


Codice ISBN
978-88-940122-2-4

Annual Report 2016

LNGS Director

Editor

Technical Assistants

Prof. Stefano Ragazzi

Dr. Roberta Antolini

Dr. Alessia Giampaoli
Mr. Marco Galeota



BOREXINO
COBRA
CRESST
CUORE
CUPID
DAMA
DARKSIDE
GERDA
LUNA
THEORY
XENON
COSMIC SILENCE
ERMES
GINGER
VIP
AUGER

Contents

pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.
pag.

10
20
30
53
68
87
111
120
132
144
157
167
169
175
182



Borexino

M. Agostini®, K. Altenmiiller”, S. Appel”, V. Atroshchenko®, Z. Bagdasarian®?*, D. Basilico¥,
G. Bellini®, J. Benziger®, D. Bick?, G. Bonfinil, L. Borodikhina®, D. Bravo®¥, B. CaccianigaX,
F. Calaprice®, A. Caminata®, S. Caprioli¥, M. Carlini, P. Cavalcante, A. Chepurnov®, K. Choi,
D. D’Angelo¥, S. Davini®, A. Derbin™, X.F. Ding®, L. Di Noto®, I. Drachnev*™, S. Farinon®,
K. FomenkoP, A. Formozov¥, D. Franco?, F. Froborg®, F. Gabriele), C. Galbiati®, C. Ghiano®,
M. Giammarchi®, M. Goeger-Neff', A. Goretti®, M. Gromov®, C. Hagner?, T. Houdy?,

E. Hungerford®, Aldo Ianni"!, Andrea Ianni®, A. Jany’, D. Jeschke®, V. Kobycheve, D. Korablev®,
G. Korga", D. Kryn®, M. Laubenstein!, E. Litvinovich™!, F. Lombardil?, P. Lombardi¥,

L. Ludhova*?*, G. Lukyanchenko®, I. Machulin™!, G. Manuzio®, S. Marcocci®®, J. Martyn*,

E. Meroni®, M. Meyer?, L. Miramonti*, M. Misiaszek!, V. Muratova™, R. Musenich®,

B. Neumair®, L. Oberauer’, B. Opitz4, F. Ortical, M. Pallavicini¢, L. Papp®, A. PocarP®,

G. Ranucci®, A. Razeto!, A. Re¥, A. Romani!, R. Roncin¥?, N. Rossi/, S. Schonert”, D. Semenov™,
P. Shakina™, M. Skorokhvatov™, O. Smirnov®, A. Sotnikov?, L.F.F. Stokes!, Y. Suvorov™":",

R. Tartaglial, G. Testera®, J. Thurn”, M. Toropova®, E. Unzhakov™, A. VishnevaP,

R.B. Vogelaard, F. von Feilitzsch®, H. Wang", S. Weinz*, M. Wojcikf, M. Wurm*, Z. Yokley?,
O. ZaimidorogaP?, S. Zavatarelli®, K. Zuber", G. Zuzelf

The Borexino Collaboration

®AstroParticule et Cosmologie, Université Paris Diderot, CNRS/IN2P3, CEA/IRFU, Observatoire de
Paris, Sorbonne Paris Cité, 75205 Paris Cedex 13, France
b Joint Institute for Nuclear Research, 141980 Dubna, Russia
¢Dipartimento di Fisica, Universita degli Studi e INFN, 16146 Genova, Italy
U Institut fiir Experimentalphysik, Universitit Hamburg, 22761 Hamburg, Germany
¢ Mazx-Planck-Institut fiir Kernphysik, 69117 Heidelberg, Germany
M. Smoluchowski Institute of Physics, Jagiellonian University, 30059 Krakow, Poland
IKiev Institute for Nuclear Research, 03680 Kiev, Ukraine
hNational Research Centre Kurchatov Institute, 128182 Moscow, Russia
¢ National Research Nuclear University MEPhI (Moscow Engineering Physics Institute), 115409
Moscow, Russia
JIINFN Laboratori Nazionali del Gran Sasso, 67010 Assergi (AQ), Italy
*Dipartimento di Fisica, Universita degli Studi e INFN, 20133 Milano, Italy
!Dipartimento di Chimica, Biologia e Biotecnologie, Universita degli Studi e INFN, 06123 Perugia,
Ttaly
™mSt. Petersburg Nuclear Physics Institute NRC Kurchatov Institute, 188350 Gatchina, Russia
"Physics Department, Princeton University, Princeton, NJ 08544, USA
°Chemical Engineering Department, Princeton University, Princeton, NJ 08544, USA
P Amherst Center for Fundamental Interactions and Physics Department, University of Massachusetts,
Amherst, MA 01003, USA
9Physics Department, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061, USA
" Physik-Department and Excellence Cluster Universe, Technische Universitit Miinchen, 85748
Garching, Germany
* Lomonosov Moscow State University Skobeltsyn Institute of Nuclear Physics, 119234 Moscow, Russia
! Gran Sasso Science Institute (INFN), 67100 L’Aquila, Ttaly
“Department of Physics, University of Houston, Houston, TX 77204, USA
Y Department of Physics, Technische Universitit Dresden, 01062 Dresden, Germany

! Also at: Laboratorio Subterrdneo de Canfranc, Paseo de los Ayerbe S/N, 22880 Canfranc Estacion Huesca, Spain
2Present address: Physics Department, University of California, San Diego, CA 92093, USA



“Physics and Astronomy Department, University of California Los Angeles (UCLA), Los Angeles,
California 90095, USA
*Institute of Physics and Excellence Cluster PRISMA, Johannes Gutenberg-Universitit Mainz, 55099
Mainz, Germany
Y Department of Physics and Astronomy, University of Hawaii, Honolulu, HI 96822, USA
*IKP-2 Forschungzentrum Jilich, 52428 Jilich, Germany
“RWTH Aachen University, 52062 Aachen, Germany
@ Institute for Theoretical and Experimental Physics, 117218 Moscow, Russia

Abstract

The beginning of the Borexino experiment data taking dates back to 2007 May 15th. During
almost 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. In this report
we will review the most important results focusing on the recent articles published during the last
year, 2016.

In addition, we will briefly describe the current strategies for improving the detector sensitivity
to CNO neutrino flux and the forthcoming updates that we are going to publish concerning the
precision measurement of the solar neutrino fluxes.

Introduction

Solar neutrinos provide key pieces of information for either accurate solar physics modelling and
neutrino oscillation understanding. The Borexino experiment is presently the only detector able to
measure the solar neutrino interaction rate with a threshold of 2 150 keV and to reconstruct the
energy spectrum of the events.

In this report, after a brief description of the detector, we will review the most important
experimental results coming from the analysis of almost 10 years of data taking (Sec. 1), focusing
on the last year (2016) results (Sec. 3). In Sec. 2 we will describe the updates of the status of the
apparatus, describing the main ongoing and forthcoming operations on the experimental set-up. In
Sec. 4 we will describe the main items of the present analysis concerning the results we are going
to publish in the near future, within 2017.

1. The Borexino Detector

Borexino is located in the Hall C of Laboratori Nazionali Gran Sasso. The detector is made
of concentric layers of increasing radiopurity (see for details e.g. [1]). According to the scheme
sketched in Fig. 1, the innermost core consists of 300 tons of liquid scintillator (PC plus 1.5
g/l of PPO) contained in a 125 pm of ultrapure nylon vessel of radius 4.25 m. A stainless steel
sphere (SSS) filled up with ~ 1000 of buffer liquid (PC plus DMP quencher) is instrumented
with more than 2000 PMTs for detecting the scintillation light. Finally, the SSS is immersed
in a 2000 ton water Cherenkov detector, equipped with 200 PMTs. The position of events is
reconstructed with an accuracy of ~ 10 cm and the energy resolution scales approximately as
o(E)/E = 5%/\/(E/[MeV]). This sensitivity has been achieved after an accurate calibration



campaign [2] carried out in 2010. In addition the detector features a satisfactory pulse shape
discrimination for o/ particles and even a challenging 87 /3~ separation, see as a review [1].

The intrinsic radiopurity of the scintillator reached unprecedented levels after an intense purifi-
cation campaign carried out in between 2010 and 2011. The two stages, namely before and after the
purification campaign, are referred as Phase-I and Phase-II. Tab. 1 shows the record background
levels in the two Borexino phases.

Contaminant Phase-I Phase-I1

Hc/ce 2.7 x 1071 [g/¢]

88U <9.7x 107" [g/g] (95% CL)
232Th <1.2x 107 [g/g](95% CL)
210pg ~2000 [cpd/100t] ~50 [cpd/100t] (2016)

210B4 ~45 [cpd/100t] ~20 [cpd/100t] (2016)

85Kr ~30 [cpd/100t] < 5 [epd/100t] (95% CL)

Table 1: Borexino contaminant rates before and after the purification campaign.
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Figure 1: Schematic view of Borexino detector (Picture based on the original drawing, courtesy of A. Brigatti and
P. Lombardi).

Thanks to its detection sensitivity, Borexino achieved the following goals: 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] and first
spectroscopical observation of pp neutrinos [7]. All of these results are summarized in table Tab. 1



Species Rate [cpd/100t] Flux [em=2 s71 ]

"Be 46.0 +1.57 2 3.1+0.15 x 10°

pep 3.1+0.6+0.3 1.6+ 0.6 x 108
CNO <79 (95% CL) 7.7 x 108

8B(> 3 MeV) 0.224+0.04+0.01 2.440.4+0.1x 10°
pp 144 +13+10 6.6 = 0.7 x 1010

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

In addition Borexino detected a 50 geo-netrino signal (see [8] and refs. in it) and set strong
limits on rare processes as the last published on 2015 for the electron decay, resulting > 6.6 x 10%®
y (90% CL).

2. Current Status of the Apparatus

2.1. Data Acquisition and Electronics

The data-taking is going on regularly with high duty-cycle. The PMT failure rate is under
contronl and does not show any suspicious behaviour. A new trigger system was installed during
the spring 2016. Detailed tests have shown the full compatibility with the old set-up. A re-
arrangement of the electronics channels associated to the live PMTs (decreased of ~800 units since
the beginning of the DAQ) is planned in order to reduce the number of electronics boards in use
and save electrical power.

2.1.1. Stabilization of the detector temperature

The Borexino water tank has been thermally insulated with a 20-cm thick layer of wool-rock
to stabilize the detector temperature. This work has been completed since 2015. On Novem-
ber/December 2016 a final intervention was performed to further improve the insulation of the
upper part of the water tank. The updated temperature profile just inside the stainless steel sphere
is shown in Fig. 2 starting from November 2015 (end of insulation) until March 2017.

Figure 2: Evolution in time of the temperature profile of the BX detector (from November 2015 until March 2017)



Two main effects are currently affecting the temperature behavior of the detector: the heat sink
of the cool rock from the bottom (~ 8°C) and the seasonal variation of the Hall C temperature.
As a result the gradient has been increasing due to the lowering of the bottom temperature, until
~ July 2016. Since then it has started decreasing slowly.

In order to be able to control the top temperature and counter the gradient reduction, on
January 10" 2017 we have turned on the so-called Active Temperature Control System (TACS).
This system is located on the top of the water tank underneath the insulation layer and consists
of copper pipes where water can be circulated after being heated to the desired temperature. The
TACS has been turned on gradually and we are still adjusting its settings while carefully monitoring
the temperature profile at different heights of the detector. The final goal is to actively control
the top temperature of the detector keeping it as stable as possible, thus countering the general
cooling down of the detector and the seasonal variation of the Hall C temperature. Meanwhile a
considerable effort is being devoted to implementing a full simulation of the thermal behavior of
the detector based on an ANSYS Fluent Computational Fluid Dynamics simulation package. The
wealth of data coming from the temperature probes located throughout the detector is providing
an important input for the validation of the model which is in progress. Once this step is completed
we expect that the numerical simulations will provide important insight into present and future
thermal trends of the detector.

2.2. Polonium Evolution

The ?19Po activity measurement that highlights in particular the effects of the insulation has
been updated until the end of February 2017.
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Figure 3: ?'°Po activity inside the standard “Be fiducial volume.

Fig. 3 shows the 2'°Po activity inside the standard "Be fiducial volume, i.e. r < 3.021 m and
|z| < 1.67 m (black curve). The beginning of the detector insulation effects dates back to summer
2015, the period in which the installation of the insulating layers was not yet completed. Red and
blue curves represent the rates for the top part (z > 0) and the bottom part (z < 0) respectively.
The 219Po rate on the bottom is slightly increasing, while the top rate is approaching a plateau.



Top/bottom standard fiducial volumes are big enough to average out all local fluctuations in 2!°Po
distribution.

The insulation stopped drastically the convective motion inside the scintillator since the sum-
mer 2015, when the insulation was already partially installed. At present, we have reached non-
conclusive (but promising) clues regarding the cause for the top/bottom asymmetry in the rates
described above, through the intense thermodynamical model development program currently in
progress, aimed at extracting unambiguous conclusions on the influence of fluid dynamics on back-
ground concentrations.

2.8. Upgrade of the Scintillator Purification System

Preparations for another round of scintillator re-purification with an upgraded water extraction
system has been progressing. The main upgrade is the installation of a more efficient distillation
column to purify the water used for water extraction. The motivation for a more efficient distillation
is based on measurements made after the 2010 purification campaign. These measurements gave
poor efficiencies for removing 2'°Pb and 2'°Po in groundwater by reverse osmosis and ion exchange
processes, the two processes used in our water purification plant. The new distillation column has
structured packing and reflux capability, both of which will significantly increase the efficiency to
remove non-volatile impurities in the water, especially the 2!°Pb.

3. Recent Results

We detected the seasonal modulation of the "Be neutrino interaction rate. The period, ampli-
tude, and phase of the observed time evolution of the signal are consistent with its solar origin,
and the absence of an annual modulation is rejected at 99.99% C.L. The data are analyzed using
three methods (in full agreement): the sinusoidal fit, the Lomb-Scargle and the Empirical Mode
Decomposition techniques. Fig. 3 shows rate of 8-like events passing selection cuts in 20-days bins
starting from Dec 11, 2011. The red line is the resulting function from the sinusoidal fit.

A search for neutrino and antineutrino events correlated with 2350 gamma-ray bursts (GRBs)
was performed with Borexino data collected between December 2007 and November 2015 [12]. No
statistically significant excess over background was observed. We searched for electron antineutrinos
(7e) through inverse beta decay on protons with energies from 1.8 MeV to 15MeV and set the best
limit on the neutrino fluence from GRBs below 8 MeV. The signals from neutrinos and antineutrinos
from GRBs scattering on electrons were also investigated. We obtained the best limits on the
neutrino fluence of all flavors and species below 7MeV (Fig. 3). Finally, time correlations between
GRBs and bursts of events was investigated.

4. Forthcoming Results

A paper describing the Monte Carlo simulation of the Borexino detector and its performances is
submitted for publication [10]. The Borexino Monte Carlo is an ab initio simulation of the particle
energy loss in all the detector materials, of the generation of the scintillation optical photons, of their
propagation inside the large volume scintillator including absorption, reemission and scattering until
they are lost or they reach a photomultiplier. The Monte Carlo includes the detailed simulation of
the electronics chain. It was tuned using calibration data and it reproduces the energy response,
its uniformity within the fiducial volume of the detector and the time distribution of the collected
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are shown in comparison with results from SuperKamiokande, SNO, and KamLAND [12].

light to better than 1% from 100 keV up to few MeV. It is a fundamental tool for all the analysis
and in particular for the measurement of the solar neutrino interaction rates.

Concering the Phase-II analysis, we are going to update the precision measurement of solar
neutrino fluxes ("Be, pep and pp) and a possible improvement on the CNO neutrino flux limit. The
sensitivity to CNO could be further improved after the conclusion of the thermal insulation and



stabilization program in a subsequent analysis. The second stage of this analysis will include also
an improvement of the ®B at 3 MeV threshold.
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Abstract

The aim of the COBRA experiment (Cadmium Zinc Telluride 0-Neutrino Double-Beta
Research Apparatus) is to prove the existence of neutrinoless double beta-decay (Ov3s-
decay) and to measure its half-life. The COBRA demonstrator at LNGS is used to investigate
the experimental issues of operating CZT detectors in low background mode while additional
studies are proceeding in surface laboratories. The experiment consists of 64 monolithic,
calorimetric detectors in a coplanar grid (CPG) design. These detectors are 1x1x1cm? in
size and are operated in a 4x4x4 detector array. CZT naturally contains several double
beta-decay candidates. The most promising is ''6Cd with a Q-value of 2.8 MeV, which lies
above the highest prominent v-line occurring from natural radioactivity. In 2016, the focus
of the collaboration was on the operation and analysis of the current demonstrator, and on
preparations for the future detector installation.
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1 Activities at the LNGS

1.1 The COBRA demonstrator at LNGS

The COBRA collaboration currently operates a demonstrator setup consisting of 4x4x4 detec-
tors at the LNGS. A detailed description of the COBRA demonstrator operated at the LNGS
can be found in a recent publication [?]. This paper 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 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 anodes. 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 this reconstruction can be found in [?].

Each crystal is 1.0x1.0x 1.0 cm? in size and has a mass of about 6g. Several isotopes which
are candidates for double beta-decays are present in CZT according to their natural abundances.
An overview can be found in The most promising of which are ''Cd due to the high Q-
value of 2814 keV and '30Te because of its high natural abundance of about 34% and considerably
high @-value of 2527keV. In a first step a peak search for five 578~ g.s. to g.s. transitions has
been performed. The results of this analysis are summarized in section

Table 1: List of Ovf5-decay candidates contained in CZT with their corresponding decay modes, natural
abundances [?] and @Q-values [?].

Isotope Decay mode Nat. ab. @Q-value [keV]
647n BT /EC, EC/EC 49.17% 1095.70
07n B8~ 0.61% 998.50
06ca  pgtpt, Bt /EC, EC/EC 1.25% 2775.01
108Cq EC/EC 0.89% 272.04
14cq BB~ 28.73% 542.30
160 B8~ 7.49% 92813.50
120 3t /EC,EC/EC 0.09% 1714.81
128 T B8~ 31.74% 865.87
130 g B8~ 34.08% 9526.97

Figure 1| shows an overview of the several shielding layers of the demonstrator. The outer-
most layer consists of 7 cm 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 ac-
tively cooled preamplifier devices are placed. The inner shielding consists of a multi-layered
structure of standard lead, ultra low activity lead and copper surrounding the detectors them-
selves. 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.

11



Figure 1: Overview of
the experimental setup
of the COBRA demon-
strator. Highlighted
are the different shield-
ing layers and the first
stage of the readout
chain. The detectors
themselves are housed
within a so-called cop-
per nest inside the lead
castle which can be seen
on the right side.

1.2 Maintenance at the LNGS

The COBRA demonstrator was completed to its full stage of 64 detectors in 2013. Hence,
activities at LNGS in 2016 consisted mainly of maintenance works and upgrades for the planned
low threshold runs discussed insection 2] Two shifts with a total working time of five man-weeks
were done at LNGS.

At the end of 2015 it was noted that the flushing of the detectors with evaporated nitrogen
did not work reliably anymore. The flushing is an important means of background reduction
as it removes air and especially radon from the detectors. A new dewar vessel was installed in
the beginning of 2016. The instrumentation of the dewar was exchanged partly. By this, the
flushing of the detectors with nitrogen is ensured. A new contract with an external company
was negotiated, the filling of the dewar is done biweekly now.

The COBRA collaboration decided to make a dedicated measurement campaign to measure
the energy spectrum of 1'®Cd. One key requirement for this is to reach low trigger thresholds
to measure the energy spectrum to low values around 60keV. Some hardware modifications
at the demonstrator were done to reach this aim. Most important, the voltage supply for the
preamplifiers was improved, so that detectors which cause electronic noise can be switched off
remotely.

2 113Cd low-threshold run

Recently, the scientific discussion about the so-called quenching of the axial vector coupling
constant g4 has triggered some new calculations in nuclear physics. The possibility of a quenched
coupling strength has been introduced to reproduce experimental data of double beta-decay
studies with theoretical models. Of special interest are highly forbidden single beta-decays since
the spectral shape of the electron momentum distribution strongly depends on the effective value
of g4, but in a highly non-trivial way. One of the isotopes present in the CdZnTe detectors used
by COBRA is ''3Cd with an abundance of about 12%. The ''*Cd nucleus undergoes a fourfold
forbidden, non-unique single beta-decay with a half-life of about 8-10'° years and a Q-value

12



of 322keV. This decay causes by far the most prominent signal for the COBRA demonstrator
without interfering with the double-beta decay ROI at higher energies.

2.1 Threshold study and experimental data

The COBRA demonstrator has excellent prospects to contribute to the experimental data that
is available for the effective value of g4 in the nucleus. Hence, a dedicated run of at least three
months is planned prior the installation of the new detector module XDEM (find details in
. A campaign to lower the detection thresholds as low as reasonably possible for all
of the 128 signal channels of the COBRA demonstrator was started already last year. Since
June 2016 the trigger thresholds of all channels are evaluated regularly by monitoring the total
trigger rate and lowered as far as reasonable possible. An illustration of the trend and the
current, averaged threshold levels are shown in

At the moment the cooling power is limited by the coolant itself, which is pure water only.
The cooling unit is set to a target temperature of 4°C which leads to about 12°C next to the
preamplifier boards and to about 15°C on top of the lead castle. To further improve the situation
and to start investigating the detector behavior at even lower temperatures the coolant will be
exchanged in spring 2017. Furthermore, the instrumentation of the dewar vessel as last piece of
the completely reworked nitrogen flushing system will be replaced to further guarantee a stable
operation. To study the impact of all this work new calibration sources have been ordered.
The first data of the ongoing low-threshold run is currently used to evaluate the existing data
cleaning cuts and to prepare the analysis of the final data set. This also requires to model the
energy resolution at the optimal temperature as will be done in the next months using a recently
purchased %?Eu source.

2.2 Evaluation of event selection

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, which are being flagged as such. These criteria have been developed to
ensure a maximized signal efficiency at high energies around the Q-value of "6Cd at 2.8 MeV.
It has been observed that some criteria are too strict in the lower energy region, which leads to
different rates of the ''3Cd decay compared between single detectors. Therefore, a careful review
and evaluation process has been started at TU Dresden. First results can be found in [?]. The
data used for this study was recorded between June and September 2016 after starting lowering

Figure 2: Left: threshold evolution of the COBRA demonstrator over time. Since June ’16 all trigger
thresholds have been lowered significantly due to the improved operation stability. Right: Overview of
current detection thresholds per detector and average per layer.
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Figure 3: Example of '3Cd spectrum segmentation for an assumed value of g4 = 1.1. The first region
below 60keV is excluded to mimic the experimental threshold limitations. For regions A, B and C the
proportions are chosen to be (30%, 40%, 30%) of the remaining energy range up to the Q-value. For
those regions the integrated count rate is calculated to obtain the ratios B/A and B/C.

the thresholds for the anticipated '3Cd low-threshold run. 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 ideas here are 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 possibly to weight the single flags
according to their impact.

2.3 Preparations of spectral shape analysis

The collaboration has access to recently published templates of the theoretical spectral shape
of 113Cd [?]. These templates have been calculated in a Nuclear Shell Model (NSM) for several
assumed values of the axial vector coupling g4, whereas the vector coupling gy is set to unity.
The spectral shape of 1'3Cd for high (g4 > 1.1) and low values (g4 < 0.8) seems to be pretty
similar along the whole energy range. As a starting point, the templates are used to search for a
good discrimination variable to compare the theoretical predictions with the spectrum measured
by COBRA. A first idea is to divide the templates into several regions and calculate the ratio
of the integrated count rate in those regions. It has been found, that defining only two regions
A and B covering both 50% of the total energy range leads to an ambiguous behavior if one
compares the ratio A/B for the spectra of different values of g4. In a plot of A/B versus g4 a
parabola could be seen, so that the same ratio A/B hints to two different values of g4. Hence,
a more elaborated approach had to be found as illustrated in The result shown here
is very preliminary but proves already good robustness meaning that the characteristic shape
does not vary much for a different choice of the selected regions or their proportions.

3 Results of the low background operation

3.1 Data-taking at the LNGS

illustrates the total accumulated and selected exposure for the most recent neutrinoless
double beta-decay search. Between Sept.’11 and Oct.’16 a total exposure of 400kgd has been
acquired with complete pulse shape sampling. Additionally indicated are upgrade works on-site
like the installation of further detector layers and root causes for periods of lower data quality.
At the end of 2016 about 430 kgd expose have been collected.

14



3.2 Results of neutrinoless double beta-decay search

The current analysis used a Bayesian signal estimation, published in [?]. To determine the
efficiencies, also a pulse shape simulation was used. See table |2| for the latest reviewed results.

