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Abstract

The beginning of the Borexino experiment data taking dates back to 2007 May 15th. During more
than 10 years of analysis we published results at the forefront of the measurements of the solar
neutrino and geo-neutrino fluxes, and we set unprecedented limits on rare processes. This report
highlights the many new results achieved by the collaborations in the year 2017 and will briefly
describes the strategy for the next years.

Introduction

The Borexino experiment has the primary scientific goal of studying our star using neutrinos
as sensitive probes of the physical processes that occur inside it. Borexino, thanks to the use of
scintillation light is able to reconstruct the energy spectrum of the events and to have the lowest
energy threshold (about 150 keV) among the solar neutrino experiments.

This report will focus on the activity that occurred in 2017 and on the recently published papers:
section 1 will shortly describes the experimental apparatus, section 2 will show the latest published
results, and section 3 will report about the ongoing activities on the detector and its status.

1. The Borexino Detector

Borexino is located in the Hall C of Laboratori Nazionali del Gran Sasso. The detector is made
of concentric layers of increasing radiopurity (see for details e.g. [1]). Figure 1 shows the detector
layout. The core of the detector is made by 300 tons of ultrapure liquid scintillator (PC plus 1.5
g/l of PPO) contained in a 125 pm thin nylon vessel of radius 4.25 m. A stainless steel sphere
(SSS) filled up with ~ 1000 tons of buffer liquid (PC plus DMP quencher) is instrumented with
about 2200 PMTs for detecting the scintillation light. The buffer liquid shields the core scintillator
from the radioactivity emitted by construction materials. The SSS is immersed in a 2000 ton water
Cherenkov detector, equipped with 200 PMTs to tag muons crossing the detector and to shield the
detector from the radioactivity of the experimental hall.

The light yield is about 500 photoelectrons/MeV /2000 PMTs, the position of events is recon-
structed with an accuracy of about 10 cm at 1 MeV exploiting the time of flight of the scintillation



Figure 1: Schematic view of Borexino detector (Picture based on the original drawing, courtesy of A. Brigatti and
P. Lombardi).

light, and the energy resolution scales approximately as o(E)/E = 5%/+/(E/[MeV]). This sensi-
tivity has been achieved after an accurate calibration campaign [2] carried out in 2010. Moreover
the use of liquid scintillator enables a satisfactory implementation of pulse shape discrimination for
a/ 3 particles and even a challenging 3% /3~ separation [1].

The intrinsic radiopurity of the scintillator reached unprecedented levels after an intense pu-
rification campaign carried out in between 2010 and 2011. The purification campaign divides the
data taking of Borexino in two periods refereed as Phase-I and Phase-II. Tab. 1 shows the record
background levels in the two Borexino phases.

Thanks to its detection sensitivity, Borexino using Phase-I data made the first measurement
of the interaction rate of the "Be (862 keV) neutrinos with 5% accuracy [3], exclusion of any
significant day-night asymmetry of the "Be solar neutrino flux [4], first direct observation of the
mono-energetic 1440 keV pep solar neutrinos and strongest upper limit of the CNO solar neutrinos
flux [6], measurement of the 8B solar neutrinos with a low energy threshold at 3 MeV [5]. Moreover,
exploiting the first part of Phase-II data the first spectroscopical observation of pp neutrinos [7]



Contaminant Phase-I Phase-I1I

Hc/c 2.7 x 107 1% [g/g]

238U <9.7x 107 [g/g] (95% CL)
232Th <1.2x 1078 [g/g](95% CL)
210pg ~2000 [cpd/100t] ~260* [cpd/100t]

210B; ~45 [epd/100t] ~17.5* [cpd/100t]

85K ~30 [cpd/100t] 6.8 [cpd/100t] (95% CL)

Table 1: Borexino contaminant rates before and after the purification campaign. * makrs results averaged on Phase-11
data December 2011 - May 2016 [14].

was achieved.
In addition Borexino detected a 50 geo-netrino signal [8] and set strong limits on rare processes
as for example the search for the electron decay, resulting 7 > 6.6 x 10%® y (90% CL) [9].

