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Abstract For above ground particle physics experiments,
cosmic muons are common source of background, not only
for direct detector hits, but also for secondary radiation cre-
ated in neighboring materials. The ECHo experiment has
been designed for the determination of the effective elec-
tron neutrino mass by the analysis of the endpoint region
of the '*Ho electron capture spectrum. The fraction of
events occurring in the region of interest of 10 eV below
the Qgc value of about 2.8 keV is only of the order of
10~%. This means that the background in that region need
to be studied, characterized and methods to suppress it need
to be developed. We expect a major background contribu-
tion to be due to cosmic muons and radiation produced by
muons traveling through material around the detectors. To
determine the muon-related background in metallic mag-
netic calorimeters (MMCs) used in the ECHo experiment,
we have performed an experiment in which a muon veto
was installed around the cryostat used for the operation of
the detectors. We analysed the acquired events to investi-
gate the pulse shape of MMC events in coincidence with
the muon veto and the rate of multiple coincidences among
detector array pixels. With different methods used for identi-
fication of muon related events, we studied events generated
by muons and secondary radiation depositing energy in the
substrate close to the ECHo pixels. In addition, energy depo-
sitions of muons and secondary radiation in the detectors was
studied via Monte Carlo simulation. At the present status of
investigation, we conclude that muon related events will be a
negligible background in the region of interest of the '®3*Ho
spectrum.
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author)
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1 Introduction

With an estimated flux of 180 muons s~' m™? at sea level
[1], cosmogenic muons are a common background issue in
a variety of rare events experiments, e.g. experiments for
the investigation of neutrino properties [2—5] or experiments
searching for dark matter [6,7]. While these experiments are
often located underground to reduce the muon flux, the only
available method to reduce muon induced events in above
ground experiments is the use of a muon veto. Not only direct
muon interactions with the detectors can be critical for the
experiment, but also the muon induced secondary particles
created as products of the interaction of the muons with the
setup of the experiment.

The ECHo experiment [8] is an above ground experi-
ment, which measures the full 13Ho electron capture (EC)
spectrum to determine the effective electron neutrino mass
by using cryogenic metallic magnetic calorimeters (MMCs)
[9,10].

The endpoint region of the '*Ho EC spectrum below the
Q¢ value, which is the maximum energy available for the
EC decay, is most effected by the finite neutrino mass [11]
[12] (illustrated in Fig. 1). The Qgc value is given by the
mass difference between the '3 Ho atom and its daughter
atom '%3Dy. A measurement of Qgc independent from the
EC of '3Ho has been obtained using the double Penning
Trap SHIPTRAP [13] Qgc = (2833 & 304t £ 155y) eV.
In the ECHo-1k detector design, the 163Ho source was sur-
rounded by at least 5 pwm of gold, which ensures a quan-
tum efficiency larger than 99.999% for the full energy range
of the '93Ho spectrum. In the last 10 eV below QOgc, the
region of interest (ROI) in this work, only a tiny fraction
of all events of the order of 10~ are expected (compare to
Fig. 1).

In the ECHo-1k phase, 64 on MMC [10] based detec-
tor pixels will be used. The '®3Ho activity per pixel for the
ECHo-1k arrays is about 1 Bq. This low activity was due
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to difficulties in the '®3Ho implantation process [14]. Solu-
tions for increasing the activity per pixel have been found
and for the second stage of the ECHo experiment, ECHo-
100k, an '93Ho activity of 10 Bq is foreseen. In this phase a
count rate of approximately 8 x 10~* count day~! pixel !
in the ROI is expected. We discuss the muon related back-
ground in the ROI in relation to an intrinsic pile-up back-
ground corresponding to a '®3Ho activity per pixel of
10 Bq.

Due to the finite time resolution 7, (= signal rise time)
of MMCs of about 300 ns, unresolved pile-up events rep-
resents an intrinsic background for this measurement tech-
nique, whose rate can be determined with rp, = AZ. T,
with the %3 Ho activity per detector pixel A. Figure 1 shows
together with the '®3Ho spectrum also the contribution due
to the unresolved pile-up events for an expected unresolved
pile-up rate of about 2 x 10~* counts day~! pixel~! in the
ROL

The ECHo collaboration aims to reduce all external back-
ground source as muon related events or events due to nat-
ural radioactivity, so that the dominant background in the
endpoint region is represented by unresolved pile-up events.
Different approaches to reduce the backgrounds are in devel-
opment. For this, Monte Carlo simulations are performed to
study the influence of muons and radioactivity in the ECHo
set-up. In addition, methods for pulse shape analysis are
developed to recognize events caused by muons and radioac-
tive decays. Screening measurements are performed and an
active muon veto is operated.
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Fig. 1 Theoretical EC spectrum of '93Ho according to the model devel-
oped in [11] (blue solid line) with 10 Bq of '*Ho per pixel. The green
solid line represents the unresolved pile-up spectrum calculated as the
autoconvolution of the '3 Ho spectrum for an unresolved pile-up frac-
tion of 3 x 1079, Insert: Magnification of the end point region of the
163Ho EC spectrum for a vanishing neutrino mass (orange) and a neu-
trino mass of 5 eV (blue)
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2 Cosmic muons