The next analysis iteration of the data of the demonstrator will use detector specific param-
eters like the energy resolution and calibration uncertainties, instead of parameters averaged
over the whole detector array. Studies show that the A/E criterion developed by the GERDA
experiment [?] can also be used by COBRA [?]. First tests indicate that the background sup-
pression factor is as good as the LSE criteria [?] developed by COBRA, but with a 10 percent
higher signal efficiency. Hence this criterion will be investigated further.

The largest systematic uncertainty in the current analysis was introduced by the efficiency
calculation for the imposed pulse shape requirements. Therefore, a new efficiency fitter is under
development, which estimates the signal efficiency at the double escape peak (DEP) of 298T1.
One challenge is that on some detectors the 2'2Bi line at 1620keV overlaps with the DEP, which
will be taken into account by the new fitter. The first iteration implies that the uncertainty can
be reduced by a factor 1.5 to 2.

Table 2: Results of the Bayesian signal estimation after folding all systematic uncertainties. The second
column shows the natural abundance of atoms per kg which is used for the signal estimation. In the third
column the background index b for the different ROIs is presented. The fourth column reports the limit
at 90 % credibility and the last column reports the calculated Bayes factor, taken from [?].

Isotope N /10% b T1/290% C.L. K
[Aome] ] [10*!yr]
4cd 6.59 213.9717 1.6 0.07
1280 8.08 65500 1.9 0.17
7n 0.015 45.179% 6.8x 1073 0.06
130 e 8.62  3.6703% 6.1 0.14
16¢q 173 27703 11 0.27

In the future the limits could be improved with newly evaluated methods of PSD to reject

Figure 4: Accumulated low-background exposure of the COBRA demonstrator at LNGS versus run time
of the experiment.
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also multi-site events (MSEs). It is a known feature that the techniques used to identify lateral
surface events are also sensitive to MSEs. Hence, the efficiency of the LSE cuts is expected
to be significantly higher if multi-site events are rejected before the efficiency calculation. Due
to the ongoing efficiency estimation for the developed MSE cut it is not included in the recent
double beta analysis. Another way to improve the limits is to reject multi-detector events, which
requires an accurate synchronization of all 16 ADC clocks at first. The evaluation of the software
tool written for this purpose is still ongoing.

4 Preparations for the XDEM-installation

The COBRA collaboration was granted funding by the German research foundation (DFG) to
install the XDEM (extended demonstrator) at LNGS. This is the smallest unit of a future large-
scale experiment consisting of nine detectors with the size of (20 x 20 x 15) mm? and volume of
6 cm?, operated in addition to the demonstrator with 64 detectors with the volume of 1 cm3. This
installation will take place in the setup of the demonstrator, consequently no additional space is
needed. The shielding of XDEM will be the same as for the demonstrator, changes arise mostly
in the detector type. The understanding of the performance of the large quad-CPG detectors
and the background reduction using an instrumented guard ring were extensively investigated.

4.1 Characterization of large quad-CPG CZT crystals

In the current demonstrator phase of COBRA 64 detectors with a volume of (10 x 10 x 10) mm?
are used and it has been shown that a long-term low-background experiment using CdZnTe is
feasible [?]. In the next stage, (20 x 20 x 15) mm? detectors with a coplanar quad-grid (CPqG)
will be used [?,?]. The use of larger devices will not only lead to a higher detection efficiency, but
can also help to suppress surface related backgrounds and allows for easier instrumentation. The
novel quad-grid approach is used to maintain a good energy resolution for the larger detectors,
because it achieves a lower leakage current and capacitance than a single large grid, while it
also allows to compensate for inhomogeneous performance across the crystal. Several detectors
of this design have been investigated in various laboratory set-ups at TU Dortmund and TU
Dresden. Among these have been detailed measurements of the performance variations along
several axes of the detector. This has been done with an automated apparatus designed for
‘scanning’ a detector with a collimated '37Cs ~-source. The apparatus is shown in

Some results of this scanning campaign can be seen in and shows the
variations in the rate and the measured energy of full energy events, when different spots on

Figure 5: Experimental apparatus used for ~-
scanning measurements. The detector can be seen
in the middle of the picture, while the collimator
is placed above the detector so that the source ir-
radiates the detector perpendicular to the anode
plane. The inset shows a construction schematic
of the collimator.
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Figure 6: Spatially resolved irradiation of the top side of the detector. Left: The count rate in the full
energy peak (FEP) of 137Cs is shown for each source position. Right: The mean energy of the FEP is also
quite homogeneous. The x- and y-positions are given in arbitrary units, but the complete anode-plane
(20 mm x 20 mm) is shown and the step size of the scanning is 1 mm everywhere except in the middle of
both dimension where it is 0.5 mm. Images modified from [?].

the top side (where the anode pattern is deposited) are irradiated. It can be seen that changes
in the event rate are very small, except at the outer edges of the detector, where there is an
enhanced probability of a photon leaving the detector after undergoing Compton scattering.
The variations of the reconstructed energy across the detector (<2keV) are much smaller than
the average energy resolution of the complete detector (~20keV FWHM at 662keV). A similar
picture can bee seen in [Figure 7| where a scan of one of the lateral sides of the same detector is
shown.

Further use of the scanning technique has been made by evaluating the performance of the
interaction depth reconstruction with the CPqG detectors. The knowledge of the position of
an interaction relative to the electrodes of a detector is a very powerful tool for background
reduction in COBRA. With this technique — which has already been successfully employed with

Figure 7: Spatially resolved irradiation of a lateral side wall of the detector. Left: The count rate in the
full energy peak (FEP) of 137Cs is shown for each source position. The x- and z-positions are given in
arbitrary units, but the complete side-wall (20mm x 15 mm) is shown and the step size of the scanning
is Imm. Right: The mean energy of the FEP shows the distribution along the side that does not seem
to be correlated with the grid-structure. Images modified from [?].
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Figure 8: Reconstructed interaction depth (z-position) as a function of the position of the collimated
y-beam for a 1cm? CPG detector (left) and a 6 cm® CPqG detector (right). The markers indicate the
mean of the depth distribution. The results obtained with the conventional formula are shown in red and
the results obtained with the trapping corrected formula are shown in blue. The uncertainties are not
visible on this scale.

the singled-grid CPG detectors in the demonstrator phase — it is possible to veto background
signals on the electrodes. These occur due to various effects, like the presence of a thin layer
of platinum (containing radioactive '%°Pt) under the gold electrodes, electrostatic attraction of
charged radon daughters to the cathode and surface contaminations in general.

While methods of interaction depth reconstruction is known for nearly as long as the CPG
principle itself [?,?], so far it has not been tested for the coplanar quad-grid detector design,
which will be used for the COBRA XDEM phase. The 7-scanning technique made it possible
to map a distributions of true interaction depths, derived from the position of the ~-source,
to another distribution of reconstructed interaction depths. Consequently the linearity of the
relationship between true and reconstructed positions could be tested in this way. The results
of this investigation can be seen in where the relationship for a single-grid and for a
quad-grid detector is shown. For both detectors, the relationship is tested with the conventional
reconstruction shown as red squares and a version which also includes a correction for charge
trapping (as derived in [?]) as blue triangles. In each case a linear fit has been overlayed. These
results show qualitatively that the behavior of the reconstruction is similar for both detector
types and an approximate linear relationship is found, although with a slightly higher deviation
from linearity in the case of the quad-grid detector. Nevertheless, background vetoing based on
the interaction depth will also be possible in the XDEM phase of COBRA [?].

4.2 Instrumentation of the guard ring

The operation of the COBRA demonstrator indicates that alpha-induced lateral surface events
are the dominant source of background events. All detectors are equipped with a guard ring,
which is a boundary electrode surrounding the coplanar-grid anode structure. By instrumenting
the guard-ring it is possible to suppress this type of background. Electric field calculations using
“Comsol Multiphysics” were done to gain a deeper understanding of this process. The guard
ring collects all charges that are generated in the proximity of the surfaces, so that they can be
discriminated easily. shows a comparison of a floating guard ring and an instrumented
guard ring.

In laboratory measurements the instrumentation of the guard ring achieved a suppression
factor for alpha-induced lateral surface events of 530017509, while retaining 85.3(1) % of gamma
events occurring in the entire detector volume, see a spectrum in This suppression
is superior to the pulse shape analysis methods used so far in COBRA by up to three orders of
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magnitude. This method of the instrumented guard ring will be used in the coming installation
of XDEM and should be as effective there, too. Possible gamma-lines that could be seen then
would allow a deeper understanding of the remaining background. Furthermore, the efficiencies
of the multi-site event and multi-detector event discrimination (coincidence analysis) could be
investigated. The laboratory measurements and electric field simulations concerning this topic
were done in 2016, the paper was submitted to arXiv [?] and JINST in January 2017.

Figure 9: Simulation of electric field. Field lines ending on the guard ring are colored in magenta, those
ending on the CPG anodes in blue. Left: floating guard ring. Right: instrumented guard ring.
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Abstract

The CRESST experiment is searching for dark matter particles via their elastic scattering
off nuclei in a target material. The CRESST target consists of scintillating CaWQOy crystals
which are operated as cryogenic calorimeters at millikelvin temperatures and read out by
transition edge sensors. Each interaction in the CaWQ, target crystal produces a phonon
signal and also a light signal that is measured by a secondary cryogenic calorimeter. The low
energy thresholds of these detectors, combined with the presence of light nuclei in the target
material, allow to probe the low-mass region of the parameter space for spin-independent
dark matter-nucleon scattering with high sensitivity.
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1 Introduction

In this era of precision cosmology we know that ordinary matter constitutes less than 5% of the
matter in the Universe [1] the remaining 95% is divided by Dark Matter (~ 27 %) and Dark
Energy (~ 68 %). Despite its large abundance, the nature, the origin, and the composition of
Dark Matter (DM) is still unknown. Unraveling this problem is one of the major challenges of
modern physics. Direct DM searches exploit a great variety of different detector technologies,
all aiming to observe dark matter particles via their scattering off nuclei in their detectors.
In the last few years, many direct DM projects have probed with increasing sensitivity the
mass-cross section parameter space for DM-nucleus elastic scattering in the so called “WIMP
mass region”[2]. Most of these experiments are suitable for DM candidates with masses 2
30 GeV/c?, where the sensitivity gain is mainly driven by the exposure. Nevertheless, a number
of theoretical models favouring lighter dark matter candidates (e.g. [3, 4, 5, 6, 7]) have recently
moved the interest of the community to the mass region below 10 GeV/c?. As such light dark
matter particles produce only very low-energy nuclear recoils (below keV), the challenge for
their detection is to achieve a sufficiently low threshold in terms of recoil energy, with enough
background discrimination at these low energies. Cryogenic experiments currently provide the
best sensitivity for light dark matter particles, with the CRESST-II [8, 10] experiment advancing
to the sub-GeV/c? dark matter particle mass regime.

2 Detector principle

Cryogenic detectors are low-temperature (~ 10 - 20 mK) calorimeters that measure the energy
deposited in an absorber material by an interacting particle as an increase of temperature in
an appropriate temperature sensor. Experiments based on this type of detectors developed
strategies to distinguish background from a possible dark matter signal on an event-by-event
base.

The CRESST target consists of scintillating CaWOy crystals (phonon detectors). Each inter-
action in CaWQy produces a phonon signal in the target crystal, yielding a precise energy
measurement (approximately independent of the type of interacting particle), and a light signal
that is measured by a secondary independent cryogenic calorimeter (light detector) allowing for
particle identification [11, 12]. A phonon detector and the corresponding light detector form a
so-called detector module.

Both, phonon and light detectors are read out via tungsten transition edge sensors (TES) and
are equipped with a heater to stabilize the temperature in their operating point in the transition
between normal and superconducting state. The heater is also used to inject pulses which are
needed for the energy calibration and for the determination of the energy threshold.

3 The CRESST Setup at LNGS

The main part of the facility at LNGS is a cryostat, whose design had to combine the re-
quirements of low temperature with those of low background. As can be seen in Fig. 1, the
dilution unit of the cryostat and the dewars containing cryogenic liquids do not extend into the
experimental area.

The low temperatures are provided by a 3He-*He dilution refrigerator and transferred to
the detectors via a 1.3 m long copper cold finger. The detectors are arranged in a common
support structure, the so-called carousel, and mounted inside the cold boxr which consists of
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Figure 1: Schematic drawing of the CRESST setup. A cold finger (CF) links the cryostat (CR)
to the experimental volume, where the detectors are arranged in a common support structure,
the so called carousel (CA). This volume is surrounded by layers of shielding from copper (CU),
lead (PB), and polyethylene (PE). The copper and lead shieldings are additionally enclosed in a
radon box (RB). An active muon veto (MV) tags events which are induced by cosmic radiation.

five concentric radiation shields surrounding the experimental volume and the cold finger. Two
internal cold shields consisting of low-level lead are attached to the mixing chamber (~ 10 mK)
and to a thermal radiation shield at ~ 77 K, respectively, in order to block any line-of-sight
from the non-radio-pure parts of the dilution refrigerator to the detectors inside the cold box.
The cold box is surrounded by several layers of shielding against the main types of background
radiation: layers of highly pure copper and lead shield against y-rays, while polyethylene serves
as a moderator for neutrons. The inner layers of shielding are contained in a gas tight box to
prevent radon from penetrating them. In addition, an active muon veto using plastic scintillator
panels is installed to tag muons. The veto surrounds the lead and copper shielding and covers
98.7 % of the solid angle around the detectors, a small hole on top is necessary to leave space
for the cryostat.

4 Results from CRESST-II Phase 2

CRESST-II Phase 2 operated form July 2013 to August 2015. The DM data acquired in the two
years of measurement time was accompanied by calibrations with 122keV v-rays (>’ Co-source),
high-energy 7-rays (2*?Th-source) and neutrons (AmBe-source).

The results of this Run were published in two steps [8, 10], reporting the results obtained
with two modules, TUM40 and Lise. These modules set leading limits on the spin-independent
cross section for elastic DM-nucleon scattering, see Fig. 4. The results of TUM40, the detector
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Figure 2: Fraction of heater pulses triggering, injected with discrete energies Fji,j. The error
bars indicate the statistical (binomial) uncertainty at the respective energy. The solid red curve
is a fit with the sum of a scaled error function and a constant pile-up probability ppile-up (blue
dashed line). The fit yields an energy threshold of Ei, = (307.3 £ 3.6)eV and a width of
o= (82.0+4.2)eV.

module with the best overall performance in terms of background level, trigger threshold and
background rejection, were presented in 2014. This non-blind analysis proved that CRESST-
IT detectors provide reliable data for recoil energies down to the threshold of 0.6 keV [8]. As
a consequence of this observation, the trigger thresholds of several detectors were optimized,
achieving the lowest value of 0.3 keV with the module Lise. The results obtained from 52.2
kg-days of data taken with the module Lise with its threshold set at 0.3 keV are reported in [8].
It has to be stressed that the lower threshold of Lise (and TUM40) is neither connected to the
holding concept, nor to the intrinsic background level of the crystal, but arises from a superior
performance of the phonon sensor.

The threshold of the detector is determined directly by injecting low-energy heater pulses
with a shape similar to pulses induced by particle interactions and measuring the fraction causing
a trigger. The result of this dedicated measurement is illustrated in Fig. 2. The methods used
for the analysis of the data are thoroughly described and discussed in [8, 10] and references
therein. A blind analysis was carried out by first defining a statistically insignificant part of the
data set as a training set, on which all methods of data preparation and selection are developed,
that are then applied blindly without any change to the final data set. The validity of this
approach is exhaustively discussed in [10]. The survival probability of the signal in the data
selection is determined by performing the cuts on a set of artificial pulses with discrete energies.
The fraction of signals with a certain simulated energy passing each cut yields the respective
survival probability. All events surviving the selection criteria, corresponding to the 52.2 kg-days
of exposure of the detector Lise, are presented in Fig. 3 in the light yield - energy plane. The
light yield is defined for every event as the ratio of light to phonon signal. Electron recoils have a
light yield set to one by calibration (at 122 keV). Nuclear recoils produce less light than electron
recoils. The reduction is quantified by the quenching factors for the respective target nuclei,
which are precisely known from dedicated independent measurements [9]. In Fig. 3 the solid
blue lines mark the 90% upper and lower boundaries of the e~ /+-band, with 80 % of electron
recoil events expected in between. From this band, with the knowledge of the quenching factors
for the different nuclei present in the target material, the nuclear recoil bands for scatterings
off tungsten, calcium and oxygen (respectively solid green, not shown and solid red in Fig. 3)
can be analytically calculated. The e~ /+-band exhibits two prominent features, a double-peak
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Figure 3: Data taken with the detector module Lise depicted in the light yield - energy plane.
The solid lines mark the 90 % upper and lower boundaries of the e~ /y-band (blue), the band for
recoils off oxygen (red) and off tungsten (green). The upper boundary of the acceptance region
(yellow area) is set to the middle of the oxygen band (dashed dotted red), the lower one to the
99.5 % lower boundary of the tungsten band. Events therein are additionally highlighted in red.

at ~ 6 keV originating from an external °Fe-source and a -decay spectrum from an intrinsic
contamination of the crystal with 21°Pb starting at 46.5 keV. The acceptance region for the dark
matter analysis (yellow region in Fig. 3) extends in energy from the threshold of 307 eV to 40
keV and in light yield the from the 99.5 % lower boundary of the tungsten band to the center
of the oxygen band (dashed-dotted red line in Fig. 3).

For the calculation of the exclusion limit all events inside the acceptance region (highlighted
in red) are considered as potential signal events. This assumption is extremely conservative
due to the clear large leakage of e~ /v-events into the acceptance region, which is caused by the
limited resolution of the light detector in use in this detector module. Using the Yellin optimum
interval method [13, 14] to calculate an upper limit with 90 % confidence level on the elastic
spin-independent interaction cross-section of dark matter particles with nucleons, the exclusion
limit resulting from the blind analysis reported in [10] is drawn in solid red in figure 4. For dark
matter particle masses higher than 5 GeV/c? this module does not have a competitive sensitivity
due to the large number of background events present in the acceptance region. However, for
dark matter particles lighter than 2 GeV/c? we explore new regions of the parameter space.
The improvement with respect to the 2014 result [8] (red dashed line) is due to the significantly
lower threshold of the detector Lise and to the almost constant background level down to the
threshold. The result for the first time extends the reach of direct dark matter searches to dark
matter particle masses down to 0.5 GeV/c?.

5 From CRESST-II to CRESST-III
The results of CRESST-II and the growing interest in the scientific community to explore DM

regions different from the WIMP parameter space moved the focus of CRESST to explore the
low DM mass part of the parameter space. The sensitivity in this region is dominated by the
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Figure 4: Parameter space for elastic spin-independent dark matter-nucleon scattering. The
result from the analysis presented in [10] is drawn in solid red together with the expected
sensitivity (1o confidence level (C.L.)) from a data-driven background-only model (light red
band). The remaining red lines correspond to previous CRESST-II limits [8, 15]. The favored
parameter space reported by CRESST-II phase 1 [16], CDMS-Si [17] and CoGeNT [18] are
drawn as shaded regions. For comparison, exclusion limits (90 % C.L.) of the liquid noble gas
experiments [19, 20, 21] are depicted in blue, from germanium and silicon based experiments
in green [22, 23, 24, 25, 26]. In the gray area coherent neutrino nucleus scattering, dominantly
from solar neutrinos, will be an irreducible background for a CaWQy4-based dark matter search
experiment [27].

performances (threshold) of the detectors. This is related to the fact that the spectrum of DM
interaction for a given target material becomes steeper as the mass decreases. The amount of
events that drops below a given threshold thus increases for lower DM masses. As a consequence
lowering the threshold of the detectors open the access to parameters space regions that are
strongly suppressed for higher threshold detectors. CRESST-II set a new state of the art for
low threshold DM exploration opening the way to the exploration of sub GeV DM candidates.

The evolution of the CRESST performance during CRESST-II is related mainly to the
evolution of the TES sensors. Further improvements can be obtained acting also on the design
of the detector. One relevant parameter is the size of the absorber crystal, that is proportional
to the density of athermal phonos generated by a given energy release. Reducing the volume
of the crystal the density of phonons increases giving rise to a better phonon collection. If the
noise is dominated by non thermal effects (electronic chain, DAQ, etc.) the S/N will increase
consequently improving the achievable threshold.

Following these considerations, a new detector module with a ~ 24 ¢ CaWQ, absorber crystal
was developed to replace the ~ 200-250 g crystals used in CRESST-II. In fig 5 a schematic view
of the new CRESST module and a picture of one of the CRESST-III detectors are shown. The
goal for this setup is to increase the sensitivity of about an order of magnitude in cross section
exploring the full region between ~ 7 and 0.5 GeV at the level of 1074! em? (107 pb). A more
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Figure 5: 24 g CRESST-III module. Left: picture of the module during preparation of Phase
1, with one of the side copper shields open. The CaWOy crystal (with the TES) and the light
detector, both held by crystal sticks, are clearly visible inside the reflecting enclosure. Right :
schematic sketch of the detector module.

detailed plan of the CRESST-III strategy can be found in [29] with a discussion of the needed
performances to achieve the planned sensitivities. A conservative goal threshold of 100 eV has
been set for the CRESST-III phase 1 detectors.

5.1 CRESST-III Phase 1

CRESST-IIT Phase 1 is an array of 10 modules, for a total mass of ~ 240 g of CaWQ,. Seven
of these crystals are of CRESST-II quality [28] , while three are CaWOy crystal of improved
quality. The latter are grown in the crystal growth facility at TUM (Technische Universitét
Miinchen) from raw material which was purified by an extensive chemical treatment. Each of
the modules requires three read-out channels. One is connected to the phonon detector (CaWO,
absorber), one to the light detector and one to the instrumented holding sticks. Thelatter are
implemented to veto possible events in the holding sticks themselves. The sticks of each holding
system are purposely connected to a single SQUID to minimise the need of read out channels.

The CRESST cryostat was cooled down in May 2016. The cool down was followed by the
commissioning of the detectors, a first brief gamma calibration needed for a first estimate of the
detector sensitivity, a short period of data (~ 300 h) to gain a first understanding of detector
performance and a second extensive gamma calibration. The latter was required to collect a
large statistical samples of particle pulses needed for the subsequent analysis of the data and
for a precise determination of the calibration factors for the different detectors in their final
operating points. Since October the experiment is collecting dark matter data.

With a net exposure of 50 kg days we anticipate a significant progress in the exploration
of the low-mass regime with an expected sensitivity shown in figure 6 assuming crystals of
CRESST-II radiopurity. The reachable sensitivity is shown for for a threshold of 100 eV on 10
modules of TUM-40 quality.
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Figure 6: Sensitivity of CRESST-3 Phase 1. The reachable sensitivity is estimated for a threshold
of 100 eV on 10 modules of TUM-40 quality.

6 Conclusions and Outlook

With an exposure of 52 kg live days and a threshold of 307 eV for nuclear recoils we obtain in
[10] an unprecedented sensitivity for light dark matter, probing a new region of parameter space
for dark matter particles of masses below 2 GeV/c?, previously not covered in direct detection
searches. With the results obtained we extend the reach of direct dark matter searches to the
sub-GeV/c? region and we prove that a low energy threshold is the key requirement to achieve
sensitivity to dark matter particles of 1 GeV/c? and below.

CRESST-IIT Phase 1, currently taking data at Laboratori Nazionali del Gran Sasso, with a goal
threshold of 100 eV will improve the sensitivity of about an order of magnitude, shading light
on a so far unexplored part of the DM parameter space.
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CUORE (Cryogenic Underground Observatory for Rare Events) is an experiment which
aims to achieve a half-life sensitivity of 1026 years for neutrinoless double beta decay (0v33
decay) in 13°Te using cryogenic bolometry. Ov33 decay is one of the most sensitive probes
for physics beyond the Standard Model, providing unique information on the nature of
neutrinos. With this sensitivity we will begin to explore the inverted hierarchy region of
neutrino masses. The detector consists of a close-packed array of TeOs crystals containing
~206 kg of 139Te in total which will be cooled to an operating temperature of ~10 mK inside
a large, dedicated cryostat.

In the enclosed report we summarize the activities of the collaboration in the past year at
LNGS. It has been a productive period for CUORE in which we have successfully completed
the critical installation and stable cool-down phases and are now at the cusp of starting the

scientific mission of the experiment.
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I. CUORE DETECTOR OVERVIEW

The CUORE detector consists of 988 ultra-radiopure TeO» crystals arranged into 19 identical
towers. Each crystal is a state-of-the-art cryogenic bolometer that serves as both the source and
detector of 0v33 decay in 30Te. Each tower consists of 52 crystals held inside a copper structure
by teflon (PDFE) brackets in an arrangement of 13 four-crystal floors as shown in Fig. (1).