2. The science of Borexino in 2017

2.1. Results released in 2017

The year 2017 has been very exciting for the Borexino collaboration since new results on several
topics have been released: regarding the flagship science of Borexino, the full dataset of Phase-II
has been used to simultaneously measure the flux of pp, “Be, and pep solar neutrinos. Moreover
the Phase-I and Phase-II dataset have been combined to investigate the seasonal modulation of
"Be flux and to update the results on 8B flux. Table 2.1 shows the updated fluxes.

Species Rate [cpd/100t] Flux [em2 s7! ]

pp 134 £ 1077, (6.1 +£0.5703) x 1010
"Be 483+ 11702 (4.9940.11) x 10°

pep 2.43+£0.3670355 (1.27£0.1975%5) x 10°
CNO <81 (95% CL) 7.9 x 108

5B(>3 MeV) 0.221501% (2.557015) x 10°

Table 2: Solar neutrino interaction rates and fluxes measured by the Borexino experiment. Rates are normalized on
a mass of 100 tons and high metallicity is assumed.

Here are reported the papers published in the year 2017 by the collaboration, with a brief
description of the most important results contained in them.

e A search for low-energy neutrino and antineutrino signals correlated with gamma-ray bursts
with Borexino: A search for neutrino and antineutrino events correlated with 2350 gamma-ray
bursts. No statistically significant excess over background is observed. We obtain currently
the best limits on the neutrino fluence of all flavors and species below 7 MeV [10].

e Seasonal modulation of the " Be solar neutrino rate in Borexino: absence of annual modulation
rejected at 99.99% C.L. The data are analyzed using three methods: the analytical fit to event
rate, the Lomb-Scargle and the Empirical Mode Decomposition techniques, which all yield
results in excellent agreement. [11].



Figure 2: Example of fit of solar neutrino spectrum used to calculate the rates. Both Monte Carlo (this fit) and
analytical methods are used in the analysis [14].

e The Monte Carlo simulation of the Borexino detector: agreement between simulations and
data and techniques used for simulation of both the bulk events and events coming from
construction materials are reported in this paper [12].

o A search for low-energy neutrinos correlated with gravitational wave events GW150914, GW151226
and GW170104 with the Borexino detector: search for correlated (gate width + 500 s) neu-
trino events with black holes merger. No statistical excess found. We have obtained the best
current upper limits on all flavor neutrino fluence associated with GW events, in the neutrino
energy range 0.55.0 MeV [13].

e First Simultaneous Precision Spectroscopy of pp , " Be, and pep Solar Neutrinos with Borexino
Phase-II: first simultaneous measurement of the interaction rates of pp, 'Be, and pep solar
neutrinos performed with a global fit to the Borexino data in an extended energy range (0.19-
2.93) MeV. The interaction rate of "Be vs is measured with an unprecedented precision of
2.7% [14]. Figure 2.1 shows an example of the fit used to obtain the solar neutrino rates.

o Limiting neutrino magnetic moments with Borexino Phase-1I solar neutrino data: exploiting
the analytic model developed for the simultaneous spectroscopy of Phase-II data, an analysis
on the shape of the electron recoil spectrum implied a limit on neutrino magnetic moment
fefr < 2.8-107" B at 90% C.L. [15].



Figure 3: Inner Buffer temperature sensors. Vertical magenta dashed lines represent the most important operations
of the thermal stabilization program: From the left to the right: 1. insulation started, 2. Water Loop turned off, 3.
5th ring insulation completed, 4. Organ Pipes and 6th ring insulation completed, 5. CR4 floor and Top Organ Pipes
insulation completed, 6. Temperature Active Control System tests started and 7. Hall C active control started.

o Improved measurement of 8B solar neutrinos with 1.5 kt y of Borexino exposure: about 5
time the exposure of the previous analysis, exploits a better modelization of the detector and
a refinement of the background model. The uncertainty of the 8B rate was reduced from 19%
to 8% [16].

