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INTRODUCTION

SOME KEY OPEN QUESTIONS IN PARTICLE PHYSICS

▸ The nature of dark matter 

▸ Baryogenesis 

▸ The strong CP problem 

▸ The fermion mass spectrum and mixing 

▸ The cosmological constant 

▸ … 

▸ Some of these can be addressed with liquid xenon detectors operated 
deep underground 

▸ Demonstrated excellent sensitivities and scalability to large target masses



INTRODUCTION: DARK MATTER

IN THE DARK…
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INTRODUCTION: DARK MATTER

DARK MATTER CANDIDATES
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mDM

non-thermal non-thermal

Light DM “WIMPs”

GeV mZMeV< 10 keV 
too hot

>100 TeV 
too much

10-22 eV

} mPlanck ~ 1019 GeV

~100 MO.

bosonic composite

~100 eV}

See also arXiv:1707.04591



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
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DIRECT DETECTION

DARK MATTER PARTICLE INTERACTIONS
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Electron recoils 
and additional 
signal from shell 
e- from the 
recoiling nuclei

see R. Essig et al, 2018, and others
10-39 cm2

10-51 cm2



DIRECT DETECTION

SCATTERING OFF ELECTRONS
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All the kinetic energy (e.g., 50 eV for a 
100 MeV particle, v~10-3c) can be 
transferred to the material 

In general: ionisation, excitation, 
molecular dissociation 

For a bound e- with EB, a DM mass of 

can be probed 

Rouven Essig, KITP 2018

1 keV 1 MeV
Recently: many new techniques to search for much lighter (sub-GeV) particles

see also “Cosmic visions”, 1707.04591

m� � 250 keV ⇥ EB/1 eV



DIRECT DARK MATTER DETECTION

WHAT TO EXPECT IN AN EARTH-BOUND DETECTOR?

dR

dER
= NN

⇢0
mW

Z vmax

p
(mNEth)/(2µ2)

dvf(v)v
d�

dER

Astrophysics

⇢0, f(v)

Particle/nuclear physics

mW , d�/dER

Detector physics

NN , Eth
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Evans, O’Hare, McCabe, PRD99, 2019



DIRECT DARK MATTER DETECTION

INTERACTION RATES

Si

MWIMP = 100 GeV

σWn=1×10-47 cm2Xe

Ge

Ar

Spin-independent (SI) nuclear recoil spectrum
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FIG. 12. (color online). Same as Fig. 6 but for 134Xe.
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FIG. 13. (color online). Same as Fig. 6 but for 136Xe.

butions only from the L = 0 multipole and is model-
independent:

SS(0) = A2 c2
0

2J + 1

4⇡
. (9)

This reflects the well-known coherence of the contribu-
tions of all A nucleons in SI scattering. Consequently,
near u = 0 the spin-averaged structure factors are essen-
tially identical for all xenon isotopes, apart from small
variations in A2.

Because of angular momentum coupling, only L = 0
multipoles contribute to the structure factors of the even-
mass isotopes. As discussed in Sec. II, parity and time
reversal constrain the multipoles to even L for elastic
scattering, so that for 129Xe only L = 0, and for 131Xe
only L = 0, 2 contribute. For the latter isotope, we show
in Fig. 10 the separate contributions from L = 0 and
L = 2 multipoles. At low momentum transfers, which
is the most important region for experiment, the L =
0 multipole is dominant, because coherence is lost for
L > 0 multipoles. Only near the minima of the L = 0
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FIG. 14. (color online). Structure factor SS(u) for
128Xe (this

work, black dots) in comparison to the Helm form factor (solid
red line) [25] and to the structure factor from Fitzpatrick et
al. (dashed green line) [15].
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FIG. 15. (color online). Same as Fig. 14 but for 129Xe.

multipole at u ⇠ 1.7 and u ⇠ 4.4 is the L = 2 multipole
relevant, but the structure factor at these u values is
suppressed with respect to SS(0) by over four and six
orders of magnitude, respectively.
Finally, we list in Table II the coe�cients of the fits

performed to reproduce the calculated structure factors
for each isotope.

V. COMPARISON TO HELM FORM FACTORS
AND OTHER CALCULATIONS

In experimental SI WIMP scattering analyses the stan-
dard structure factor used to set limits on WIMP-nucleon
cross sections is based on the Helm form factor [25]. This
phenomenological form factor is not obtained from a de-
tailed nuclear structure calculation, but is based on the
Fourier transform of a nuclear density model, assumed to
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FIG. 11. (Color online) Structure factors Sp(u) (solid lines)
and Sn(u) (dashed) for

127I as a function of u = p2b2/2 with
b = 2.2801 fm. Results are shown at the 1b current level, and
also including 2b currents. The estimated theoretical uncer-
tainty is given by the red (Sp(u)) and blue (Sn(u)) bands.

4. 127I, 19F, 23Na, 27Al, 29Si

In Figs. 11, 12, and 13, we show the structure fac-
tors Sn(u) and Sp(u) for 127I, 19F, 23Na, 27Al, and 29Si
at the 1b current level and including 2b currents. The
dominant structure factor is the one for the odd species.
Therefore, for 29Si Sn(u) dominates, while for the other
isotopes Sp(u) is the main component. All the features
discussed for 131Xe in Sec. IVC2 translate to these iso-
topes as well: The structure factors for the nondominant
“proton/neutron-only” couplings are strongly increased
when 2b currents are included. For the dominant struc-
ture factor, 2b currents produce a reduction, by about
10%− 30% at low momentum transfers, which at large u
can turn into a weak enhancement due to the 2b current
contribution to the pseudo-scalar currents. This is most
clearly seen for 19F in the top panel of Fig. 12, where we
also show the isoscalar/isovector structure factors S00(u),
S01(u), and S11(u). Note that the structure factor S01(u)
vanishes at the point where Sp(u) and Sn(u) cross.