A neutron transmutation doped (NTD) germanium thermistor and a joule heater are glued
to one face of each crystal. The thermistors measure the pyK-scale temperature fluctuations due
to particle interactions with the crystal while the heaters provide a calibrated pulse of energy
to the crystal for diagnostic an analysis purposes. These sensors are wire-bonded directly to
readout ribbons held by copper trays fixed to the tower structure. All copper components directly
facing the crystals were cleaned using an aggressive and intricate cleaning procedure developed
and executed at Legnaro National Laboratory (LNL). To minimize recontamination of components
during subsequent handling, all the towers were constructed in dedicated fluxed glove boxes for
each assembly step.

In 2016, the installation phase was completed and the detector will now embark upon its scien-

tific mission.

FIG. 1: Detailed view of the components of a single CUORE tower.

II. END OF CUORE CRYOSTAT COMMISSIONING

In early 2016, we successfully completed the commissioning of the Cryogenic Underground
Observatory for Rare Events (CUORE) cryostat with the “Run 4” cooldown. During this run, we
operated an 8 channel “Mini-Tower” at 10 mK. In terms of the cryogenic performance, the primary
takeaway message of Run 4 was the need to minimize vibrations on the Main Support Plate (MSP),
and we spent much of 2017 achieving this.

Prior to Run 4, the motor heads and the flex-lines were resting on the MSP and were transferring
part of their vibrational energy to the cryostat. We re-routed the high-pressure helium lines such
that they do not touch the MSP at any point. These lines now run along the inside of the Faraday
Cage (FC) and drop down to their respective motor-heads without touching the MSP (see Figs. 2a

and 2b). We switched to a combination of rigid and flexible lines inside the FC and all of them are
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covered with neoprene sheets to reduce the ambient acoustic noise. We suspended the motor-heads
from the ceiling so that they do not touch the MSP. We use ceramic isolators on the flex-lines to
isolate their grounding from the FC. Outside the FC, the flex-lines pass through a custom made
sandbox (Fig. 2c) to reduce the transmitted vibration from the pulse tube compressors on the
ground floor of the CUORE hut.

We also modified the pumping system of the Dilution Unit (DU) to minimize vibrations to the
cryostat. We installed a double gimbal movement joint on the Still pumping line to mitigate the
vibrations originating from the Roots and the Turbo vacuum pumps. Further, we rigidly coupled

the cryostat to the MSP to increasing its inertia to mechanical movements.

(b) (c)

FIG. 2: (a) Layout of the flex-lines inside the FC. (b) High-pressure helium lines from the
compressors running along the roof of the Faraday cage on the 2nd floor of CUORE hut. (c¢) All
high-pressure lines pass through a sandbox at the ground floor to dampen vibrations from the

COIMPressors.

During Run 4, we also had to deal with the blockage of one of the two condensing lines in the

DU circulation unit. We are not sure of the exact cause, but some burnt residue was found on
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the exhaust side of the Roots pump, possibly indicating the presence of hydrocarbon/hydrogen.We
have replaced the faulty pump and installed an inline gas filter for the helium circulation line. This
should prevent a small amount of impurity in the gas circulation line from choking the circulation
in the future.

In preparation for the detector cooldown, we re-cleaned the vacuum vessels (300 K and 4 K
vessels) and the radiation shields (shields at 40K, 600 mK and 50 mK stages). We rinsed the
surfaces with ultra-clean water to remove dirt and oil and then chemically etched the copper
surfaces with a combination of 5% citric acid and 5% hydrogen peroxide solution. This cleaning
resulted in visibly shinier surfaces which have the added benefit of reflecting radiation and helping
to reduce the heat load on the inner vessels. Figure 3 shows the 50 mK vessel before and after
the cleaning procedure. We also replaced the super-insulation on the 40K and 4 K stage thermal

shields.

FIG. 3: Radiation shield at 50 mK stage, before (left) and after (right) the chemical etching.

III. DETECTOR CALIBRATION COMMISSIONING

The CUORE Detector Calibration System (DCS) deploys radioactive sources through the
CUORE shielding and places them close to the detectors in order to calibrate each bolometer
in the array. This requires moving the sources from room temperature into the 10 mK environment
without disrupting the detector operation. Key features of this system include the active cooling
through a mechanical squeezing contact at 4 K, motion of the lightweight source string under grav-
ity to minimize friction and frictional heating, and the construction from pure and clean materials.

The detector calibration group, lead by the Yale group, completed commissioning of this system
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in early 2016 during Run 4 and published a detailed technical report in NIM (Nucl. Instrum.
Methods A 844, 32-44 (2017)).

During Run 4, we performed a full system test of the DCS. We successfully deployed all source
strings and then extracted them, without raising the cryostat base temperature above 10 mK.
We did see the base temperature increase during string deployment, but since the temperature
never exceeded the expected operating temperature of the CUORE detector, this warming can
be absorbed by a temperature stabilization system. Thus, we have verified that the calibration
system has the ability to perform a full calibration sequence without affecting the temperature and
operation of the detectors.

There are 12 source strings in total, split into 6 inner strings between the detector towers
and and 6 outer strings surrounding the detector array. We began by testing individual inner
strings to study the response of the cryostat to the warm calibration sources. We found that a
“precooling” process of leaving the calibration sources overnight in tubes with a thermal gradient
from 300K to 4 K was very effective at removing heat from the sources. This, coupled with our
active thermalization system at 4 K, allowed us to lower the source strings until they reached the
mixing chamber level with only minimal effect on the cryostat base temperature. Once the strings
passed this point, their effect on the cryostat increased significantly, and we found that we must
lower one inner string at a time in this most sensitive region, a process that takes approximately 2
hours (see Fig. 4). Once this was established, we were able to develop more complete deployment
plans, such that we are able to deploy all 12 calibration strings in under 24 hours, meeting our
design goals for the experiment.

During source extraction, the heat load on the cryostat is almost entirely due to friction. This
limits the speed with which we can extract a string to 10 mm/minute for the inner strings and
15 mm/minute for the outer strings. We extract the strings in pairs, one inner and one outer string
at a time. We can begin to extract the next pair of strings when the previous pair is above the mix-
ing chamber. In the warmer parts of the cryostat, extraction can continue at significantly greater
speeds without impacting the base temperature. A 12-string, 16-hour extraction is represented in

Fig. 5.

IV. RADON ABATEMENT AND CLEAN ROOM

To maintain radiopurity during detector construction, the CUORE towers were assembled and

stored in a nitrogen atmosphere. Given that such an arrangement would not have been possible
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FIG. 4: Cryostat base temperature and string position during a full inner-string deployment.
Downward motion is in the positive direction. Two regions are identified; the first consists of
progressively longer thermalizer squeezes while the bottom of the string moves from the 4 K
cryostat plate to the 10 mK plate, and the second is the movement of the string through the

10 mK plate to its final deployment position.
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FIG. 5: Cryostat base temperature and string positions during a 12-string extraction. The 12
downward-going black lines represent the positions of the 12 strings (upward motion is in the
negative direction). In this procedure, the strings were extracted from their deployment positions
to their precooling positions near the 4 K plate. Horizontal segments in the lines representing the
string positions correspond to periods of no motion to observe the temperature response and

recovery time of the cryostat.

for installing the detector onto the CUORE cryostat, a temporary higher-specification cleanroom
(CR6) with a radon-free air supply was erected within cleanroom 5 (CR5) around the CUORE
cryostat. Installation was carried out over the course of a week in June 2016 by Joe Wallig, Tyler
Sipla, and Alexey Drobizhev of LBNL/UC Berkeley.

Cleanroom 6 consists of a sealed tent-like structure of thick plastic sheeting on an aluminum
frame. To improve cleanliness, a stainless steel floor backed with plastic sheeting was laid on top of
the original tile floor. The plexiglass and aluminum door features a floor sweep and an interlocking
hand-through port and a vestibule of the same sheet and frame construction is set up between the

doors to CR5 and CRBG, creating a space in which assembly workers wait for air to re-circulate
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(a)
(b)
FIG. 6: (a) Drawing of the CR6 cleanroom within the CR5 cleanroom (b) Radon concentration
in CR6 as a function of time as measured at the GERDA Radon cleanroom. Concentrations of

218Po (blue) and 2'4Po (red).

before entering the clean area. A second point of access is a zipper in the plastic sheeting on the
side of CR6, aligned with a large double door leading to an adjacent cleanroom (CR4), in which
detector towers and shield components were stored. All necessary cables, hoses, and nitrogen lines

are brought in through sealed feedthroughs in the plastic walls.

The air to CR6 is provided by the Radon Abatement System (RAS), entering through a port
near the ceiling. Measurement of the radon levels is performed with the GERDA experiment’s
radon monitor, which allowed for feedback on the order of minutes. Circulation and filtration
of air within CR6 is carried out by two Envirco IsoClean HEPA filter cabinets retrofitted with
cleaner Teflon-based ULPA filters. CR5’s standard air handlers are disabled, with the HEPA
filters sealed off to prevent the entry of radon-containing air. One of the two cabinets is fitted
with a heat exchanger and connected to a chiller, helping to keep ambient temperatures lower
during work. Enabling the RAS reduces the radon levels inside CR6 from the background value of
30000-40000 mBq/m? to a stable baseline of 10 mBq/m? in about 7 h.

CR6 was used throughout assembly operations. In early October 2016, it was dismounted to
allow for opening of the CR5 floor hatch and closing the CUORE cryostat. Instead of returning to
standard CR5 operations, a compromise arrangement was set up where gaps in CR5’s walls and
floor were sealed with plastic, the CR6 door and vestibule were kept in place (rotated 90 deg.),
and air handling remained on the CR6 RAS and ULPA cabinets. This setup limited radon levels

to around 50 mBq/m?.
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V. DETECTOR INSTALLATION

The CUORE detector was installed onto the tower support plate (TSP) in the cryostat between
August and September 2016. The installation required the physical mounting of each of the 19
towers and the routing of the Cu-PEN cabling, to the Junction Boxes which then carry the electrical
signals to the room temperature readout. In the months before the actual mounting, we tested the

procedure with a full size mock-up tower.

The installation was performed inside the CR6 clean room. The towers were exposed to CR6
atmosphere for the smallest possible amount of time, typically about 1 hour per installation ses-
sion, and then enclosed in a dedicated bag and flushed with nitrogen. During installation, three
operators working inside CR6 wore clean room compliant garments and adopted a number of pro-
cedures to guarantee that the most critical operations were performed with fresh new tools. During
installation, the operators used these tools and never themselves came into direct contact with any
part of the detector assembly directly exposed to the sensitive TeOs crystals.

A number of pre-installation checks were performed on each tower to guarantee the structural
integrity of the modules and of the copper threads and screws that mechanically connect each
tower to the TSP. During installation of one tower, one of the mounting screws became stripped,
but due to the precautions could be dismounted, repaired and re-installed without damage to the
detectors.

Each tower was checked for electrical integrity before and during the installation, and was
continuously monitored during installation of all the following towers using dedicated electronics
boards. No thermistors were lost or damaged during installation.

The organization of the man-power was key to the success of the detector installation. We
created an installation team, consisting of five physicists and technicians, three of which were
working inside CR6 at any given time. A support team was responsible for the maintenance of CR6
and installation tools. They also handled moving the towers (still in their flushed storage boxes)
between the storage area and the installation area. A monitoring team continuously monitored
the status of all subsystems (anti-radon and monitoring, environmental control, nitrogen flushing,
etc.) Finally, a rescue team was always ready to take over from the installation team in case of a
problem on a tower or detector emergency.

Each installation session averaged around 3 hours for a single tower. During the session, operator
could not enter or leave CR6 until the detector was closed safe inside the nitrogen flushed bag. (Of

course, procedures for an emergency were in place and understood by everyone involved.)
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After the detector was fully installed, several ancillary components were mounted, and the

detector was closed into a nitrogen flushed bag to await cryostat closing.

VI. CUORE COOLDOWN TO BASE OPERATING TEMPERATURE

We closed the cryostat immediately after the successful installation of both the detectors and
the 10 mK shield. We then started the cooldown process in the first week of December 2016. We
confirmed that there were no leaks in the vacuum vessels nor the dilution unit and proceeded with
the cooldown process with the Pulse tube coolers, assisted with the Fast Cooling System (FCS).
The cooldown to the base temperature was uneventful except for two interruptions where we were
obliged to stop the cooldown for few days. The first hiatus was when the system had already
reached a temperature of 20 K. We observed a leak in our 3He / *He gas handling unit. The repair
took us about a week, after which we continued with the cool-down. Soon after we put a hold on the
cooldown to debug our front-end electronics and the Data Acquisition System (DAQ) subsystem.
The break was a prolonged one, but extremely fruitful. It allowed us to identify the sources of
noise which were not related to the thermal effects of the detectors. Once we were satisfied with
the level of the electronics noise, we continued with the cooldown to the base temperature. We
reached a base temperature of ~8 mK in January 2017. Figure 7 shows the temperature of the

10 mK stage, where the detectors are thermalized, during the cooldown.

FIG. 7: Temperature of the 10 mK stage, where the detectors are thermalized, during the

cooldown.
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VII. ELECTRONICS FRONT-END COMMISSIONING

The goal of the electronics is to provide an effective low-noise system for reading and monitoring
CUORE detectors. It interfaces to the CUORE DAQ which records the data and provides a link
with the slow-control and data analysis tools. During early 2016 all the pre-installation tests were
concluded and installation of the FC, we proceeded with on-site installation and commissioning of
the electronics system.

We installed the electronic instrumentation on the second floor of the CUORE hut in Hall A.
The front-end electronics (pre-amplifiers, main-boards and their linear-power supplies) and pulser
boards were placed inside the FC, on top of the Y-beam supporting the cryostat, arranged in 7
fully autonomous racks. The electronics were arranged to maximize the ease of future intervention
and to leave room for cryostat operations. The back-end electronics (Bessel filters and DAQ)
were installed outside of the FC, next to the power supply racks which provide the power to all
the electronics. The optical fiber drivers for CANbus communication to the electronics were also
installed out of the FC, attached to the wall of the room, inside custom metal boxes.

The mapping of the complete detector cabling links were continuously tested during installation
with automated scripts, allowing us to debug and promptly correct any possible hardware mapping
error. A similar procedure was used to test all the cabling from the cryostat to the front-end.
With a custom designed system, we measured inter-channel insulation and wire continuity and
shorts. A database was compiled with all the measurement results. We benchmarked FC shielding
effectiveness, and showed it provided adequate rejection of an artificial 50 Hz noise source applied
outside the wall of the cage.

After installation we tested and debugged the communication between DAQ and the electronic
front-end, and corrected any software-side and firmware-side communication errors. The commis-
sioning of the electronics continued with on-site optimization of the setup, noise and other front-
end parameters, using automatic tools developed for this purpose. The electronics installation and

commissioning phase was completed on schedule.

VIII. DATA ACQUISITION COMMISSIONING

The CUORE DAQ was installed on the second floor of the CUORE hut in June 2016. It is
composed of 64 NI-PXI-6284 digitizer boards, for a total of 1024 analog input channels. The

digitizer boards are hosted in six PXI chassis that are contained in two rack cabinets (3 chassis
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each). These two cabinets also contain passive interface boards used to match the cable connections
between the Bessel and the digitizer boards. A third rack cabinet hosts the six computers dedicated
to the data readout (one per chassis) and the event builder computer. The data acquisition and
electronics control hardware and software were tested and debugged in the last months 2016, and
they were ready to use since the beginning of the CUORE detector operation. The full debugging

of the DAQ continued into 2017 once the detector channels reached base temperature.

IX. ONLINE MONITORING

CUORE Online/Offline Run Control (CORC), developed by the University of California, Berke-
ley (UCB) and Lawrence Berkeley National Labs (LBNL) groups, and Slow Monitoring (SM), de-
veloped by the Massachusetts Institute of Technology (MIT) group, are high-level interfaces for
monitoring the detector parameters and cryostat operations data. The underlying backend is a
Python-based web server utilizing MongoDB for database storage. This past year saw several
upgrades to the backend software. MongoDB was upgraded from an older version which brought
improved access times and a different storage engine that includes data compression, which allows
for the use of less disk space when storing both data and index keys. The existing replica set was
converted to this new format without any significant issue. The CORC/SM web page itself also
underwent many significant upgrades to its underlying javascript libraries. Many of these libraries
were initially still in the version they were from 2014, and two were customized in a way that made
direct upgrades impossible. The APIs for several of these libraries underwent non-trivial changes
that necessitated rewriting parts of the CORC webpage code. The result of this is a page that has
improved responsiveness, is more secure, and handles timestamps in a more unified fashion.

Due to the software library upgrades portions of the SM code needed to be rewritten as well.
It was discovered during the installation shifts that the pre-existing codebase contained several
serious bugs related to handling timestamps. These affected time-zone dependent queries to the
database for data spanning greater than a month. In order to avoid this, the SM time code was
rewritten to use unix timestamps everywhere possible, only converting to dates for human-readable
display purposes. After all the timestamp based upgrades were completed, together with the library
updates, the entirety of the CORC/SM page was unified to use CET/CEST for its default time
zone, and uses unix timestamps for internal queries from the database.

In order to aid in the use of quick overviews of the cryostat performance, the SM pages have

an overview page which displays selected plots of various cryostat parameters. Great effort was
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spent making these overview plots easier to read and the interface more user friendly. To prevent
a plethora of plots from appearing on the SM front page, a new user permission was added which

allows only certain users to create or edit the overview plots.

Another large item completed in 2016 was the alarms feature. Now alarms can be created by
any user, and multiple users may subscribe to the same alarm. Users with a special permission are
able to add alarms to alarm groups, which may be created for specific purposes and contain alarms
common to that purpose. Any user may then subscribe to any alarm group. Membership to an
alarm group will automatically subscribe a user to all the alarms belonging to that group. The
alarm checks are performed with each update to the database (approximately once a minute). They
are currently implemented as simple min/max alarms in which the current value for a component
must be between the minimum and maximum value. If the component value is outside this range
the alarm will be triggered. A triggered alarm will first email all users that are subscribed to
it, and then if the alarm belongs to an alarm group it will use a dial-up phone modem installed
underground to call users sequentially where it will then speak a simple alarm message meant to
draw attention to the fact an alarm is currently active. On the webpage users have the ability to
snooze an alarm for a specified amount of time in order to suspend further notifications while fixing
the alarm condition, or they may acknowledge and dismiss the alarm if it is fixed. The alarms
were successfully tested in early December of 2016 and further upgrades are planned to expand the
capability.

The CUORE network and the Slow Monitor system are monitored using Nagios, a system
implemented and supported by the INFN Bologna group. At the end of 2016 it monitored about
30 hosts and more than 200 services and processes. It promptly alerts in case of problems of the

systems related to the detector control and in case of interruptions in the slow-control data flow.

FIG. 8: Different CORC layouts. The tower view has 19 towers, with the standard 13 floors. All
other views have rows as channel and columns as board or slot. Top-left: Standard tower view.
Top-right: Front end board layout. Bottom-left: Digitizer board layout. Bottom-right: Bessel
filter board layout
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FIG. 9: (a) CUORE Fast Cooling Unit. (b) CUORE FCS complex layout.

X. FAST COOLING SYSTEM

A. The Fast Cooling System

Because of the large mass of CUORE experiment, the five Pulse Tubes (PT) alone are not
able to cool down the whole cryostat and its contents from room temperature down to 4K in an
acceptable time (~2 weeks). So, we designed a FCS to quickly pre-cool the CUORE IVC down
to 20-30K. While CUORE uses a set of 5 PT to provide cooling to the detector mass through
conduction, the FCS uses convection of *He to speed up this process. The CUORE FCS consists
of an external FCU with two main Heat Exchangers (HEX1 and HEX2), a third one outside the
FCU (see Fig. 9), three CRYOMECH AL600 Single Stage Gifford-McMahon cryocoolers, a “He
blower, double-walled pipes, a gas handling system and finally an automated FC Monitor & Control
System (FCMCS). The FCU is shown in Fig. 9.

In order to avoid any radioactive contaminants getting into the CUORE cryostat and onto the
detector, we put substantial effort to clean all the relevant parts. These operations required several
months of work during 2016. Since the Fast Cooling System injects *He into the Inner Vacuum
Chamber (IVC), the gas needs to match restrictive purity requirements. Although all the FCS
parts in contact with the *He gas have been cleaned, we add a He Filtering Module (FCFM) in

order to prevent unexpected contaminants from entering the cryostat.

During 2016, the FCS was completely disassembled and cleaned. The cleaning process was
performed in parallel at different facilities; the new tombaks, cryostat cold lines, the HEXO0, the
HEX1 and other components were cleaned in the BOREXINO cleaning facility. Several of these
tombaks are very long pipes up to 15m each, making the cleaning, rising and N9 drying process
difficult and long. The full cleaning procedure required several weeks. At the same time, the

FCS valves, the Inner Fast Cooling Chamber (IFC), the Flow Meter, and other smaller or delicate
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FIG. 10: Left: Run I FCS cooling down of CUORE Roman Lead and crystals.

pieces were cleaned in the Laboritori Nazionali del Gran Sasso (LNGS) Chemical Laboratory. We
installed a new HEX2 has during the cool down of CUORE. Since it has the strictest cleanliness
requirements, the IFC was been assembled inside the Xenon 1T Clean Room. Because of the large
mass of the heat exchanger (~ 700 kg), the full assembling procedure took more than a month and
required several weeks of planning and preparation before being able to use the facility. Afterward,
the HEX2 was instrumented with several thermometers before being carefully sealed back inside
the IFC vessel. We also made improvements to the FCS electronics and added a new rack to host
them on the second floor of the CUORE hut. Finally, the Helium Flow Safety System (HFSS) was
installed to prevent an overpressure inside the FCS and IVC.

On December 3, 2016, the FCS was switched on to prepare for the CUORE cooldown, which
started two days later on December 5. The FCS operated without incident for 13 days, cooling the
lead shielding down to ~50 K, and the crystals to ~100 K. See Fig. 10. The system was switched
off on December 15, 2016 after successfully cooling the CUORE detetor down, and the next stages
of the CUORE cooldown continued on.

B. Cryogeny Monitor and Control System

The CUORE Cryogeny Monitor & Control System (CMCS) is a LabVIEW-based software
package developed by the UNICLAM-LNGS Group (the LNGS Group from University of Cassino
and Southern Lazio). This software controls all the CUORE cryostat systems and interfaces to
the CORC/SM monitoring software. CMCS monitors and controls all of elements of the CUORE
Cryostat and associated systems by interfacing with each instrumentats own communication &

control protocols. It also performs the online analysis of all the relevant variables and generates
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time-ordered data files that are passed as an input to CORC/SM web interfaces. CMCS consists
of several monitor/control packages and GUISs, each of them focused either on a particular physical
variable (i.e. pressures, temperatures, fluxes, currents, status, etc.) or on a specific cooling system
(PT, FCS, DU).

During 2016, the effort has been to move all the monitoring and controlling VIs to a customized
National Instrument PXIe located inside the CUORE Cryogeny Rack. All the possible parameters,
related to the cryogenic apparatus, are now acquired by the PXIe which writes log files in its own
internal hard drive. The log files are continuously uploaded into the Slow Control Server as backup.

We also added various other optimizations and features to the software.

XI. COMPUTING INFRASTRUCTURE

We make use of three computing clusters for data analysis and Monte Carlo simulations. The
Unified LNGS IT Environment (U-LITE) at LNGS is the primary computing resource for CUORE.
U-LITE has 32 CPUs (64 cores) and 90 terabytes (TB) of storage dedicated to CUORE. In addition,
up to 400 cores are available when not in use by other experiments. CNAF and PDSF are secondary
computing clusters available for user analyses, code development, and other tests. These secondary
clusters are also used to backup the official CUORE data. CNAF, located in Bologna, Italy, has up
to 1500 cores available to CUORE and 170 TB of dedicated storage. PSDF, which is part of the
National Energy Research Scientific Computing Center (NERSC) located in Berkeley, California,
has up to 1536 cores available to CUORE and 30 TB of dedicated storage. CUORE has more than
100 TB of dedicated tape backup storage on the High Performance Storage System (HPSS) also
located at NERSC.

The CUORE DAQ collects about 50 GB of raw data per day. The data are automatically copied
from storage in the underground labs to the U-LITE computing center in the above ground labs
at LNGS. From there the collaboration begins the data analysis process. From the above ground
labs the data are copied to 2 backup sites: one at the CNAF computing center in Italy and the
second at NERSC HPSS in the USA.