2.2. Celebration of the 10th anniversary of Borexino data taking

In September a workshop “10 years of Borexino: Workshop RECENT DEVELOPMENTS
IN NEUTRINO PHYSICS AND ASTROPHYSICS” has been organized to celebrate the 10th

anniversary of Borexino data taking at LNGS. In that occasion the update on ® B rate was released.

3. Technical activities regarding the detector and status of the apparatus

3.1. Data Acquisition and Electronics

The data-taking is going on regularly with high duty-cycle. The PMT failure rate is under
control and does not show any suspicious behavior. At present, 1330 PMTs are functioning with a
loss of about 50 per year. In the last year thorough re-cabling implementation of the racks in the
electronics hut took place. The aim of the re-cabling was to group properly the cables of the still
functioning PMT, thus recovering a number of the front-end and read-out boards as spares and
reducing the temperature in the electronic room, thus reducing the electronic-induced noise.

3.2. Thermal insulation

The most significant recent technical achievement is the steadied thermal condition of the
detector reached as effect of the careful stabilization measures implemented by the Collaboration
over the past two years. Stabilizing the movement of the scintillator is of paramount importance
to try to measure CNO neutrinos. To detect CNO neutrinos it is necessary to constraint the 2'°Bj



rate inside the detector since the spectral shape of the two signals is almost degenerate. The
strategy is to constraint the rate of 2'9Bi exploiting the secular equilibrium with 2'°Po. However,
convective motions bring inside the detector additional 2!° Po that is not in secular equilibrium and
consequently prevent us to constraint the level of 2'9Bi in the detector. The stabilization process
started with installing a 20-cm thick layer of wool-rock thermal insulator layer on the external
surface of the Water Tank. This work has been completed since 2015. On November/December
2016 a final intervention was performed to further improve the insulation of the upper part of the
water tank. The last action in this respect has been the switch on of the active control system
realized on top of the water tank and intended to compensate for variations of the external driving
temperature of the Hall, prone to the seasonal modification of the outside thermal conditions. The
system consists of copper pipes where water can be circulated after being heated to the desired
temperature. As a consequence of this operations all the temperature curves reported in figure 3
exhibit a very stable behavior over the period of the last months. To avoid (small) perturbations
due to instabilities of the temperature of external air, in cooperation with the Laboratory staff we
have proceeded to activate the control system (heater) which regulates the temperature of the inlet
air in Hall C from the ventilation pipe, in order to improve the overall stability of the temperature,
and thus minimize its residual impact on the detector; because the control system can only deliver
heat, its effectiveness is in principle maximal during the autumn and the winter, when the external
temperature decreases.

3.3. Polonium FEvolution

The ?!° Po events are selected through a high efficiency o/ pulse shape discrimination method
based on a neural network approach, in which the network is trained on a large sample of 2'°Bj
and 219Po fast coincidences. The 219 Po rate is studied in different volumes and correlated in time
with the major operations performed on the detector.

Figure 4 shows the 21°Po rate in the so-called standard 2!°Po fiducial volume (r < 2.5 m and
|z] < 1.5 m). From the plot two important changes of regime are visible: the first, from the
early summer 2015 (beginning of the insulation campaign), corresponds to the stop of the strong
convective motions associated with the seasonal temperature changes; the second, from the late
spring 2017, corresponds to the full stabilization of the detector (with some help also from the
heating of the inlet air to Hall C started in autumn 2017).

During the first stage the top was pretty stabilized, and thus the 2'°Po rate decayed rather
regularly, while the bottom looked still affected by residual scintillator motions, which prevented
the occurring of the expected decay. On the other hand, since the beginning of the second stage
we have been observing a hint of decrease of the 2!°Po , even at the bottom, especially during the
Fall, and as a consequence a global enlargement of the spatial region in the detector featuring very
low Polonium background. The time scale of such changes inside the Borexino detector was found
to be very long, of order about 1 year.

