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BACKGROUND
Air pollution is generally considered an 
outdoor problem.
However, we spend 70% time1 in our 
own homes, so indoor exposure in 
houses may have a greater impact on 
health.

RELEVANCE
Fine Particulate Matter (PM2.5) is composed 
of airborne solid and liquid particles with a 
diameter ≥2.5µm 2.
They are respirable and bypass the body’s 
defences. Exposure ls inked to acute and 
chronic respiratory and cardiovascular 
diseases3.
Cooking is a significant indoor source, as it 
takes place in most homes.

AIMS
Develop model of the UK housing stock to 
investigate exposure to PM2.5 from cooking.
Better understand emissions from cooking.
Can homes offer protection from high 
external concentrations? Or, do they trap 
harmful pollutants?
Are existing building regulations 
appropriate?

REFERENCES
1 Lader et al.(2006) The time use survey,
2005: how we spend our time.
2 Logue JM, et al. (2011) Environmental
Health Perspectives. 120:216-22
3 Lewtas, J. (2007). Mutation
Research/Reviews in Mutation Research,
636(13):95-133.
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IDENTIFICATION OF 137Xe 
LIKE A BACKGROUND FOR 
0𝜈𝛽𝛽 SEARCHES IN DARWIN

— University of Zurich —
Patricia Sanchez-Lucas

1. Neutrinoless double-beta (0𝜈𝛽𝛽) 
decay in DARWIN

2. 137Xe from cosmogenic activation 
underground

3. Simulations 4. Results

Figure 8. A possible realisation of
a ⇠50 t (40 t) total (target) LXe mass
DARWIN detector, inside a double-
walled stainless steel cryostat. The TPC
is surrounded by highly reflective PTFE
walls, closed by the cathode and anode
electrodes on bottom and top, respec-
tively. The sketch shows a TPC with
two photosensor arrays made of circular
PMTs with 3” diameter. The final sensor
type, however, is not yet defined and all
details regarding the cryostat and TPC
are subject to R&D.

granularity, liquid level control, etc.). DARWIN, in its baseline configuration, will feature
this well-established dual-phase TPC design scheme with light detected by photosensor arrays
above and below the LXe target, see Figure 8. The light collection efficiency is constant for a
fixed height-diameter ratio. With an optimal design of the reflecting inner TPC surfaces, it is
only affected by the LXe absorption length. The working hypothesis of DARWIN’s baseline
design is that the absorption length can be kept much larger than the TPC diameter by
continuous purification of the xenon, see Section 5.3. Under this assumption, with state-
of-the-art PMTs, it is expected that the currently achieved thresholds of ⇠1 keVnr [27] can
also be established with DARWIN. To cope with the possibility of smaller values for the
absorption length – or, alternatively, to further increase the light collection efficiency – a
potential scheme with the TPC surrounded by photosensors in ⇠4⇡, similar to a single-phase
detector, is being evaluated as part of the DARWIN R&D program. This option is outlined
in Section 5.4, which also discusses alternative photosensor technologies. A novel scheme
relying on the concept of liquid hole multipliers (LHMs), with a potentially significant light
yield improvement, is discussed in Section 5.4, as well.

Insulating materials are essential to construct the TPC, as components biased with
very high voltages above �100 kV (cathode, field shaping electrodes) must be supported
and insulated from grounded components. The primary choice is PTFE providing excellent
insulation, good UV reflectivity [44], reasonable mechanical strength, and low radioactivity.
A possible cylindrical DARWIN TPC of 260 cm diameter and height, enclosing a target mass
of 40 t of xenon, is illustrated in Figure 8.

The type and dimension of the light sensors installed on the two arrays, above and
below the target are still an active part of the DARWIN study. Under the assumption that
the charge signal is detected via proportional scintillation in the gas phase, the 40 t LXe
TPC would require ⇠1800 sensors of 3” diameter (⇠1000 of 4”) assuming the use of identical,
circular photosensors on both arrays. If available, larger low-radioactivity photosensors on
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DARWIN Baseline Design

Why Look for the 0𝜈𝛽𝛽 Decay with DARWIN ?

- 8.9% abundance in natural Xe. 
- Q-value = 2.458 MeV 

136Xe excellent candidate:

Ultra-low background environment 
dominated by intrinsic sources

Energy resolution of ~0.8% at 
2.5 MeV

DARWIN will have more than 
3.5 t of active 136Xe.

Neutrinoless double beta decay

2n→ 2p + 2e−

2p→ 2n + 2e+
L = 2L = 0
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“peak” at the Q-value of the decay

Q = Ee1 + Ee2 � 2me

�2

• Nuclear decay mode without emission of neutrinos (“forbidden” in the SM, since the lepton number 
is violated: ΔL =2)

DARWIN offers the possibility of looking for this rare 
process for FREE 

Its primary goal is to search for particle dark matter

· Dual-phase Time Projection 
Chamber (TPC). 