V. CONCLUSIONS AND OUTLOOK

This work presents a comprehensive derivation of SD
WIMP scattering off nuclei based on chiral EFT, includ-
ing one-body currents to order Q2 and the long-range
Q3 two-body currents due to pion exchange, which are
predicted in chiral EFT. Two-body currents are the lead-
ing corrections to the couplings of WIMPs to single nu-
cleons, assumed in all previous studies. Combined with
detailed Appendixes, we have presented the general for-
malism necessary to describe both elastic and inelastic
WIMP-nucleus scattering.

0 1 2 3 4 5
u

10-7

10-6

10-5

10-4

0.001

0.01

0.1

1

S i(u
)

Sp(u) 1b currents
Sn(u) 1b currents
Sp(u) 1b + 2b currents
Sn(u) 1b + 2b currents

1 2 3 4
10-7

10-6

10-5

10-4

0.001

0.01

0.1

1

S ij(u
)

S00(u) 1b currents
S11(u) 1b currents
S01(u) 1b currents
S11(u) 1b + 2b currents
S01(u) 1b + 2b currents

19F

19F

FIG. 12. (Color online) Structure factors for 19F as a
function of u = p2b2/2 with b = 1.7608 fm. Top panel:
Isoscalar/isovector S00(u) (solid line), S01(u) (dashed), and
S11(u) (dot-dashed) decomposition. Bottom panel: Pro-
ton/neutron Sp(u) (solid line) and Sn(u) (dashed) decom-
position. In both panels results are shown at the 1b current
level, and also including 2b currents. The estimated theoret-
ical uncertainty is given by the red (S11(u), Sp(u)) and blue
(S01(u), Sn(u)) bands.

We have performed state-of-the-art large-scale shell-
model calculations for all nonzero-spin nuclei relevant to
direct dark matter detection, using the largest valence
spaces accessible with nuclear interactions that have been
tested in nuclear structure and decay studies. The com-
parison of theoretical and experimental spectra demon-
strate a good description of these isotopes. We have cal-
culated the structure factors for elastic SD WIMP scat-
tering for all cases using chiral EFT currents, including
theoretical error bands due to the nuclear uncertainties
of WIMP currents in nuclei. Fits for the structure factors
are given in Appendix D.
We have studied in detail the role of two-body currents,

the contributions of different multipole operators, and
the issue of proton/neutron versus isoscalar/isovector de-
compositions of the structure factors. The long-range
two-body currents reduce the isovector parts of the struc-
ture factor at low momentum transfer, while they can
lead to a weak enhancement at higher momentum trans-

SI

SD
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A. Schwenk, J. Menendez et alLB, Physics of the Dark Universe 2012



DIRECT DARK MATTER DETECTION

LOW-MASS DARK MATTER

▸ Once the mass of the dark matter particle is much smaller than the 
nuclear mass, the transfer of kinetic energy becomes very inefficient 

▸ Thus, exploit dark matter - electron scattering

DM-nucleus scattering + electronic recoil

Fig. shown by Silvia Scorza, PPC2018, Zurich

R. Essig, J. Mardon, T. Volansky, PRD85, 2012



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 neutrinoless double beta 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 
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…

+
Nucleus A Nucleus B

+
Elektrons (Anti)Neutrinos

2 2e ⌫
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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 
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…
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DARK MATTER AND DOUBLE BETA DECAY 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 DOUBLE BETA DECAY 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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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)

�15
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COHERENT, Science, August 3, 2017

- see talk by Teresa Marrodan



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

Fiducial Mass [t]
2 4 6 8 10 12 14 16

]
-1

 y
ea

r
× 

-1  t×
Ra

te
 in

 R
O

I [
ev

ts 

-210

-110

1

10

210 Total

Materials

Rn222

ββν2

ββν0

B8

Energy [keV]
2100 2200 2300 2400 2500 2600 2700

]
-1

 k
eV

× 
-1

 y× 
-1  t×

R
at

e 
[e

vt
s 

-310

-210

-110

1
Total

Materials

Rn222

ββν2
ββν0

B8

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 –

- see talk by Teresa Marrodan
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EXAMPLE: 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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EXAMPLE: MATERIALS BACKGROUNDS

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

�18

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



EXAMPLE: INTRINSIC BACKGROUNDS

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

�19

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



CHARGE AND LIGHT

ENERGY RESOLUTION

▸ Anti-correlation between light (S1) and charge (S2) 

▸ Energy scale uses linear combination of S1 and S2 

▸ Photon gain: g1 (pe/photon), electron gain: g2 (pe/
electron)

E = (nph + ne) ·W =

✓
S1

g1
+

S2

g2

◆
·W

W-value = 13.7 eV

Example for XENON1T: 

0.8% relative energy resolution (σ/Ε) around 2.5 MeV

S2

E
=

g2
W

� g2
g1

S1

E



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

�21

�SI < 4.1⇥ 10�47cm2 at 30GeV/c2



RECENT EXPERIMENTS

LIQUEFIED XENON 

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

e-
e-e-

Photo sensors

Photo sensors

gas xenon

liquid xenon

photosensors

photosensors

S1

S2

E

▸ Single and two-phase Xe detectors 

▸ Time projection chambers: 

▸ 3D position resolution via light (S1) & 
charge (S2) -> fiducialisation 

▸ S2/S1 ->particle ID  

▸ Single versus multiple interactions

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

PandaX – in	Future

• PandaX-4T	for	DM	search
• PandaX-III	for	0vbb	search	

PandaX-I: 120 kg 
DM experiment
2009-2014

PandaX-II: 500 kg 
DM experiment 
2014-2018

PandaX-III: 200 kg to 
1 ton HP gas 136Xe 
0vDBD experiment
Future

PandaX-xT:   
multi-ton (~4-T) 
DM experiment
Future

CJPL-I CJPL-II

Ning	Zhou,	ICHEP	2018 16
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EXO-200