The detectors used in the ECHo experiment are metallic
magnetic calorimeters which are operated at mK tempera-
tures in a dilution refrigerator [9,10]. The detector arrays
used for the discussed simulations and measurements is of
the type ECHo-1k [15]. A sketch of this chip is showed
in Fig. 2. It consists of a silicon substrate of dimension
10 mm x 5 mm and thickness 350 pm with 36 MMCs with
double meander geometry, resulting in 72 pixels positioned
in four lines each with 18 pixels. Each pixel consists of a
gold absorber of dimension 180 pum x 180 um x 10 pm,
which is on top of a sensor made of Ag:Er of dimension
180 pm x 180 wm x 1.35 pm. In addition, relatively large
gold structures, which are important for the thermalization
of the chip, are present. Four SQUIDs chips, also micro-
fabricated on a silicon substrate with dimensions of about
6 mm x 2.5 mm x 350 wm are positioned very close
to the ECHo-1k chip. The electrical connections between
the SQUID chips and the detector chip are realized via
Al bonding wires. The five silicon chips are glued to a
OFHC copper holder. The copper holder has a thickness
of 0.7 cm. The circuit board (in the simulation made of
a bisphenol-based epoxy resins) covers the full surface of
the copper holder minus the parts where the chips are posi-
tioned. The set-up has a T-shape to allow the placement of
a magnetic shield, an aluminum tube, which is supercon-
ducting at the operation temperature of the detector. The
Al shield has a rectangular aperture cross section of about
2.6 cm (width) x 0.9 cm (height) with a length of 15 cm
and a wall thickness of about 3 mm for the top and bottom

Printed circuit board

dc-SQUID|chips

Alumlnlum shielding

Prmted circuit board
ECHo-1k ch|p ,

Copper holder

Connectors

Fig. 2 Simplified design of the ECHo-1k experiment setup used in the
simulation. Connectors are placed at a distance of about 15 cm from the
ECHo-1k chip and an aluminum box surrounds the copper holder. On
top of the copper holder, the white circuit board, the silicon substrate,
with the ECHo detector pixels on top, and the dc-SQUID chips are
placed. Insert: Magnification of the part close to the ECHo-1k chip.
The purple colored silicon ECHo-1k chip is surrounded by four dc-
SQUID chips (green). All chips are glued directly on the copper holder.
On the ECHo-1k chip the large gold thermalization structured can be
seen as well as the four rows of the MMC:s (silver colored)
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sides and about 10.3 mm for the other sides. About 15 cm
away from the detector chip, nine connectors (in the sim-
ulation made of carbon with a density of 1 g mol~!) are
mounted.

2.1 Expected energy deposition of muons passing MMC
pixels

The rate of cosmic muons at the sea level can be quantified
to about 180 muons s~! m~2. A back-of-the-envelope cal-
culation tells that we would expect 0.5 direct muon hits per
day per pixel for absorber areas of 180 pm x 180 wm. It is
interesting to look at the distribution of the energy deposited
by a muon passing through a gold layer for different layer
thicknesses. The energy and angular distribution of the arriv-
ing muons are given by [16,17]. Also, only the energy loss
straggling by ionization [18] is considered. Figure 3 shows
this energy distribution in the case for MMC absorbers hav-
ing a thickness of 5, 10, 15 and 20 wm. Due to the different
angles at which the muons are approaching the surface of a
MMC pixel, different path lengths occur, ranging from sub
pm for muons traveling through an edge to about 260 pwm for
amuon moving along the diagonal. According to Fig. 3, only
short muon path lengths in the gold absorber would lead to
energy depositions in the region of interest close to the '**Ho
EC spectrum end-point of ~ 2.8 keV . Events with energies
larger than 10 keV are typically not acquired during the '*Ho
spectrum measurement. It has to be noted, that energy loss
due to resonances with the atomic shell levels of gold, which
are less than 4 keV for the M, N and O shells, are not included
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Fig. 3 Distribution of the energy deposited by muons passing gold
absorbers with areas of 180 wm x 180 wm and different thicknesses
[16-18,20]. The fraction of muons with short path lengthes are highest
for thin absorbers and therefore, the probability to deposit a small energy
is largest for these thicknesses. For gold absorbers with a thickness of
10 pm and lower, muons depositing less than 6 keV could be neglected.
However, by considering also resonances with the gold shells, the low
energy edge could be smeared and so, more muons depositing less than
6 keV could occur

here, but should occur in the experiment. So, the probability
that a muon deposits less than 4 keV is underestimated here.
Further approaches to describe the energy loss straggling in
thin silicon detectors [19] show that the energy loss distribu-
tion gets smeared for lower energies by including the atomic
shells in the straggling function. The same can be assumed
for thin gold detectors.

2.2 Options to recognize muon induced events

Most likely, cosmic muons are not stopped in the absorbers,
rather they also travel through the sensors of the same
absorbers and through the substrate (non-active part of the
chip). The pulse shape of the resulting signals will therefore
be different from the signals caused by particles stopped in
the absorbers. This means that these events should easily be
recognized. Furthermore, a fraction of the deposited energy
(heat) in the substrate could lead to a measurable increase
of temperature in the neighboring pixels. This class of muon
related events can be recognized via coincidence searches as
well as muons only passing the substrate next to the pixels.

In addition, muons can cause secondary radiation by pass-
ing material, as for example the aluminum shield, which is
directly on top of the detector array, or the substrate, which
is directly below the array. The secondary particles can be
created and as well deposit energy directly in the absorbers
or and in the substrate. High energy secondary particles like
electrons and some y-rays' should behave like the muons
and should also easily be recognized by the resulting pulse
shape of the signals and trigger time coincidences. But, low
energy secondary particles like aluminum and silicon X-rays
could be stopped in the absorbers. These particles could only
be recognized by trigger time coincidences.

2.3 Monte Carlo simulation

To address these different possibilities, the effect of cosmo-
genic muons has been tested via Monte Carlo simulation
using the version 10.06.p03 of the GEANT4 toolkit [21] con-
sidering a simplified version of the setup showed in Fig. 2 and
which considers as input the energy and angular distribution
of the arriving muons given in [16,17]. We study the effect
of direct interaction of muons and of the secondary particles
produced in the surrounding of the detector array.