· 40 t active of liquid xenon. 
· Dimensions:  2.6 m diameter 

and 2.6 m height. 
· Two arrays of photosensors 

(top and bottom). 
· Low-background double-wall 

cryostat. 
· Outer shield filled with water 

(14 m diameter). 

2.
6m

2.6m

0𝜈𝛽𝛽 signal

137Xe: an Intrinsic Background
137Xe beta decays with a Q-value of 4173 keV. 

The half-life is 3.82 min.  

Background uniformly distributed in the detector volume.
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137Xe Production Underground
137Xe is mainly produced when muon-induced neutrons 

are captured by 136Xe. 

neutron capture

Cosmic Muons 
underground

Fast Neutrons

Thermalize by  
collision

Neutron Capture

Rock

Concrete

Water

LXe

!

fast n
thermalization

capture

The relative difference between the data and our model
[Eq. (4)] is shown in Fig. 4, where the uncertainties reflect
the experimental uncertainties in Table I. In order to cir-
cumvent the misuse of vertical muon intensity in compar-
ing sites with flat overburden to those under mountains, we
define the equivalent depth relative to a flat overburden by
the experimental measurements of the total muon intensity.
This definition and these intensities are used hereafter.

B. Stopping-muon intensity

Stopping muons are also a source of background. For
example, !! capture on a nucleus produces neutrons and
radioactive isotopes. The total stopping-muon rate has
contributions from cosmic-ray muons coming to the end

of their range, secondary muons generated locally through
interactions of the primary muons (due to virtual-photo
interactions with nuclei), and local muon production by
real photons ("0-decay in electromagnetic showers). It is
customary to quote results in terms of the ratio, R, of
stopping muons to throughgoing muons. A detailed calcu-
lation is provided by Cassiday et al. [3]. The total ratio,
R"h#, of stopping muons to throughgoing muons (vertical
direction) at different depths can be parametrized as [14]

R"h# $ #!
!Eeh=$

"eh=$ ! 1#%!
; (7)

where #! % 3:77 for E! & 1000 GeV [15], $ %
2:5 km:w:e:, !E $ &h, & % 0:268 GeV=km:w:e: [16]
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FIG. 3 (color). The total muon flux measured for the various
underground sites summarized in Table I as a function of the
equivalent vertical depth relative to a flat overburden. The
smooth curve is our global fit function to those data taken
from sites with flat overburden [Eq. (4)].
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FIG. 4 (color online). The relative deviation between data on
the total muon flux and our global fit function. The horizontal
lines indicate the root-mean-square deviation amongst the re-
siduals based upon the experimental uncertainties in the mea-
surements.

TABLE I. Summary of the total muon flux measured at the
underground sites and the equivalent vertical depth relative to a
flat overburden.

Total flux Depth
Site cm!2sec!1 km.w.e.

WIPP "4:77 ' 0:09# ( 10!7 [4] 1:585 ' 0:011
Soudan "2:0 ' 0:2# ( 10!7 [5] 1:95 ' 0:15
Kamioka "1:58 ' 0:21# ( 10!7 [12] 2:05 ' 0:15a

Boulby "4:09 ' 0:15# ( 10!8 [6] 2:805 ' 0:015
Gran Sasso "2:58 ' 0:3# ( 10!8 (this work) 3:1 ' 0:2a

"2:78 ' 0:2# ( 10!8 [9] 3:05 ' 0:2a

"3:22 ' 0:2# ( 10!8 [10] 2:96 ' 0:2a

Fréjus "5:47 ' 0:1# ( 10!9 [11] 4:15 ' 0:2a

"4:83 ' 0:5# ( 10!9 (this work) 4:2 ' 0:2a

Homestake "4:4 ' 0:1 ( 10!9# (this work) 4:3 ' 0:2
Sudbury "3:77 ' 0:41# ( 10!10 [7] 6:011 ' 0:1

aEquivalent vertical depth with a flat overburden determined by
the measured total muon flux.
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FIG. 5 (color online). The ratio of stopping muons to through-
going muons, relative to the vertical direction, as a function of
depth. The ratio is calculated assuming the Majorana-like de-
tector geometry discussed later in this paper assuming a 60 kg
target mass of germanium surrounded by 40 cm of lead.
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Muon Flux at LNGS
The muon flux underground 
depends on the depth of the lab

For the simulations we assume 
the depth of LNGS.