We can take therefore advantage of the forthcoming year in order to continue the observation
of the 219 Po behavior to try and understand if we can eventually perform a preliminary estimation
of the 210 Po rate related to the 'Y Bi through the secular equilibrium.

4. Conclusions

In 2017 Borexino released several results about updates of solar neutrinos fluxes, rare processes
and analysis methods used by the collaboration. Moreover an aggressive strategy is going on



Figure 4: *'°Po inside the standard '° Po fiducial volume. The plot show the global '° Po rate (black) and top (red)
and bottom (blue) separately. The magenta curve represents the theoretical '° Po activity in case of pure exponential
decay with a constant plateau due to a 2'°Bi rate of 20 cpd/100t.

to avoid convecting motions inside the liquid scintillator in order to try a measurement of CNO
neutrinos. The program for 2018 is continuing data taking with the detector in stable conditions
in order to try to constraint the 219 Bi rate from 2!° Po tagging to obtain an independent constraint
of this background for the CNO analysis.
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The COBRA Experiment
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Abstract

The aim of the COBRA experiment (Cadmium Zinc Telluride 0-Neutrino Double-Beta
Research Apparatus) is to search for the existence of neutrinoless double beta-decay (0v3[3-
decay) and to measure its half-life. The COBRA demonstrator at LNGS is used to inves-
tigate the experimental issues of operating CZT detectors in low background mode while
additional studies are proceeding in surface laboratories. The current demonstrator consists
of 64 monolithic, calorimetric detectors in a coplanar grid (CPG) design. These detectors
are 1x1x1cm? in size and are operated in an array of 4x4x4 crystals. As a semiconduc-
tor material, Cadmium-Zinc-Telluride (CdZnTe or simply CZT) offers the low radioactivity
levels and good energy resolution required for the search for 0v33-decay. Furthermore, CZT
naturally contains several double beta-decay candidates. The most promising is '16Cd with
a @-value of 2.8 MeV, which lies above the highest prominent ~-line occurring from natural
radioactivity. In 2017 the main research activity aimed to upgrade the experiment to the
so-called eXtenden DEMonsrator COBRA XDEM.
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1 Activities at the LNGS
1.1 The COBRA demonstrator

The COBRA collaboration currently operates a demonstrator setup consisting of 4x4x4 detectors at
the LNGS. The detectors are made of CdZnTe (CZT) — a commercially available room temperature
semiconductor. Due to the poor mobility of holes inside CZT, a special readout electrode has to be used
to compensate for this effect. COBRA uses a so-called coplanar grid (CPG) consisting of two interlocking
comb-shaped anodes held at slightly different potentials. The bias in between is referred to as grid bias
(GB). This way, only one electrode collects the charge carriers created via a particle interaction in the
end. A bias voltage (referred to as BV) at the order of -1kV forces the electrons to drift towards the CPG
anode. The electrode at the lower potential collects these electrons and is called the collecting anode
(CA) while the other one acts as a non-collecting anode (NCA). The complete signal reconstruction relies
only on the induced electron signal, that is why CZT is referred to as single charge carrier device. Details
on the reconstruction can be found in [5].

Each crystal is 1.0x1.0x 1.0 cm? in size and has a mass of about 6 g. Several isotopes, which are candidates
for double beta-decays, are present in CZT according to their natural abundances. An overview can be
found in Table 1. The most promising are ''Cd due to the high Q-value of 2814keV and '3°Te because
of its high natural abundance of about 34% and considerably high Q-value of 2527 keV. The results of
the most recent peak search analysis for five 373~ g.s. to g.s. transitions can be found in [6]. No signal
was found, consequently, lower half-life limits could be set for the investigated double beta transitions on
the order of 10*® — 102! years. For the 0v33-decay of 1'*Cd the world’s leading limit was achieved.

Table 1: List of OvBB-decay candidates contained in CZT with their corresponding decay modes, natural
abundances [7] and Q-values [6].