Example: 2-phase Xe TPC



TARGET MASS AND BACKGROUNDS

A SELECTION OF LIQUID XENON DETECTORS

�23

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



EXAMPLE XENON1T; 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

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

▸ Lowest background in a dark 
matter detector



EXAMPLE XENON1T: 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  



XENON1T WIMP SEARCH

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)



RESULTS: WIMPS

WIMP SEARCHES
�SI < 4.1⇥ 10�47cm2 at 30GeV/c2

XENON collaboration, 
PRL 122, 2019

Axial-vector mediator 
and a Dirac WIMP, with 
fixed mediator-quark 
and mediator-WIMP 
coupling

XENON collaboration, PRL 122, 2019

30 GeV WIMP,  σ=1x10-45 cm2



RESULTS: DEC

DOUBLE ELECTRON CAPTURE

▸ 124Xe in natXe: 0.095% 

▸ 1 t natXe ≈ 1 kg 124Xe 

▸ Total observed energy: 64.33 keV (2 x K-shell 
binding energy; Q-value = 2.86 MeV) 

▸ Blind analysis: (56-72) keV region masked 

▸ Number of signal events: (126±29), expected 
background from 125I: (9±7) events (at 67.5 keV)

XENON collaboration, 
Nature 568, April 25, 2019

See posters by A. Fieguth  and C. Wittweg

124Xe + 2e� ! 124Te + 2⌫e
<latexit sha1_base64="aJ8rDE8A54lmBgYZjDsFqIvDk+k="></latexit>

Figure 3 | Zoom on the energy region of interest for 2⌫ECEC in 124Xe. a, The best fit contri-

bution from 2⌫ECEC with N2⌫ECEC = 126 events is given by the solid black line while the full fit

is indicated as the solid red line. The peak from 125I with N125I = 9 events is indicated by the solid

gold line. The background-only model without 2⌫ECEC (red dashed), again over the full fit range,

clearly does not describe the data. b, Residuals for the best fit are given with the 1� (2�) band in-

dicated in green (light green). c, A histogram of the 125I activation peak as seen in 6 d of data after

a dedicated neutron generator calibration. The Poisson uncertainties of the data were calculated

before a linear background was subtracted. The peak shows the expected shift with respect to the

2⌫ECEC signal.

19

T1/2 = (1.8± 0.5stat ± 0.1sys)⇥ 1022 y



RESULTS: DOUBLE BETA DECAY

NEUTRINOLESS DOUBLE BETA DECAY OF 136-XE

PandaX-II, arXiv: 1906.11457

6

FIG. 5. (Color online) Best fit to the low background data SS energy spectrum for Phase I (top left) and Phase II (bottom left).
The energy bins are 15 keV and 30 keV below and above 2800 keV, respectively. The inset shows a zoomed in view around
the best-fit value for Q�� . (top right) Projection of events in the range 2395 keV to 2530 keV on the DNN fit dimension for
SS and MS events. (bottom right) MS energy spectra. The best-fit residuals typically follow normal distributions, with small
deviations taken into account in the spectral shape systematic errors.
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EXO-200, arXiv: 1906.02723

▸ EXO-200: BI ≈ 2 x 10-3 kg-1y-1 keV-1, 234.1 kg y 136Xe exposure, σ/E =1.15%, T1/2 > 3.5 x 1025 y 
(90% CL)  

▸ PandaX-II: BI ≈ 0.16 kg-1y-1 keV-1, 242 kg y (22.2 kg y 136Xe) exposure,  σ/E = 4.2%; T1/2 > 2.4 x 
1023 y (90% CL) 

▸ XENON1T: analysis in progress, σ/E ≈ 0.8%



RESULTS: DOUBLE BETA DECAY

NEUTRINOLESS DOUBLE BETA DECAY OF 136-XE

Energy spectrum matching !29

In 1 t volume

XENON1T energy 
spectrum matching 
up to 3 MeV, 
preliminary

▸ EXO-200: BI ≈ 2 x 10-3 kg-1y-1 keV-1, 234.1 kg y 136Xe exposure, σ/E =1.15%, T1/2 > 3.5 x 1025 y 
(90% CL)  

▸ PandaX-II: BI ≈ 0.16 kg-1y-1 keV-1, 242 kg y (22.2 kg y 136Xe) exposure,  σ/E = 4.2%; T1/2 > 2.4 x 
1023 y (90% CL) 

▸ XENON1T: analysis in progress, σ/E ≈ 0.8%



RESULTS: LIGHT BOSON SEARCHES

AXIONS, AXION-LIKE PARTICLES AND DARK PHOTONS
▸ Absorption via axio-electric effect; peak at particle mass

1meV 1eV 1keV 1MeV 1GeV 1TeV

searches for the Higgs boson), a boost factor has been
calculated that evaluates the likelihood of finding a
deviation for a number of searches as compared to the
significance that would apply to a search performed only
once. Consequently, the global p value is evaluated as
5.2 × 10−2 at 12.5 keV=c2, corresponding to a 1.6σ rejec-
tion of the null hypothesis.
Results.—The 90% C.L. upper limit on the coupling gAe

between solar axions and electrons is shown in Fig. 6,
along with the limits set by the previous experiments
[19,23,42,43], the astrophysical limit set via the Red
Giant cooling process [18] and the theoretical models

describing QCD axions [5–7]. The 2013 LUX data set
excludes a coupling larger than 3.5 × 10−12 at 90% C.L, the
most stringent such limit so far reported. Assuming the
Dine-Fischler-Srednicki-Zhitnitsky model, which postu-
lates the axion as the phase of a new electroweak singlet
scalar field coupling to a new heavy quark, the upper limit
in coupling corresponds to an upper limit on axion mass of
0.12 eV=c2, while for the Kim-Shifman-Vainshtein-
Zhakharov description, which assumes the axion interact-
ing with two Higgs doublets rather than quarks or leptons,
masses above 36.6 eV=c2 are excluded.
In the galactic ALP study, a scan over masses has been

performed, within the range of 1–16keV=c2, limited by the
range over which precise knowledge of light and charge
yield is determined through tritiated methane calibration
data [33]. Assuming that ALPs constitute all of the galactic
dark matter, the 90% C.L. upper limit on the coupling
between ALPs and electrons is shown in Fig. 7 as a
function of the mass, together with the results set by other

FIG. 4. Signal models projected on the two dimensional space
of log10 S2c as a function of S1c, for massless solar axions (top)
and 10 keV=c2 mass galactic ALPs (bottom).

