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INTRODUCTION

TWO MAJOR QUESTIONS IN ASTRO-PARTICLE PHYSICS

▸ What is the dark matter in our galaxy made of? 

▸ What is the nature of neutrinos, and their mass? 

▸ To address these, we build large-scale, ultra-low 
background experiments, operated in underground 
laboratories
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Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
Laboratory and SLAC National Accelerator Laboratory. symmetrymagazine.org

OSCILLATING

Neutrinos come in three types, called flavors. 
There are electron neutrinos, muon neutri-
nos and tau neutrinos. One of the strangest 
aspects of neutrinos is that they don’t pick 
just one flavor and stick to it. They oscillate 
between all three.

MYSTERIOUS

Neutrinos are mysterious. Experiments seem 
to hint at the possible existence of a fourth 
type of neutrino: a sterile neutrino, which would 
interact even more rarely than the others. 

VERY MYSTERIOUS

Scientists also wonder if neutrinos are their 
own antiparticles. If they are, they could have 
played a role in the early universe, right after 
the big bang, when matter came to outnumber 
antimatter just enough to allow us to exist.

ABUNDANT

Of all particles with mass, neutrinos are the 
most abundant in nature. They’re also some  
of the least interactive. Roughly a thousand 
trillion of them pass harmlessly through your 
body every second.

FUNDAMENTAL

Neutrinos are fundamental particles, which 
means that—like quarks and photons and  
electrons—they cannot be broken down into 
any smaller bits.

ELUSIVE

Neutrinos are difficult but not impossible to  
catch. Scientists have developed many differ-
ent types of particle detectors to study them.

LIGHTWEIGHT

Neutrinos weigh almost nothing, and they 
travel close to the speed of light. Neutrino 
masses are so small that so far no experi-
ment has succeeded in measuring them. The 
masses of other fundamental particles come 
from the Higgs field, but neutrinos might get 
their masses another way.

DIVERSE

Neutrinos are created in many processes in 
nature. They are produced in the nuclear 
reactions in the sun, particle decays in the 
Earth, and the explosions of stars. They are 
also produced by particle accelerators and  
in nuclear power plants.

 NEUTRINOS
  ARE…

Inner space / Outer spaceInner space / Outer spaceInner space / Outer space



INTRODUCTION: DARK MATTER

IN THE DARK…

▸ The evidence for dark matter is overwhelming 

▸ Early and late cosmology (CMB, LSS) 

▸ Clusters of galaxies 

▸ Galactic rotation curves 

▸ Big Bang nucleosynthesis 

▸ But - no idea about its composition at the particle level

First DES dark matter results, 26x106 galaxies
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INTRODUCTION: DARK MATTER

IN THE DARK…

Particle mass [GeV]
103110-3

“Known physics”

Light dark matter “WIMPs”
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DIRECT DARK MATTER DETECTION

HOW TO SEE IN THE DARK?
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q  10sMeV� �

Standard 
Model states

Standard 
Model states

DM-SM 
mediator

+ collisions with 
electrons in the 
atomic shell, or 
absorption of light 
bosons via the so-
called axio-electric 
effect 

+ Bremsstrahlung from 
polarised atoms; e- 

emission due to  so-
called Migdal effect



DIRECT DARK MATTER DETECTION

WHAT TO EXPECT IN AN EARTH-BOUND DETECTOR?
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Astrophysics
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Detector physics
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DIRECT DARK MATTER DETECTION

WHAT IS THE DM FLUX ON EARTH?
⇢(R0) = 0.2� 0.56GeV cm�3 = 0.005� 0.015M� pc�3

Justin Read, Journal of Phys. G41 (2014) 063101 

=> Flux on Earth: ~105 cm-2s-1 (MW=100 GeV, for 0.3 GeV cm-3)

http://www.symmetrymagazine.org
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DIRECT DARK MATTER DETECTION

INTERACTION RATES

Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge

Ar

Nuclear recoil spectrum expected in a detector

�8

R ⇠ 0.13
events

kg year


A

100
⇥ �WN

10�38 cm2
⇥ hvi

220 km s�1
⇥ ⇢0

0.3GeVcm�3

�



INTRODUCTION: NEUTRINOS

(SOME) OPEN QUESTIONS IN NEUTRINO PHYSICS

▸ What is the absolute mass of neutrinos? 