1 muon per hour and per m2

Neutron Simulations and 137Xe Production Rate

neutron energy spectrum

Simulation of neutrons in the different materials, propagate them 
and counting of 137Xe isotopes produced by neutron capture

Moun-induced neutron production rate from MUSIC and MUSUN [1]

Material Produced neutrons Neutron production Mean neutron
rates [10−8 n/ s/ cm3] energy [MeV]

Rock 9 7 .3% 2.9 31.6
Concrete 1.17 % 2.7 32.7
Polyethylene 0.01% 0.15 34.3
Copper 0.04% 0.47 14.8
Pb 1.45 % 1.04 6 .8
Steel 0.003% 0.39 8 .3
Others 0.001% NA NA
LXe 0.005 % 0.19 5 .7

Table 13: Neutron production rates and mean neutron energies for different materials.

Material Produced neutrons % of all recoils
giving recoils [%]

Rock 4.8 ·10−6 0.04
Concrete 0.001 0.1
Polyethylene 1.6 1.8

Copper 9 .6 37 .6
Pb 0.03 4.6
Steel 26 .4 6 .6
Others 8 5 .8 10.4
LXe 8 1.7 38 .8

Table 14: Contribution of each material to the total number of nuclear recoils in LXe.

more probable to give a recoil. Column 3 shows the contribution of each material to
the total number of recoils in LXe. The largest contribution comes from the Copper
shielding. LXe also contributes significant, but these recoils can be easily tagged since
they will coincide with the muon which produced that neutron. Using a muon veto we
can tag neutrons coming from the shielding and detector materials. However, those
coming from the rock and concrete contribute around 0.14% to the recoil rate and they
can not be tagged.

Around 3·108 muons were simulated. Given that the muon flux is 0.3·10−7cm−2s−1, by
sampling on the 5 sides of the cavern (excluding the floor), we get a muon rate of ∼0.6
muons/ s. So the simulated time is around 15 years.

Figure 21 shows the total energy deposited in the active volume of LXe. The feature
on high energy region ∼105 keV is due to muon recoils in LXe and the gammas coming
from them (primary muon interactions), as can be seen in Figures 22. The rate of muon
recoils is epxeced to be 1.7 / day. Note that in Xenon10, 6 9 muon tracks were found in
5 8 .6 livetimes. So the daily rate was around 1.2 [5 ]. The middle part of Figure 21 from
100 keV up to ∼105 keV is due to the electromagnetic component, whereas the part in
the low energy region is mainly due to the pure elastic recoils (singles+mutliples) in the
active volume of LXe, as shown in Figure 23. The events which contain elastic recoils
with an electromagnetic component is 7 8 % of the total recoils in LXe. Table 15 (2nd
and 3rd row) presents the mean pure nuclear recoil rates in the LXe due to cosmic ray
muons. ’Pure’ means that the electromagnetic component and the muon recoils have
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Cryostat

�13

Simulation Details
Material Part Volume [m3] Sim. Events Sim. Neutrons Energy [MeV] 136Xe nCaptures

Copper Shaping Rings 0,076 106 941440 14.8 247

SS Cryostat (3s) 1,076 106 992722 8.3 72

LXe ~50 ton 16,976 106 990008 5.7 247

MUON-INDUCED NEUTRONS: SIMULATIONS

Active Volume

Primary positions of 
simulated neutrons
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LXeCryostatCu-Rings

Simulation Details
Material Volume [m3] Sim. Neutrons 137Xe Isotopes 137Xe Prod. Rate [atoms/kg/y]

Cu-Shaping Rings 0.076 106 234 ± 15 (6.7 ± 0.4)×10-5      

Cryostat 1.076 106 89  ±  9 (2.9 ± 0.3)×10-4      

LXe (~50 ton) 16.976 106 252 ± 16 (6.5 ± 0.4)×10-3      

[1] XENON100 Collaboration, internal note (2010)

Experiment Location Depth [m.w.e]
137Xe Production Rate 

 [atoms/kg/year]

DARWIN LNGS 3600 7.71×10-2     

nEXO [2] SNOLAB 6011 2.44×10-3  

Contribution in the ROI of the 0vbb decay

Component Events_ROI/(ty) 
 2435 - 2481 keV

Detector materials 
in 6t FV 0.24 (73%)

137Xe background 0.067 (20%)

222Rn in LXe 
(0.1𝜇Bq/kg) 0.014 (4%)

8B (𝜈-e scattering) 0.011 (3%)

136Xe (2𝜈𝛽𝛽) 0.00002 (<0.1%)

137Xe: Comparison with other experiments
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Single Site Events 

values normalized per kg of 136Xe

137Xe electron recoil 
energy spectrum

- Simulation of 107 events 
of 137Xe uniformly 
distributed in the detector.

- Normalization taking into 
account the previous 
production rates

- 3D-clustering 15 mm

- Single site selection

The 137Xe accounts for 20% of the total ER 
background in the scenario of 12t FV

[2] nEXO Collaboration, Phys. Rev. C 97, 065503 (2018).