TABLE I. Nuisance parameters in the best fit to the 2013 LUX
data for solar axions. Constraints are Gaussian with means and
standard deviations indicated. Events counts are after analysis
cuts and thresholds, as described in Ref. [25].

Parameter Constraint Fit value (solar axions)

Low-z-origin γ counts 161! 69 157! 17
Other γ counts 223! 96 175! 18
β counts 67! 27 113! 18
127Xe counts 39! 12 42! 8

FIG. 5. Local p value as a function of the ALP mass. The
minimum is reached at 12.5 keV=c2, where the local p value is
7.2 × 10−3, corresponding to a 2.4σ local deviation.

FIG. 6. Red curve: LUX 2013 data 90% C.L. limit on the
coupling between solar axions and electrons. Blue curve:
90% C.L. sensitivity, !1σ (green band), and !2σ (yellow band).

PRL 118, 261301 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending
30 JUNE 2017

261301-5

Solar axions, LUX PRL 118, 2017
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THE FUTURE: MULTI-TON DETECTORS

LIQUEFIED XENON
▸ In construction: 

▸ LUX-ZEPLIN, XENONnT, PandaX-4t 

▸ Planned or design and R&D stage 

▸ nEXO (5 t enrXe), DARWIN (50 t LXe)

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

�32Simulated LZ full exposure with 40 GeV/c2 WIMP  
1000 days, 5.6 Tons 

electron 
recoil 
band 

nuclear 
recoil 
band 

7 
Berlin, Aug 29th 2018                                            TeVPA2018                                           Alfredo Tomás 

LZ: 40 GeV WIMP, 1000 days, 5.6 t fiducial

nEXO: 5 t 136LXe 
Data taking ~202?

See talk by G. Gratta
The TPC

1.3 
m 

EXO-200
~to scale
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BACKGROUND CONSIDERATIONS

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 & material selection 

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

▸ 136Xe double beta decay -> search for 0νββ-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



EXAMPLE: DOUBLE BETA DECAY

DARWIN: BACKGROUND FROM MATERIALS

▸ Detailed Geant4 simulations of ER backgrounds (in baseline design) 

▸ 2 toy scenarios: 12 t and 6 ton fiducial mass 

�13

DEDICATED SIMULATIONS: FIDUCIAL VOLUME

two scenarios under consideration

6 t

12 t (1t 136Xe)

(0.5t 136Xe)
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ts
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um
e

2
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Water tank

neutron-vetocryostat

GXe

LXe

TPC

laboratory

ZOOM of the TPC geometry 

GXe

LXe

laboratory

Fig. 1: Left: Sketch of the DARWIN geometry together with a view of the Geant4 TPC. Right: Spatial distribution
of the background events inside the instrumented xenon volume. The line indicates the contour of the fiducial
volume.

next figure of merit [4], which corresponds to the actual
half-life estimate at 90% C.L:

T 0⌫
1/2 = ln 2

✏ ↵NA

1.64Mxe

p
Mtp
B�E

(1)

being ✏ the detection e�ciency of the two electrons, ↵
the abundance of 136Xe in natural xenon, NA the Avo-
gadro number, MXe the molar mass number of xenon,
M the fiducial mass, t the measuring time, B the back-
ground index and �E the energy resolution at Q�� .
The value 1.64 is the number of standard deviations
corresponding to a 90% C.L.

Our group has generated most of the Monte Carlo
simulations to estimate the electronic recoil backgrounds
in the region of interest for this channel. We have con-
sidered a variety of background radiation from external
sources, emanating from the detector materials, and in-
trinsic radiogenic events, which are homogeneously dis-
tributed in the target. To simulate the background com-
ing from the materials we have simulated 238U, 235U,
232Th, 40K, 137Cs, 60Co and 44Ti for the di↵erent de-
tector components taken into account the proper activ-
ities. We have also participated in the generation and
analysis of intrisic backgrounds such as the 2⌫�� decay
of 136Xe and the cosmogenic 137Xe, produced by a neu-
tron capture on 136Xe. The background sources in the
region of interest of neutrinoless double beta decay are
displayed in table 1.

Following equation 2 we compare the 0⌫�� sensitiv-
ity for DARWIN with other experiments in figure 2.

T 0⌫
1/2 = ln 2

✏ fROI ↵NA

1.64MXe

p
Mtp
B�E

, (2)

Background source Events/(t·y)
Detector Materials 7.1⇥ 10�2

Cavern background 3.4⇥ 10�4

137Xe from Cosmogenic activation 6.2⇥ 10�2

222Ra in LXe 1.1⇥ 10�2

8B (⌫ � e scattering) 1.4⇥ 10�2

136Xe in LXe 1.0⇥ 10�4

Table 1: Expected background counts in the 0⌫�� ROI
(2435-2481 keV) by origin in a fiducial volume of 6 tons.

Fig. 2: T1/2 Sensitivity at 90% C.L. as a function of
the exposure for di↵erent experiments. For DARWIN
the sensitivity is estimated using a figure of merti and
assuming a 6 tons fiducial volume.