A (primary) particle propagates a given distance (called
step) in the material, which leads to total cross-sections for
different types of interactions (e.g. ionization, nuclear scat-
tering, Bremsstrahlung, etc.). A random number defines if
these interactions occur in a step and if yes, the primary

1"y -rays should mainly lose energy by Compton scattering and/or pair
production and so, could deposit energy in the absorbers as well as in
the substrate.
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Table 1 Minimum distanced produced particles have to travel in the
material. If the particles have less energy, they are not produced and
their energies are deposited locally. Volumes marked with (*) contain
subvolumes with different production thresholds (see Fig. 4)

Volume Min range
MMCs 100 nm
Thermal baths 100 nm
(*)Substrate 1.0 pm
SQUID chips 1.0 pm
Circuit board 10 pm
Plugs 1.0 mm
(*)Copper holder 1.0 mm
(*)Shielding 1.0 mm

particle loses energy and other (secondary) particles (e.g. §-
rays,” X-rays and Auger electrons in case of ionization) are
produced if their kinetic energy are above the production
energy threshold — the minimum kinetic energy, which the
produced particles have to have. If the kinetic energy of the
secondary particles is below the production energy cut, their
kinetic energy is added to the locally deposited energy of the
primary particle and these particles are not generated.

In order to study the effect of secondary particles in the
detector pixels, especially low energy secondary particles,
the production energy cut is set individually for each volume.
This is done to save computation time and to avoid the sim-
ulation of particles which will not reach the detectors, while
also considering particles with sub-keV energies. However,
this production energy only affects particles generated by
processes with infrared divergence, such as Bremsstrahlung
and §-ray production. Particles produced by other processes,
for example by radioactive decay or atomic de-excitation, are
not affected by this limitation.

In the interest of clarity, not the production energy, but
the equivalent, the minimum range the particles have to
travel in each volume are defined (seen Table 1). In order
to save computation time, the larger volumes, substrate, cop-
per holder and shielding contain sub volumes with smaller
production thresholds. These subvolumes and the produc-
tion thresholds can be seen in Fig. 4, which shows the
scheme of the profile of the set-up around the ECHo-1k
chip.

2.4 Monte Carlo results
1.8 x 10° muons, which have to pass the ECHo- 1k chip, are
simulated with an angular distribution of the muon energies

given by Bugaev et al. [16]. The chip is positioned such that
the 72 MMCs are parallel to the ground (Fig. 2). 1.8 x 10°

2 Free electrons produced by ionization.
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Fig. 4 Scheme of the set-up around the ECHo-1k chip (not to scale).
The dimensions and production thresholds of the subvolumes of the
shielding (grey), substrate (purple) and copper holder (orange) can be
seen

muons is equal to about 172,521 pixel-days (2396 days, with
a mean muon flux of 180 muons s~! m~2) of measure-
ment for the ECHo-1k array. Energies are deposited in the
absorbers mostly by muons, but also secondary particles gen-
erated by muons in the surrounding materials deposit their
energy in the absorbers (compare to Table 2). The major
contribution is due to §-rays. Figure 5 shows the resulting
summed spectrum for all pixels. Above 10 keV, the simu-
lated spectrum is in good agreement with the Landau distri-
bution described in [18] for an absorber thickness of 10 pm
(see Fig. 5a). For smaller energies, however, the spectrum
differs, as expected from resonances with the atomic shell
levels (Fig. 5b).

As a result of the simulation a muon induced count rate
of approximately (2.2 & 0.1) x 1073 counts day ™" pixel ™!
is expected in the region of interest defined as 10 eV
below Qpc and less than 1072 counts day~' pixel™! in
the first 4 keV, the sensitive energy range of the ECHo
experiment, due to muons and their secondary particles.
The muon flux can vary over time and location, thus it is
also meaningful to give these numbers in relation to the
muons. A muon passing the chip results in about (2.1 £
0.1) x 107° counts in the ROI or in less than 102 counts
in the first 4 keV. Most of the particles however, are not
stopped in the absorbers, which is why these events should
be recognizable either by the pulse shape of the result-
ing signals or and by trigger time coincidences. For parti-
cles stopped in the absorbers, a signal count rate of about
(5+2) x 107 counts day~! pixel~! is expected in the ROI,
which corresponds to (5 &+ 2) x 10~8 counts muon—! (less
than 10% of all muon induced events in ROI), which could
only be recognized by trigger time coincidences, but in the
simulation none of these events occur coincidental to other
events.
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Table 2 Number of created particles in a simulation of 1.8 x 10° pri-
mary muons. Only particles which or whose daughter deposit energy in
the absorbers are listed

8-rays produced by ionization

Creation volume Mother particle Number of §-rays
Substrate nw- 718

Substrate e~ (6-ray) 48

Thermal baths nw- 5

Copper holder no 351

Copper holder e~ (6-ray) 7

Shielding nw- 4034

Shielding e~ (8-ray) 153

Circuit board w- 19

Circuit board e~ (8-ray) 2

SQUID chip w- 5

SQUID chip e~ (8-ray) 1

Auger electrons produced by ionization

Creation volume Mother particle Number of augers
Substrate n- 10

Substrate e~ (8-ray) 7

Thermal baths n- 13

Thermal baths e~ (8-ray) 2

Shielding nw-

Shielding e~ (§-ray) 14

X-rays produced by ionization

Creation volume Mother particle Number of X-rays
Substrate e~ (8-ray) 2

Copper holder e~ (8-ray)

Shielding e~ (§-ray) 8

Photons produced by bremsstrahlung

Creation volume Mother particle Number of photons
Wafer e~ (8-ray) 28

Copper holder e~ (8-ray) 81

Shielding e~ (8-ray) 64

Other particles

Particle Creation volume Process Number
e Copper holder o — pTete 1

e Shielding wo = pTete” 6

et Shielding o — pTete 5

et Circuit board W — uete 1

et Copper holder y —>ete” 1

T Copper holder n~+Cu 1

® p~induced events

* secondary induced events

* particles stopped in absorbers
— Landau distribution

1
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Fig. 5 a Simulated spectrum of the deposited energies in the detector
pixels caused by muons (blue) and particles, mostly §-rays, generated by
muons (orange). The total energy (& caused by muon hits) distribution
follows the Landau distribution (Fig. 3) for a thickness of 10 wm ,but
only for energies larger than 10 keV. b The spectrum in the sensitive
region is nearly flat