Isotope Decay mode Nat. ab. @-value [keV]
647n BT /EC, EC/EC 49.17% 1095.70
07 8-~ 0.61% 998.50
06cq  ptpT, Bt /EC, EC/EC 1.25% 2775.01
108Cq EC/EC 0.89% 272.04
140 8-~ 98.73% 542.30
160q 88~ 7.49% 9813.50
120Te pt/EC,EC/EC 0.09% 1714.81
128 85~ 31.74% 865.87
130T 8-~ 34.08% 9526.97

A detailed description of the COBRA demonstrator can be found in reference [8]. This publication reports
on hardware aspects like the DAQ electronics as well as the experimental infrastructure to monitor and
ensure a stable operation under low background conditions. The experimental setup is located on two
floors referred to as the upper and lower hut. The lower hut is a clean-room like environment hosting the
actual detector setup, the passive shielding and the first stage of electronics. The signals are transmitted
via 20m CAT 6 Ethernet cables to the upper hut where the main electronics and data-acquisition is
located. Figure 1 shows an overview of the different shielding layers of the demonstrator in the lower hut.
The outermost layer consists of 7cm borated polyethylene acting as a shield against neutrons. Following,
there is a frame of welded metal plates to prevent the first part of the readout chain to be affected by
electromagnetic interferences (EMI). Inside this EMI box the custom made and actively cooled pream-
plifier devices are placed. The inner shielding consist of a multi-layered structure of standard lead, ultra
low activity lead and copper surrounding the detectors themselves. This inner shielding is embedded into
a polycarbonate box which is continuously flushed with evaporated dry nitrogen to prevent radon from
diffusing into the setup.
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Figure 1: Overview of the experimental setup of the COBRA demonstrator. Highlighted are the different
shielding layers and the first stage of the readout chain. The detectors themselves are housed within a
copper nest inside the lead castle, which is sealed in a nitrogen flushed polycarbonate box.

1.2 Maintenance shifts

The overall working time spent on-site at the LNGS was about 40 man-days in 2017. Four shifts have
been carried out to maintain the COBRA demonstrator and to prepare the upgrade to the extended
demonstrator XDEM.

A first preparation shift was carried out in April to take care of most of the mechanical tasks. This
included the construction of a new cable tree for the differential signal transmission between the lower
and the upper hut. The cable route is the same as for the existing demonstrator, going from the EMI
shield in the lower hut through a wall in the back of the hut and then upstairs. Both feedthroughs at the
wall of the lower and upper hut had to be widened in order to hold the additional cabling. Afterwards an
intensive cleaning campaign took place to restore the clean-room like conditions in the lower hut before
considering to open the inner shielding of the experiment. During this shift one of the batteries inside
the uninterruptible power supply (UPS) system was exchanged. The faulty battery caused a lot of signal
noise on all channels since there was no filtering of the LNGS input power anymore. In this two week
period before the planned maintenance, the operation of some detectors was only possible at very high
trigger thresholds of several hundred keV. Furthermore, the DAQ electronics suffered from several short
power shortages which are normally covered by the UPS system. As a consequence two FADCs stopped
working properly, hence, the data of eight detectors could not be recorded in this time. Fortunately, the
power supply of the detector array was not affected since this is backed up by a separate UPS unit in the
lower hut. The situation was resolved by installing a new UPS battery in the upper hut and exchanging
the faulty FADCs with spare devices. One of the FADCs could be fixed rather easily by flashing the
firmware but the status of the second one seems to be unrepairable.

In order to prepare the intended low-threshold ''3Cd run, the coolant in the cooling system of the pre-
amplifier stage was replaced from pure water to a special cooling liquid. This upgrade makes it possible
to cool the first stage of electronics, which is located inside the EMI shield close to the detectors, more
aggressively down to temperatures of -20°C. The effect of the improved cooling will be discussed later in
section 2.1. By the end of the first shift a complete calibration of the demonstrator with the available
22Na, and 2?8Th calibration sources was performed. At this time 55 out of 64 detectors were active and
performed without any issues. Unfortunately it was discovered shortly afterwards that the demonstrator
faced another problem with a different part of the electronics. This issue turned out to be even more
dramatical than the faulty UPS battery. After three weeks of intensive remote controlled testing it was
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decided that an additional shift is needed to resolve the new problem of coincident signal noise on all
channels.