✓
z + z0
Zmax

◆t

+

✓
r

Rmax

◆t

< 1 (3)
FV [t] z0 [mm] Zmax [mm] Rmax [mm] t

6 98 630 750 8
12 98 922 870 8

Super-ellipsoidal cut:

43 cm

55 cm

Distribution of the material events in the detector volume

darwin-observatory.org



EXAMPLE: DOUBLE BETA DECAY

DARWIN: BACKGROUND FROM MATERIALS

▸ Detailed Geant4 simulations of ER backgrounds (in baseline design) 

▸ 2 toy scenarios: 12 t and 6 ton fiducial mass 

�16

DEDICATED SIMULATIONS: THE TWO FV SCENARIOS

ER background spectra for all the DARWIN materials
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EXAMPLE: DOUBLE BETA DECAY

DARWIN: INTRINSIC BACKGROUNDS

▸ Intrinsic backgrounds: 137Xe, 222Rn, 8B 

▸ 137Xe: β-decay with Q=4173 keV, T1/2=3.82 min (via n-capture on 136Xe)

ROI: Q-value ± FWHM/2 = (2435-2481) keV

7 x 10-3 events in ROI/(t y keV) 2 x 10-3 events in ROI/(t y keV)

TOTAL BACKGROUND: MATERIALS+INTRINSICS

�24

12 tonnes scenario 6 tonnes scenario

Background level dominated by 
the materials

Background level dominated by 
the 137Xe

Background source FV scenario: 12 t 
Events in ROI/(t·y·keV) 

FV scenario: 6 t 
Events in ROI/(t·y·keV) 

Detector Material 5.2 x 10-3 3.3 x 10-5

137Xe (!-induced n-capture) 1.4 x 10-3 1.4 x 10-3

222Rn in LXe 3.0 x 10-4 3.0 x 10-4

8B neutrinos 2.4 x 10-4 2.4 x 10-4

136Xe 2v"" 3.7 x 10-7 3.7 x 10-7

TOTAL 7.14 x 10-3 1.97 x 10-3

Background a factor 104 
lower than XENON1T

TOTAL BACKGROUND: MATERIALS+INTRINSICS

�24

12 tonnes scenario 6 tonnes scenario

Background level dominated by 
the materials

Background level dominated by 
the 137Xe

Background source FV scenario: 12 t 
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EXAMPLE: DOUBLE BETA DECAY

DARWIN: SENSITIVITY (PRELIMINARY)

▸ Figure-of-merit and FC approach 

▸ Fiducial volume not optimised + more detailed 137Xe study + SiPMs for photonsensors 

EXPECTED SENSITIVITY. PRELIMINARY RESULTS

�26

➢ We perform a figure-of-merit approach:

power in the xenon gas phase the FV is shifted 98 mm158

downwards from the center of the instrumented volume. The
spatial distribution of external background events inside the160

active volume is shown in figure 1.
While a- and b -contributions for external sources (A) are162

completely removed by the fiducialization, the external g-
background is reduced by a factor of 2.4⇥102 and 0.7⇥102

164

for Eg � Qbb in scenario (I) and (II), respectively and
suppressed by at least three orders of magnitude for g-166

energies below 1 MeV.
To account for the finite energy resolution of the detec-168

tor all background spectra are convoluted with a Gaussian
according to an energy dependent resolution of170

s
E

=
ap

E[keV ]
+b, (2)

with a = 0.328 and b = 0.0008, as demonstrated in the
XENON1T TPC [7].172

The background contributions per material of origin are
shown for the 12 t FV scenario in figure 2. The resulting174

background spectra around the ROI are displayed for both
FV selections in figure 3. The calculated rates for both176

scenarios are summarized in table III. The direct comparison
showcases how the background contribution from extrinsic178

material sources can, if required, be reduced to a negligible
level by fiducialization on the cost of target mass.180

Fig. 2. Contribution to the background in the ROI by material origin and
decay chain for the 12 t FV scenario (II.)

FV scenario I: 6 t FV scenario I: 12 t
Background sources Events/(t·y·keV ) Events/(t·y·keV)
Detector materials* 3.3⇥10�5 5.2⇥10�3

8B (n � e scattering) 2.4⇥10�4

137Xe (µ induced n-capture) 1.4⇥10�3

136Xe 2nbb * 3.7⇥10�7

222Rn in LXe (0.1 µBq/kg) 3.0⇥10�4

TABLE III
EXPECTED BACKGROUND INDICES IN THE 0nbb ROI (2435-2481 KEV)

BY ORIGIN, COMPARING TWO FIDUCIAL VOLUME SCENARIOS.
(*=ROI-AVERAGE BACKGROUND INDEX FOR COMPARISON.)

Fig. 3. Predicted background spectrum around the 0nbb ROI for 6t
(scenario I) fiducial mass [top] and the 12t FV (scenario II) [bottom].

III. STATISTICAL ANALYSIS AND SENSITIVITY ESTIMATE

We performed a figure-of-merit approach [13], under the 182

assumption of a signal-to-background-ratio equal to 1 and
with the background rates quoted above. To obtain the half- 184

life sensitivity estimate at 90% C.L., we calculated

T
0n

1/2 = ln2
e fROI aNA

1.64 MXe

p
Mtp

BDE
, (3)

with e = 0.9 the detection efficiency of the 0nbb decay 186

as SS event, fROI = 0.76 the fraction of signal covered by
the ROI, a the abundance of 136Xe in natural xenon, NA the 188

Avogadro number in t mol�1, MXe the molar mass number of
xenon in t/mol, M the fiducial mass in tons, t the measuring 190

time in years, B the background index in t�1y�1keV�1 and
DE the energy range of the ROI in keV. The value 1.64 is 192

the number of standard deviations corresponding to a 90%
C.L. 194

Following equation (3) with the background index cor-
responding to the intrinsic background dominated scenario 196

I with 6 t fiducial mass, we obtain a half-life sensitivity
of 1.3⇥1027 y and 3.0⇥1027 y after two and ten years 198

of exposure time, respectively. The external background
dominated 12 t FV scenario II yields a reduced half-life 200

3

signal-to-background ratio equal to 1

3

Fid. Mass Half-life sensitivity

[t] [y] at 90 C.L.