We employ the open source relational database PostgreSQL to store and retrieve structured
objects used by the data acquisition system and analysis, and the document-oriented database
MongoDB to manage the diagnostics from the data analysis and the slow control. The master
PostgreSQL database is located in the main surface building at LNGS and is copied, with native
replication, to slave databases in the underground CUORE lab, to CNAF, and to the LBNL in
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Berkeley, California. The rare event where communication to the master database is lost triggers a
failover and the database located in the CUORE lab becomes the master to prevent interruptions
to data taking. The master MongoDB is also located in the main surface building at LNGS and is
natively replicated on slave databases located in the underground CUORE lab and at LBNL with
a similar failover system.

We use the version control system Git to manage the source code for CUORE data acquisition
and analysis, simulations, control systems, as well as drafts for journal articles and reports. We
host the CUORE Git repository on an Enterprise GitHub server located at the MIT that includes
issue tracking and online software documentation. We have also built a website that includes both
public and collaborator specific information on CUORE. The collaborator specific information
includes automatically generated Doxygen software documentation, author list generators, and

shift management.

XII. PAPERS PUBLISHED IN 2016

CUORE physics results in 2016 are related to the analysis of the CUORE-0 data collected from
March 2013 to March 2015 in Hall A, using the same cryostat that previously hosted CUORICINO.

A. Detector performance

In 2016, we published a technical paper on JINST, where we described the CUORE-0 detector
and its performance in detail. We presented the design of the new TeOs bolometers and described
the CUORE-0 detector components, the assembly technique, the electronic readout and data acqui-
sition. We highlighted the CUORE-0 results concerning bolometer reproducibility and uniformity,
energy resolution, and background rate.

The new CUORE-style assembly procedure exploited for CUORE-0 allowed us to improve the
uniformity of the bolometric performance. Figure 11 shows the distribution of measured base tem-
peratures for CUORE-0 and CUORICINO. The narrower spread seen in CUORE-0 is an indication
of the improvement in assembly uniformity.

The energy resolution of CUORE-0 was similarly improved over the performance of CUORI-
CINO. Figure 11 shows the distributions of the energy resolutions evaluated on the 2615 keV 2°8T1
photopeak in CUORICINO and CUORE-0, for each bolometer in each dataset (one-month-long
subset of data). The effective mean of the FWHM values in CUORE-0 is 4.9keV compared to
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FIG. 11: Left: Comparison of the base temperatures of the bolometers normalized to their
average temperature for CUORE-0 (red line) and CUORICINO (blue dashed line). Right:
Comparison of the distribution of the energy resolutions (FWHM) measured in calibration for

Cuoricino (blue dashed line) and CUORE-0 (red line).

5.8keV in Cuoricino. This demonstrated the CUORE goal of 5keV FWHM at 2.6 MeV.
We also demonstrated a decrease in the a background contributing to the region of interest
(ROI) from 0.110 4 0.001 cnts/(keV-kg-yr) to 0.016 + 0.001 cnts/(keV-kg-yr). This factor of 7

improvement is due to the improved material selection and assembly procedures developed for

CUORE. This result is consistent with the CUORE background goal of 0.01 cnts/(keV-kg-yr).

B. Analysis Techniques for the Evaluation of the Ovj33 decay Lifetime in '3°Te with
CUORE-0

The CUORE-0 results on the Ov33 decay lifetime of *Te were published in Physical Review
Letters (PRL) in September 2015. In 2016, we published in Physical Review C (PRC) a more
detailed paper describing the analysis techniques and methods used to obtain the lower bound
on the lifetime and the associated limit on the effective Majorana mass of the neutrino, reported
in PRL. In particular, we described the amplitude evaluation, thermal gain stabilization, energy
calibration methods, and the analysis event selection used to create our final spectrum. We outlined
the fitting methods near the hypothesized decay peak and catalogued the main sources of systematic
uncertainty. We highlighted a few improvements in the analysis techniques that improve the energy
resolution and allow to recover live time from channels without a working heater.

To improve energy resolution, we employed a new decorrelating optimum filter (DOF) that
accounts for noise correlations between neighboring bolometers. The distribution of amplitudes of

the noise pulses, see Fig. 12, are indicative of the amount of noise remaining after filtering.
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FIG. 12: Left: The distribution of amplitudes of the noise pulses collected from a single channel
during the physics data of a dataset from Campaign I. The channel presented is one where the
DOF performed well. The raw unfiltered RMS is 2.7mV (black dotted histogram); the RMS after
OF is 1.1mV (blue solid histogram); the RMS after DOF is 0.8 mV (red dashed histogram).
Right: Example of the calibration-TGS. The points are taken during the calibration runs for one
of the CUORE-0 datasets. The solid blue points have energies around the 2615 keV 2°8T1 peak
and are used for calibration-TGS. By regressing the measured amplitudes of these points against
the NTD voltage we can determine a stabilization curve (red dashed line) which is then applied

to the physics runs taken between calibrations.

The thermal gain stabilization (TGS) compensates slow variation in the gain of the bolometers
due to drifts of the operating temperature of the detector. We used a constant energy heater
pulser to inject fixed-energy reference pulses into each bolometer every 300s during each run.
We developed a new algorithm, called Calibration-TGS, which uses the 2615keV ~-line in the
calibration runs in lieu of the monoenergetic pulser to map the temperature-dependent gain. We
regress the gain dependence measured in the calibration runs (see Fig. 12) and use this to correct
the amplitudes of events in both the calibration and physics runs. This calibration-TGS allowed us
to recover about 80% of the lost exposure on the two bolometers with broken heaters. Additionally,

in cases of large temperature drifts, the calibration-TGS routinely outperformed the heater-TGS.

C. Measurement of the Two-Neutrino Double Beta Decay Half-life of '3°Te with the
CUORE-0 Experiment

We performed a Geant-4 based Monte Carlo study of the CUORE-0 background spectrum

and were able to measure the two-neutrino double beta (2v33) decay half-life of 13°Te. From an
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exposure of 33.4 kg-y of TeOgz, the half-life was determined to be Tf/”Q = [8.2 £ 0.2 (stat.) +
0.6 (syst.)] x 10?2 y. This result was obtained after a detailed reconstruction of the 57 sources
responsible for the CUORE-0 counting rate, with a specific study of those contributing to the °Te
OvfB decay region of interest. We published this in the European Physics Journal C (EPJC), and
it was chosen as the cover article for January 2017.

Figure 13 shows the fit result compared with the CUORE-0 spectrum of single multiplicity.
Compared to previous results obtained from MiDBD [6.1 & 1.4(stat.) 22 (syst.)] x 102 yr, from
CUORICINO, and from NEMO [7.0 + 0.9(stat.) & 1.1(syst.)] x 10%°yr, this is the most precise

measurement to date.
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FIG. 13: Left: CUORE-0 single multiplicity spectrum compared to the '3°Te 2v33 contribution
predicted by the reference fit and the radioactive source that has the strongest correlation with

2v3, 9K in Crystal bulk. Right: Sources contributing to background reconstruction.

Finally, Fig. 14 shows the region centered around the Ov3 decay ROI and the reconstructed

a vs non-a background components.
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FIG. 14: Background reconstruction in the Ov35 decay ROIL. Events due to alpha particles
(about 24% of the ROI background) are shown in red. All the other events are shown in blue.
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Isotopic enrichment and active background rejection are key features in the improvement of
the sensitivity of next generation ton-scale 53(0v) experiments. In the case of phonon detectors
these two requirements can be simultaneously matched by the use of scintillating bolometers.
This technique dates back to the ’90es and is used since many years by the CRESST experiment
to investigate Dark Matter interaction [1], its application to 55(0v) research is recent [2] and the
realization of the first kg-scale experiment discussed in this report (CUPID-0) is an important
milestone made possible only after several years of R&D, pursued under the ERC LUCIFER
grant that also funded the construction of the experiment [3]. While other scintillating crystals,
suitable for 83(0v) decay searches, have been considered and tested by our collaboration over
the years, in year 2016 all the man-power and the efforts of the collaboration were dedicated
to the CUPID-0 experiment. The main activities, their goals and achievements are discussed in
this report.

CUPID-0 is a ZnSe based experiment commissioned between the end of year 2016 and the
beginning of 2017 at Laboratori Nazionali del Gran Sasso (LNGS). The detector is an array of
26 ZnSe crystals, 24 made with 82Se enriched material, operated as scintillating bolometers. It
is the first S3(0v) experiment based on scintillating bolometers. Each crystal is instrumented to
read-out both the phonon and the scintillation-photon signals produced by particle traversing its
volume. Shape and amplitude of these signals are used to identify the interacting particle and
measure its energy deposition. The phonon signal drives the determination of the energy, the
light signal allows to discriminate highly ionizing particles like /v (including 53(0v) generated
Bs) from as and nuclear recoils. The array is operated at about 10 mK in the Oxford Instrument
dilution refrigerator formerly used by Cuoricino [4] and CUORE-0 [5].

The main physics goal of the experiment is the investigation of ¥2Se 83(0v) decay, signature
of the decay is a monochromatic line in the phonon signal, equivalent to an energy deposition of
2998 keV in the crystal (the 82Se Q-value [7]). Exploiting the particle discrimination capability
of the detector, events with a similar energy deposition but produced by « particles can be
rejected with high efficiency. The irreducible background will therefore derive from 3/ events,
and is expected to be of the order (or below) 1073 ¢/keV /kg/y. If successful, CUPID-0 would
open the way for a CUORE Upgrade with Particle Identification (CUPID) [8, 9].

1 Technique

The phonon signal recorded by CUORE [6] TeOg or by LUCIFER ZnSe bolometers is a nearly
thermal pulse (heat) almost completely blind to the particle species but extremely sensitive to
the total energy released by the particle in the bolometer volume. These devices features a high
density and good energy resolution, like semiconductor particle detectors, meanwhile offering
a higher flexibility in material choice. One of their most remarkable property is that different
crystals can use the same infrastructure, detector holder, read-out and cryogenic systems. In
our case this implies that most of the know-how developed in the framework of TeOsy bolometers
is of direct usage also for bolometers based on other crystal compounds. In order to preserve
its competitiveness in the field of 33(0v) research, today bolometers need to be complemented
with some active background suppression technique. Indeed, it is a generally accepted statement
that future 55(0v) experiments need to operate in a nearly zero background condition, since
sensitivity improvements cannot be based solely on mass increase [10, 2]. Particle identification
looks as the most promising technique: CUORE-0 data demonstrated that the major contri-
bution to the event rate in the 3 MeV region (namely where the 83(0v) line of several good
candidates, including ®2Se, should appear) comes from « particles [11]. These are produced
by radioactive contaminants (U, Th and their progenies) in the surfaces facing the bolometers.
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For the time being, this contamination appears almost irreducible and it is expected to be the
dominant source of event rate in the 55(0v) region of any bolometric experiment.

The read-out of a ionization signal, like the scintillation one, can clearly be the way-out for
the suppression of this « background. Indeed, for most scintillators, both amplitude and time
development of the light signal depend not only on the energy but also on the charge and mass
of the interacting particle. In scintillating bolometers, this characteristic can be exploited for
particle discrimination. The energy released by the particle in the crystal is accurately measured
by the heat signal, while the light signal (that subtracts a very small fraction of energy to the
thermal channel) is used for particle identification. The scintillation pulse is usually large enough
(a few keV or tens of keV depending on the crystal compound) to be easily detected with an
auxiliary bolometer, a Si or Ge thin wafer, equipped with a suitable phonon sensor.

A number of crystal compounds, containing a 55 candidate in their molecule and having
scintillating properties, have been tested so far. Examples are, ZnSe [12, 13], ZnMoOy [14, 15,
16, 17, 18, 19, 21|, LioaMoOy4 [22, 23], CAWO, [24]. Se and Mo based compounds appear the
most promising ones. Both are characterized by a Q-value of the 83 emitter (¥2Se and “°Mo)
that drops above the 2615keV 7-line of 2°8T1 namely the most energetic v line from natural
radioactivity with a relevant branching ratio. Both have today a technique that is mature for
the realization of a pilot experiment with enriched and radiopure material. The ZnSe one being
already running and discussed in this report, the MoLiO,4 that will come soon [25].

2 The first Zn®**Se array

The performances of Zn®2Se enriched crystals were investigated in early 2016. The first 3
enriched crystals from the LUCIFER production were assembled as a single column of CUPID-0
(see later for a detailed description of detector instrumentation and assembly). Each crystal
(a ZnSe cylinder, 4.4 cm in diameter and 5.5 cm in height) was equipped with a thermistor to
measure the heat signal and was faced on the top and bottom faces by a Ge light detector. A
reflective foil surrounding the lateral face of each cylinder was used for light collection. The
array was operated in the low temperature refrigerator of Hall C, LNGS. The results of this run
are here summarized (details can be found in [26]). The energy resolution on the heat signal
increases from a baseline FWHM of 7-20 keV to a FWHM of ~30 keV at few MeV. This energy
dependence cannot be accounted for by the statistic of phonons (neither considering the effect
of the statistical fluctuation of the produced photons) but it seems to be an intrinsic property of
the crystals (a worsening of the baseline resolution on 7 peaks is observed also in TeOg crystals,
but with a much smaller effect).

The light detectors performed quite well, with a baseline FWHM of 100 eV to be compared
with light signals from a 3 MeV /v or « of the order of 10-50 keV. As always observed in this
compound, the light collected from « particles is much higher than that produced by a /v
event of the same energy. There are however outliers in the « light yield distribution, namely «
for which the collected light is much lower than the average [12, 13, 27]. This still unexplained
effect spoils the efficiency of particle identification obtained from light to-heat-ratio.

On the contrary the shape of light pulses proved to be extremely powerful in discriminating
a from (/7 particles, and completely unaffected by the low light emission, as shown in Fig 1
where the data collected with one of the three enriched crystals in the ~530 h physics run are
shown. To compute the discrimination capability at the 53(0v) energy, we divided the o and
B/~ bands in intervals and made Gaussian fits to derive the mean value (x) and the standard
deviation (o) of the Shape Parameter in each interval. We fitted the energy dependence of p(E)
and o(E) with polynomial functions and defined the Discrimination Power (DP) as a function
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Figure 1: Shape parameter of a light detector as a function of the energy released in Zn®2Se-
1 (~530h). The red and blue lines indicate the 20 (continous) and 3o (dotted) /v and «
bands respectively. « events produced by the smeared Sm source (below 3MeV,..) and by
contaminations of the crystal bulk (peaks above 5MeV,.) can be easily rejected, in particular
in the region of interest for the 82Se 33(0v) (green lines). The other crystals showed similar
results. Inset: time development of light pulses produced by /7 (blue) and « (red) interactions
with energy of about 2.6 MeV.
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Figure 2: o region of the Zn®?Se array collected in 530h. The spectrum was energy-calibrated
using the nominal energy of the most prominent « peaks.

of the energy as:

1o (E) = p1py(E)]
DP(FE) =
() \/Ug(E) + 03, (E)

and found DP=12 at the 3?Se Q-value. The same analysis was made on the other two crystals,
obtaining a DP of 11 and 10 for Zn®2Se-2 and Zn®?Se-3 respectively.

The 530 h long physics run was used to evaluate the internal contamination of the crystals,
clearly identified from their a peaks (Fig. 2). These are reported in Table 1.

3 CUPID-0 Detector

CUPID-0 construction started in middle 2016. The detector (see Fig. 3) is an array of 26
ZnSe bolometers arranged in 5 columns that hung from a copper disk (detector support plate)
mechanically secured to the cold finger of the dilution refrigerator through an anti-vibration
suspension system. The array stands in the inner vacuum chamber of the cryostat.

A predominantly copper structure holds the detectors and provides the thermal link to the
refrigerator. Four out of the five columns comprise 5 ZnSe crystals (cylindrical in shape, with
a ~44 mm diameter and a variable height). One column houses 6 ZnSe crystals, these were
selected among those with shorter height in order to reduce to a minimum the difference among
column lenghts. Two ring-shaped copper frames connected by three cylindrical copper bars
make-up the single crystal holder and host the pins for the detector read-out (see Fig 4). Three
S-shaped PTFE spacers secure the crystal to the frame and avoid a direct thermal link between
the ZnSe bolometer and the copper structure. These modules are stacked one over the other,
interleaved with a Ge wafer that is used as light detector. The disk-shaped Ge wafers result
hence housed between two frames, each wafer simultaneously collecting light from the top and
bottom ZnSe crystal (with the exclusion of the wafers at the top and bottom of a column). To

o8



Table 1: Crystal contaminations in the isotopes of 238U and 232Th chains derived from the
analysis of the « region (see Figure 2). We made the same analysis on the energy spectrum
of each Zn®?Se bolometer to highlight differences among crystals. Isotopes with long half-lives,
that can break the secular equilibrium, are highlighted in bold type.

Zn®2Se-1  Zn®2Se-2  Zn®2Se-3 Array
[uBa/ke] [uBa/kg] [uBa/kg] [#Ba/ke]

232 13+4 13+ 4 <5 7T+ 2
228 32+ 7 30 + 6 22 + 4 26 + 2
224Ra 20 + 6 26 + 5 23+ 5 27+ 3
2124 31+ 6 31+ 6 23+ 5 29 + 3
28y 17+ 4 20+ 5 <10 10 + 2
BIU422Ra 42+ 7 30 + 6 23+ 5 33+ 4
230Th 18+ 5 19+ 5 17 + 4 18 + 3
218p, 20+ 5 24 + 5 21 £ 5 21 + 2
210pp 100 £ 11 250 + 17 100 + 12 150 + 8

Figure 3: CUPID-0 tower once connected to the dilution refrigerator.
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Figure 4: CUPID-0 single module.

avoid the loss of the scintillation photons from the side, a reflecting foil (3M Vikuiti) encloses
each ZnSe crystal on the lateral surface.

3.1 ZnSe crystals

ZnSe crystals were grown at the ISMA institute in Karkhiv (Ukraine) using the enriched sele-
nium produced by the URENCO Company and a specially selected high-purity zinc. Both the
synthesis of the ZnSe powder and the process of crystal growth were optimized by ISMA under
the supervision of the LUCIFER collaboration, focusing the efforts on the maximization of the
production yield and the improvement of quality, size and radioactivity of the crystals (for more
details see the LNGS Annual Report of year 2015). The ingots were found particularly brittle
when heated by the friction of mechanical operation, implying that operations like cut and pol-
ishing are extremely delicate. This motivated the choice of delivering the ingots to LNGS where
cut and polishing was done under controlled conditions. Starting from Spring 2016 a total of 26
crystals (24 enriched and 2 natural) were cut and lapped to dimensions and shape compatible
with the tower structure of the experiment.

Since not all the crystals were grown in the same type of crucible and some of the ingots
presented in-homogeneities and cracks, the final shape of the crystals is defined as the best
compromise between maximal mass and defect removal. The result is that only few crystals
have a really cylindrical shape. Cut (done with a precision diamond wire saw) and shaping
(done with commercial waterproof abrasive papers of different roughness) was done in normal
laboratory condition. Afterwards, all the crystals were treated in the underground clean room
of the Princeton University (class 1000, radon activity <0.2 Bq/m?3). Crystals were at first
washed with a water solution with 5% HF and later mechanically polished. The procedure
was optimized to remove about a layer of about 10 um, aiming at the removal of any possible
surface contamination created by the previous mechanical treatments meanwhile bringing the
crystal dimensions as close as possible to the required ones. The materials used in this phase
were exclusively those selected for the CUORE ultraclean polishing procedure [20]: the abrasive
powder (SiOy from Admatechs, product Admafine SO-E5, average particle diameter 1.5 pm),
the polishing pad (Buehler pads Nylon 40-7068), and ultrapure water (with Rn stripped by No
fluxing), selected ultra clean gloves and polyethylene sheets.

The final sizes and masses are shown in Fig. 5. The total mass of the 24 enriched crystals is
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Figure 5: Crystal (Xtal) masses (bar height) and mass of 2Se isotope for each crystal (blu bar
height) for CUPID-0 array. Crystals are grouped by column.

9.65 kg corresponding to 5.28 kg of 82Se. The two natural crystals have a total mass of 0.85 kg
corresponding to 40 g of 2Se.

3.2 ZnSe bolometers

In June 2016 each crystal was equipped with an NTD Ge thermistor (the temperature sensor)
and a Si heater. NTD stands for Neutron Transmutation Doping, this procedure implies the
exposure of a Ge wafer to a thermal neutron beam that creates, through neutron activation,
a very uniform density of dopants. If the metal to insulator transition is achieved, the heavily
doped germanium exhibits, at low temperature, a resistivity that is exponentially dependent on
the lattice temperature. Once doping is optimized for the desired operating temperature, these
devices become high sensitivity thermometers. Care have to be dedicated to the optimization
of the contact geometry (that influences the device resistance and temperature sensitivity, but
defines also the areas available for bonding and gluing) and the volume. The latter has to
be kept small enough to avoid that the sensor heat capacity dominates over the crystal one,
otherwise the signal is reduced in height spoiling the achievable energy resolution. In the case of
the ZnSe crystals, the thermistor size is 2.8 x 3 x Imm?. Si heaters are heavily doped resistances
that are used to produce a monochromatic heat signal in the bolometer volume. This provides
a reference pulse used to check the bolometer gain (the ratio between pulse amplitude and
injected energy) over time. The heating is obtained injecting into the resistor a voltage pulse
with fixed amplitude. The consequent Joule dissipation injects a fixed amount of heat into the
crystal and induces a temperature rise similar to those induced by particles traversing it. Both
semiconductor devices were ball bonded with 50 pm diameter gold wires and glued with epoxy
spots on the top face of each ZnSe crystal. To optimize the thermal conductance between the
sensor and the crystal, as well as the reproducibility of the performances among the detectors,
particular attention must be paid to the geometry of the glue interface (number of spots, spots
size...). Therefore the gluing procedure was done through a semi-automated system (composed
by a cartesian robot to dispense the glue spots and custom-designed posts to keep the sensor in
the correct position with respect to the crystal) and performed inside the Princeton clean room
to ensure low radioactive conditions.
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3.3 Ge Light Detectors

The light detectors used for the CUPID-0 array are undoped Ge wafers, 44 mm in diameter and
0.17 mm in thickness, instrumented as bolometers. One side of the wafer is provided with an
anti-reflecting SiO coating. On the opposite face are glued, as for ZnSe bolometers, an NTD
Ge thermistor and a Si heater. Due to the small heat capacity of the Ge wafer, the NTD
thermistors are smaller (2.8 x 2 x 0.5mm?) than those used for ZnSe bolometers. Bonding and
gluing procedures were identical to those adopted for the ZnSe crystals.

3.4 Assembly

The detector assembly was done in compliance with the strategies adopted for the construction
of the CUORE detector [5].

The copper used for the detector holding system is a special alloy from Aurubis company
suitable for cryogenic use, its Th and U contaminations are below 2x107% Bq/kg (C.L. 90%).
The holder parts were produced during 2015 and stored underground. Only the small bars
that connect the frames had to be modified in 2016 to match the different crystals lengths.
Following, all the copper elements were cleaned with the same TECM procedure developed
for CUORE by the Legnaro INFN Laboratories. TECMS stands for abrasive tumbling, electro-
polishing, chemical etching, and magnetron plasma etching. This procedure proved to efficiently
reduce the surface contamination of copper parts [28] in long lived alpha emitters from the U
and Th chains. PTFE spacers were produced with a specially selected material with Th and
U contaminations respectively lower than 6.1x107% Bq/kg (C.L. 90%) and 2.2x1075 Bq/ke.
After the shaping they were cleaned in a ultra-sonic bath with soap and ultra-pure nitric acid
solution.

After cleaning all the pieces were vacuum sealed and stored underground, ready to be used
in the tower assembly.

The CUPID-0 assembly line consists of a garage, equipped with a motorized linear actuator
(for the vertical motion) with a rotation stage and an assembly plate on top (see Fig.6). Each
column is built from the bottom floor, stacking Ge light detectors and ZnSe crystals one over
the other, once embedded in their copper frames. While growing in height the column descends
into the garage so that operator work always in the same position. Once the tower is completed,
the detector is removed from the garage and inserted into a sealed acrylic (PMMA) canister.
This storage box is equipped with inlet-outlet plugs to flux continuously nitrogen through its
volume, creating a small overpressure that ensures against radon inlet from external air.