Right after the on-site shift in April a lot of effort was spent to identify the origin of the new noise
incident via remote. A closer look into the data revealed that the overall trigger rate of all channels
had increased by several orders of magnitude and that most triggered events were in coincidence. These
characteristics were completely different from what had been observed before the lately completed on-site
shift. The operation with a reasonably low trigger rate was only possible for arbitrary high thresholds of
about 1-2MeV, which was not sufficient for the planned measurement of the ''3Cd spectrum.

No indication for the root cause of the sudden appearance of this new noise problem was identified before
the arrival of the shifters at LNGS. On-site, the origin was found to be related to the bias supply of the
detectors inside the main electronic rack in the lower hut. It was possible to rework the custom-made
converter boxes from MPOD Redel multi-pin to the Sub-D 8w8 cable standard used for the detector
supply cables. After fixing the problem, the demonstrator went back to smooth operation, thus, the
preparation of the dedicated '3Cd could be continued.

After successfully resolving the noise problem in May, the cooling power of the pre-amplifier stage was
increased to lower the overall ambient temperature. At the same time a regular evaluation of the trigger
threshold for each individual channel was done to optimize the detection threshold for each detector. For
a graphic representation see Figures 2 and 3.

As starting point for the anticipated ''3Cd low-threshold run a third shift was carried out at LNGS when
stable operation and the final ambient temperature were reached. Already in the beginning of 2017 the
collaboration started the purchase of two new calibration sources from the company Eckert&Ziegler. The
collaboration would like to thank the LNGS staff for their advice and help with the required paper work,
that minimized any delay in the delivery process. Both sources finally arrived at LNGS by the end of
May. The first one is a replacement for the old 22*Th source (LNGS-ID: 50) due to the fading activity of
only about a few 100 Bq. It was found that reasonably high statistics can be achieved with the new 228Th
source of about 10 kBq activity in a couple of hours compared to several days using the old one. Secondly,
a 152Eu source (LNGS-ID: 142) of the same geometry with 5kBq activity was purchased that features
a intense v-line at 122keV. This line allows for the study of the detector performance and resolution
at low energies not far away from the average trigger threshold. The previous lowest available v-line at
239keV was coming from 2'?Pb as part of the ?22Th decay chain. Both lines cover the energy range of
the 113Cd decay with an endpoint of about 320 keV and are of special interest for the upcoming spectral
shape analysis. It turned out that it is challenging to see the low-energetic '°?Eu for the outermost
detectors while using the calibration source at the central position within the detector array. This is
mainly due to self-shielding effects of the detectors and the underlying strong Compton continuum of
the higher energetic lines. To partly overcome this problem, the %?Eu irradiation was repeated for two
additional central positions between the two upper and lower detector layers. The benefit of this improved
positioning is still under evaluation.

The last shift in 2017 aimed to exchange the instrumentation of the nitrogen dewar that is used to heat
the inside of the vessel to increase the evaporation rate for a continuous flushing of the inner shield of the
experiment. The system had failed several times in the past and was entirely renewed in 2016. Unfor-
tunately the exchange of the final part was delayed due to problems with the manufacturing of parts of
the instrumentation. During the installation end of December 2017 the new instrumentation was slightly
damaged but could be repaired on-site. Consequently, an additional iteration of the instrumentation
design was developed which will improve the overall performance of the flushing system. The installation
of this new instrumentation will be done during the upgrade to the COBRA extended demonstrator in
early 2018.