2 years 10 years

All background sources

6 1.3⇥ 1027 3.0⇥ 1027

12 1.0⇥ 1027 2.3⇥ 1027

Irreducible 8B background only

6 3.3⇥ 1027 7.5⇥ 1027

12 4.7⇥ 1027 1.06⇥ 1028

Table 2: Summary table with the expected sensitivity at
90% C.L. for di↵erent fiducial volume- and background-
scenarios calculated by the figure-of-merit estimator.
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Preliminary results

Preliminary statistical tests with a Feldman-Cousins approach yield a 
sensitivity at 90% C.L of 4×1027 years for 6t × 10 year exposure

40t active, 6t FV
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DARWIN R&D

DARWIN R&D EXAMPLES 
▸ Detector, Xe target, background mitigation, photosensors, etc 

▸ Two large-scale demonstrators (z & x-y) supported by ERC grants 

▸ Stay tuned:

darwin-observatory.org

Ongoing R&D: Demonstrators

DARWIN full-height Demonstrator DARWIN full-(x,y) Demonstrator

Credits: F. Girard
Credits: F. Tönnies

2.6 m

2.6 m

• Demonstrate electron drift over the full 
height (Xe-Purification, heigh voltage) 

• Test electrodes and homogeneity of the 
extraction field

!13
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extraction field
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Test e- drift over 2.6 m (purification high-voltage) Test electrodes and homogeneity of extraction field
Figure 8: The Xenoscope demonstrator conceptual design, left, with the top flange and levelling mechanism shown, right.

systems were ordered, such as a hot getter purifier and a recirculation pump, while preliminary parts of the
levelling system (designed to withstand over 2 tons) were produced for testing purposes. A cross-section render
of the levelling system and TPC can be seen in Figure 8, right. A preliminary model of the electron lifetime
evolution of the Xenoscope demonstrator was obtained based on data from the XENON1T experiment. This
study suggests that, through purification with a gas getter, a maximum electron lifetime of about 1.5ms is
achievable. While this is enough to demonstrate electron drift over 2.6 m, such a system cannot achieve the
high purification speeds necessary for DARWIN. Thus, a liquid purification system will be designed and tested
at a later stage of the project. In the meantime, a campaign of extensive simulations of the TPC electric field
has started. These are necessary to finalise the TPC design and the design of a custom electrical feedthrough,
capable of distributing the required high voltage to the TPC. In the coming months, we plan to finalise the
design of the major components of the cryogenic system, as well as the emergency cooling and recuperation
system, and to start construction.

5. Work Package Five: Science reach

5.1. Sensitivity to the neutrinoless double beta decay
If neutrinos are their own antiparticles, the lepton number, that is an accidental symmetry in SM, would be

violated. Thus, a new decay mode, known as neutrinoless double beta decay, would be allowed. The signature
of this decay is a peak around 2.457MeV, well above the WIMP search region. The sensitivity of DARWIN
to this channel can be estimated following a figure of merit approach. Under the assumption that the signal-
to-background ratio is equal to 1 in the region of interest, we can obtain the next figure of merit [8], which
corresponds to the actual half-life estimate at 90% C.L:

T 0⌫
1/2 = ln 2

✏ ↵NA

1.64Mxe

p
Mtp
B�E

(1)

where ✏ is the detection efficiency of the two electrons, ↵ is the abundance of 136Xe in natural xenon, NA is
Avogadro’s number, MXe the molar mass number of xenon, M the fiducial mass, t the measuring time, B the
background index and �E the energy resolution at Q�� . The value 1.64 is the number of standard deviations
corresponding to a 90% C.L.

Background sources Events/(t·y)
Detector Materials 7.1⇥ 10

�2

Cavern background 3.4⇥ 10
�4

137Xe from Cosmogenic activation 6.2⇥ 10
�2

222Ra in LXe 1.1⇥ 10
�2

8B (⌫ � e scattering) 1.4⇥ 10
�2

136Xe in LXe 1.0⇥ 10
�4

Table 2: Expected background counts in the 0⌫�� ROI (2435-2481 keV).
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DARWIN R&D

DARWIN R&D EXAMPLES 

▸ Photosensors: test SiPM arrays as PMT replacements 

▸ First Xe-TPC with SiPM in top array; characterisation with 37Ar source ongoing

First periodic report – Xenoscope: Towards a multi-ton xenon observatory for
astroparticle physics (Project Number: 742789)

Laura Baudis, Yanina Biondi, Michelle Galloway, Frédéric Girard, Alessandro Manfredini, Shayne Reichard,
Patricia Sanchez-Lucas, Kevin Thieme

Physik-Institut der Universität Zurich, Winterthurerstrasse 190, 8057 Zurich

Abstract

The ERC funded Xenoscope project aims to conduct a series of R&D efforts relevant for the realisation
of the DARWIN observatory in astroparticle physics. Our work is divided in five work packages, which can be
summarised as follows: (1) the realisation of the first dual phase, xenon time projection chamber employing
silicon photomultipliers, (2) the production and test of a cryogenic, pre-amplified base for photomultiplier
tubes and their silicon-based counter parts, (3) material screening with our high-purity germanium detector at
Laboratori Nazionali del Gran Sasso and Monte Carlo simulations of the expected backgrounds in DARWIN,
(4) the design and construction of a full vertical scale time projection chamber prototype of the DARWIN
experiment, and (5) the evaluation of DARWIN’s sensitivity to various physics channels in dark matter and
neutrino physics. Here we report on the status of our work in each work package. The period covered by this
report is from 01.10.2017 to 31.03.2019.