3.5 Cryogenics

The CUPID-0 array was installed in October 2016 in the Oxford Instruments dilution refrigerator
already used by Cuoricino and CUORE-0. The refrigerator provides the cooling power necessary
to keep the bolometers at their working temperature, it comprises a *He/*He dilution unit and a
system of nested cylindrical copper vessels (the cryostat) that act as decoupling thermal stages.
The array is suspended to the cold finger of the dilution unit, in the very core of the cryostat.
A cylindrical low-background Roman lead shield protect the tower from the radioactivity of the
dilution unit and of the outermost thermal stages. The suspension system was re-designed after
CUORE-0 decomissioning, to improve the mechanical decoupling of the CUPID-0 tower from
the cryostat. Indeed, vibrations are a dominant source of noise that spoils bolometer energy
resolution and long-time stability. In the new suspension system three stainless steel wires are
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Figure 6: Assembly of one of the CUPID-0 columns. From top: a ZnSe crystal is mounted in
the copper frame+bars structure, the reflecting foil is added, the Ge detector is stacked over
crystal. In the bottom row the right picture shows the garage used for the assembly.
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used to suspend the top lead disk of the internal lead shield to the mixing chamber. A spring
connects the lead disk to the detector copper support plate.

Vacuum and wiring systems were completely refurbished after CUORE-0 decommissioning.
The reconfiguration of the vacuum system included the realization of a completely new pumping-
line for the 3He/“He mixture (condenser line). A leak on that line was probably responsible,
during CUORE-0 operations, of the inlet of impurities in the mixture circulation system. The
consequent need of periodic maintenance of the cryogenic system increased the dead time of
the experiment. The wiring system of the cryostat below the mixing chamber was completely
renewed in order to increase the number of readable channels.

The innermost copper vessels were mechanically and chemically treated to remove contami-
nants that may have deposited on their surface over the years.

3.6 Electronics

The electronic bias and read-out systems are identical for both ZnSe bolometers and Ge light
detectors, both were designed to ensure low noise and high stability and are located close to the
refrigerator, but at room temperature. The NTD Ge thermistors feature a very large impedance
(10-100 of M), they are DC biased through two G2 ultra-stable low-noise film resistors with a
dedicated bias channel for each sensor. Temperature variations in ZnSe/Ge bolometers induce a
temporarily change in the NTD Ge thermistor resistance that is converted into a voltage pulse.
The resistance recovers to its original value upon restoring of the thermal equilibrium. The
signal (ranging typically from tens of ym to hundreds of pm for a MeV deposit in the crystal) is
slow, with rise time (90-10%) of the order of 10/4 ms and decay times (70-30%) of the order of
40/8 ms respectively for ZnSe/Ge bolometers. The read-out system is consequently optimized to
reduce low frequency noise: a set of twisted connecting wires routes the signal out of the cryostat
toward the front-end. To suppress interference and cross-talk the input stage of the front-end is
differential, with a pair of JFET custom-designed to have the gate current very small, making
negligible the parallel noise. The signal is amplified, filtered and finally fed to the DAQ. Both
the amplification gain and the cut-off of the antialiasing filter are programmable and channel
dependent in order to better match the detector characteristics. Electronic channels exhibit a
very small thermal drift, of the order of a few ppm/C, thanks to a very stable power supply
system designed for this purpose.

The system is instrumented with a voltage pulser (ppm stable in both time and tempera-
ture) that allows to feed a reference pulse to Si heater. The Joule dissipation in the small Si
heater mimic a particle signal, producing a monochromatic reference line that is used in the
off-line analysis for gain equalization. This technique allows to reduce the effects of bolometer
temperature drifts that otherwise would spoil the energy resolution of the detectors.

CUPID-0 front-end was entirely designed and constructed in the INFN Electronic Laboratory
of Milano-Bicocca in the years 2015 and 2016. The installation at LNGS was completed at the
end of 2016.

3.7 DAQ

The data acquisition (DAQ) system is based on commercial digitiser boards from National In-
struments, NI-PX1628x. These boards feature 18-bit ADCs, configurable sampling frequency up
to 500 kHz, configurable input range up to +/-10 V, digitization of up to 16 analog signals in
differential input configuration. The DAQ boards are contained in a PXI chassis remotely con-
trolled via computer. The data link between the DAQ chassis and computers is made through
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optical fiber connection providing a proper data transmission bandwidth and a complete elec-
trical decoupling between the computers and the detectors.

The bolometer waveforms are digitized with sampling frequencies of 1 kHz for both heat and
light detectors. The complete data stream is transferred from the PXI chassis to the computers;
triggers are implemented via software. This approach allows to implement arbitrarily complex
signal detection algorithms, the only constraint being the computing resources.

The CUPID-0 raw data consist in Root files containing the continuous data stream of all
channels recorded by the DAQ at sampling frequencies of 1 kHz. Triggers are implemented via
software and saved in a custom format based on the ROOT data analysis framework. Fach
event contains the waveform of the triggering bolometer and of those geometrically close to it,
plus some ancillary information. The non event-based information is stored in a PostgreSQL
database that is also accessed by the offline data analysis software. The data taking is arranged
in runs, each run lasting about one day. Raw data are transferred from the DAQ computers to
the permanent storage area (located at CNAF) at the end of each run. A full copy of data is
preserved also on tape.

The data analysis flow consists in two steps; in the first level analysis the event-based quan-
tities are evaluated, while in the second level analysis the energy spectra are produced. The
analysis software is organized in sequences. Each sequence consists in a collection of modules
that scan the events in the Root files sequentially, evaluate some relevant quantities and store
them back in the events. The analysis flow consists in several fundamental steps that can
be summarized in pulse amplitude estimation, detector gain correction, energy calibration and
search for events in coincidence among multiple bolometers.

4 Perspectives

CUPID-0 started the physics run in early 2017, it is expected to run at least for 1y of live-
time to prove the potential of the scintillating bolometers technology, and the high number of
emitters will allow to reach a remarkable sensitivity on the 82Se 33(0v). Thanks to the low crys-
tal contaminations, the expected background should be lower than 1.5x1073 counts/keV /kg/y,
mainly produced by the cryogenic setup [11, 26]. The sensitivity can be computed in the “zero
background” approximation and results ~10%°y at 90% C.L. in 1 year of data taking.
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Abstract

DAMA is as an observatory for rare processes developing and exploiting highly radio-
pure scintillators. It is located deep underground at the Gran Sasso National Laboratory
of the LN.F.N. (LNGS). In 2016 the main experimental activities have been performed
with: i) the phase 2 of the second generation DAMA /LIBRA set-up (DAMA /LIBRA-phase2
sensitive mass: ~ 250 kg highly radiopure Nal(Tl)), upgraded so far in 2008, 2010 and at
the end of 2012; ii) the DAMA /LXe set-up (sensitive mass: ~ 6.5 kg liquid Kr-free Xenon
enriched either in ?Xe or in 136Xe); iii) the DAMA/R&D set-up (a facility dedicated to
perform relatively small scale experiments, mainly investigating double beta decay modes
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in various isotopes); iv) the DAMA /Ge set-up (mainly dedicated to sample measurements
and to specific measurements on rare processes); some activities are also performed with the
detectors Ge-Multi, GeCris and the recently-installed Broad Energy Germanium detector of
the STELLA facility; v) a small set-up (named DAMA /CRYS) for prototype tests, detectors’
qualification and small scale experiments. The main DAMA activities during 2016 are shortly
summarized in the following.

1 DAMA/LIBRA

DAMA /LIBRA (Large sodium Iodide Bulk for Rare processes) is a unique apparatus for its sen-
sitive mass, target material, intrinsic radio-purity, methodological approach and all the controls
performed on the experimental parameters (see Ref. [1,2,3,4,5,6,7, 8,9, 10, 11, 12, 13, 14, 15]
an the 2016 publication list). It is the successor of DAMA /Nal [16, 17, 18, 19, 20, 21, 22, 23, 24,
25, 26, 27, 28], with a larger exposed mass, higher duty cycle and increased sensitivity. The main
goal of DAMA/LIBRA is the investigation of the Dark Matter (DM) particles in the galactic
halo by exploiting the DM model independent annual modulation signature [29, 30].

The granularity of the apparatus (25 detectors in a matrix 5x5) is an important feature to
study DM and for background identification since DM particles can just contribute to events
where only one of the 25 detectors fires (single-hit events) and not to whose where more than
one detector fire in coincidence (multiple-hit events). The apparatus has also the unique feature
(as well as DAMA /Nal) that gamma calibrations are regularly performed down to the software
energy threshold in the same conditions as the production runs, without any contact with the
environment and without switching-off the electronics. The high light yield and other response
features have allowed working in a safe and reliable way down to 2 keV (DAMA /LIBRA-phasel).
At the end of 2010 the installation of DAMA /LIBRA-phase2 started with new photomultipliers
(PMTSs) of higher quantum efficiency [6] and some improvements on the electronics and DAQ);
new preamplifiers were installed in 2012.

Among the scientific goals of this running set-up we mention here: i) investigation with high
sensitivity of the DM particle component in the galactic halo by the model independent approach
known as DM annual modulation signature, with highly precise determination of the modulation
parameters (which carry crucial information); ii) corollary investigations on the nature of the
candidate and on the many possible astrophysical, nuclear and particle physics scenarios; iii)
investigations on other possible model dependent and/or model independent approaches to study
DM particles, second order effects and some exotic scenarios; iv) improvement on the sensitivity
to explore rare processes other than DM as performed by the former DAMA /Nal apparatus in
the past [28] and by itself so far [9, 10, 11].

This requires dedicated work for reliable collection and analysis of very large exposures to
reach more competitive sensitivities. As regards the DM features, see e.g. the Sect 6 of Ref.
[21] and the Appendix of Ref. [2]. In particular, the latter shows how the decreasing of the
software energy threshold as in the present DAMA /LIBRA—phase2 offers the unique possibility
to investigate the modulation amplitude at the lowest energy, where a discrimination power can
disentangle among many of the possible DM scenarios.

1.1 Final model-independent result of DAMA /LIBRA—phasel on DM annual
modulation

The total exposure of DAMA /LIBRA-phasel is 1.04 ton X yr in seven annual cycles; when in-
cluding also that of the first generation DAMA /Nal experiment it is 1.33 ton X yr, corresponding
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to 14 independent annual cycles [4].

Fig. 1 shows the time behaviour of the experimental residual rates of the single-hit scintil-
lation events in the (2-6) keV energy interval for the complete DAMA /LIBRA-phasel. The
residuals of the DAMA /Nal data (0.29 ton x yr) are given in Refs. [2, 20, 21].
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Figure 1: Experimental residual rate of the single-hit scintillation events measured by
DAMA/LIBRA-phasel in the (2-6) keV energy interval as a function of the time. The time
scale is maintained the same of the previous DAMA papers for coherence. The data points
present the experimental errors as vertical bars and the associated time bin width as horizontal
bars. The superimposed curve is the cosinusoidal function behaviour A cosw(t — tp) with a pe-
riod T = 2 = 1 yr, a phase ty = 152.5 day (June 2"%) and modulation amplitude, A, equal to
the central value obtained by best fit on the data points of the entire DAMA /LIBRA—phasel.
The dashed vertical lines correspond to the maximum expected for the DM signal (June 27%),
while the dotted vertical lines correspond to the minimum.

The DAMA /LIBRA—phasel data give evidence for the presence of DM particles in the galac-
tic halo, on the basis of the exploited model independent DM annual modulation signature
by using highly radio-pure Nal(Tl) target, at 7.5 o C.L.. Including also the first generation
DAMA /Nal experiment (cumulative exposure 1.33 ton x yr, corresponding to 14 annual cy-
cles), the C.L. is 9.3 0. At present status of technology the DM annual modulation is the
only model independent signature available in direct DM investigation that can be effectively
exploited. All the many specific requirements of the signature are fulfilled by the data and
no systematic or side reaction able to mimic the exploited DM signature is available (see e.g.
Refs.[2, 3, 4, 19, 20, 21, 31, 32, 33, 34, 35, 36, 7, 8, 13] and the 2016 publication list). In
particular, only systematic effects or side reactions simultaneously able to fulfil all the specific
requirements of the DM annual modulation signature and to account for the whole observed
modulation amplitude could mimic this signature; thus, no other effect investigated so far in the
field of rare processes offers a so stringent and unambiguous signature.

The DAMA obtained model independent evidence is compatible with a wide set of scenarios
regarding the nature of the DM candidate and related astrophysical, nuclear and particle Physics.
For example, some of the scenarios available in literature and the different parameters are
discussed in Refs. [20, 21, 17, 22, 23, 24, 25, 26, 27, 5, 37, 38, 14, 15], in Appendix A of Ref. [2],
and in the 2016 publication list. A further large literature is available on the topics; many
possibilities are open.

No other experiment exists, whose result — at least in principle — can directly be compared
in a model independent way with those by DAMA /Nal and DAMA /LIBRA. In particular, all
the results presented so far in the field are not in conflict with the model independent DM
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annual modulation result by DAMA in many scenarios, also considering the large uncertainties
in theoretical and experimental aspects, the same holds for indirect approaches; see e.g. some
arguments in 2016 publication list and quoted references.

Studies for measurements with data taking dedicated to other rare processes are continuing.
Studies on other DM features, second order effects, and several other rare processes are in
progress with the aim to reach very high sensitivity thanks to the progressive increasing of
the exposure. In particular a new analysis of the DM model-independent annual modulation
result obtained by DAMA /Nal and DAMA/LIBRA-phasel in terms of mirror DM, an exact
duplicate of ordinary matter from parallel hidden sector, has been performed. Dark mirror atoms
are considered to interact with the target nuclei in the detector via Rutherford-like scattering
induced by kinetic mixing between mirror and ordinary photons, both being massless. Various
possible scenarios for the mirror matter chemical composition has been considered. The paper
has been published in 2017 and it is not included in this report.

1.2 DAMA /LIBRA-phase2 during 2016 and prospects

e The upgrades performed on DAMA /LIBRA (DAMA /LIBRA-phase2) have allowed us to
lower the software energy threshold of the experiment to 1 keV and to improve also other
features as e.g. the energy resolution [6].

e During 2016 DAMA /LIBRA-phase2 has continued to take data in the new phase2 config-
uration with the PMTs of higher quantum efficiency [6] and new preamplifiers.

e In 2016 the data taking of the 5th full annual cycle of DAMA /LIBRA-phase2 was con-
cluded, and the data taking of the 6th cycle started (we recall that the first year of
measurements started in 2011 was mainly commissioning run). It will be completed at fall

2017. After, many data analyses on the whole available exposure will be performed and
at their ends the first DAMA /LIBRA-phase2 data release will occur.

e A new study of the DM annual modulation signal, by using the DAMA /LIBRA—phasel
data, in the framework of various new scenarios of mirror dark matter with different chemi-
cal composition has been published in 2017. Many configurations and halo models favoured
by the annual modulation effect observed by DAMA correspond to kinetic mixing param-
eter values well in agreement with cosmological bounds. Various existing uncertainties in
nuclear and particle physics quantities have also been taken into account.

e On invitation an entire issue of Int. J. of Mod. Phys. A has been dedicated to DAMA;
11 papers on various aspects of related topics have been published.

e In order to disentangle in the corollary investigation on the candidate particle(s) at least
some of the many possible astrophysical, nuclear and particle Physics scenarios and related
experimental and theoretical uncertainties, the decreasing of the software energy threshold
and larger exposures are necessary. Finally the ultimate challenge and the only effective
method for such studies is the investigation of a model independent signature and of
second order effects. Many topics can be investigated: the peculiarities of the annual
modulation phase; the peculiarities of the DM interaction mechanisms; the velocity and
spatial distribution of the DM particles in the galactic halo; the effects induced on the
DM particles distribution in the galactic halo by contributions from satellite galaxies tidal
streams; the detection of possible solar wakes or gravitational focusing effect of the Sun
on the DM particle; the investigation of diurnal modulation of the rate on the sidereal
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time, expected when taking into account the contribution of the Earth rotation velocity,
and so on. Some of these studies have been preliminarily performed with DAMA /LIBRA-
phasel and will be continued with DAMA /LIBRA-phase2 with increased sensitivity as
the exposure increases.

e Studies on other DM features, second order effects, and several other rare processes are in
progress with the aim to reach very high sensitivity thanks to the progressive increasing
of the exposure.

e Studies for feasibility towards the DAMA /LIBRA-phase3 with the aim to further enhance
the sensitivity of the experiment by improving the light collection of the detectors are going
on. In particular an R&D on new further highly radio-pure PMTs with high quantum
efficiency is in progress.

e A multi-purpose 1 ton (full sensitive mass) set-up made of highly radio-pure Nal(T1) was
proposed in 1996 to INFN-CSN2, and the funded R&D-II, DAMA/LIBRA and R&D-III
were considered as intermediate steps. It is worth noting that the whole 1 ton will be
fully sensitive to the processes of interest. As previously reported, the final design is
based on the fulfillment of three additional replica of the present DAMA /LIBRA set-up,
solution that offers many technical and scientific advantages; thus, the technical design
is completely known, since DAMA/LIBRA is operative. As already mentioned, some
activities were/are/will-be carried out in the light of overcoming the present problems
regarding the supplying and purifications of high quality Nal and, mainly, TII powders
and the creation of suitable protocols.

2 DAMA/LXe

We pointed out since 1990 [39] the possible interest in using the liquid Xenon as target-detector
material for particle DM investigations. Since the end of 80’s (former Xelidon experiment of the
INFN) we have built several liquid Xenon (LXe) prototype detectors. Since 1996 we pointed out
to the INFN-CSN2 the intrinsic problems of this detector medium for large scale experiments
dedicated to DM investigation (poor collection of the far UV light, response non-uniformity on
large detectors, self-absorption, rebuilding of the sensitive part for each liquefaction with no
proof of the same condition, no possibility of routine calibration in keV region, degassing of
materials, operating parameters stability, etc.) and agreed to pursue the activity by exploiting
Kr-free enriched Xenon gases in limited volume.

The presently running set-up (with a Cu inner vessel filled by ~ 6.5 kg, that is ~2 1, of
liquid Xenon) can work either with Kr-free Xenon enriched in '?Xe at 99.5% or Kr-free Xenon
enriched in '*5Xe at 68.8% [40, 41, 42]. Many competing results were achieved on several rare
processes [40, 41, 42, 43, 44, 45].

In the period of interest, the set-up has been in data taking filled with Xenon enriched in
136Xe, still mainly focusing the high energy region. Data analyses are continuing.

3 DAMA/R&D

The DAMA /R&D installation is a general-purpose low background set-up used for measurements
on low background prototypes and for relatively small-scale experiments [46, 47, 48, 49, 50, 51,
52, 53, 54].
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The measurements mainly investigate 28 decay modes in various isotopes; both the active
and the passive source techniques have been exploited as well as the coincidence technique.
Particular attention is dedicated to the isotopes allowing the investigation of the 23" processes
and, in particular, to resonant 2¢ or €37 decay channels. The investigation of neutrino-less 23T,
2¢ and €3 processes can refine the understanding of the contribution of right-handed currents
to neutrino-less 23 decay; therefore developments of experimental technique to search for 2e,
efT, and 28T processes are strongly required considering also that in the 257 investigations a
gap of several orders of magnitude between theoretical expectations and experimental results
is the usual situation and the better achieved sensitivities do not exceed the level of Ty ~
102! yr. Even more important motivation to search for double electron capture appears from
possibility of a resonant process thanks to energy degeneracy between initial and final state of
the parent and daughter nuclei. Such a resonant process could occur if the energy of transition
(Qg2s) minus the energies of two bounded electrons on K or/and L atomic shells of daughter
nucleus is near to the energy of an excited level (E¢z.) of the daughter isotope.

Therefore, investigations on various kinds of new scintillators and preliminary works for the
future measurements are also in progress within the DAMA activities.

Some of the main results during 2016 are listed in the following.

e The Aurora measurements to investigate double beta decay of 'Cd with the help of
1.162 kg cadmium tungstate crystal scintillators enriched in 16Cd to 82% is continuously
in data taking. The half-life of 16Cd relatively to the two neutrino double beta decay
was measured with the highest up-to-date accuracy 77/, = [2.69 & 0.14 (syst.) + 0.02
(stat.)] x 10* yr. The sensitivity of the experiment to the neutrinoless double beta decay
of 16Cd to the ground state of 15Sn is estimated as Tyjp > 2.0 x 10 yr at 90% CL,
which corresponds to the effective Majorana neutrino mass limit (m,) < (1.2 — 1.8) eV.
New limits were obtained for the double beta decay of M6Cd to the excited levels of 1'6Sn,
and for the neutrinoless double beta decay with emission of majorons. Partial exposures
have been already released in several Conferences (see Sect. 3.1).

e Previous measurements on ''°Cd, when considering a suitable energy threshold, allow the
investigation on the highly forbidden '3Cd and of the first forbidden '3™Cd beta decays.
A paper is in preparation.

e Investigation of radioactive elements segregation in crystals to develop ultra-radio-pure
scintillators for rare events searches is continuing.

e Works about the future (several years from now) installation of 1*CdWO, detectors in the
low background GeMulti set-up for studying the 2023 transitions of 1'6Cd to the excited
states of '0Sn are continuing. The reachable sensitivity is planned to be at level of the
theoretical expectations.

e At the end of the 1'6CdWO, measurements, new measurements are foreseen in DAMA /R&D.
Among them: developments on new Srls(Eu) crystals, on new enriched CdAWO, depleted
in 1'3Cd, on highly radio-pure ZnWOsj...

3.1 Aurora experiment for 23 decay of ''Cd with '*CdWOQO, crystal scintil-
lators

The Aurora measurement in DAMA /R&D is in progress to investigate 23 processes in '6Cd by
using enriched M6CdWOQy scintillation detectors. In details, two "6CdWOy, crystal scintillators
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with a total mass 1.162 kg (1.584 x 10%* of 'Cd nuclei) are installed in the DAMA /R&D
set-up. The low background set-up with the "6CdWQ, detectors has been modified several
times to improve the energy resolution and to decrease background. In the last configuration
of the set-up the ''*CdWOy crystal scintillators are fixed in polytetrafluoroethylene containers
filled with ultra-pure liquid scintillator. The liquid scintillator improves the light collection
from the "'6CdWOy crystal scintillators and serves as an anti-coincidence veto counter. The
scintillators are viewed through high purity quartz light-guides (@7 x 40 cm) by low background
high quantum efficiency PMTs (See 2016 publication list).

The following half-life of 116Cd relatively to the 2023 decay to the ground state of ''6Sn has
been measured: Tf/l’;ﬂ = [2.69 £ 0.02(stat.) & 0.14(syst.)] x 10 yr.

The signal to background ratio is 2.6:1 in the energy interval (1.1 — 2.8) MeV. The result
is in agreement with the previous experiments [55, 56, 57, 58, 59, 60], however the half-life of
H6Cd is determined in the present study with the highest accuracy.

To estimate limit on 00283 decay of 16Cd to the ground state of 'Sn we have used data
of two runs with the lowest background in the region of interest: the current one and that
accumulated over 8696 h in the set-up described in [61]. The sum energy spectrum is presented
in Fig.2.
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The background counting rate of the detector in the energy interval (2.7 —2.9) MeV (which
contains 80% of the 0v2 distribution) is ~ 0.1 counts/(yrxkgxkeV). A fit of the spectrum in the
energy interval (2560 —3200) keV by the background model constructed from the distributions of
the 023 decay of 1'Cd (effect searched for), the 2023 decay of ''Cd with the half-life 2.69x 101
yr, the internal contamination of the crystals by ' Ag and ??8Th, and the contribution from
external v quanta gives an area of the expected peak S = —3.7 + 10.2, which gives no evidence
of the effect, obtaining the following limit for the 0023 decay of '6Cd to the ground state of
168n (see the 2016 publication list): T10/1/226 > 2.0 x 10?3 yr at 90% CL.

The half-life limit corresponds to the effective neutrino mass limit (m,) < (1.2 — 1.8) eV,
obtained by using the recent nuclear matrix elements reported in [62, 63, 64, 65|, the phase
space factor from [66] and the value of the axial vector coupling constant g4 = 1.27.

New limits on the 23 decay to excited levels of 1'Sn and the 0023 decay with emission of
one, two and bulk majorons are shown in Table 1 they are at the level of T}/, > (1020 — 10%2)
yr. Using the limit 77, > 1.1 X 10?2 yr on the 0v23 decay with one majoron emission we
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Table 1: The half-life limits and half-life value on the 23 decay processes in 'Cd. The most
stringent limits obtained in the previous experiments are given for comparison. The limits are
given at the 90% CL except the results [67], which are given at the 68% CL.