2 Data-taking and analysis

In 2017 roughly two months of data-taking were lost due to the incident with the faulty UPS battery
and consequent noise problems. The data quality of the first six months of 2017 is still under review.
The second half of 2017 was dedicated to a special low-threshold run to investigate the fourfold forbidden
non-unique 3~ -decay of *'*Cd. The aim is to contribute to the scientific discussion regarding the so-called
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quenching of the weak axial-vector coupling strength g4 in nuclear processes. In reference [9] it is shown
that the spectral shape of this highly forbidden 3-decay is especially sensitive to the effective value of g4.

2.1 Dedicated '*Cd run

More than 98% of the events recorded by the COBRA demonstrator are originating from the (3-decay
of M3Cd. This decay was already studied with an early predecessor of the current COBRA setup what
resulted in a half-life of (8.00 £ 0.11(stat) & 0.24(sys)) x 10 years and a Q-value of 322.2 & 0.3(stat) +
0.9(sys) keV [10]. Due to the long half-life the average decay rate of *'*Cd can be used to study the
detector stability with an intrinsic monitor as was reported in [11].

After finalizing the hardware optimization for the low-threshold operation, the ambient temperature was
lowered by increasing the cooling power of the pre-amplifier stage (see Figure 2). It was found that a
temperature setting of —10°C is sufficient to reach a reasonably low temperature of about 2°C close
to the pre-amplifier boxes. The operation at this temperature should prevent immediate condensation
of moisture in case of a failure of the nitrogen flushing. The temperature effect on the signal noise and
detector performance was studied in [12]. Compared to room temperature, a lower operation temperature
is beneficial since the thermal noise component of the signal noise is reduced while the detector resolution
for CZT is optimal around 10°C. Since there is no thermal insulation of the setup, the temperature of the
lead castle housing the detectors is slightly higher than for the directly cooled preamplifier devices, but
stable at about 9°C. At the same time the trigger threshold for each channel was optimized by monitoring
the overall trigger rate.

Figure 2: Temperature surveillance of the COBRA demonstrator in the lower hut. The ambient temper-
ature outside the shielding (green) is rather constant at 22°C. The temperature increases on short time
scales indicate on-site activity at LNGS or a fail of the cooling unit due to short blackouts. The other
two sensors are located inside the EMI shield (blue) and inside the radon shield (red) on top of the lead
castle. This location is most representative for the actual detector temperature and was stable at 9°C
for the complete '3Cd measurement.

When the thermal equilibrium for the final temperature setting was reached, a complete calibration
run was performed as mentioned in section 1.2. All detectors that revealed problems during the pre-
calibration or an unstable trigger rate, which hints to noise problems, were switched off. In a second
iteration, detectors with a comparable high threshold were deactivated to prevent possible cross-talk
effects and to ensure a stable operation. An impression of the threshold variation can be seen in Figure 3.
Finally, the low-threshold '3Cd run was started on July 31st. By monitoring the average trigger rate for
each channel, the energy threshold for each detector was set on a weekly basis over the complete data-
taking period. The data-taking was stopped in February 2018 after an exposure of more than 1kgday per
single detector was reached. This allows for a single detector analysis to investigate the 1*Cd B-spectrum
with a statistical ensemble. An overview of the analysis will be discussed in the next section.
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Figure 3: Threshold variation of the COBRA detectors operational in the low-threshold '3Cd run. The
solid lines indicate the average threshold per detector layer. Except for layer two most of the detectors
could be operated with a threshold below 100keV. Layer two suffers from the aftereffects of the noise
problems that occurred in April 2017.

2.2 !13Cd spectral shape analysis

The COBRA collaboration has access to a set of '3 Cd template spectra calculated for different nuclear
frameworks in dependence of the weak axial-vector coupling strength g4. The calculations have been
carried out for g4 € [0.8,1.3] using the nuclear shell model (NSM) and two further frameworks for
comparison. Figure 4 illustrates the complex g4 dependency of the 3-electron momentum distribution in
form of a two-dimensional plot for the NSM.