▸ Are neutrinos their own antiparticles? 

▸ These can be addressed with an extremely rare nuclear 
decay process: the double beta decay
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and its connections to life and other areas of science. Published by Fermi National Accelerator 
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in nuclear power plants.

 NEUTRINOS
  ARE…

+
Nucleus A Nucleus B

+
Elektrons (Anti)Neutrinos

2 2e ⌫
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INTRODUCTION: NEUTRINOS

THE DOUBLE BETA DECAY

▸ Predicted by Maria-Goeppert Mayer in 1935 

▸ The SM decay, with 2 neutrinos, was observed in 13 nuclei 

▸ T1/2 > 1018 y; 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 116Cd, 128Te, 130Te, 136Xe, 150Nd, 238U

Sum energy of the two electrons

Ra
te

2⌫��

0⌫��

(A, Z+1)

(A, Z+2)

(A, Z)
��
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INTRODUCTION: NEUTRINOS

THE NEUTRINOLESS DOUBLE BETA DECAY

▸ Can only occur if neutrinos have mass and if they are their 
own anti-particles 

▸ Expected signature: sharp peak at the Q-value of the 
decay

Interested in how the universe works? Read symmetry, an online magazine about particle physics 
and its connections to life and other areas of science. Published by Fermi National Accelerator 
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DARK MATTER AND NEUTRINO EXPERIMENTS

MAIN CHARACTERISTICS

▸ Nuclear recoils: keV-energies 

▸ Featureless recoil spectrum 

▸ Very low event rates: < 0.1/
(kg x year)

▸ Q-value: MeV-scale 

▸ Peak at the Q-value 

▸ Very low event rates: <0.1/
(kg x year)

ER

dR
/d

E R

higher 

WIMP mass

lower WIMP mass

Sum energy of the two electrons

Ra
te

2⌫��

0⌫��
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DARK MATTER AND NEUTRINO EXPERIMENTS

MAIN EXPERIMENTAL REQUIREMENTS

▸ Low energy thresholds 

▸ Large detector masses 

▸ Ultra-low backgrounds 

▸ Excellent signals versus 
background discrimination

▸ Excellent energy resolution 

▸ Large detector masses 

▸ Ultra-low backgrounds 

▸ Excellent signals versus 
background discrimination

T 0⌫
1/2 / a · ✏ ·

r
M · t
B ·�E
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DARK MATTER AND NEUTRINO EXPERIMENTS

EMPLOYED NUCLEI
Candidate* Q [MeV] Abund [%]

48Ca -> 48Ti 4.271 0.187

76Ge -> 76Se 2.040 7.8

82Se -> 82Kr 2.995 9.2

96Zr -> 96Mo 3.350 2.8

100Mo -> 100Ru 3.034 9.6

110Pd -> 110Cd 2.013 11.8

116Cd -> 116Sn 2.802 7.5

124Sn -> 124Te 2.228 5.64

130Te -> 130Xe 2.530 34.5

136Xe -> 136Ba 2.479 8.9

150Nd -> 150Sm 3.367 5.6

Nucleus Spin Abund [%]

19F 1/2+ 100

23Na 3/2+ 100

27Al 5/2+ 100

29Si 1/2+ 4.7

73Ge 9/2+ 7.76

127I 5/2+ 100

129Xe 1/2+ 26.4

131Xe 3/2+ 21.2

40Ar — 99.6

70Ge, 72Ge, 74Ge, 
76Ge —

124Xe,126Xe,128Xe,
130Xe, 132Xe, 
134Xe,136Xe

—
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INTRODUCTION

BACKGROUNDS
▸ In the ideal case: below the expected signal 

▸ Muons & associated showers; cosmogenic activation of detector materials 

▸ Natural (228U, 232Th, 40K), anthropogenic (85Kr, 137Cs) and other (60Co, 42Ar, 
etc) radioactivity:  