Decay mode Transition, Ty /5 (yr) Previous

level of 16Cd result

(keV)
Ov g.s. > 2.0 x 10% > 1.7 x 10?3 [60]
Ov 27(1294) > 6.2 x 1022 > 2.9 x 10?2 [60]
Ov 0+ (1757) > 6.3 x 10?2 > 1.4 x 10?2 [60]
Ov 07 (2027) > 4.5 x 10?2 > 6.0 x 10% [60]
Ov 21(2112) > 3.6 x 10?2 > 1.7 x 10%° [67]
Ov 21(2225) > 4.1 x 10% > 1.0 x 10%° [67]
Ovyx g.s. > 1.1 x 10%2 > 8.0 x 10%! [60]
02y g.s. > 9.0 x 1020 > 8.0 x 10%° [60]
Ovybutk g.s. > 2.1 x 10! > 1.7 x 10%! [60]
2 g.s. = (2.6940.14) x 1017
2v 27(1294) > 9.0 x 102 > 2.3 x 102! [68]
2v 2+ (1757) > 1.0 x 10 > 2.0 x 10%! [68]
2v 27(2027) > 1.1 x 102 > 2.0 x 10%! [68]
2 2+(2112) > 2.3 x 102 > 1.7 x 10%° [67]
2 27(2225) > 2.5 x 102 > 1.0 x 10%° [67]

have obtained one of the strongest limits on the effective majoron neutrino coupling constant
Guy < (5.3 —8.5) x 1072,

It is worth noting that we have observed a segregation of thorium, radium and potassium in
the crystal growing process, which provides a possibility to substantially improve the radiopurity
of the 1'6CdWOy crystal scintillators by re-crystallization, as demonstrated in a paper published
in 2016 (see the 2016 publication list). The experiment is running and further efforts are in
preparation.

4 DAMA/CRYS

DAMA/CRYS is a small test set-up mainly dedicated to tests on new scintillation detectors’
performances and small scale experiments. The activities in the period of interest are briefly
summarized in the following.

e The '%CdWO, crystal scintillator — used in the experiment reported in Sect. 5.1 — was
installed in the DAMA /CRYS set-up to search for double beta processes in °°Cd by
using the 'CdWQy crystal scintillator in coincidence with two large volume CdWOy
scintillation detectors in close geometry. The sensitivity is at level of the most sensitive
double #% experiments (T}, ~ (102° — 10%2) yr). An enhancement of the sensitivity is
expected thanks to increase of detection efficiency to some 23 processes in '°Cd and
improvement of background conditions, in particular to 2veB decay of 19°Cd, near to
the theoretical predictions, T} /5 =~ (102° — 102?2) yr. Several improved limits on different
channels of double beta processes in '°Cd could be established.
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e The shape of 13" Cd beta spectrum was measured (for the first time) with the help of the
106CdWOy, scintillation detector (contaminated by 1™ Cd at the level of ~ 100 Bq/kg) in
the DAMA /CRYS low background set-up over 391 h. The experimental spectral shape can
be fitted by convolution of the detector response function with the theoretical shape; the
latter is the allowed /3 shape with a correction function C(w) = a1 + az/w + azw + agw?.
Values of the a; parameters and the Qg value are found by fitting. A paper describing the

results is in preparation.

e The cryogenic system to be installed in DAMA/CRYS (to allow also measurements of
the responses of various scintillators as a function of the temperature) has been tested at
LNGS (see Fig. 3); a second one, which can be coupled to the previous one to enlarge the
cryogenic volume to allocate the detectors, has been realized.

Figure 3: The cryostat to be installed in DAMA/CRYS (to allow also measurements of the
responses of various scintillators as a function of the temperature) under test.

e Preparations of other future measurements are in progress

5 DAMA/Ge and LNGS STELLA facility

The measurements on samples and on various R&D developments are performed by means of
the DAMA low background Ge detector, specially built with a low Z window; it is operative deep
underground in the STELLA facility of the LNGS. In addition other Ge detectors (in particular,
GeMulti, GeCris and the recently-installed Broad Energy Germanium detector) are also used
for some peculiar measurements. Published results can be found in Ref. [69, 70, 71] and in the
2016 publication list.

The main data takings/results during year 2016 with DAMA /Ge and LNGS STELLA facility
are summarized in the following.
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e The results of the experiment to search for double beta processes in '°Cd by using cad-
mium tungstate crystal scintillator enriched in °Cd (1°6CdWOy, mass of 216 g [47]) in
coincidence with the four crystals HPGe detector GeMulti (the volume of each germanium
crystal is 225 cm?) at the STELLA facility were published in 2016 (see Sect. 5.1).

e There are two positive experiments where the 23 decay of '°YNd to to the first 01 excited
state of 1%9Sm was detected with the half-life at the level of T} /2 = 10%° yr with rather
modest accuracy at the level of ~ 30% [72, 73] and precise measurements of the two
neutrino mode of double beta decay is important to develop the theoretical calculations
of the process. An advanced experiment is in progress with deeply purified 2381 g (and
pressed to improve the detection efficiency) neodymium sample installed in the GeMulti
set-up with four HPGe detectors in one cryostat to detect two gamma quanta (333.9 keV
and 406.5 keV) also in coincidence. The samples contents 4.8 x 10?3 nuclei of %°Nd. The
sensitivity to the double beta processes in *8Nd can be improved too. The measurements
will be continued at least one year more to detect the effect (or disprove the previous
experimental positive evidences).

e Cerium contains three potentially 23 active isotopes: 36Ce, 138Ce and #2Ce. The '36Ce
isotope is of particular interest because it has one of the highest Q-value among the six
nuclides which decay 287. An experiment to search for double beta decay of cerium was
completed after 2299 h of data taking; Monte Carlo simulations of the detector response
to the 23 decay of 36138Ce and to radioactive contamination of the cerium sample was
completed too. The data analysis is in progress. The cerium oxide sample was successfully
purified in thorium with the help of liquid-liquid extraction method by a factor of 50. This
allows the improvement — of one order of magnitude — of the experimental sensitivity to
the different channels and modes of double beta decay in 36Ce and '38Ce in comparison
to our preliminary results [71]. A paper describing the results of the experiment is in
preparation.

e An experiment to search for a decay of ¥0s and '%6Os to the first excited levels of
daughter nuclei, and for 23 decay of ¥*Os and '920s, is in progress by using a sample
of thin plates of ultra-pure osmium. The investigation of the neutrinoless double electron
capture in 1%4Os to the 1322.2 keV, 1386.3 keV and 1431.0 keV excited states of 84W
is of special interest thanks to a possibility of resonant process [74]. The samples are
installed in a BEGe ultra-low background HPGe gamma-detector of the STELLA facility.
There is an indication of « decay of ®Om to the first excited level of W with half-
life Ty /o = (29J_r:1)’§) x 10'7 yr, which is near to theoretical estimations. The data taking
in this configuration is in progress for at least one year more. We plan also to improve
the sensitivity to the double beta decay processes in comparison to the earlier stage of
the experiment (with the osmium sample in form of roads installed on HPGe detector)
[70], thanks to the higher (approximately by a factor 5) detection efficiency in the present
experiment. Also measurements of the isotopic composition of the osmium sample are in
progress.

e The R&D of low background GSO(Ce) crystal scintillators to investigate double beta
processes in 192Gd and '9°Gd is in progress.

e The R&D of low background barium containing crystal scintillators to investigate double
beta processes in 3°Ba and '32Ba is in progress.
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e The R&D of methods to purify samarium, ytterbium and erbium is going on to search for
neutrinoless resonant double electron capture processes in 44Sm, 62Er, 14Er and 158Yb.
Deep purification of the samples is under investigation in order to improve the sensitivity
reachable in the measurements in preparation.

e Preparations of other future measurements are in progress.

5.1 Search for 23 decay of °°Cd with enriched '“CdWO, crystal scintillator
in coincidence with four HPGe detectors

A second stage experiment to search for double beta decay processes in '°°Cd with the help of
enriched in '%Cd (to 66%) low background °CdWOQ, scintillation detector at the STELLA
facility was completed. The '%CdWOy scintillator, viewed by a low background PMT through
the lead tungstate crystal light-guide produced from deeply purified archaeological lead, was
operated in coincidence with the four ultra-low background high purity germanium detectors in
a single cryostat GeMulti. New improved limits on the double beta processes in '%6Cd have been
set at the level of 102 — 10%! yr after 13085 h of data taking. In particular, the limit on the two
neutrino electron capture with positron emission, Tf s ;2” > 1.1 x 10?! yr, has reached the region
of theoretical predictions. The resonant neutrinoless double electron captures to the 2718, 2741
and 2748 keV excited states of °°Pd are restricted at the level of Tffg” > (8.5x 10?9 —1.4x 10%1)
V.

Fig.4(left) shows the energy spectra accumulated over 13085 h by the '%CdWO, detector
in anticoincidence with the HPGe detectors, in coincidence with event(s) in at least one of the
HPGe detectors with energy £ > 200 keV, E = 511 keV and E = 1160 keV. The fit of the
106CdWO, anticoincidence spectrum by the background model, and its main components are
shown in Fig.4(right).

Results have been presented at Conferences and the paper describing the final results of the
2nd stage experiment was published (see the 2016 publication list).
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Figure 4: Left: '%CdWOy, energy spectra collected during 13085 h in anticoincidence with the
HPGe detectors (“AC”), in coincidence with event(s) in at least one of the HPGe detectors
with the energy E > 200 keV (“CC >200 keV”), E = 511 + 30511 keV (“CC 511 keV”), and
E = 1160 £ 2.301160 keV (“CC 1160 keV”). Right: Fit of the anticoincidence spectrum by
background model, and its main components. The excluded distribution of the ¢370v decay of
106Cd to the ground state of 1%Pd with Ty =1.5x 102! yr is shown too.
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Some of the obtained half-life limits on different 23 processes in '°°Cd are given in Table 2,
where results of the most sensitive previous experiments are also given for comparison.

Table 2: T} /5 limits on 23 processes in 106Cd (AC — anticoincidence with HPGe; CC — coincidence
with the given energy in HPGe; HPGe — using data of only HPGe detectors).

Decay and T 5 limit (yr) at 90% C.L.

106pq Jevel (keV) Present work (data) Best previous limit
2810w, g.s. > 3.0 x 10?1 (CC 511 keV) > 1.2 x 10%! [50]
2812, g.s. > 2.3 x 10?2t (CC 511 keV) > 4.3 x 1020 [50]
efT0v, g.s. > 1.5 x 102! (AC) > 2.2 x 10%! [50]
eBT2v, g.s. > 1.1 x 10%! (CC 511 keV) > 4.1 x 102 [75]
eBT2v, 0T 1134 > 1.1 x 10%! (CC 622 keV) > 3.7 x 102 [50]
2K0v, g.s. > 4.2 x 102 (HPGe) > 1.0 x 10%! [50]
2e2v, 0F 1134 > 1.0 x 10%! (CC 622 keV) > 1.7 x 102 [50]
Res. 2K0v, 2718 > 1.1 x 10?! (CC 1160 keV) > 4.3 x 1020 [50]
Res. KLi0v, 47 2741 > 8.5 x 10%° (HPGe) > 9.5 x 10%Y [50]
Res. KL30v, 2,37 2748 > 1.4 x 10?! (CC 2236 keV) > 4.3 x 10%° [50]

An advanced stage of the experiment is at present running in DAMA/CRYS using the
106CqWO, detector in coincidence with two large volume CdWOy scintillation detectors in close
geometry to improve the detection efficiency to gamma quanta emitted in the double beta
processes in 1°6Cd.

6 Other activities

In 2016 the feasibility of a directionality experiment for DM was explored, to investigate on DM
candidates inducing nuclear recoils by exploiting the correlation of the nuclear recoils with the
Earth galactic motion.

In recent years we have made extensive efforts and measurements with ZnWQ, crystal scin-
tillators, already interesting to investigate double beta decay of Zn and W isotopes [48, 49].
These scintillators [76] have the particular feature to be anisotropic in the light output and
in the pulse shape for heavy particles (p, a, nuclear recoils) depending on the direction with
respect to the crystal axes. The response to v/ radiation is isotropic instead. Among the
anisotropic scintillators, the ZnWOQO,4 has unique features, which make it an excellent candidate
for this type of research, and there is still plenty of room for the improvement of its perfor-
mances. The possibility of a low background pioneer experiment (named ADAMO, Anisotropic
detectors for DArk Matter Observation) to exploit deep underground the directionality approach
by using anisotropic ZnWO, scintillators has been explored [76] (see also 2016 publication list).
Finally, we have also discussed as first in written project and Conferences the potentiality to
build detectors with anisotropic features by using Carbon Nanotubes (CNT) [77].

A possible significant improvement of ZnWOQO, radio-purity by recrystallization, which could
be an important methodological step to advance sensitivity for the double beta decay and DM
applications (and the same procedure can be applied to CAWOy crystal scintillators too), is in
progress (see Sect. 6.1). In the 2016 we published a paper describing measurements on CdAWOQOy4
and on ZnWOQy crystal scintillators produced after recrystallization by the low-thermal-gradient
Czochralski technique.
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6.1 Improvement of radio-purity level of enriched '°CdWO, and ZnWO,
crystal scintillators by recrystallization

As low as possible radioactive contamination of a detector plays a crucial role to improve sensitiv-
ity of a double beta decay experiment. The radioactive contamination of a sample of 1'6CdWO,
crystal scintillator by thorium was reduced by a factor ~ 10, down to the level 0.01 mBq/kg
(?28Th), by exploiting the recrystallization procedure. The total alpha activity of uranium and
thorium daughters was reduced by a factor ~ 3, down to 1.6 mBq/kg. No change in the specific
activity (the total a activity and ?2*Th) was observed in a sample of ZnWOy, crystal produced
by recrystallization after removing = 0.4 mm surface layer of the crystal.

The radioactive contamination of the samples was measured in the DAMA /CRYS set-up at
the Gran Sasso underground laboratory (see for the details 2016 publication list).

The energy spectra of a particles selected by the optimal filter method from the data ac-
cumulated with the ""6CdWO, crystal scintillators before and after the recrystallization are
presented in Fig. 5. The spectra were fitted by the model, which includes o peaks of 232Th,
2387 and their daughters. Equilibrium in the 232Th and 238U chains was assumed to be broken.

The activity of 22®Th in the crystals was estimated with the help of the time-amplitude
analysis. The arrival time, the energy and the pulse shape of each event were used to select the
fast decay chain in the 2?8Th sub-chain of the 232Th family: ??Ra — 22°Rn — 216Po — 212Pb.
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Figure 5: (Color online) The energy spectrum of « events selected by the pulse-shape discrim-
ination from the data accumulated in the low-background set-up with the "6CdWO, crystal
scintillator before (upper figure, time of measurement 2394 h) and after the recrystallization
(lower figure, 1623 h).

The results of the fits are presented in Fig. 5 and in Table 3. One can see a clear decrease
of the total alpha activity in the 'CdWOy, crystal scintillator after the recrystallization by
a factor ~ 3. Segregation of uranium and lead in the "6CdWOy, crystal growth process was
also observed in ref. [78], where a sample produced from the growth cone was tested as low
temperature scintillating bolometer.
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Table 3: Radioactive contamination of the '6CdWOQy crystal before and after recrystallization.

Chain | Nuclide Activity (mBq/kg)
(sub-chain) | before recrystallization | after recrystallization
Z2Th | 22Th 0.13(7) 0.03(2)
228Th 0.10(1) 0.010(3)
BIU | BU 1.8(2) 0.8(2)
226Ra <0.1 <0.015
24U+29Th | 0.6(2) 0.4(1)
210pg 1.6(2) 0.4(1)
Total 4.44(4) 1.62(4)

The effictiveness of recristallization, as well as the much higher contamination of the rest
of the melt remaining in the platinum crucible after the crystal growing process by potassium,
radium and thorium, indicates strong segregation of the radioactive elements in the CdWOQOy,
crystals growing process. This feature can be used in order to produce highly radiopure CAWO,
crystal scintillators for high sensitivity double beta decay experiments. Similar studies are also
in progress on ZnWQ, crystal scintillators.

7 Conclusions

During 2016 DAMA /LIBRA has continued to take data in the phase2 configuration.

Studies on other DM features, second order effects, and several other rare processes are in
progress with the aim to reach very high sensitivity also thanks to the progressive increasing of
the exposure.

Studies are under way towards possible DAMA /LIBRA-phase3 (whose R&D has been funded)
and/or DAMA /1ton (proposed since 1996).

Moreover, results on several 23 decay processes of "16Cd and 1°6Cd, and developments on new
highly radio-pure scintillators for the search of rare processes have been published and are under
further developments.

Finally, in 2016 all the DAMA set-ups have regularly been in data taking and various kinds of
measurements are in progress and planned for the future.

During 2016, more than sixteen presentations at Conferences and Workshops (many of them by
invitation) have been performed.
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I. EXECUTIVE SUMMARY

In April 2017, LNGS and the INFN Commissione Nazionale Seconda approved DarkSide-20k.

The key progress areas compared to the status presented in the last year progress report are listed here
and detailed in the following sections:

e Infrastructural issues related to the location of the DarkSide-20k experiment in Hall C were addressed in
collaboration with the LNGS Directorate.

e Following strong indications by the LNGS management, new candidates for the organic liquid scintillator of
choice for the liquid scintillator veto (LSV), characterized by reduced safety and environmental hazard, are
under active consideration by the DarkSide-20k Collaboration, also with detailed simulations; a potential
alternative scintillator cocktail has been identified

e A plan for the specific implementation of all safety reviews necessary for the successful construction and
commissioning of the DarkSide-20k experiment is in preparation;

o Full size SiPM tiles with related cryogenic electronics were successfully tested with results that satisfy the
DarkSide-20k specifications.

e The first module of the full scale condenser for the cryogenic system of DarkSide-20k, planned for use in
DarkSide-Proto, was fabricated and tested. The DarkSide-20k specifications were met;

e A pilot plant of the PSA unit for Urania was built and is currently under test at Universita degli Studi
“Federico II” of Naples;

e All Seruci-0 modules and the first set of Seruci-I modules were successfully tested both at the factory
and at CERN. The Seruci-0 modules are ready for shipping to Sardinia. Seruci-I module production and
testing is going ahead at full steam.

e the Collaboration is growing with new collaborators also coming from institution and countries that were
not mentioned in the YB.

e A new management structure with names identified has been set up.

This report also includes a detailed status report and future plans of the PhotoElectronics, DarkSide-Proto,
Urania, and Seruci-I. It also includes, for completeness, an update on the status of the organisation of the
DarkSide collaboration as well as an update of the ongoing reviews of DarkSide-20k by INFN and by the
US NSF.

II. INFRASTRUCTURAL AND SAFETY ISSUES

During the last months, detailed discussions were led between the LNGS Technical Coordination, S. Gaz-
zana, and the DarkSide-20k Technical Coordinator, An. Ianni. The outcome of these discussions was the
identification of the specific configuration for the layout of the installation of DarkSide-20k in Hall C: see
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FIG. 1. DarkSide-20k : hall C Configuration #2: DarkSide-20k close to the Hall C main entrance, SABRE R&D

near Borexino storage area.

Sec. ITA. The chosen configuration satisfies the constraint of installation within the perimeter vacated by
the OPERA experiment. It also satisfies the constraint of allocating independent facilities for the veto as
well as for the processing and storage of scintillator components and for the production of ultra-pure water.
In addition, it satisfies the constraint of compliance with the LNGS requirement to leave sufficient space for
transit and movement of large apparati as well as not to hinder the movement of existing cranes.

A. Organization of Hall C

DarkSide-20k will be located in the underground Hall C of LNGS. The estimated available surface will
cover approximately 30 m of length of the available width of Hall C. The configuration agreed upon by the
LNGS Technical Coordinator and by the DarkSide Technical Coordinator take into account that part of the
Hall C surface previously covered by the OPERA experiment will be reserved, through the year 2019, for
the SABRE R&D Project.

The chosen configuration is with DarkSide-20k close to the Hall C main entrance, SABRE R&D near
Borexino storage area as shown in Fig. 1.

The layout allocation includes not only the space required for the water tank, but also that required for
the ultrapure water purification plant, for the scintillator purification, for the scintillator storage, for the hot
oil system, for the electronics room, and for the control room.

We confirm that all the major plants and systems will fit within the area preliminarily allotted to the
installation of DarkSide-20k experiment. There is no interference with other experiments installed in Hall C.
The DarkSide Collaboration also plans to install in Hall C an independent, very compact, exhaust system
to abate any organic vapor in the nitrogen blanketing lines. We plan to request the shared use of the regular
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TABLE I. DarkSide-20k : chemical properties of solvents under consideration. PC is pseudocumene; DIN is Di-
isopropylnaphthalene; LAB is Linear alkyl benzene; and PXE is phenylxylylethane. TMB is trimethylborate and is
included in this table for the sake of comparison of the chemical properties.

PC DIN LAB PXE TMB
Formula CQH12 C16H20 Ciﬁ)sggi{fgfl C16H18 B(OCHg)g
Flash point [°C] 48  >140 130 145 -8
Vapor pressure at room temperature [mbar| 1.6 0.77 <0.07 8 x 1074 4x10°
Density [g/mL] 0.89  0.96 0.86 0.99 0.93
Hydrogen atoms density [10%?/cm?) 5.35  5.45 6.31 4.34 4.90
Absorption maximum [nm] 267 279 260 269 270

nitrogen storage tank installed in the truck tunnel connecting Hall C and Hall B, which is being equipped
with a nitrogen recovery system.

B. Choice of Scintillator for the VETO

The baseline choice discussed in the YB for DarkSide-20k was to use the same scintillator cocktail as in
DarkSide-50. Simulation showed that the neutron background could be kept to <0.1 events level in the full
exposure with PC mixed with 20 % of TMB .

We are aware of the safety concerns related to the handling of large amount of TMB and PC due to their
very low flash point and rather large vapor pressure at room temperature. In reaction to the hypothesis
that the LNGS safety regulations could disfavour the use of TMB and PC, as recently conveyed to us, we
investigated the possibility of using a scintillator with a safer choice for both solvent and dopant.

The primary goal of the liquid scintillator veto (LSV) of DarkSide-20k is the vetoing of neutrons yielding
signals in the LAr TPC by anti-coincidence.

The criteria driving the choice of the liquid scintillator cocktail are: high photon yield, high transparency
(attenuation lengths of several m), ultra-low impurity content mainly of natural radioactive contaminants,
such as uranium, thorium, radium, and radon, long term stability, chemical compatibility with the materials
in contact and, most important, capability of detecting neutrons with extremely high efficiency.

Organic liquid scintillators are all good neutron moderators thanks to their relatively high density of
hydrogen atoms. Typically neutrons with kinetic energies of a few MeV thermalise within a time scale of
few tens of ns yielding a prompt scintillation signal, mostly from recoiling protons. The thermal neutrons
diffuse until captured on hydrogen atoms, with a characteristic time constant that, driven by the density of
hydrogen atoms, is or the order of 200 ps.

This process yields two signals: the thermalisation signal, that is barely detectable due to the high quench-
ing of low energy recoiling protons and the capture signal, that yields a 2.2 MeV ~-ray. The latter can, in
a fraction of the events, be absorbed by the nearby cryostat, resulting in inefficiencies in the vetoing of
neutrons.

The addition of dopants with large neutron capture cross section can enhance the capture signal, thus
increasing the vetoing efficiency, as well as reduce the capture time, which also helps by permitting a tighter
correlation between the thermalisation and capture signals. One common dopant is "**Gd, with its very large
(48 890 barn) capture cross section for thermal neutrons. The capture of thermal neutrons on "**Gd results
in the emission of several v-rays, with cumulative energies of up to 8 MeV, which do result in a very large
signal when the 7-rays are fully contained in the scintillator, but also result in limitations in the ultimate
possible vetoing efficiency due to the finite possibility of y-rays escape from the scintillator. The addition of
Li or '°B as dopants is, in this respect, particularly intriguing since the both nuclides have relatively very
large cross section for capture of thermal neutrons (941 barn and 3840 barn respectively) and the capture
process produces always results in the emission of charged particles with a very short range, with a null
probability of escaping the scintillator volume. On the positive side, the technology for the preparation of
" Gd-loaded LAB-based scintillator has recently significantly improved [2-4].

The DarkSide-50 LAr TPC is operated within a LSV filled with a boron-loaded scintillator, made of a PC
solvent with the addition of the organoboron TMB at 5% concentration in weight and of the scintillation
fluor PPO (2,5-diphenyloxazole) at the concentration of 1.4g/L. Preparation of the scintillator solution is
particularly easy because TMB is liquid and can be easily mixed with PC with concentrations of up to
30% in weight. Capture of thermal neutrons on °B (natural abundance 20 %) occurs with a 22 ps lifetime
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through two channels [5-7] and always results in the emission of one « particle:

B4 n — a(1775keV) + "L (BR: 6.4 %)
B4+ n — a(1471keV) + Li*  (BR:93.6 %)
"Li* — "Li+ ~ (478keV)

The electron-equivalent energy of the lowest energy « particle is 30 to 35 keV .