1. Work Package One: TPCs with 2 arrays and 4⇡ coverage of SiPM arrays for light and charge

detection

We have implemented a 4⇥4 array of the Hamamatsu S13371 vacuum ultraviolet silicon photosensor in our
small dual-phase xenon time projection chamber (TPC) Xurich II [1] to replace the top 2-inch photomultiplier
tube (PMT) (see Figure 1). To this end, we developed a printed circuit board with a cryogenic pre-amplifier
as will be discussed in Section 2. Overcoming the hardware challenges, e.g. the feedthrough of the 16 top array
channels in restricted space, we upgraded Xurich II successfully in June 2018. In the commissioning run of Fall
2018, we found all channels working properly under very stable detector conditions. The gain from a model-
independent calibration with blue LED light of all photosensors was monitored and can be seen in Figure 2,
left, for Runs 1 and 2.

Figure 1: Xurich II top array upgrade: The 4⇥ 4 silicon photomultiplier array on preamplifier PCB, left, shown after installation

within the Xurich II detector top array, right.

Its mean value is ⇠ 3⇥ 10
7 at 51.5V bias voltage with ⇥10 pre-amplification. The dark count rate was

determined to be on average ⇠ 85Hz per 6⇥6mm
2 sensor at 190K, compatible with the characterisation in [2].

To compare the performance of the new photosensors in the TPC with the old configuration, we performed
calibrations with the internal source 83mKr. In parallel, we developed a new efficient processor and analysis
framework for the increased number of channels and the novel photosensors. In comparison with the single PMT
at the top, the new SiPM top array allows an event position reconstruction in the (x, y)-plane (see Figure 2,

1

Figure 2: (Left): Averaged SiPM gain of Runs 1 and 2 for two different bias voltages. (Right): Top sensor array allows for

(x, y)-position reconstruction. The electrons are focussed to the overlap points of the gate and anode meshes.

right). This gives us the opportunity to identify and reject wall events in the analysis by applying a fiducial
volume cut. Thus, the data selection leads to purer results, as can be seen for example in the charge and light
anti-correlation from the 83mKr calibration, Figure 3.

For further characterisation of the detector at very low energies, efforts towards calibration with a gaseous
37Ar source are ongoing. To this end, we activated four quartz glass ampules filled with ⇠ 2.3� 2.6mg natural
argon at the Swiss Spallation Source at Paul Scherrer Institute Villigen, obtaining an estimated activity of
⇠ 19�22 kBq. In order to break the ampules in vacuum and to introduce the source in the detector, a breaking
mechanism and mixing setup was constructed. After completion of these successful tests of SiPMs as top array
sensors in the gas phase, we plan to upgrade Xurich with a bottom SiPM array in order to study their behaviour
and the one of the preamplifier in liquid xenon.
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Figure 3: Anti-correlation of charge and light signals for the 32.1 keV 83m
Kr line for the upgraded Xurich II with the SiPM array,

left, and for the old configuration, right.

2. Work Package Two: Readout of PMTs and SiPMs (warm and cold electronics)

To significantly reduce the noise contribution of long signal cables in large dark matter detectors, a cryo-
genic, pre-amplified readout base was designed for PMTs and for SiPMs [3]. These boards include an OPA847
operational amplifier which presents a good signal linearity over the whole ADC range, low noise, power con-
sumption, excellent recovery after saturation and negligible drift with temperature.

Figure 4, middle, shows the electronic schematics of the PMT and SiPM preamplifier circuits, while Fig-
ure 4, left and right, show the implementation of the circuit on the bases. The amplifier must be externally
biased with a 10 V voltage difference. The boards were tested in a single-phase liquid xenon detector were they
were shown to stably operate at a temperature of 185.5 K with no gain drift over time. The mean measured gain
was 4.99⇥ 10

6 with an rms of 0.03⇥ 10
6. Another pre-amplified readout board was installed in Xurich II with

an array of four 2⇥2-channels SiPMs (see section 1). The amplifiers showed a very stable behaviour in time,
performing as designed, and are still being used. The same circuit is also being used on newly designed bases

2
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Characterisation with 83mKr source

Figure 2: (Left): Averaged SiPM gain of Runs 1 and 2 for two different bias voltages. (Right): Top sensor array allows for

(x, y)-position reconstruction. The electrons are focussed to the overlap points of the gate and anode meshes.

right). This gives us the opportunity to identify and reject wall events in the analysis by applying a fiducial
volume cut. Thus, the data selection leads to purer results, as can be seen for example in the charge and light
anti-correlation from the 83mKr calibration, Figure 3.

For further characterisation of the detector at very low energies, efforts towards calibration with a gaseous
37Ar source are ongoing. To this end, we activated four quartz glass ampules filled with ⇠ 2.3� 2.6mg natural
argon at the Swiss Spallation Source at Paul Scherrer Institute Villigen, obtaining an estimated activity of
⇠ 19�22 kBq. In order to break the ampules in vacuum and to introduce the source in the detector, a breaking
mechanism and mixing setup was constructed. After completion of these successful tests of SiPMs as top array
sensors in the gas phase, we plan to upgrade Xurich with a bottom SiPM array in order to study their behaviour
and the one of the preamplifier in liquid xenon.
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Kr line for the upgraded Xurich II with the SiPM array,

left, and for the old configuration, right.

2. Work Package Two: Readout of PMTs and SiPMs (warm and cold electronics)

To significantly reduce the noise contribution of long signal cables in large dark matter detectors, a cryo-
genic, pre-amplified readout base was designed for PMTs and for SiPMs [3]. These boards include an OPA847
operational amplifier which presents a good signal linearity over the whole ADC range, low noise, power con-
sumption, excellent recovery after saturation and negligible drift with temperature.

Figure 4, middle, shows the electronic schematics of the PMT and SiPM preamplifier circuits, while Fig-
ure 4, left and right, show the implementation of the circuit on the bases. The amplifier must be externally
biased with a 10 V voltage difference. The boards were tested in a single-phase liquid xenon detector were they
were shown to stably operate at a temperature of 185.5 K with no gain drift over time. The mean measured gain
was 4.99⇥ 10

6 with an rms of 0.03⇥ 10
6. Another pre-amplified readout board was installed in Xurich II with

an array of four 2⇥2-channels SiPMs (see section 1). The amplifiers showed a very stable behaviour in time,
performing as designed, and are still being used. The same circuit is also being used on newly designed bases
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HOW LOW SHOULD WE GO?