▸ Ultimately: neutrinos (+          -decays, depending on the energy 
resolution)
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INTRODUCTION

BACKGROUNDS
▸ In the ideal case: below the expected signal 

▸ Muons & associated showers; cosmogenic activation of detector materials 

▸ Natural (228U, 232Th, 40K), anthropogenic (85Kr, 137Cs) and other (60Co, 42Ar, 
etc) radioactivity:  

▸ Ultimately: neutrinos (+          -decays, depending on the energy 
resolution)
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LB et al., JCAP01 (2014) 044

JCAP01(2014)044
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Figure 4. (Left): integral background rate in ±3� energy region around the Q-value (2385–2533 keV)
as a function of fiducial LXe mass. (Right): predicted background spectrum around neutrinoless
double beta decay peak for 6 t fiducial mass. We show the overall background (thick black solid)
which includes contributions from detector materials (black), from 0.1µBq/kg of 222Rn in the LXe
(black dashed), from 8B neutrino scatters (green dotted)and 2⌫��-decays with T1/2=2.11⇥1021 y
inside the liquid xenon (blue). The potential signal for the neutrinoless double beta decay (0⌫��,
red) assumes T1/2=1.6⇥1025 y.

The Q-value of the double beta decay of 136Xe is (2458.7±0.6) keV [55]. Employing
an energy scale based on a linear combination of the charge and light signals, which have
been shown to be anti-correlated in liquid xenon TPCs [15, 18, 53], the extrapolated energy
resolution is �/E = 1% in this high-energy region.

The combined e�ciency of the fiducial volume and multi-scatter cut, which rejects
events with a separation larger than 3mm in the z-coordinate [18] is 99.5% in a ±3� energy
interval around the Q-value. The materials background is dominated by 214Bi, followed by
208Tl decays in the photosensors and in the cryostat, and can only be further reduced, for
a given fiducial volume, by identifying detector construction materials with lower 226Ra and
228Th levels. The background contribution from internal radon can be e�ciently rejected
by so-called 214Bi–214Po tagging. It exploits the fact that the 214Bi �-decay (Q�= 3.3MeV)
and the 214Po ↵-decay (Q↵= 7.8MeV) occur close in time, with a mean lifetime of the 214Po
decay of 237µs. At the high energies relevant for the double beta decay, only the �-decay
will contribute to the background. We assume a tagging e�ciency of 99.8%, as achieved
in EXO-200 [38] and confirmed by us in a Monte Carlo simulation, assuming that 214Po
decays can be detected up to 1ms after the initial 214Bi decay. The event rate from radon,
considering the same 0.1µBq/kg contamination level as for the dark matter search region, is
0.035 events/(t·y) in a ±3� energy region around Q�� .

We have also estimated the background from elastic neutrino-electron scatters from 8B
solar neutrinos. As the endpoint of the electron recoil energy spectrum extends up to about
14MeV, such single-site scatters are a potential background source for double beta experi-
ments. Using the 8B neutrino flux of �8B=5.82⇥106 cm�2s�1 [8] and mean scattering cross
sections of �⌫e=59.4⇥10�45 cm2 and �⌫µ=10.6⇥10�45 cm2 for electron- and muon-neutrinos
respectively [22], we obtain an event rate 0.036 events/(t y) in the energy region of interest,
see also table 3. While this is above the expected background from 2⌫��-decays, and similar
to the radon contribution, it is well below the one from detector materials.

The expected total background in a ±3� region around the Q-value is 4.6 events/(t·y)
in 6 t of LXe fiducial mass. With an exposure of 30 t·y, a sensitivity to the neutrinoless

– 10 –



COSMIC BACKGROUNDS

GO UNDERGROUND

▸ Network of underground 
laboratories

GERDA XENON1T

OPERA

XENON100

LVD

Borexino
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COSMOGENIC BACKGROUNDS

AVOID EXPOSURE TO COSMIC RAYS

▸ Spallation reactions can produce 
long-lived isotopes 

▸ Activate and compare with 
predictions (Activia, Cosmo, etc)