Nevertheless, the expected count rate of these events is
much smaller than the expected unresolved pile-up rate, even
with a muon flux as high as two times the assumed muon
flux, and could be neglected. All given values only include
the deposited energy by particles (muons and secondary par-
ticles) in the detector pixels directly and not events due to
heat deposited into the substrate. The particles stopped in the
absorbers could be coincidental with a particle hitting the
substrate next to the pixels and thus, the fraction of coin-
cidental events could be much higher than in the simula-
tion. This class of events could not properly be studied by
Monte Carlo simulations since the heat diffusion processes
are not implemented in the used GEANT4 toolkit, but are
discussed in Sect. 3 by interpreting the analyzed data. Direct
hits in multiple pixels at the same time, caused by particles
going through the absorbers, are very uncommon. In the sim-
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Relative frequency
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Fig. 6 a Simulated relative frequency of distances between coinciden-
tal pixels. The drop at the distance of 4 is caused due the alignment of
the pixel array of 4 x 18 pixels. b Coincidental events of the simu-
lated spectrum of the deposited energies in the detector pixels for a
multiplicity of 2 (blue) and 3 (orange)

ulation, only about (0.31 £ 0.01) of these events (less than
1% of all occurred events in the simulation) occurred per
day, from which about the half is assigned to hits of direct
neighboring pixels (distance < 2 pixels, see Fig. 6a). Direct
muon hits are involved in about 81% in these events and
either coincidences between two pixels (97.7%) or between
three pixels (2.3%) are observed. As expected, the spec-
trum of deposited energy of coincidental events looks like
the full spectrum, but with a lower count rate (compare to
Fig. 6b).

3 Measurements
In order to investigate the influence of muons for the ECHo
experiment, we report an analysis of 64 pixel-days of data,

including data of four '3 Ho loaded pixels (= two chan-
nels) located directly next to each other. In addition, a

@ Springer

plastic scintillator based active muon veto was operated
during the 16 days of measurement. This study will also
show how events caused by heat deposited in the sub-
strate next to the pixels can be recognized by their pulse
shape.

Muon veto The muon veto consists of 24 130 cm x 20 cm X
2.5 cm sized polystyrene based scintillator panels. Each panel
consists of two 125 cm x 20 cm x 0.8 cm sized plastic
scintillator boards separated by a steel plate with a thick-
ness of 0.5 cm. Two silicon photo multipliers (SiPMs) col-
lect the light at the ends of a u-shaped glass fiber embedded
in each scintillator board. Because of the readout electronics
of the SiPMs, the two scintillator boards are not completely
aligned, they are misaligned by about 5 cm. The efficiency
of each panel for detecting passing muons has been tested
by comparing the rates of two and three coincident muon
veto panels. For this, three panels were stacked. The rate of
coincidences between the top and bottom panels is then com-
pared with the rate of coincidences between all three panels.
If the detection efficiency of the panels is about 100%, both
rates should be the same. Otherwise, the rate of triple coin-
cidence is a fraction of the rate of coincidences between the
top and bottom panels. This measurement was performed
for varying misalignment of the middle panel to determine
the size of the dead zones around the corners. Resulting,
the active area is about 118 cm x 18.4 cm and the over-
all efficiency of the active area of each panel is larger than
80%.

Four panels are placed at each side of the ECHo dilution
refrigerator. Due to the occupied space of the refrigerator
in the top region, a second layer of four panels is placed
on the bottom crossed to the other four bottom panels (see
Fig. 7). The muon veto raises a signal if at least two pan-
els from two of the six veto areas, including the two bottom
layers, raise a signal. A Monte Carlo simulation was per-
formed to estimate the efficiency of the whole muon veto.
A cube with an edge length of 50 cm is placed in the cen-
ter of the veto enclosed volume, whereby the center of the
cube is placed at a height of 50 cm. The simulated muons
have to pass this cube. Resulting, more than 56% of the
muons passing the cube are detected by the muon veto. If
only one panel has to detect a muon, the efficiency is larger
than 91%.

3.1 Event classification

Asdiscussedin Sect. 2.2, we expect different classes of events
in MMCs arrays related to cosmic muons. In the following,
we present a pulse shape analysis method, developed to study
these. The aim of this analysis is to identify possible devi-
ations on the signal shape with respect to the signal shape
due to the decay of '®3Ho in MMC absorbers. This will
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Dilution refrigerator

MMC detector array fi0tcm
| Dead
~50 cm zones
I N S —
20 cm Gap /
~ 0.5cm ()
Scintillator panels
Glass fiber

___—Scintillator board

Preamplifier (b)

Fig. 7 a Section of the muon veto surrounding the ECHo dilution
refrigerator. Four of 24 polystyrene based scintillator panels (shown in
black) are placed at each side of the refrigerator (shown in white). A
second layer of 4 panels are placed on the bottom crossed to the other
bottom panels to compensate the missing layer on top of the cryostat.
b A panel consists of two scintillator boards separated by a steel plate.
The produced light is collected by an embedded u-shaped glass fiber
and read out by two SiPMs at each end of the glass fiber

be helpful to determine strategies to identify muon related
events, which do not cause any coincidence among the pix-
els. This pulse shape analysis method is based on the deter-
mination of the energy relation to a signal using different
algorithms and combine the different information. The ana-
lyzed signals correspond to time traces of about 2 ms length
(= 2'* samples) of which the first third corresponds to the
pre-trigger and the last two thirds to the actual triggered sig-
nal. When talking about pulses in the following, the last two
third of the time traces (without the pre-trigger) are consid-
ered.