NEUTRINO BACKGROUNDS FOR DM SEARCHES
▸ Low mass region: limit at ~ 0.1- 10 kg year (target dependent) 

▸ High mass region: limit at ~ 10 ktonne year 

▸ But: annual modulation, directionality, momentum dependance, 
inelastic DM-nucleus scatters, etc

Solar neutrinos

ν’s begin limiting sensitivity for
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xenon

DM-electron scatters (R. Essig et al, PRD97, 2018)

Discovery limits 
(2-σ) for various 
ionisation 
efficiencies Y, 
solar ν 
background 
only

Nij
ν ðϕkÞ ¼ M

Z
Eiþ 1

Ei

Z
tjþ 1

tj

dRνðtÞ
dEr

ðϕkÞdtdEr; ð19Þ

where M is the mass of the detector.
In Fig. 10 we show the improvement on the neutrino

floor limit under the inclusion of time information. We
show only narrow mass ranges: between 0.3 and 1 GeV
when the 7Be, pep, 13N, 15O and 17F neutrinos play the
biggest role and between 4 and 8 GeV when the floor is
induced by 8B and hep neutrinos. Outside of these specific
mass ranges (for the exposures considered here) the
improvement offered by time information is negligible.
Because the annual modulation amplitudes are small,
obtaining a benefit from time information needs in excess
of Oð1000Þ neutrino events. Here, to isolate the effects
of including time information in the neutrino floor calcu-
lation, we have neglected additional detector effects and
use a 3 eV energy cutoff to map the low WIMP mass
dependence.
Incorporating uncertainties on the SHM parameters into

the energy þ time analysis we obtain limits shown in
Fig. 11. These limits are analogous to those of Fig. 7
extended to an exposure large enough to receive the benefit
of time information (104 ton-years). Again the discovery
limit under the assumption of the largest values of uncer-
tainty is up to an order of magnitude higher than the
astrophysics fixed case around 15 GeV. However it still

remains below the energy-only limit around the peaks due
to the solar neutrino contributions meaning the inclusion of
time information still mitigates the neutrino background
even when astrophysical uncertainties are taken into
account.

VIII. SUMMARY

In this work we have demonstrated the impact of
astrophysics uncertainties on the calculation of the neutrino
floor. Relaxing the assumption of perfectly known astro-
physics parameters such as the solar velocity, escape speed
and local WIMP density results in a shift in the range of
WIMP parameter values that are prohibited by the neutrino
background. We find that if there are reasonably large
uncertainties in the various astrophysics parameters (close
to those currently known) then the neutrino floor extends to
larger WIMP masses and is closer to existing experimental
limits than previously thought.
When attempting to reconstruct the input WIMP and

neutrino parameters we find that unfixing the astrophysics
parameters induces a significant increase in the uncertainty
of the reconstruction. Input WIMP parameters that lie
below the neutrino floor are recovered extremely poorly,
and this problem is only worsened by the inclusion of
astrophysical uncertainties; both the errors on the recovered
values ofmχ and σχ−n are increased but the range of masses
for which the reconstruction fails also increases. This
means that even if experiments were to become sensitive
to a WIMP with cross section and mass close to the
neutrino floor then the measurement of the properties of
such a WIMP will be extremely difficult or impossible to
measure accurately in conjunction with astrophysical
parameters.
The first detection of coherent neutrino-nucleus scatter-

ing is expected to be made with the forthcoming generation
of ton-scale direct detection experiments [11]. When this
occurs it will be crucial to begin to implement strategies for
dealing with neutrino backgrounds. This can be achieved in
a number ways. As can be seen in this work, as well as that
of Ref. [17] the number of events observed at these detector
masses are not yet enough to utilize the time dependence of
the WIMP and neutrino signals to discriminate the two. For
spin-dependent interactions as well as nonrelativistic
effective field theory operators, complementarity between
target materials will be a powerful and relatively easy
method for discriminating neutrinos [16,21]. Independent
of the WIMP-nucleus interaction however, directional
detection, if experimentally feasible, will prove the most
powerful scheme for distinguishing WIMPs and neutrinos
[18–20]. The angular signatures of WIMP and neutrino
recoils are entirely distinct and this is true for any
relationship set of astrophysical inputs or WIMP-nucleus
interactions. However for the upcoming generation of
direct detection experiments which will lack sensitivity
to either direction or time dependence, we have shown that
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FIG. 11. Spin-independent neutrino floor as a function of
WIMP mass calculated with the inclusion of astrophysical
uncertainties and time dependence. The blue, red and green
curves correspond to 3 sets of 1σ uncertainties on the parameters
ρ0, v0 and vesc. The sizes of the uncertainties are labeled from low
to high with values indicated. The black lines are the energy-
information-only neutrino floor (dashed black line) and the
energy þ time information neutrino floor (solid black line).
The filled regions are currently excluded by experiments,
CRESST [84], CDMSlite [85], Xenon100 [6] and LUX [7].
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DM-nucleus scatters (C.A.J. O’Hare, PRD94, 2016)
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PARTICLE PHYSICS WITH XENON EXPERIMENTS

CONCLUSIONS

▸ Experiments using liquefied Xe: excellent sensitivities in particle/astroparticle physics 

▸ Due to very low expected event rates, we need: 

▸ Large detector masses, ultra-low backgrounds (material radio-assay & Rn 
reduction remain crucial) 

▸ Very good energy resolutions, low energy thresholds 

▸ 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 in particles physics (neutrinos, 0νββ, axion/ALPs, dark photons, WIMPs, 
etc) 

▸ Eventually limited by neutrino interactions (but also new physics opportunities!)
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THE END
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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%



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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