Before

Copper - after 1 y at 
the “top of Europe”

Jungfraujoch, 3454 m

L. Baudis et al., Eur. Phys. J. C75 2015 
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BACKGROUNDS AND SHIELDS

SHIELD, SHIELD, SMARTER SHIELD

XENON10 XENON100 XENON1T
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Example: 3 generations of xenon dark matter experiments



BACKGROUNDS AND SCREENING

MATERIAL SCREENING AND SELECTION

▸ Ultra-low background, 
HPGe detectors 

▸ Mass spectroscopy 

▸ Rn emanation facilities
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L. Baudis et al., JINST 6, 2011

Gator HPGe detector at LNGS

 Relative contribution [%]
0 10 20 30 40 50 60 70 80 90 100

 

U238

Ra226

Ra228

Th228

K40

Co60

Cs137 1) Quartz: faceplate (PMT window)
2) Aluminum: sealing
3) Kovar: Co-free body

4) Stainless steel: electrode disk
5) Stainless steel: dynodes

6) Stainless steel: shield
7) Quartz: L-shaped insulation
8) Kovar: flange of faceplate

9) Ceramic: stem
10) Kovar: flange of ceramic stem

11) Getter

First: screening & selection of all photosensor materials

Low-Radioactivity R11410-21 for XENON1T

33
Tuesday, April 16, 13

Second: screening of final products



BACKGROUNDS AND SCREENING

MATERIAL SCREENING AND SELECTION

▸ Ultra-low background, 
HPGe detectors 

▸ Mass spectroscopy 

▸ Rn emanation facilities

Background

15 XENON1T PMTs

XENON collaboration, EPJ-C 75 (2015) 11
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226Ra/228Th: ~1 mBq/PMT

L. Baudis et al., JINST 6, 2011

Gator HPGe detector at LNGS

110mAg (T1/2 = 249.8 d): 
up to 1 mBq/PMT



BACKGROUNDS CRYOGENIC DISTILLATION

A KRYPTON DISTILLATION COLUMN
▸ Commercial Xe: 1 ppm - 10 ppb natKr 

▸ 85Kr: T1/2 = 10.8 y, Q-value = 687 keV; 85Kr/natKr  2 x10-11 mol/mol 

▸ Dark matter Xe detector sensitivity demands < 0.1 ppt natKr 

▸ Solution: 5.5 m distillation column, 6.5 kg/h output; factor > 6.4. x 
105 separation down to < 48 ppq (= 10-15 mol/mol)

XENON collaboration, EPJ-C 77 (2017) 5

For Rn removal: XENON collaboration, EPJ-C 77 (2017) 6
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As measured by 
RGMS + Gas 
Chromatography 
with 8 ppq 
detection limit 


(EPJ-C 74, 2014)

Evolution of Kr/Xe [ppt, mol/mol] level during online distillation



TECHNIQUES AND TARGETS: DARK MATTER
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Heat

Charge Light

XENON, LZ 
DARWIN, 
DarkSide, 
PandaX

EDELWEISS 
SuperCDMS

CRESST 

Introduction Rate modulation Bolometers Noble gases Others

Next LAr detectors

Dark Side-50 at LNGS in Italy
Two phase TPC: 50 kg active mass (33 kg FV)
Depleted argon to reduce 39Ar background
Currently commissioning the LAr detector
! first light and charge signals observed
Physics run expected for fall 2013

DEAP - Dark matter Experiment with Argon
and Pulse shape discrimination

3 600 kg LAr in single phase at SNOlab
Aim to use depleted argon
Status: in construction

* Also CLEAN detector (LAr or LNe) at SNOLab

(not a complete list)

TeVPA 2016 CERNC. Strandhagen 21

Conclusion

● CRESST searches for light dark 
matter with cryogenic detectors 
made out of CaWO4

● the low energy threshold for 
nuclear recoils leads to the best 
sensitivity to dark matter below 1.7 
GeV/c2

● new data taking campaign started 
just now, using novel detectors with 
even lower thresholds (~100 eV)