Template fit The average of one to five thousand pulses
with amplitudes corresponding to energies of the Ho-MI
line is calculated to obtain a template pulse for each pixel
and measurement day (see the blue curve in Fig. §). In
order to shorten the pile-up window, only the first third
of the template (the orange part of the template) is fitted
to each pulse using the x? method of varying the ampli-
tude of the template. To obtain higher sensitivity for pile-
up in the first third of the pulses, in addition the template’s
tail, the last quarter (of the first third, the green dotted
part), is fitted to each signal. The goodness of the fit is

Filter

— Full pulse
700 approx. area —Temg[ate' ¥
around rising edge _'
600 Integral: Energy
== Template: Energy
== Derivative: Energy
E 500 Filter: Energy
S 4001 Derivative
o max. gradient|
S N
S 300 Integral
200
100
o Pre-Trigger
0 500 10 1.5x10° 2x10°

Time in us

Fig. 8 The parts of the time signal used in the different analysis meth-
ods are indicated in different colors. A template pulse is shown in blue.
The first third after the pre-trigger (orange line) is fitted to all pulses in
order to obtain the reduced x2. In addition the tail of this part of the
template (the last quarter, green dotted) is fitted to all pulses to obtain
the amplitude of the fit to increase the sensitivity to pile-up occurring
in the first third of the pulses. The first part of template around the ris-
ing edge (red dotted line) is convoluted with each pulse, which mainly
results in the area under the pulse around the rising edge (red area).
The derivative of the smoothed pulses are calculated to obtain the max-
imum gradient. The area under the pulses (orange area) are calculated
to identify pile-up pulses

given by the reduced x? (i.e. x>dof~!) and is determined
by fitting the first third part to the pulses. The amplitude
ATemplaie Of the fit obtained from fitting the tail is pro-
portional to the deposited energy E, which results in the
reconstructed energy ETemplate- This method is sensitive to
the overall pulse shape, but mainly to falling edge of the
pulses.

Matched filter A time trace with the length of four times
the distance between the maximum of the template pulse
and the beginning of the template pulse is built. For this
a short length is chosen, so that this method is insensi-
tive to pile-up occurring in the first third of the pulse.
Each pulse is convoluted with this time trace (so called
matched filtering). The amplitude of the response func-
tion Afiier describes mainly the area below the pulse
around the rising edge and results in the reconstructed
energy Eriier. This method is sensitive to the overall
pulse shape around the rising edge (see the red area in
Fig. 8).

Derivative The pulses are smoothed by using a mov-
ing average filter. The maximum of the derivative of the
smoothed pulses Aperivative results in the reconstructed
energy Eperivative (see the red curve in Fig. 8). This method
is sensitive to pile-up with short time differences and to other
effects, which could change the rise time.
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1.2 *® Pixel-Veto coincidences

* Pixel-Pixel-Veto coincidences
= Gausian fit

-

Muon induced
‘ coincidences

o
©

Counts (100 ns)~" day-" pixel-
o o
S o

il ”le W [ M ‘plun il "ll !‘“\‘”I" I "WI I

o
o

-15 -10 5 0 5 10 15
Time(Pixel-Event) - Time(Veto-Event) in us

Fig. 9 The time difference &1 between the pixel events and muon veto
events 6t = t(pixel event) — ¢ (veto event). The events shown in blue
are all pixel events coincidental to the muon veto and the events, which
are in addition coincidental to other pixel events are showed in orange.
A peak at §t & 3 ps is visible in both. The flat spectrum corresponds to
random coincidences between pixel events and muon veto, the events in
the peak are induced by muons, which cross the muon veto and interact
with the MMCs

Integral The area Ajpegrai under the first third part of
the pulses is calculated and results in the reconstructed
energy Elpegral. This method is sensitive to pile-up with
large time differences and to other effects which could
change the mean decay time (see the orange area in
Fig. 8.

All four methods are sensitive to the pulse shape but in
different ways. The ratio of the reconstructed energies is
the same for all energies, but is different for different kinds
of signals. The following analysis of muon related events
is performed by identifying signals caused by particles, for
which the energy of a particle is fully thermalized in the
MMC absorbers, meaning the particle does not propagate
through the MMC sensor and or the substrate, such as the
products of the '©3Ho EC decay. These type of signals will
be called full-thermalization signals in the following. Muon
related signals should mostly be caused by particles which
are not fully stopped in the absorbers or signals due to heat
propagating from the substrate to the MMCs. Thus, pulses
caused by muons should differ from the full-thermalization
pulses.

For all full-thermalization pulses the ratio of the recon-
structed energies is set to 1. The same is done for the reduced
Xz, where the full-thermalization pulses are located around
log(x?dof ™) ~ 0.

3.2 Muon induced events
The muon coincidences, also called Pixel—Veto coincidences

in the following, can be identified by histogramming the time
difference of the detector pixel events to all events of the

@ Springer

muon veto: &t = t(pixel event) — f(veto event). Figure 9
shows the histogram of the time delays for all measured pixel
events with |§¢] < 16 ws. The blue events corresponds to
muon veto coincidences with at least one pixel event and
the orange events correspond to muon veto coincidences
with more than one pixel events. A peak at §t =~ 2.5 ps
is visible on both.? These are events corresponding to muons
crossing the muon veto and interacting with the detector
pixels. The time shift of 2.5 s is caused by the different
delays in the readout chains of the ECHo detector and the
veto. The random coincidences can be seen as a flat back-
ground.