Table I shows the solvents under consideration and a few selected physical properties of interest for the
selection. We included PC and TMB for the purpose of comparison. The higher flash point and lower
room temperature vapor pressure of DIN, LAB, and PXE makes them particularly attractive as a choice
for solvent; an additional benefit is that they are less chemical aggressive than PC. LAB is particularly
interesting as it is gaining rapidly acceptance for use in many large volume detectors.

The loss of scintillation light yield when switching from a PC-based scintillator to a LAB-based scintil-
lator is limited: the yield reported for LAB+PPO+bisMSB is 70 % of that of PC+PPO [8] and it can be
compensated, where needed, by a modest increase in the number of PMTs.

Another nucleus with large neutron capture cross section is °Li. Indeed, the reaction with neutron produces
charged particles with a very short range:

Li+n — t(2.73MeV) + a (2.05 MeV) (1)

In this case, though, the higher energy of the « particle and the lower quenching of the triton result in an
electron equivalent energy from 400 to 500keV .. [9], nearly ten times as large as that for the lowest energy «
particle from capture on '°B cited above. A number of authors [4, 9, 10], and among them the PROSPECT
Collaboration [11], studied in detail the possibility of loading organic liquid solvents with aqueous solutions
of SLiCl, and their collective work has established a sound and safe avenue for the development of ®Li-loaded
organic liquid scintillators. The abundance of °Li in natural Lithium is about 7%. Isotopic enrichment has
been accomplished by the PROSPECT Collaboration and they have reached a Li concentration of 0.7% in
weight. The Lithium salt °LiCl can be dissolved in several solvents or mixture of solvents [10] with addition
of proper surfactants.

A recent development [12] identified the possibility of loading organic liquid solvents with an
organoboron compound of fairly limited safety and environmental impact: ortho-carborane, (1,2-
Dicarbadodecaborane(12), CoB1gHj2), a solid at room temperature with a melting point of 260°C. It
has be shown that it can be dissolved in several solvents (PC,DIN,LAB and other solvents [13]) up to con-
centration of 8.5% in weight. The scintillation yield of such mixtures was measured under y-ray irradiation
and also with neutrons.

The addition of ortho-carburane quenches the scintillation yield. The size of the quenching effect (not more
than 50% in the worst case) depends on the choice of the solvent and of the fluor and can be tolerated and
compensated if neceessary by increasing the optical coverage of the detectors with more PMTs. Exposure
of a LAB+ortho-carborane scintillator to neutrons showed that the a-particle quenching is the same as the
one measured in DarkSide-50 [12].

As reported in the DarkSide-20k YB, TDR neutrons originated by («,n) reactions induced by the ra-
dioactive contaminants of the TPC are generated and tracked using the Monte Carlo. The fraction of these
neutron events producing a signal in the LAr TPC and surviving a set of standard TPC cuts cannot be
distinguished by a true WIMP energy deposit without using the information of the veto detectors. The
energy deposit in the LSV is analysed within a time window of about 7 7’s around the TPC signal (7 is the
thermal neutron capture time relative to the specific dopant of choice for the scintillator). The fraction of
events that are not tagged as neutrons as a function of the minimum threshold energy in the LSV represents
the residual background.

The comparison between the four scintillator options has to consider what threshold can be applied vs
deadtime. The short capture times of the two boron-based scintillators allow to lower the threshold down to
a few photoelectrons (7p.e. in DarkSide-50): even in presence of 2.5 kBq of *C, the deadtime introduced
by the veto will be <8%. For the other two scintillator options, the long capture times obliges to set the
threshold above the 1*C Q-value ( 80 p.e.), where the neutron rejection efficiency is 3-4 times lower than
in the boron case. For the Gd option, the background from PMTs would anyway induce a deadtime of the
order 30 to 50%.

Fig. 2 shows the upper limit on the residual background in a 100t yr exposure. We remind the reader that
in the YB only an upper limit to the residual neutron background was obtained, ultimately originating from
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FIG. 2. DarkSide-20k : upper limit to residual neutron background after LSV cuts for four different possible loading
of the LSV solvent with scintillator dopants, as indicated in the legenda, with the relative concentration and thermal
neutron capture time. The dotted lines indicate realistic thresholds values that can be applied to limit the dead time,
as explained in the text.

an upper limit to the radioactivity of the PTFE of the TPC. The plot is independent of the solvent type
given the horizontal axis is expressed in deposited energy.

The curves were obtained with a fraction of dopant that has already been tested by other experiments.

Indeed, the option of loading the scintillator with orto-carburane turns out to be particularly appealing.
Further studies on the long term chemical and optical stability, chemical compatibility etc. are needed to
fully validate the choice, but we believe that both costwise and also with respect to the foreseen infrastructure
the choice should not be considered a risk factor for the project.

During the LNGS meeting of March 28th between the DarkSide-20k management and the LNGS manage-
ment we got a strong encouragement towards deeply investigating, while keeping as baseline the PC loaded
wth TMB, the option of LAB loaded with ortho-carborane.

C. Planning of Safety and Authorization Documents

The DarkSide Collaboration has already carried out a preliminary risk assessment (PRA) of the
DarkSide-20k cryogenic systems. Concerning operations in Colorado, we are beginning a preliminary hazard
analysis (PHA) through Kinder Morgan for the Urania plant and it operations at Doe Canyon. Kinder
Morgan is going to guide us in this process, providing us the help of one of their safety management experts.

The DarkSide Collaboration is now selecting through a tender a company with expertise in the field of
safety to carry out the studies necessary for all other future steps. The list of documents currently planned
for the LNGS installation and operations includes:
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e A new PRA, with extension of the scope such as to cover the complete set of DarkSide-20k sub-plants;
e Quantitative risk analysis (QRA) of the entire set of DarkSide-20k sub-plants;
e “Relazione di Non Aggravio di Rischio”, as mandated by “Seveso-Ter EC Directive”, received by the

Italian D. Lgs. 105/15;

e Explosion risk assessment (ERA);
e Reliability system assessment (RSA).

All these steps, as well as any other future steps that may become necessary for completion of all safety
reviews, authorisations, and associated preparation of documents, will be tightly coordinated with the LNGS
Directorate.

The DarkSide Collaboration, in agreement with the LNGS Directorate, has appointed F. Gabriele as group
leader in matter of safety and environmental experiment responsible (GLIMOS/RAE). In order to best cope
with all safety, health, and environment requirements, the Collaboration intends to create a safety and
environmental office, introducing the figure of shift leaders in matters of safety (SLIMOS). SLIMOS will be
trained by the GLIMOS to take special care of the experiment and of collaborators working on the experiment
during shift periods, including all phases of the experiment, from installation, through commissioning, to
operation. Specific responsibilities for the SLIMOS will include the continuous monitoring of access in the
area allocated to the experiment, raising awareness concerning ongoing operations, including installation of
heavy equipment, as well liaising with the LNGS emergency services in the event of a problem.

III. PHOTOELECTRONICS
A. Introduction

The SiPMs production of choice, the so called NUV-HD-LF, have an individual size 10 x 10 mm?, thus
requiring 25 SiPMs to cover the 50 x 50 mm? required for the DarkSide-20k PDMs.

However, as discussed in Sec. III B, we identified a new and more optimised and optimal readout config-
uration with 24 SiPMs, with four transimpedance amplifiers (TIAs), each one connected to three parallel
combinations of two SiPMs in series, a configuration that we identify as 4x3p2s. We therefore report results
of tests performed with tiles of 24 SiPMs, covering an area of 24 cm?.

Indeed, the baseline for the DarkSide-20k PDMs becomes a tile of 24 SiPMs with 7.9 x 11.7 mm? area,
ensuring a fill factor of about 90 %, that could be increased later on when switching, as planned for the
production of the PDMs for DarkSide-20k, to SiPMs equipped with Through Silicon Vias (T'SVs). SiPMs
of 7.9 x 11.7mm? area will be produced with the next FBK run in the fall 2017.

At the beginning of 2017, the DarkSide-20k Collaboration had a very limited stock of NUV-HD-LF SiPMs:
119 in total. Production of the SiPMs of choice was restricted in 2016 due to the ongoing INFN bidding
procedure and to the modification of the contract with FBK. The number of SiPMs available was enough
to only mount four full tiles. We decided to devote nearly half of the available SiPMs to mount two new
24-SiPM tiles in anticipation of the XLVII LNGS SC meeting. The remainder of the stock of NUV-HD-LF
was set aside, for the purpose of feeding the plan for PDMs testing in the next few months, before the
delivery of the next production of SiPMs anticipated for the fall 2017. Indeed we believe that the test of
two tiles, with the corresponding cryogenic electronics, is a significant validation test of the whole chain: the
very positive results give us strong confidence in the project.

Sec. ITII B describe the production and results of tests on the two 24-SiPM tiles produced with NUV-HD-LF
of individual area 10 x 10mm?2. Sec. III C describes the tests of uniformity performed on a large sample of
NUV-HD-LF SiPMs with individual area of 5 x 5mm?.

B. Tiles assembling and performance tests

Two 24-SiPM tiles, that are called tile #1 and tile #2 in the following, assembled with NUV-HD-LF of
individual area 10 x 10mm?2, for a total area of 24 cm?, were mounted at Princeton University Laboratory,
see Fig. 3. The SiPMs were connected by wire-bonding procedure to a standard PCB substrate.

Each SiPM connection was linked to a common connector placed on the back-side of the tile. An electronic
front end board (FEB), containing the transimpedence amplifiers (TIA), was plugged on the tile.
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FIG. 3. DarkSide-20k : a 24-SiPM tile assembled with NUV-HD-LF of individual area 10 x 10 mm?

With respect to the results presented at the XLVI LNGS SC meeting, we identified a new and more
optimised readout scheme, with the SiPMs arranged in a 4x3p2s configuration (see Fig. 4), i.e., three pairs
of SiPMs in a series combination are connected in parallel. Four chains, each one equipped with a TIA,
whose output signals are analog summed, are required to read 24 SiPMs.

The tiles underwent a preliminary test at Princeton and a full test at LNGS in liquid nitrogen. The TTA
offset differences due to input bias currents are minimized at cryogenic temperature, relying on an good low
voltage filtering. The tiles were pulsed by a laser light, at the frequency of 500 Hz. The signals were acquired
using a fast digitiser followed by a software cross correlation filter with 7 of 400 ns.

The signal-to-noise ratio ( SNR ) was obtained as the difference between the mean values of the single and
the two-PE peaks, divided by the standard deviation of the noise, obtained by extrapolating to zero PEs the
widths of the different PE peaks.

While during the tests at Princeton Tile #1 had all the 24 SiPMs fully working, after shipping to LNGS
only 22 out of 24 SiPMs were found to be working. The tile was anyway measured yielding a SNR (scaled

95



FIG. 4. DarkSide-20k : schematics of the 4x3p2s readout configuration of a tile.

to that of the 24 SiPMs tile) of 14.3 (13.6).

Tile #2 was also tested, with all the 24 SiPM properly working and yielded an SNR of 13.8, as shown in
the Lower Fig. 5.

We made an attempt to repair tile #1 by replacing the two non working SiPMs, although the procedure is
quite risky requiring the reheating of the whole tile. Then we repeated the test on the repaired tile, obtaining
an SNR of 10.5, as shown in the Upper Fig. 5.. As expected, the result is not as good as that of tile #2, but
is nevertheless within the experiment specifications described in the YB of a SNR of 8.

With these results, all specifications detailed in the DarkSide-20k YB for SiPMs and tiles are now fulfilled.

C. SiPMs Uniformity Tests

We assembled two large tiles with 70 NUV-HD-LF SiPMs each of dimensions 5 x 5 mm?, for the purpose of
larger scale tests of uniformity of the performance of FBK SiPMs. Tests were performed at INFN Naples at
94K and 296 K. We measured the I-V curves for 129 of the SiPMs available, of which 61 with a 25 x 25 pm?
cell size and 68 with a 35 x 35um? cell size.

Table II shows the variation of breakdown voltage V4 and quenching resistor R, for the two batches of
NUV-HD-LF SiPMs subjected to large-scale uniformity tests at the temperatures of 94 K and 296 K: the
results reported above show a remarkable uniformity of the measured SiPMs.

As an example the measured breakdown voltage uniformity can be compared to that obtained by commer-
cial SensL SiPMs [14], showing an average breakdown voltage V,q of 24.69 V with a oy,, of 73 mV, resulting
in ov,,/Vea of 0.3 %, slightly larger than that of SiPMs produced by FBK.

As a consistency test with the larger area SiPMs, tile #2 was also tested in liquid argon at University of
Napoli. Breakdown voltage was measured for individual TIAs obtaining results between 55.8 and 56.2 with
an uncertainty of 0.2%, that is consistent with results shown in Table II, taking into that each TIA reads
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FIG. 5. DarkSide-20k : amplitude spectrum of signals for two 24-SiPM tiles. Upper: tile #1 on which two SiPMs
were repaired Lower: tile #2;

two SiPMs in series.
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TABLE II. DarkSide-20k : variation of breakdown voltage Viq and quenching resistor R, for the two batches of
NUV-HD-LF SiPMs subjected to large-scale uniformity tests at the temperatures of 94 K and 296 K.

Cell Size 25 X 25 pm? 35 X 35 um?
Temperature 94K 296 K 94K 296 K

Vi (28.05+0.01) V. (33.86+0.01)V (28.110+0.005)V (34.04+0.01)V
Vi) Vod 0.18% 0.23% 0.11% 0.32%

R, (12.94 £+ 0.09) MQ (1.99 £ 0.04) MQ (11.30 + 0.09) MQ (1.56 £ 0.01) MQ
or, /Ry 4.4% 14% 5.7% 6.3%

IV. DARKSIDE-PROTO

DarkSide-Proto project aims at constructing and operating a prototype detector of intermediate size,
incorporating the new DarkSide-20k technologies for their integration and full validation. The choice of the
1t mass scale allows for a full validation of the technological choices for DarkSide-20k.

The DarkSide-Proto will be equipped with the full-scale cryogenics system of DarkSide-20k designed by
scaling that of DarkSide-50 which achieved excellent performance for long-term thermal stability and purity
of the argon target.

The program for DarkSide-Proto is expected to span over three different phases, with a total timeline of
three years:

Proto 0: Test of cryogenic system concept at the test site; identification and preparation of full readout
and DAQ of 50 pre-production PDMs;

Proto I: Design, construction and assembly at test site of cryostat and LAr TPC equipped with 50 pre-
production PDMs; assembly, commissioning, and operation of full read-out and DAQ for 50 PDMs;

Proto II: Assembly and commissioning of full system, including 400 first production PDMs; full readout
and DAQ operational; evolution towards final configuration.

The plan for DarkSide-Proto was reviewed, approved, and funded by the CNS2 of INFN. Requests for funding

from other participating groups are being evaluated or will be submitted in the near future.

Based on the recommendations of INFN CSN2, the DarkSide-20k collaboration submitted at the end of
2016 a proposal to carry out the above plan at CERN, to take advantage of their cryogenic infrastructures.
An application was made for the status of CERN Recognised Experiment. The application was discussed
on January 19, 2017 and a recommendation prepared by the REC Committee for the Research Board. We
received in March a negative response.

Since DarkSide-20k will be hosted at LNGS, it is natural to consider that LNGS be the experimental
site for the DarkSide-Proto. As suggested by the LNGS SC, this choice would enable the establishment of
the infrastructure required for DarkSide-20k. This decision would of course require the approval of LNGS
director and the LNGS SC and a certain amount of support from LNGS. The DarkSide collaboration has
started an extended evaluation of possible options and relative requirements. A final decision on the location
of the on-surface test is expected by the next June collaboration meeting.

A. Technical specifications

The cryogenics system is going to be built using the full scale condenser, heat exchanger, and piping, in
order to test the full scale capability of the cooling system. We report here that the first full scale condenser
has been fabricated and tested at UCLA, as shown in Fig. 6 and 7, achieving cooling power at 200% of the
required maximum operational needed.

The TPC mechanics, including the structural elements, the field cage, the reflector cage, the transparent
cathode, the transparent anode (also serving as a diving bell for the containment of the gaseous phase), the
SiPM assemblies, the high-voltage feed system, will all be built utilising, on a scaled down overall dimension,
the same design and construction techniques foreseen for the baseline of DarkSide-20k.

The photodetector modules will be arranged to cover the top and bottom of the TPC. For that, the total
number of photodetector modules required is 370, equivalent to 8% of DarkSide-20k. The read-out chain will
evolve from commercial components used in the first phase allowing full digitisation of pulse shape, towards
the planned final components as they become available at each stage of the development. Also optical signal
transmission, once and if available, can be tested on a significant number of channel.
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FIG. 6. DarkSide-Proto : the condenser heat exchanger.

As shown in Fig. 8, both top and bottom planes consist of 185 photodetector modules assembled into 5
SQBs and 4 triangular motherboards (TRBs).

The DarkSide-Proto LAr TPC detector parameters and characteristics are shown in Table III.

The construction of the elements detailed above and their basic functionality tests do not require, in the
first phase, low background underground facilities. At the same time, they are on the critical path for

99



FIG. 7. DarkSide-Proto : laboratory test of the full scale condenser.

the timely completion of the DarkSide-Proto program, which in turn is on the critical path in the overall
schedule of DarkSide-20k. We need therefore to guarantee that the on-surface construction and operations
are performed at the most convenient location and with expert support.

V. ARGON PROCUREMENT AND PURIFICATION

For the sake of clarity, we will use the following naming convention: Urania is the argon extraction and
chemical purification plant of underground argon, UAr, that has a specific content of *°Ar of less than one
thousandth of the atmospheric level, to be located at the Doe Canyon CO3 wells of Kinder Morgan in Cortez,
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FIG. 8. DarkSide-Proto : the top photon readout plane.

TABLE III. DarkSide-Proto : LAr TPC detector characteristics.
LAr TPC Dimensions

Height 58 cm
Effective Diameter 72 cm
Total LAr Mass 800 kg
Nominal TPC Fields and Grid

Drift Field 200V /cm
Extraction Field 2.8kV /cm
Luminescence Field 4.2kV /cm
Operating Cathode Voltage —15kV
Operating Extraction Grid Voltage —3.8kV
Operating Anode Voltage ground
Luminescence Distance 7 mm
Grid Wire Spacing 3 mm
Grid Optical Transparency 98 %
SiPM Tiles

Number of Tiles 370
Size of Tiles 50 x 50 mm?

CO, USA; Seruci-0 stands for the chemical purification test column of height 24m, to be installed in the
“Laveria” building in the Nuraxi Figus site of the “Monte Sinni” mine of Carbosulcis S.p.A. in Sardinia,
Ttaly; Seruci-I stands for the chemical purification and isotopic purification column of 350 m height to be
installed in the Seruci mine shaft of the same mine. Seruci-0 and Seruci-I are part of a bigger and wider
scope project, Aria, that covers the needs of DarkSide-20k but also extends beyond its scope. The ultimate
aim of Aria is isotopic distillation of the argon to further reduce the 39 Ar content, with respect to that of
the UAr coming from Urania, for the use in future projects like Argo, as well as for the production of other
stables isotopes for medical applications, with scaled up productions expected with the construction of a
larger column (Seruci-II) that has yet to be funded.

Isotopic separation by cryogenic distillation of the entire UAr batch of DarkSide-20k is not part of the
baseline for DarkSide-20k.
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TABLE IV. Urania/Aria: Inlet purity required by the getter of DarkSide-20k.

Element Inlet Purity Requirements (ppm)

CHq4 <0.25
CO <0.1
CO2 <0.1
H-> <1
H2O <1
No <1
(D) <1

A. Introduction

The underground argon extracted in Colorado and purified in Sardinia will be delivered to DarkSide-20k
passing through a getter. The inlet purity required by the getter, reported in Table IV, defines the argon
purity requirements of the UAr after production by Urania and chemical purification by Seruci-I.

The strategy for the argon procurement for DarkSide-20k consists of two major operations:

e Extraction: the Urania plant will extract 50t of UAr from the COs wells in Cortez, CO and purify it to
the 99.9 % level;

e Chemical purification: two passes of cryogenic distillation in the Seruci-I column will reduce heavy and light
contaminants below the requirements dictated by the getters and reported in Table IV. The combined UAr
recovery of the two distillation operations in Seruci-I is expected to be higher than 85 %, thus providing
more than the required 32t to 35t of ultrapure UAr required for the fill of DarkSide-20k.

B. Underground Argon Extraction and Purification: Urania

This Section will detail the progress and plans towards the construction of Urania.

1.  Description of the Extraction Process

The Urania feed gas stream is ~95% CO,, plus a few percent of Ny, one percent CHy, and 440 ppm of
underground argon (UAr). The plant that is being specially designed and built to extract the small fraction
of UAr from this gas stream, and then return the remaining gas (99.9 % of the original content) to the supply
gas stream, will be installed at the Kinder Morgan COs extraction facility located in Cortez, Colorado (USA).
The Urania UAr extraction plant will consist of two main sections: a first section for removing COs, followed
by the cryogenic distillation section.

a. COy Separation Section CQOy separation is done by two separated strippers, run in series. The feed
gas which is at high pressure (50bar) is first cooled through a chiller to approximately 5°C. At these
conditions the COq partially condenses and the stream is separated into 2-phases (gas/liquid) as it goes to
the first stripper. In the column a controlled quantity of heat is given by a hot fluid working between the
chiller condenser and the column reboilers. The light products are vaporised and recovered from the top of
the column in gas phase. The heavy products (mainly COs) are collected from the bottom, pumped, and
sent to a COy recovery unit, to be recycled towards the main gas feed stream of Kinder Morgan. The light
products coming from the column head are cooled down in the second step to approximately —50°C and
sent to the second stripper. Here, the CO5 is again removed from the bottom and collected and pumped
together with the CO2 coming from the first separation column. The gas coming from the top of the second
stripper is re-heated in a heat exchanger and delivered to the PSA unit. The purpose of the PSA system is
to improve the purification of the gas stream by removal of the residual CO5. The PSA is composed of four
adsorption beds to allow continuous operation with short time adsorption cycles. The desorption of COq
is made decreasing the pressure on the bed. To optimize the performances, the operation of the adsorbers
are combined by coupling purge and pressure swing phases. At the outlet of the PSA adsorption tanks,
one buffer tank is provided in order to dampen the fluctuations and allow a continuous operation in the
distillation section. The PSA off-gas is delivered to a recycle compressor and sent back at the second COq
stripper inlet.
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b. Cryogenic distillation section The COso-free stream from the PSA is pre-cooled and sent to the
cryogenic distillation section that works at a lower pressure level (approx. 9barg). In the first cryogenic
distillation column CHy is separated from the bottom while the UAr and other light gases are taken from
the top. In the second cryogenic distillation column, the UAr is taken from the bottom while Ny and He are
separated as light off-gas from the top and recycled back into the loop for reprocessing. Both the CHy stream
and the Ny /He stream are collected together and merged with the COy flow coming from the previous COq
separation section. To get the desired UAr recovery and purity a third batch column is provided to separate
the UAr from the residual CH4 and Na. The 99.9 % pure liquid UAr product is taken from the top of this
final column and sent to both a collection tank, and partially to a collection tank used to check the quality
of the UAr product. The gas generated as the UAr boils in these thanks will be continually re-condensed
using a LN, fed vent condenser. These tanks will also serve at the transportation vessels, for shipping the
UAr from Cortez to Sardinia, and then to LNGS. The intermediate distillate fractions are recycled back to
off-gas tank of the PSA unit. When no more argon is present in the boiler, the residual methane is sent
back to the methane collection tank for recovery. The distillation columns are made with internal structured
packing to have a large mass and heat transfer between liquid and vapor phase and are enclosed in a vacuum
insulated cold box.

2. R&D activity in support of PSA design

The PSA is the most critical unit of the entire process, since the dynamic adsorption conditions are the
most difficult to simulate and predict. An R&D activity is ongoing at the University of Naples to identify
the most appropriate sorbent and to define the PSA operational parameters. Sorbent screening relies on
breakthrough tests, performed on a lab scale rig. Promising sorbents have already been identified. Definition
of the operational parameters of the PSA unit relies on experiments to be performed on a 4-vessel PSA unit
pilot plant. The pilot plant was installed in the laboratories of the Universita degli Studi “Federico II7,
Naples, see Fig. 9.

