DATA MC MODEL

GEANT4 simulation

Emission model (photon 
and electron yield)

Electron lifetime from real data

g1/g2 and extraction 
efficiency from real data

Efficiencies from 
waveform simulator and 

real data

S1/S2 LCE maps from 
simulations and real 

data

S1/S2 bias and 
smearing  from 

waveform simulator
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DETECTOR RESPONSE MODEL
ER AND NR CALIBRATIONS

ER

XENON	 Preliminary

▶ Detailed MC simulations 
of LXe microphysics and 
detector processes

▶ Parameters tuned and 
constrained to calibration 
data

ER
 220R

n

N
R

 n
eu

tr
on

 g
en

er
at

or

S1 projection

S2 projections in S1 slices

~99.7% ER rejection in NR reference 
region [NR median,-2𝜎] 
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BACKGROUND SPECTRUM
ENERGY RESOLUTION AND MC MATCHING
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XENON1T TIMESCALE
SCIENCE AND CALIBRATION DATA
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WIMP SEARCH
BLINDING AND SALTING
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WIMP SEARCH
DATA SELECTION AND DETECTION EFFICIENCY
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PREDICTED AND OBSERVED DATA
Reference	and	smaller	fiducial	masses	are	illustrative.	Data	analysis	and	
statistical	inference	is	performed	on	the	full	dataset	with	PLR	approach	and	
backgrounds/signal	 shape	accounted.

WIMP	expectation	under	best-fit	model	at	m=200	GeV	(cross-section	=	4.7x10-47 cm2)
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DETECTION PRINCIPLE
WITH A DUAL PHASE TPC

Nuclear Recoils

Electronic Recoils

▶ S1 Light signal
Prompt scintillation photons
▶ S2 Charge signal
Secondary scintillation in GXe from drifted 
electrons

👍 Energy reconstruction from combined S1 
and S2

▶ 3D vertex reconstruction
X,Y from S2 pattern in top PMT array
Z from drift time

👍 Volume fiducialization
👍 Single/multiple scatters discrimination

WIMPs/Neutrons.

nuclear.recoil.

electron.recoil.

Gammas.

▶NR (Nuclear Recoils)
WIMP signal, neutrons, CNNS

▶ ER (Electronic Recoils)
𝛾, 𝛽 backgrounds

👍 Recoil type identification 
from S2/S1
Larger for ER than NR

WIMPs/Neutrons.

nuclear.recoil.

electron.recoil.

Gammas.𝛾, 𝛽

Electronic Recoil

WIMP, n

Nuclear Recoil
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UNDERGROUND LNGS 
(ITALY)
3600 m.w.e. rock shielding

MUON VETO CHERENKOV 
DETECTOR
700 tonnes active ultra-pure 
water shield instrumented 
with 84 PMTs

LXe

GXe

WIMP SEARCH WITH XENON1T
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THE XENON1T EXPERIMENT
AT LNGS (ITALY)

WATER TANK 700 t ultra-pure water
CHERENKOV MUON VETO 84 PMTS

CRYOSTAT

TPC
3.2 t LXe

248 PMTs

EXTERNAL 
CALIBRATIONS

CRYOGENICS
AND

PURIFICATION

DAQ
AND

SLOW CONTROL

Xe STORAGE AND RECOVERY

Kr DISTILLATION 
COLUMN

Eur. Phys. J. C. (2017) 77:881
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SUMMARY

101 102 103

WIMP mass [GeV/c2]
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XENON10 (2008)

XENON100 (2012)

LUX (2017) PandaX-II (2017)

XENON1T (1 t⇥yr, this work)

XENONnT (20 t⇥yr Projection)

n discovery limit
Bagnaschi 2017Billard 2013

▶ Lowest 
background ever 
Among all DM  
detectors

▶ Strongest limit
on WIMP-
nucleon  SI 
cross-section 
Above  6 GeV/c2; 
minimum at 
4.1•10-47 cm2 for  
30 GeV/c2 WIMP

▶ XENONnT:
A larger and 
better detector 
will enable a 
further boost in 
sensitivity|
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▶ XENON1T: first multi-ton scale LXe-TPC 
Successfully operated for > 1 year 