The number of muon induced Pixel-Veto coincidence
events (the blue colored data in Fig. 9) can be determined
by fitting a Gaussian,

( (t—8t)2>
n(t,d8t,a,0,c) =a-exp| —————1] +c, (1)

202

to the time difference histogram. After subtracting a flat back-
ground rate of (0.468 £ 0.005) counts (100 ns)~! day~!
pixel_l, the sum of the binned raw number of counts 7; in
the 30 range around 6t = (2.45 £ 0.05) s

3.6 us

N = Z ni —c )

i=1.3 ps

is N = 242 + 20 counts, with 0 = (410 £ 50) ns. N is
calculated with varying parameters to estimate the errors.
The peak position is shifted by §s;, = 50 ns, the vari-
ance is reduced/increased by 3 - s, = 150 ns and the
background is shifted by 6. = 0.005 counts (100 ns)~ !
day~! pixel~!:

3.7 ps 3.6 us
+ -
Niy= Y nmi-c Ny= > ni—c A3)
i=1.3 ps i=1.2 ps
4.1 ps 3.2 us
Nf= Y nmi-c Ni= > nmi—c “
i=0.8 s i=1.7 s
3.6 us
+
Nt = Z nj —c=+34., (5)
i=1.3 ps

where §; are the variances of the best fit parameters. Further,
the error 8y for N is calculated with

sy = sart [ VN + S (NE-N). (6)

i+

3 The time shift appears because of the two different readout chains of
the muon veto and of the MMC array.



Eur. Phys. J. C (2021) 81:363

Page 9 of 14 363

This is in very good agreement with the integral of the fit in
the 30 range,

51430 f — 812
R :/ a - exp —% dt @)
St—30 20

:aw/ﬂerf(%)-a, (8)

with the error function

erf(x) = % /Ox exp (—t2) dr. O]

This integral results in 247 £ 28 counts and the error is calcu-
lated using the Gaussian error propagation and the variances
of the best fit parameters of ¢ and a,

Sg = V21 - erf <%) - (082)% + (ady)?. (10)

In prior sections we estimated a total veto muon detec-
tion efficiency of about 56%. While this efficiency needs
independent verification, it presents a consistent picture of
our experimental set-up. In that case, we infer an estimated
rate of approximately (6.9 #+ 0.5) counts day~! pixel ™.
We note the muon rate may vary over time and location,
thus the exact absolute rate should be determined for the
specific experimental conditions. However, we would like
to note that under the consistency of these assumptions,
the current set-up’s measurements suggest an effective area
of about 14 times the pixel area, if we also assume an
approximate average muon flux of 180 muons s~! m~2 [1]
(= 0.5 muons day ™" pixel™!). These signals could either be
caused by muons or secondary particles passing through an
absorber, the corresponding sensor and the substrate next to
the pixels, or muons and secondaries passing only the sub-
strate next to the pixels. Both classes are defined as substrate
events in the following, where heat could diffuse through the
substrate to the pixels. For these events, a single muon pass-
ing through the chip should be detected by more than one
pixel.

For these reasons we study events that are coinci-
dent with the muon veto and in addition to other pixels
(|t (pixel event A) — 7 (veto event B)| < 4 us), called Pixel-
Pixel—Veto coincidences in the following. Those events are
indicated by the orange histogram in Fig. 9 and result in
194 £ 12 counts in the 30 range leading to a count rate of
(5.540.3) counts day ! pixel !, which is also in agreement
with the integral of the fit in the same region resulting in a
rate of (5.74:0.2) counts day ! pixel ™! or 20248 counts. By
considering the count rate with the Pixel-Pixel-Veto multi-
plicity, about 10 muons day ! per active area were detected,
which corresponds to a muon flux for an area equal to 5 times
the active area.

1.0 Muon induced

05014

log( x?dof-")

M Ii_nes

1.

© Pixel-Pixel-Veto coincidences in peak

0 05 1 15 2 2.5 3
Energy in keV

Fig. 10 The reduced x 2 plotted against EF;jeer. The orange dots are the
muon veto coincidences, which are in addition coincident to other pixel
events. The '%Ho EC lines are visible. The muon induced substrate
events (true coincidences) have mostly low energies (E < 500 eV) and
a low reduced x? < 10

© Pixel-Pixel-Veto coincidences in peak
= Ellipse-Fit

0.7 0.8 0.9 1 11 1.2 13
DTR

Fig. 11 The TFR parameter against the DTR parameter. The orange
dots are the muon induced signals, mostly located in the surrounding of
the ellipse. The pulses caused by the decay of 193Ho are located inside
the ellipse

Substrate events can be discriminated from the other
events by their pulse shape, so that substrate events not
recognized by the coincidence method can be identified.
Muon induced events, extracted using the information of
the time delay with the muon veto signal and the coinci-
dences between pixel events — the events of the orange his-
togram of Fig. 9 in the 30 range — are highlighted (orange
dots) in the scatter plot of the reduced x> and the energy
EFriier (Fig. 10). This sample of events coincidental to the
muon veto is used because of the low fraction of random
coincidences, which implicates a high fraction of muon
induced events. However, not all muon induced events have
to generate coincidences among pixels. In the scatter plot
in Fig. 10 also the populations of events due to the EC in
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© Pixel-Pixel-Veto coincidences in peak

2.0+

log(mean distance to center)
5

-2.51

3.0 | | | - | ,
0 05 1 15 2 25 3

Energy in keV

Fig. 12 The logarithm of the mean distance to the ellipses’ centers
against EFjer. The orange dots are the muon veto coincidences, which
are in addition coincident to other pixel events, located in a band around
mean distance = 1. Pulses due to the EC in '93Ho show smaller distances

1630 are well visible, the M-lines around 2 keV and the
N-lines around 400 eV. The muon induced events overlap
strongly with the full-thermalization pulses (x> dof ! < 10)
in the scatter plot for energies less than 1 keV. By consider-

ing the pulse shape parameters (PSPs) FIR = % ver-

sus DTR = %ﬁ‘:j, the pulse shape discrimination can
be improved (see Fig. 11). As expected, in this parame-
ter space a high density can be seen in a region with an
ellipse shape, whose size will discussed later, with an cen-
ter at around FIR = DTR = 1. Pulses located in this region
can be assigned to the class of full-thermalization pulses and
muon induced substrate events are mostly located outside the
ellipse.