● CRESST-III has great potential to 
explore light dark matter

LXe: XMASS 
LAr: DEAP-3600 
CsI: KIMS 
NaI: ANAIS 
DAMA/LIBRA, 
COSINE, SABRE

C3F8, CF3I: PICO 
Ge: CDEX 
Si: DAMIC, SENSEI  
CF4: DRIFT, DMTPC, 
MIMAC, Newage, NEWS

Nuclear 
recoil energy



TECHNIQUES AND TARGETS: DOUBLE BETA DECAY
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Heat

Charge Light

nEXO, NEXT 
DARWIN

GERDA 
MAJORANA 
LEGEND 
SuperNEMO

CUORE 
CUPID 

KamlandZEN 
SNO+

(not a complete list)

Energy of the 
two electrons



DARK MATTER AND DOUBLE BETA DECAY EXPERIMENTS

EXPERIMENTAL STATUS: OVERVIEW

▸ No evidence for dark matter particles 

▸ Probing scattering cross sections (on 
nucleons) of a few x 10-47 cm2

▸ No evidence for the neutrino less 
double beta decay 

▸ Probing half-lives up to 1.2 x 1026 yr

Kaixuan Ni                               Recent Results from Dark Matter Direction Detection                    CIPANP 2018, 5/29-6/3/2018, Palm Springs, CA

Direct Detection of WIMPs by 2025?

 30

Neutrino Coherent Scattering

CMSSM

m�� < 0.11� 0.26 eV (90%C.L.)

GERDA

Ton-scale 
experiments

�25

�SI < 4.1⇥ 10�47cm2 at 30GeV/c2



WE NEED LARGER DETECTORS 
WITH LOWER BACKGROUNDS



EXAMPLE: XENON-BASED DARK MATTER EXPERIMENTS

THE XENON&DARWIN PROJECTS

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

2005-2007 2008-2016 2012-2018 2019-2023 2020+
15 kg 161 kg 3200 kg 8200 kg 50 tonnes

~10-43 cm2 ~10-45 cm2 ~10-47 cm2 ~10-48 cm2 ~10-49 cm2

XENON10 XENON100 XENON1T XENONnT DARWIN
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TARGET MASS AND BACKGROUNDS

A SELECTION OF LIQUID XENON DETECTORS

�28

Fiducial mass [kg]

Low-energy ER background 
[events/(t keV day)]

XENON10
XENON100

LUX

PandaX

XENON1T

5 34 118 306 1000-1300

1000 5.3 2.6 0.8 0.2



THE XENON PROJECT

XENON1T AT THE GRAN SASSO LABORATORY

5 

•  1st ton-scale experiment 
for direct DM detection. 

•  3.2t of LXe, 2t in TPC. 
•  20x larger than Xe100. 
•  Constructed @LNGS. 
•  Commissioning since  

summer. 
•  Data taking has started. 
•  Expected sensitivity 

1.6E-47 cm2                       
at mWIMP = 50 GeV          
for 2 ton years exposure.  

XENON1T	

H. Simgen - MPIK: "XENON1T", TPC 2016 / Paris 

Water tank and  
Cherenkov muon veto

Cryostat and support 
structure for TPC

Cryogenics and  
purification

Data acquisition and  
slow control

Xenon storage,  
handling and 
Kr removal via 
cryogenic  
distillation

Time projection 
chamber

Cryogenics pipe 
(cables, xenon)

XENON collaboration, EPJ-C 77 (2017) 12 �29



SOME PICTURES

THE XENON1T TPC IN THE CLEANROOM AT LNGS
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XENON1T

THE TIME PROJECTION CHAMBER

▸ 3.2 t LXe in total, 2 t in the TPC 

▸ 97 cm drift, 96 cm diameter 

▸ 248 3-inch PMTs 

▸ 74 Cu field shaping rings, 5 
electrodes, 4 level meters

M. Schumann (AEC Bern) – XENON 8

XENON1T

96cm

● 3.5 t liquid xenon in total
● 2.0t active target
● ~1t after fiducialization
 

● 248+6 PMTs

�31XENON collaboration, EPJ-C 77 (2017) 12

127 PMTs top array 121 PMTs bottom array



XENON TIME PROJECTION CHAMBERS

ELECTRONIC AND NUCLEAR RECOILS

▸ 3D position resolution via light 
(S1) and charge (S2) signals 

▸ S2/S1 depends on particle ID 

▸ Fiducialisation 

▸ Single versus multiple interactions
SS

tim

Dark Matter Detection with LXe TPCs

Energy
- S1 area
- S2 area

Position
- x-y (S2 signal)
- z (drift time)