Figure 4: Two-dimensional representation of the g4 dependence of the ''3Cd spectral shape in the NSM.
In order to compare the theoretical templates with the COBRA data, the decay rate for each g4 slice is
normalized to the accessible energy range limited by the individual detector threshold and the @Q-value
of the decay.

In order to compare such templates with the actual COBRA data, detector effects such as a finite energy
resolution, an energy dependent signal efficiency as well as the individual detector threshold have to be
taken into account. This is done by folding the templates with the resolution function FWHM(E) and the
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energy dependent detection efficiency £(F). Afterwards the templates are normalized according to the
accessible energy range per detector. The detector dependent FWHM(FE) is determined from calibration
data using 7-lines between 122keV and 2614keV while e(E) is known from a Monte Carlo simulation
based on GEANT4.

To achieve independence of the number of provided input templates and to compare the COBRA data for
arbitrary g4 values over the whole available g4 range, an interpolation method based on so-called splines
was developed [13]. A spline is a collection of several polynomial functions over a range of points referred
to as knots (x,,yn). In between two neighboring knots a polynomial is defined by a set of boundary
conditions. In contrast to a conventional parameter fit, no optimization process is involved since the
spline is uniquely defined by the knots and the boundary conditions. Per definition all knots and so the
original points of the templates are contained in the spline as well. For the interpolation the TSpline3
class of the ROOT software package [14] is used, which utilizes polynomials of grade three for the spline.
The final comparison of the theoretical templates and the COBRA single detector spectra is done with
a x? test to find the best match template and g4 value.

The data analysis is currently ongoing and will be published in 2018.

2.3 Improved pulse-shape discrimination

During the processing of the raw pulses obtained from the single detectors, several quality criteria are used
to discriminate between real physical events and events triggered by electronic noise or other disturbances.
These criteria have been developed to ensure a maximized signal efficiency at high energies around the
Q-value of 116Cd at 2.8 MeV. In the past it has been observed that some criteria are too strict in the
lower energy region, which leads to different rates of the 1'*Cd decay compared between single detectors.
Therefore, a careful review and evaluation process was done at TU Dresden. First results can be found in
[15]. The data used for this study was recorded between June and September 2016 after firstly starting
to lower the thresholds for the anticipated ''3Cd investigation. An impression for the likelihood to have
one event tagged by multiple quality flags is shown in Figure 5. For each flag f, two numbers (p and s)
can be calculated to quantify the level of overlapping with another flag h. The definitions are as following

_ number of events, where any other flag triggered  N(f|h # f)
5= total number of events flagged by f N Ny ’

_ summed number of events of all other flags Z;# 7Nk
by = total number of events flagged by f - Ny

In the current implementation, already one flag is enough to declare an event as unphysical, which
is sufficient for pulses with a rather high amplitude, hence, a high energy deposition. Currently, the
implementation of a new event selection and the improvement of the existing framework is work in
progress. The main idea is to evaluate each flag with respect to the uncertainty on the pulse quantities
used in the flag declaration (e.g. rise time, pulse height) and to weight the single flags according to their
impact.

Besides the data cleaning cuts, additional algorithms are used to reject background-like events while
maintaining a high signal acceptance [2, 16]. Recently it was found that the successful discrimination
between central and so-called lateral surface events (LSEs) can be combined with the developed method
to distinguish between single- and multi-site events (SSEs and MSEs). This is done by using an adapted
approach referred to as A/FE criterion, that was originally created for Germanium-based [33-experiment
[17]. The quantity A denotes the maximum amplitude of the current pulse and E the deposited energy by
a particle interaction. The current pulse is the first derivative of charge pulse that is directly reconstructed
from the raw anode signals. MSEs feature smaller A/E values compared to SSEs due to the imprints on
the signal trace of the charge carriers’ drift through the detector bulk. The A/E approach was successfully
transferred to the COBRA CPG detector design and optimized with 228Th calibration data. The decay
chain of 228Th features the deexcitation of 2°8TI with the emission of a single photon of 2.6 MeV energy.
At this high energy pair creation is the dominant interaction pro