With the parameters defined in Sect. 3.1 six ratios (= pulse

shape parameters) can be defined: FIR, DTR, TIR = Etemptate

Elmegral i
DFR = Ebeivaive DIR = Eberivaive 44d TFR = Eemplaie By
EFilter Elnlegral EFilter *

plotting these PSPs against each other, the region of full-
thermalization pulses can be investigated in different param-
eter spaces. Useful parameter spaces are FIR against DTR,
TIR against DFR and DIR against TFR.* An ellipse can be
fitted to each of these three scatter plots and stretched, such
that the ratio of the amplitudes of the '©*Ho MI and NI lines
is equal to the theoretical ratio. It has to be noted that for this
analysis a perfect knowledge of the '3Ho EC spectrum is
assumed, because the ratio of the amplitudes depends on Qgc
and the neutrino mass, but a non-zero neutrino mass allow-
able by current experimental evidence has only a marginal
effect on this analysis. From these three ellipses, a mean dis-
tance to the ellipses’ centers, while weighting the PSPs with
the half axes of the ellipses, can be calculated. The corre-

4 These scatter plots are shown in the appendix, as well as scatter plots
of parameter spaces which are not useful for this analysis.
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© Pixel-Pixel-Veto coincidences in peak

log(mean distance to center)

05 1 15 2 25 3
Energy in keV (a)

© Pixel-Pixel-Veto coincidences in peak

log(mean distance to center)

-1.04 i
157 ‘
-2.0 i
25
-3.0 . :
0.5 1 15 2 2.5 3
Energy in keV (b)

Fig. 13 The logarithm of the mean distance to the ellipses’ centers
against EFjjer. @ Only pulses, which are located in all three ellipses
are shown. The band around distance &~ 1 with the substrate events
inside disappeared. Mainly the pulses due to the EC in '%3Ho remain.
b Events, which are at least not located in one of the three ellipses are
shown. Mainly the band around distance &~ 1 remains, which contains
among other things of (muon induced) substrate events

sponding scatter plot of the mean distance to the center and
the deposited energy can be seen in Fig. 12. Two bands are
visible. One band containing '3 Ho EC events shows decreas-
ing distances (mean distance < 1) for increasing energies,
meaning that these events are located inside the three ellipses.
The second band at a mean distance &~ 1 contains triggered
noise, GSM induced signals and is populated with (muon
induced) substrate events. Due to the energy dependence of
this parameter, also a fraction of the '*Ho EC O-lines is cut.
In order to minimize or remove the energy dependency, dif-
ferent approaches are under development. If a pulse shows
a mean distance of 1, this pulse is on average located at the
edge of the ellipses. By defining a cut, such that pulses have
to be located in all three ellipses, called ellipse cut in the fol-
lowing, most of the '6*Ho EC events can be separated from
the substrate events (compare to Fig. 13).
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1.0

0.50

log( x?dof~")
2

-0.50

© No coincidences among pixels in peak
© Pixel-Pixel-Veto coincidences in peak

0 0.5 1 15 2 25 3
Energy in keV (a)

log( x?dof)
o |

© Pixel-Pixel-Veto coincidences in peak
© No coincidences among pixels in peak

05 0.5 1 15 2 25 3
Energy in keV (b)

Fig. 14 The reduced XZ'EFilter scatter plot. The green dots are events
coincidental to the muon veto but not coincidental to other pixel events
and the orange dots are Pixel-Pixel—Veto coincidences. Random coin-
cidences between the muon veto and pixel events can mostly be found in
data only coincidental to the muon veto and (muon induced) substrate
events generate mostly coincidences among pixels. a Events located
inside of all three ellipses are shown. The '3Ho EC events with the M
and N lines can be identified. b Events with a value located outside at
least of one ellipse

Figure 14a shows all events located inside each of the
three ellipses plotted in the parameter space x> dof ! ver-
sus EFjjer. Likewise, Fig. 14b shows all events, which have
at least one value outside of an ellipse. The muon related
events present in Fig. 14a correspond to random coincidences
between the muon veto and one or more of the ECHo- 1k pix-
els. The total number of these events is 757, which is a bit
lower than the prediction of the flat distribution in Fig. 9 of
781 + 8 counts. The events, which are selected using the
ellipse cut and shown in Fig. 14b, can be related to trig-
gered noise, pile-up events and clearly events related to the
passage of muons through the chip. The number of these
events is 269 and agrees well with the number obtained by
the Gaussian fit in Fig. 9 of 242 £ 20. Events belonging to
the last category are located mostly at reconstructed ener-

* Pixel-Veto coincidences
* Pixel-Veto coincidences inverse ellipse cut
= Gausian fit

-

o
®

Counts (100 ns)~*day" pixel”!
[=} [=}
s o

o
N

-15 -10 -5 0 5 10 15
Time(Pixel-Event) - Time(Veto-Event) in us

Fig. 15 The time difference 47 between the pixel events and muon veto
events 8¢t = t(pixel event) — #(veto event). The events showed in blue
are all pixel events. The fraction, which are located outside of at least
one of the three ellipses is shown in purple. The amount of random
coincidences is clearly reduced. And (muon induced) substrate events
are located outside of the ellipses

| I I
* Pixel-Veto coincidences in peak + inverse ellipse cut
* Pixel-Pixel-Veto coincidences in peak + inverse ellipse cut

o
-
o

Counts (10 eV)~" day" pixel-
>

0 0.2 0.4 06 0.8 T
Energy in keV

Fig. 16 The energy spectrum of the muon induced events. No features
can be recognized. The highest measured energy is about 950 eV up to
now, what is far below the Q-value of the '3Ho EC

gies below 1 keV and x2 dof~! < 10. For (muon induced)
substrate events with energies less than 1 keV a pure x2 cut
would not have been enough to identify them, while the use
of the ellipse cut can identify and remove them from the
spectrum.