Interaction type
- S2/S1 ratio (ER/NR)

7

Electronic recoils 
(interactions with 
electronic shell)

Nuclear recoils 
(interactions with atomic 
nuclei)
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BACKGROUNDS

BACKGROUND PREDICTIONS

▸ Based on material screening & selection 

▸ Electronic and nuclear recoils in 1 t fiducial, 1-12 keVee and  4-50 keVnr

12
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Fig. 4: Electronic recoil (top) and nuclear re-

coil (bottom) background contributions from

materials (red) and from intrinsic and external

sources (blue). The number of events per year

in a 1�ton fiducial target is shown in the elec-

tron equivalent (1, 12) keVee region of interest

for electronic recoil events, corresponding to a

nuclear recoil energy interval of (4, 50) keVnr.

40%, the total expected NR background in862

XENON1T for a 1 ton ⇥ 2 year exposure is863

expected to be <1 event in the (4,50) keVnr864

energy range. This corresponds to a best sen-865

sitivity to the spin-independent WIMP-nucleon866

cross section of �SI <1.6·10�47 cm2 at a WIMP867

mass of m�= 50 GeV/c 2 [11].868

In the planned upgrade of XENON1T to869

XENONnT, the LXe target mass will increase870

to a total of 6 tons. This will require a871

⇠40% increase in the linear dimensions of the872

TPC and nearly double the number of PMTs.873

The larger detector will improve the sensitiv-874

ity by another order of magnitude, reaching875

�SI <1.6·10�48 cm2 at m�= 50 GeV/c 2 [11],876

assuming a negligible contribution from mate-877

rials and a total exposure of 20 ton·years.878

Most of the existing sub-systems for 879

XENON1T were designed to be reused for 880

XENONnT, however the upgrade requires the 881

construction of a new TPC and inner cryostat. 882

As material-induced ER backgrounds are ex- 883

pected to be even lower than in XENON1T, 884

the screening e↵ort and material selection is 885

focused on reducing the nuclear recoil back- 886

ground. This is being addressed particularly 887

through continued e↵orts to identify low- 888

activity stainless steel and by pursuing viable 889

alternatives to PTFE, where possible. 890
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BACKGROUNDS

BACKGROUND PREDICTIONS AND DATA

▸ ER rate: (82±5) events/(keV t y), in 1.3 t and below 25 keVee 

▸ Lowest background in a dark matter detector

�34

natKr: ~0.45 ppt ; 222Rn: ~ 10 µBq/kg

222Rn: 85.4%, 85Kr: 4.3%, solar ν: 4.9%, materials: 4.1%, 136Xe: 1.4%



BACKGROUNDS

EVENTS IN THE WIMP REGION-OF-INTEREST
ER component

Surface 
component

1-σ and 2-σ percentile 
of 200 GeV WIMP 
component

XENON Collab., PRL 121 (2018)



ELECTRONIC RECOIL BACKGROUNDS

85.3%

4.3%
4.9%
4.1%
1.4% 136Xe 2νββ-decays

Materials

Solar neutrinos

85Kr (natKr: 0.66 ppt)

222Rn (10 µBq/kg)
Control surface emanation 
Reduce by online distillation

In 1 t fiducial mass 
Singles-scatters



RADON BUDGET IN XENON1T
10 µBq/kg (before replacement of Q-drive pumps)

Pipe and cables
8%

Porcupine
5.4%

Cryo ststem
6.8%

Q-drive
30.8%

Getter
4.2%

Inner vessel
5.6%

TPC
13.6%

Cryo pipe
26.0%



NUCLEAR RECOIL BACKGROUNDS

95.2%

3.2%
1.6%

Cosmogenic neutrons 
(muon induced neutrons); 
rock overburden, water 
Cherenkov shield (here 
upper limit)