By fitting a Gaussian to the time difference distribu-
tion of coincidences between pixel events and the muon
veto — the blue events of Fig. 9, which are located out-
side of the ellipses, about 215 £ 15 events are selected
(see Fig. 15), which results in a count rate of (6.1 *
0.5) counts day~! pixel ™! and the integral of the fit in the
30 range results in (6.3 & 0.2) counts day~! pixel ™! or
222 + 8 events. These rates are similar to the ones taken
from the fits of full §z-spectra and the spectra corresponding
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to coincidences, which are in addition coincidental to other
pixel events.

Looking at the deposited energy spectrum of these muon
induced substrate events (see Fig. 16), one finds the high-
est measured muon induced event at an energy of about
950 eV, which is far below the '%Ho EC spectrum end-
point of Ogc =~ 2800 eV. From the simulation of muons
passing the detector (Fig. 5b), where substrate hits are not
included, only less than 0.6 direct hits of muons and sec-
ondary particles are expected in 64 pixel-days within 0—
4 keV. Compared with about 215 measured muon induced
substrate events in 64 pixel-days, which can be caused by
muons depositing energies in the substrate, it can be con-
cluded that this kind of events occurs with a much higher
frequency than direct hits. To determine the rate of muon
induced events in the region of the Ho EC endpoint, we
extrapolate the observed muon induced spectrum conserva-
tively by fitting a flat distribution to the last 400 eV (from
600 eV to 1 keV), which result in a ratio reduction of about
1.2 x 1073, or (7 & 2) x 1073 counts day~! pixel~! in the
ROI under our assumed veto efficiency. The error is given
by the variance of the single fit parameter. In this conser-
vative scenario, these events are recognized not only by the
coincidence with the muon veto, but also by pulse shape
analysis and or coincidence among MMC channels. Due to
the multiple ways of recognizing muon related events and
to the fact that these events are mainly located at energies
less than 1 keV, we can conclude that this background will
not be dominant at the end point region of the '9*Ho EC
spectrum.

4 Conclusion

The goal of the ECHo collaboration is to reduce all
background contributions in the experiment, so that the
unresolved pile-up, with an estimated count rate of 2 x
10~* counts day~! pixel™! in the last 10 eV below Qgc,
remains the dominant background contribution.

The simulation of muons and secondary particles pro-
duced by muons passing the detectors (called direct hits)
predict a rate of 2 x 107> counts day ™! pixel~! in the ROI,
which is less than the unresolved pile-up rate for an activ-
ity of 10 Bq of '®3*Ho per pixel. More than 90% of these
events should be recognizable by time trigger coincidences
and by the pulse shape analysis. Particles hitting the sub-
strate next to the detector-pixels can also cause a signal in
the detector. These events can not be simulated within the
GEANT4 toolkit, but can be studied with measured muon
induced substrate events. We found that (muon induced) sub-
strate events can easily be recognized by pulse shape analy-
sis.
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From our analysis, we were able to infer a muon
induced substrate event rejection rate of about 1.2 x 1073,
Under the assumption of our muon veto detection effi-
ciency, this equates to about 6 muon induced substrate
events day ™! pixel ™! being observed from which (7 # 2) x
1073 counts day~! pixel™!' are located in the ROI. We
are able to recognize these events by searches for coin-
cidence among pixels, by the use of an active muon
veto and by a pulse shape analysis. For this, three meth-
ods, the analysis of the muon veto coincidences with one
channel, the analysis of the veto coincidences with more
than one channel and the analysis of pulse shape param-
eters are discussed and result in similar count rates of
muon induced events. Most muon events are caused by
energy deposition in the substrate around the MMC array
and can very well be recognized by the induced pulse
shape and typically also by coincidence. This shows that
substrate events, independent from their origin, can be
discriminated from '®3Ho EC-like events by the use of
both methods. In the future the veto efficiency can be
increased, if the veto condition of at least two panels have
to detect a muon is switched to at least one panel detects a
muon.

Acknowledgements The experimentdescribed in this paper was possi-
ble thanks to the DFG Research Unit FOR 2202 Neutrino Mass Determi-
nation by Electron Capture in 163Ho, ECHo (funding under JO 451/1-
2, GA 2219/2-2). We acknowledge the support of the clean room team
of the Kirchhoff-Institute for Physics, Heidelberg University. F. Man-
tegazzini acknowledge support by the Research Training GroupHighRR
(GRK 2058) funded through the Deutsche Forschungsgemeinschaft,
DFG.

Data Availability Statement This manuscript has no associated data
or the data will not be deposited. [Authors’ comment: The data sets
used and generated by the analysis are available from the corresponding
author on reasonable request.]

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adaptation,
distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article
are included in the article’s Creative Commons licence, unless indi-
cated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permit-
ted use, you will need to obtain permission directly from the copy-
right holder. To view a copy of this licence, visit http://creativecomm
ons.org/licenses/by/4.0/.

Funded by SCOAP3.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Eur. Phys. J. C (2021) 81:363

Page 13 of 14 363

Appendix

The parameter spaces are chosen so that no obvious correla-
tions between the parameters are visible like in example of
the parameter spaces shown in Fig. 17 and Fig. 18.

© Pixel-Pixel-Veto coincidences in peak
= Ellipse-Fit

© Pixel-Pixel-Veto coincidences in peak
0.704 T = Ellipse-Fit

| T

0.7 0.8 0.9 1 14 1.2 1.3
TFR

Fig. 17 Sample of non useful parameter spaces. It is clearly visible
that these parameters are correlated

FIR

© Pixel-Pixel-Veto coincidences in peak
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Fig. 18 The three useful parameter spaces. The ellipses are nearly not
tilted and the minor/major axes have nearly similar dimensions
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