Coherent neutrino-nucleus 
scattering from 8B neutrinos; 
irreducible, but relevant at 
low (<1 keV) energies

From (α,n ) and SF reactions; 
material selection; single 
versus multiple-scattersRadiogenic neutrons

In 1 t fiducial mass 
Singles-scatters

 Cosmogenic µ-induced neutrons 
 significantly reduced by rock  
 overburden  and muon veto 

Coherent elastic ν-nucleus 
scattering, constrained  by 8B 
neutrino flux and 
measurements, is an an 
irreducible background at very 
low energy (1 keV) 

Radiogenic neutrons from (α, n) 
reactions and fission from 238U 
and 232Th: reduced via careful 
materials selection, event 
multiplicity and fiducialization 

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

Radiogenic n 0.6 ± 0.1 96.5
CEνNS 0.012 2.0
Cosmogenic n < 0.01 < 2.0

 24

(Expectations in 4-50 keV search window, 1t FV, single scatters)

MC- radiogenic neutrons

Nuclear Recoil Backgrounds

XENON Preliminary

JCAP04 (2016) 027  



THE FUTURE: MULTI-TON DETECTORS

LIQUEFIED NOBLE GASES
▸ In construction: 

▸ LUX-ZEPLIN, XENONnT, DarkSide-20k, PandaX-4t 

▸ Planned (design and R&D stage)  

▸ DARWIN (50 t LXe), ARGO (300 t LAr)

DarkSide: 20 t LAr 
Data taking 2021

XENONnT: 8t LXe  
Data taking 2020

Large)Scale)TPC

• Drift)region:)! ~1.2m�H"~1.2m
– Xenon)in)sensitive)region�4ton

• Design)goal:
– High)signal)efficiency
– Large)and)uniform)electric)field
– Veto)ability
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Top)PMT)array,)3”

Top)Cu)plate

Teflon)
supporter

Electrodes)
and)shaping)
rings

Bottom)Cu)
plate

Bottom)PMT)array)
3”Veto)System

PandaX-4t LXe 
Data taking 2019

LUX-ZEPLIN: 8 t LXe 
Data taking 2020

DARWIN: 50 t LXe 
Data taking ~2026

The DarkSide Program at Gran Sasso Lab

DarkSide-50
150/50/30 kg total/active/fiducial

Sensitivity<10−44 cm2

Data: 2013-present

DarkSide-20k
30/23/20 T tot/act/fiducial

Sensitivity<10−47 cm2

Data: ~2021 

Features
• High light yield:  LAr Pulse 
Shape Discrimination >107

• Underground Argon:  low 39Ar
• TPC 3D event reconstruction
• High-efficiency neutron 
vetoing
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BACKGROUND CONSIDERATIONS: ELECTRONIC RECOILS

REQUIREMENTS FOR MULTI-TON, NEXT-GENERATION EXPERIMENTS
▸ Materials (cryostat, photosensors, TPC, etc): strong self-shielding by dense LXe 

▸ 222Rn in LXe: 0.1 µBq/kg -> via cryogenic distillation column 

▸ natKr in LXe (contains 2 x 10-11 85Kr): 0.1 ppt -> already achieved 

▸ 136Xe double beta decay -> search for 0nbb-decay! 

▸ Solar neutrinos (pp, 7Be): will dominate -> but interesting physics channel

JCAP01(2014)044
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Figure 2. (Left): overall predicted background spectrum from detector construction materials (see
table 1) and internal (85Kr, 222Rn, 136Xe) contaminations for a central, 14 t region of the detector.
The expected background from 85Kr decays (green, 0.1 ppt of natural krypton), from 222Rn decays
(black dashed, 0.1µBq/kg) and from 136Xe 2⌫��-decays (blue) is also shown separately, along with
the total neutrino signal (red, pp and 7Be). (Right): predicted signal and background rates in the
2-30 keV energy region as a function of fiducial liquid xenon mass.

The contribution of these internal background components is shown separately in fig-
ure 2: they yield a total rate of ⇠700 events/y in the energy region 2–30 keV and a rate of
about 1 event/y in the energy region 2–10 keV, assuming 99.5% rejection of electronic recoils
in the latter case. This rate is comparable to the background coming from 136Xe 2⌫��-decays.
In figure 2, right, we show the background and signal rates as a function of fiducial liquid
xenon mass, motivating our conservative choice of 14 t of LXe in the central detector region.

Table 2 gives an overview of the most relevant background contributions to the overall
event budget. The total background in the energy region 2–30 keV is dominated by 2⌫��-
decays of 136Xe, followed by decays of 85Kr and 222Rn. While the latter can be in principle
further reduced by noble gas purification, the solar neutrino measurement requires the sub-
traction of the 2⌫��-decay component. To diminish its contribution without the need of
background subtraction, and to extend the energy range over which the solar neutrinos can
be observed beyond the 30 keV upper bound, one might consider using xenon gas that is de-
pleted in the 136Xe isotope. The overall background without the 2⌫�� component is shown
in the same figure.

4 Neutrino backgrounds for the dark matter search

In this section we contemplate the main physics channel of DARWIN, the dark matter
search, and calculate the backgrounds from elastic neutrino-electron scatters and from coher-
ent neutrino-nucleus interactions. The expected dark matter signal events are nuclear recoils
from elastic WIMP-nuclei collisions. The charge-to-light ratio, measured independently for
each event, is used to suppress 99.5% of the electronic recoil background. Such a discrimi-
nation level was reached by current-generation detectors and could in principle be improved
by using higher drift fields, through analysis techniques, or by reducing the acceptance of
nuclear recoils. Table 2 gives the expected event rates from WIMP interactions for two cases,
assuming the standard halo model: an isothermal halo with a local dark matter density of
0.3GeV/cm3, a circular velocity of 220 km/s and an escape velocity of 544 km/s [43, 44]. An
in-depth study of the scientific dark matter reach of DARWIN was performed in ref. [45].

– 7 –

0.1 µBq/kg 222Rn

0.1 ppt natKr



BACKGROUND CONSIDERATIONS: NUCLEAR RECOILS

REQUIREMENTS FOR MULTI-TON, NEXT-GENERATION EXPERIMENTS

▸ Materials (cryostat, photosensors, TPC, etc):  
neutrons from (alpha,n) reactions 

▸ Cosmogenic (<0.003 events/(t y) in 14 m water 
Cherenkov shield 

▸ 8B neutrinos: coherent nu-nucleus scattering) 

▸ 222Rn in LXe, natKr in LXe, 136Xe, pp, 7Be neutrinos

Channel Before discr After discr (99.98%)
pp + 7Be neutrinos 95 0.488

Materials 1.4 0.007
85Kr in LXe (0.1 ppt natKr) 40.4 0.192
222Rn in LXe (0.1 µBq/kg) 9.9 0.047

136Xe 56.1 0.036



LARGE SCALE UNDERGROUND SCIENCE EXPERIMENTS

CONCLUSIONS

▸ Large-scale underground experiments share many common features 

▸ Due to very low expected event rates: 

▸ Large detector masses, ultra-low background goals 

▸ Material radio-assay (and radon emanation measurements) and selection 
remains crucial 

▸ In general: dark matter detectors are optimised at keV energy scales, double 
beta decay detectors at MeV-scale energies 

▸ Can we do both? Ideally, large detectors with sensitivity to search for a 
variety of signals 

▸ Eventually limited by neutrino interactions (but also new physics opportunities!)
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OF COURSE, “THE PROBABILITY OF 
SUCCESS IS DIFFICULT TO ESTIMATE, 
BUT IF WE NEVER SEARCH, THE CHANCE 
OF SUCCESS IS ZERO”

G. Cocconi & P. Morrison, Nature, 1959

LARGE SCALE UNDERGROUND SCIENCE EXPERIMENTS FOR DARK MATTER 
AND NEUTRINO PHYSICS



THE END