The full R&D process should be completed by the end of June 2017, according to the foreseen timeline:
e Sorbent Screening - completed by end of April 2017
e PSA Pilot Plant Commissioning - completed by end of April 2017
e PSA Pilot Plant Operations - May-June 2017
e Results expected - end of June 2017

8. UAr Shipping and Storage

The shipping of the UAr will be done using the same tanks that will serve as the collection tanks for
the UAr extraction plant. The customised cryogenic vessels fit within a Wessington Cryogenics Standard
Cryopack 3000 frame, and will contain two vacuum isolated inner vessels, sealed within the main tank. The
main inner vessel will be capable of storing and shipping up to 8.8t of UAr, while the second will hold a
reserve of liquid nitrogen, used to continually condense the UAr inside the tank so that a zero-loss condition
can be held for the duration of the shipping time from Cortez, CO to Sardinia, Italy. To do this, the two inner
vessels will be linked via the custom made LNy fed UAr condenser, modeled after the condenser designed
for the DarkSide-20k cryogenics system. To stay away from the need of electronics control of the condenser,
a custom designed cryogenic valve will be used to regulate the condenser Ny vent flow (and hence cooling
power for condensing UAr) based on the pressure inside the inner UAr vessel. The design of this vessel is
now at a stage of optimisation with Wessington Cryogenics, as the baseline features have now been decided
and the basics requirements frozen. Because the tanks are custom vessels that will need to be operated at
both US and Italian facilities, as well as act as transportation vessels, they will need to have all the required
engineering certifications. Wessington Cryogenics is aware of our needs and will be working with us all along
the way to ensure that all certifications and requirements are met. It is expected that the cryogenic tanks
can be delivered to Cortez, CO about 9 months from the date of order. As stated, the cryogenic vessels
will serve as the collection tanks for the the UAr extraction plant, and so will each have a similar bayonet
access to the inner UAr storage vessel. There will also be a matching bayonet giving access to the LNy inner
vessel, for source of LNy to keep the UAr in liquid phase during storage, and then provide the final fill of
LNy before shipment. Once a single cryogenic vessel is full (8.8t of liquid UAr), it can easily be disconnected
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FIG. 9. Urania: PSA pilot plant in the laboratories of the Universita degli Studi “Federico I1”, Naples.
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from the bayonet side of the cryogenic liquid transfer line coming from the extraction plant, then loaded
onto a truck for transportation to the ship yard, where it will then be loaded onto a boat and shipped to
Sardinia, Italy. A single shipping vessel can be filled in about 3 months, at the expected 100kg/day UAr
production rate, with shipment to Sardinia then taking around 45 days more. It is expected that one vessel
will start out in Sardinia at the site of Seruci-I, to act as the collection tank for the product coming from
the Seruci-I chemical purification process. With this in mind, 5-cryogenic vessels will be required, with four
of them beginning their journey at Cortez, CO, and one at the location of Seruci-I, in Sardinia, Italy. Two
of the vessels will then need to be shipped back to Cortez, CO to make the final two shipments of UAr to
Sardinia, and completing the procurement of the 50t agreed by Kinder Morgan. The entire extraction, and
then shipping of the 50t of UAr to Sardinia is expected to take a little less of 18 months, from the start of
full time operations of the plant.

4. UAr Extraction Timeline

The timeline for the extraction of the UAr is strictly dependent on the release of funding, since preparation
of the extraction site needs to proceed ahead of the plant installation. The original schedule of DarkSide-20k
foresaw installation of the Urania plant beginning during the second quarter of 2017, and installation of
the plant finalised and the plant commissioned by the end of second quarter in 2018. Since we are at that
point now, we have basically started the delay process now. The delivery and approval of the final design of
the plant will happen just after the release of funding, and site preparations can begin not long after that.
With this in mind, the timeline for the extraction and delivery of the UAr to Sardinia is currently delayed
2-3 months, plus the additional time between now and that when funding becomes available. This is starting
to get close to the contingency time that was in place for the extraction of the UAr, which originally called
for 2 years, but should in reality only take 18 months, and so if funding is not available within the next few
months, DarkSide-20k will be at risk of delay.

C. Final Argon Purification: Seruci-I

The Seruci-I column consists of 30 modules covering the 350 m height of the Seruci shaft: the bottom
module (reboiler), 28 central modules and the top module (condenser). Activities are ongoing and split in
three different sites: production and initial leak check on single pipes at Polaris, final leak check on complete
modules at CERN, and site preparation for installation at Carbosulcis.

1. Actiwvities at Polaris

At Polaris, all modules are through the phase of pre-construction, with a number of them still awaiting
for the final assembly and certification. Two complementary helium leak tests of the Seruci-I modules are
performed. The first step takes place directly at Polaris, where the process column and all the pipes (argon
feed, liquid nitrogen, nitrogen gas and degassing line) are individually leak checked at room temperature.
All the leak tests done so far showed no leak with a background of about 1 x 107?std cm®/s. Following
this first leak check step, the column and the pipes are wrapped with superinsulation and finally assembled
within the cold box, prior to shipping to CERN.

Status and plan of the construction and first step of leak check:

e The bottom reboiler, top condenser, and first 5 central modules are built, certified on site for leak tightness,
and shipped to CERN for the final leak check;

e 4 additional central modules are in assembly and will be ready to be shipped to CERN by the end of
March;

e Pre-construction of the remaining 19 modules is complete, and their final assembly and first step of leak
checking will proceed at an expected pace of 4 modules per month.
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FIG. 10. Aria: top and first 4 central Seruci-I modules at CERN.

2. Activities at CERN

Upon reception of modules at CERN, an integral leak test of the modules is performed. This activity
is done in the framework of a Service Agreement with CERN, established in June 2016, by which experts
of the CERN Technology Department supervise the performance of such leak tests. The leak check also
includes the cold box. Leak test of all process pipes is repeated. So far, we did not observe any leak above
a background in the range from 1 x 1078 stdcm?/s to 1 x 1072 std cm?/s. For the sole bottom reboiler, the
leak check procedure will be repeated a second time after cooling the internals of the module to 77 K.

Status and plan of the leak tests:

e The bottom reboiler, top condenser, and first central modules have been successfully tested (see Fig. 10);
e The bottom reboiler is currently undergoing cooling to 77K;
e The first set of 4 central modules of the series production is being prepared for test.

3. Carbosulcis

Status and plan of the authorisations and of the preparation of sites:

e Carbosulcis obtained from the municipality of Gonnesa all authorisations required for Seruci-0;

e The “Laveria” building, which will host the Seruci-0 column has been already prepared and almost
equipped with all the utilities.

e A plan to obtain the authorization for Seruci-I is being finalised;

e Refurbishment of the roof covering the building for the winze serving the Seruci shaft is complete, see
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FIG. 11. Aria: refurbishment of the roof covering the Seruci winze building, Summer 2016.

Fig. 11;
e Refurbishment of the winze serving the Seruci shaft is complete, see Fig. 12;
e Carbosulcis personnel has entered the Seruci shaft and has started the refurbishment of the shaft walls,
see Fig. 13;
e The refurbishment of the surface buildings near the Seruci has started.
Upon clearing of shipping of the units to Carbosulcis, as soon as administrative procedures are complete,
we plan to start the following actions:
e Installation, commissioning, and operation of the Seruci-0 column.
e Installation into the shaft of the column support structure.
e Installation of the Seruci-I column into the shaft.
e Commissioning and operation of the Seruci-I column.

VI. STATUS OF DARKSIDE-50

DarkSide-50 is an experiment currently operating in Hall C at LNGS. It consists of a LAr TPC with
(46.4 £ 0.7) kg of active LAr, a surrounding liquid-scintillator neutron veto (LSV), all in a instrumented
water shield, and is supported by an array of radon-suppressed cleanrooms for assembly and installation. It
thus serves as an excellent test of many concepts to be exploited in DarkSide-20k.

After a trial assembly and brief run in the spring and summer of 2013, DarkSide-50 was reassembled
in final form in September of 2013 and commissioned with an atmospheric argon (AAr) fill and operating
vetoes. The AAr run lasted until March 2014, and produced a wealth of useful data, most notably a very
large sample of 3°Ar decays for high-statistics tests of LAr pulse shape discrimination (PSD) and a WIMP
search using 47.1live-days ((1422 £ 67) kg day) of exposure [6].

In April 2014, the cryostat was emptied and refilled with 150 kg of underground argon (UAr) for the main
science run. An immediate result was the first measurement of the UAr *°Ar depletion factor relative to AAr
of 1400 £ 200. This was followed by a WIMP search with 70.9live-days ((2616 + 43) kg day) of exposure,
resulting in an upper limit on the spin-independent WIMP-nucleon cross section of 2.0 x 10~%4 cm? for a
100 GeV /c*> WIMP mass [7].

Other published results based on early running are:
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FIG. 12. Aria: first coupling of the motor to the Seruci winze wheel, Summer 2016.

“CALIS — a CALibration Insertion System for the DarkSide-50 dark matter search experiment” [15],
“Effect of Low Electric Fields on Alpha Scintillation Light Yield in Liquid Argon” [16],
“The Electronics and Data Acquisition System for the DarkSide-50 Veto Detectors” [17], and
“The veto system of the DarkSide-50 experiment”, [18]
Papers currently in preparation are:
“Measurement of longitudinal diffusion in electron drift in liquid argon”,
“The DarkSide-50 WIMP search limits in models with various scattering operators”,
“The DarkSide-50 TPC electronics and data acquisition system”,
“The DarkSide GEANT-based Monte Carlo simulation”,
“Models for the pulse shape discrimination parameter foy”, and
“The DarkSide-50 TPC event, S1, S2, energy, and position reconstruction”.
Since the end of the data taking for the first paper with the UAr target, we have continued to take data
with DarkSide-50. We have now acquired 520 day of UAr data. Fig. 14 shows our WIMP-search data history
with UAr.The flat regions are primarily calibration campaigns, including runs with Am-Be and Am - *C
neutron sources deployed in the liquid scintillator veto (LSV) just outside the cryostat and 83Kr dispersed
into the recirculating argon flow. For the past 300day, the live-time fraction was 88 %. The deadtime
includes all losses, monthly PMT shutdowns (3.3 %), laser calibration runs (0.7 %) and DAQ deadtime. The
running has been very stable (for example, it is typically not interrupted at all by lab-wide power outages)
and this speaks well for the cryogenic, recirculation, and high voltage systems. The designs for these systems
for DarkSide-20k are based on those in DarkSide-50.

With over a live-year of data already acquired, the DarkSide-50 group is preparing another WIMP search.
This will be DarkSide’s first blind analysis. All WIMP-search data since the 70-day sample has been blinded,
with events in a region of the fgp-S1 plane that includes any reasonable WIMP-search window (and is
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FIG. 13. Aria: sky-view from within the Seruci shaft.

considerably larger) hidden from analysers.
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Abstract

The GERmanium Detector Array (GERDA) at the Laboratori Nazionali del Gran Sasso
of INFN, Italy, searches for neutrinoless double beta (0v33) decay of "®Ge. In December
2015, the second data taking phase started. The exposure of 10.8 kg-yr collected in the first
five months was used to set a new limit on the half-life of T?72 > 5.3-10% yr (90% C.L.)
(sensitivity 4.0 - 10%° yr). The background at Qs is currently 0.61'8:2 21073 cts/(keV-kg-yr)
for BEGe detectors and 2.27§% - 1072 cts/(keV-kg-yr) for coaxial detectors (weighted av-
erage is 1.3 - 1073 cts/(keV-kg-yr)). Hence, the GERDA background goal for Phase II of
1073 cts/(keV-kg-yr) has been achieved. This level is the lowest one in the field if weighted
by the superior energy resolution. Up to the design exposure of GERDA (100 kg-yr) the ex-
pected background at the @ value of the decay is less than one in an energy window defined
by the resolution. GERDA is hence background-free.

1 Introduction

Neutrinoless double beta decay is a process predicted by extensions of the Standard Model where a
nucleus with A nucleons and Z protons decays like (A, Z) — (A, Z + 2) + 2¢~. Here, lepton number is
violated by 2 units. If observed it would be the rarest decay ever seen and would motivate that neutrinos
are their own antiparticles (Majorana particle). Since the half-life will be beyond 10%¢ yr background
reduction is most important for a discovery.
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This process may be observable for nuclei like “Ge for which single beta decay is energetically
forbidden but double beta decay with neutrino emission (2v40) is allowed: (A, Z) — (A, Z+2)+2e~ +20.
In this case the neutrinos will carry a fraction of the available energy Q) ss while for OvB8 decay the sum
of the electron energies is exactly (Qgg. The latter is the prime experimental signature for a Ov/3f3 signal
which explains why a good energy resolution is needed for a discovery.

GERDA uses germanium detectors made out of material with a “Ge isotope fraction enriched from
7.8% to about 87%. The detectors are mounted in low mass holders and operated in 64 m? of liquid
argon. Argon cools the detectors to their operating temperature and shields against external radioactivity.
The cryostat is inside a tank filled with 590 m® pure water which also shields against external radiation
and is instrumented with PMTs to detector Cherenkov light from muons traversing the experiment. A
clean room on top is used for detector handling and mounting of the argon veto system and the detector
array (see Fig. 1,a). Plastic panels on top of the clean room complete the muon veto.

In Phase II, seven coaxial detectors from the former Heidelberg-Moscow and IGEX experiments (15 kg
total mass) and 30 newly produced BEGe detectors (20 kg) are mounted in six strings. A seventh string
of three coaxial detectors from natural germanium completes the array. BEGe detectors exhibit a small
p+ electrode which is beneficial for the energy resolution due to a smaller capacitance (see Fig. 1,b,c).
This geometry also helps for the background reduction using the analysis of the time structure of the
recorded signal (see below).

A cylindrical volume of 0.5 m diameter and 2.2 m height around the detector array is instrumented
in Phase II to detect scintillation light from energy deposition of background events in the argon. The
instrumentation consists of 16 PMTs at the end surfaces and a curtain of 810 wavelength shifting fibers
readout out by 90 SiPM in the central 1 m cylindrical part (see Fig. 1,b).

GERDA Phase II started in December 2015. This report discusses the performance of the experiment
and the first result on neutrinoless double beta decay.

2 Detector stability

All detector channels are digitized by Flash ADCs with 100 MHz sampling rate. An energy deposition of
at least 100 keV in one germanium detector triggers the readout of the germanium and argon veto channels
and all traces are stored on disk. Offline digital filters are used to find an optimal energy resolution. Peaks
in 228Th calibration data from ~s with known energy are used to measure the resolution and to define
the absolute energy scale.

The gain of the entire readout chain for the germanium detectors should be stable at the level better
than 0.1 %. We monitor the stability by the injection of test charges at the input of the amplifier every
20 s and by ?2Th calibrations every 1-2 weeks. The latter gives the absolute energy calibration of the
entire chain while the former allows to track changes of the electronics on a short time scale.

Fig. 2 shows the shifts of the 2615 keV peak in the calibration spectrum between consecutive cali-
brations. Typically the shift is less than 1 keV, i.e. smaller than 0.05%.

Fig. 3 shows for the combined BEGe and the combined coaxial detectors the energy resolutions
(full width at half maximum, FWHM) of  peaks at different energies E from the summed calibration
spectrum. The points are fitted with the function va + b - E. Also shown are the measured resolutions in
physics data from a fit to the 4°K peak at 1461 keV and the *?K peak at 1525 keV (common FWHM for
both peaks). For coaxial detectors the resolution is somewhat worse than expected from the calibration
data.

All argon veto channels are working and the detection of single photo electrons is possible with simple
algorithms. All channels are quite stable in gain. An event is vetoed if at least one hit is reconstructed
with at least ~0.5 p.e. amplitude and within a time window of 5 us after the germanium detector energy
deposition. With this definition about 2.3% of the events are rejected due to a random coincidence
between a germanium detector signal and the veto.

The muon veto has currently 60 of 66 PMTs operational. The loss rate is small considering the 8
years of operation and the efficiency of the veto to reject background events from muons remains well
above 99 %.

Fig. 4 shows the leakage current of the germanium detectors during Phase II. During the first months,
the current increased for some detectors during calibration runs and decreased afterwards, visible as spikes
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Figure 1: GERDA Phase II experimental setup.

a) overview: (1) water tank with muon veto system PMTs (590 m?3, diameter 10m), (2) LAr
cryostat (64 m3, diameter 4m), (3) floor & roof of clean room, (4) lock, (5) glove box, (6) plastic
muon veto system;

b) LAr veto system: (1/5) bottom/top plate (diameter 49 cm) with 7/9 3” PMTs (R11065-10/20
MOD) with low radioactivity of U and Th (<2mBq/PMT), (2) fiber curtain (height 90 cm)
coated with wavelength shifter, (3) optical couplers and SiPMs, (4) thin-walled (0.1 mm) Cu
cylinders (height 60 cm) covered with a Tyvek reflector on the inside, (6) calibration source
entering slot in top plate, (7) slot for second of three calibration sources;

c) detector array: (1) Ge detectors arranged in 7 strings, (2) flexible bias and readout cables,
(3) amplifiers;

d) detector module, view from bottom: (1) BEGe diode, (2/3) signal/high voltage cables attached
by (4) bronze clamps to (5) silicon support plate, (6) bond wire connections from diode to signal
and high voltage cable, (7) Cu support rods. Plot from Ref. [1].

in the plot. This problem is now no longer present. No detector shows a long term current increase.
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Figure 2: Shift of the 2615 keV peak of 2%8T1 between consecutive calibrations for BEGe detectors
(top) and coaxial detectors (bottom).
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Figure 3: Energy resolution (FWHM) for ~y lines of the calibration spectrum (filled symbols) and
for the “°K and *?K lines from physics data (open symbols) for BEGe (symbols and solid line
in blue) and coaxial (symbols and dashed line in red) detectors. The insets show the potassium
lines and the 2615 keV calibration peak. Plot from Ref. [1].

3 Physics spectrum

In a first analysis step, an approximate energy is calculated for the germanium detectors. Events within
25 keV of Qg3 = 2039 keV are only stored in a restricted area. After the entire analysis chain is finalized
and frozen, the box is opened, i.e. the blinded events are processed.

The two electrons leaving the germanium nucleus in neutrinoless double beta decay deposit their
energy very localized in a detector (unless bremsstrahlung leads to a larger spread) and are therefore
called single-site events. On the other hand, multiple Compton scatterings of MeV ~s are separated by
typically 1 cm (multi-site events). The time structures of the detector current signals are in general
different for these two classes as well as for events on the detector surface. This fact can be used to
discriminate background events. The analysis method can be developed and tested using double escape
peak events of 2615 keV s from the 2?8Th calibration data and 2030 events in physics data.

Fig. 5 shows for BEGe detectors for the physics data a simple one parameter pulse shape variable
versus the energy. Events marked in red around { = 0 are signal-like and accepted. Remarkable is that all
events above 3 MeV coming from « decays on the detector surface are readily identified. Events around
Qpp are blinded as marked by the grey band.

Fig. 6 shows the physics spectra for coaxial and BEGe detectors before argon veto and pulse shape
discrimination (PSD) as well as with these selection cuts. The lower panel includes some labels for the
different background contributions. Note: the 4°K line at 1461 keV is from an electron capture process.
Hence no energy is deposited in the argon and and only random coincidences with the veto are removed
(see inset in lower panel). On the other hand #?K is a beta decay which deposits up to 2 MeV in the
argon. Therefore this line is reduced by a factor of 5 by the argon veto. Pulse shape discrimination
(applied to events above 1 MeV) removes surface events (above 3 MeV) and multi-site events like the two
~ lines.

The background in the energy window 1930 - 2190 keV is evaluated next. For the coaxial detec-
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Figure 4: Change of leakage current during Phase II for all detectors used in the physics analysis.

tors presently the background index (BI) is 2.2%54 - 1072 cts/(keV-kg-yr) and for BEGes it is 0.670 -
1073 cts/(keV-kg-yr). The exposure weighted average is 1.3-1073 cts/(keV-kg-yr). Consequently, GERDA
has reached its ambitious background goal of 1073 cts/(keV-kg-yr). This level is an order of magni-
tude lower than for competing experiments if the energy resolution and efficiency is taken into account
(BI.FWHM /).

A first data set of 10.8 kg-yr has been unblinded in June 2016. Combined with Phase I data no Ov5g3
decay signal is found and a limit of

Tyfy > 5.3 -10%° yr (90%C.L.) (1)

is extracted for "Ge using a frequentist analysis. The median sensitivity is 4.0 - 10*® yr which is only
moderately worse than the latest Kamland-Zen sensitivity for 136Xe of 5.6 - 102 yr despite their tenfold
exposure.

GERDA will continue data taking until the design exposure of about 100 kg-yr is reached. Until then
the average background is less than 1 in an energy window of 1. FWHM around ()gg. GERDA is therefore
the first background-free experiment in this field of research.

4 Further analyses

Muon flux modulation

The muon veto data taken between November 2010 and July 2013 were analyzed for coincidences of
muon events with the CNGS beam and for annual modulations of the flux.

The GPS time stamp of our events allow us to correlate to the 10.5 us wide beam structure of the
CNGS beam. The random coincidences with cosmic muons is about 0.025 %, i.e. all muons detected
in the time window of the beam are originating from muon neutrinos of the CERN beam. The flux is
(4.41 £ 0.16) muons per 106 protons on target which corresponds to about 2% of the muons observed
in GERDA.

Density fluctuations in the atmosphere due to temperature changes between summer and winter
result in different energy distributions of pions and kaon when they decay to muons. Thus the muon
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Figure 5: For BEGe detectors: Pulse shape parameter ( versus energy for physics data. Red
circles indicate events passing the pulse shape discrimination. Events above 3 MeV are almost
exclusively « decays on the detector p+ electrode.

spectrum and therefore the rate measured underground shows seasonal variations of (1.4 £0.1)% with an
average value of (3.47740.0067)-10~%/(s-m?). These numbers agree well with previous measurements at
LNGS. We confirm a strong dependence of the modulation with the variation of the effective atmospheric
temperature. Combining experimental data from other laboratories with different shielding depth an
atmospheric kaon to pion fraction of 0.10 & 0.03 is extracted [4].

Uranium and Thorium in HPGe detectors

The decay chains of 23°U, 233U and 232Th each contain a characteristic sequence of a and 3 decays.
We searched for event sequences consistent with sub-chains of 3-4 decays for each of the isotopes and
found no candidate in our Phase I data. As a consequence we can place stringent upper limits in order of
few nBq/kg. These limits are low enough to ensure that internal U/Th contamination of HPGe crystal
will not be a relevant source of background even for ton scale OvS8 decay experiments [2].
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uid argon veto and pulse shape discrimination (open histogram), after veto (grey histogram) and
after all cuts (red histogram). The insert shows the BEGe spectrum around the two potassium
lines.
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Abstract

Aim of the LUNA experiment is the direct measurement of the cross section of nu-
clear reactions relevant for stellar and primordial nucleosynthesis. The year 2016 was dedi-
cated to the measurement of the 22Ne(p,y)**Na, 22Ne(a,7)?Mg, 2H(p,v)*He, 2*Na(p,y)**Mg
and 80(p,7)'°F reactions. Data analysis on 17O(p,a)!*N and *O(p,a)'®N was completed
as well. The 22Ne(p,7)**Na, 22Ne(a,7)?**Mg and ?H(p,y)3He reactions were studied by a
windowless gas target suited to fit into a 47 segmented BGO crystal. A solid target set-
up, exploiting again a high efficiency BGO detector was used for the 23Na(p,y)?*Mg and
BO(p,7)F experiments. The LUNA MV project was pursued in parallel to the LUNA
activities and new progresses were obtained.

1 The YO(p, a)“ N reaction

The "O(p, )N reaction (Qua=1.2 MeV) plays a key role in several astrophysical scenarios,
and in AGB stars in particular. We employed a purpose-built setup [1] to measure the strength
of the I, = 70 keV resonance that dominates the reaction rates at temperatures of astrophysical
interest (T' = 10 — 100 MK). We determined [2] a strength of this E}, = 70 keV resonance that is
twice as high as previously reported. Our result has dramatic effects in a number of astrophysical
scenarios [3] and potentially solves a long-standing issue in the identification of some pre-solar
grains [4] produced in massive AGB stars.

2 The ¥O(p, a)® N reaction

The 80(p, )N reaction (Qua1=3.98 MeV) plays a role in Giant Branch Stars where it influ-
ences the abundance of the rare 80 isotope. Our investigation was carried out employing the
same purpose-built setup commissioned for the "O(p, a)'*N campaign [1]. We measured the
excitation function of the ®O(p, a)!®N reaction from E,=360 keV to E,=60 keV, the lowest en-
ergy achieved to date corresponding to a cross-section of the order of the picobarn. We employed
the powerful R-matrix formalism [5] to perform a single fit to our data and to data acquired at
higher energies (i.e. not accessible at the LUNA-400kV machine), using a small set of physically
meaningful parameters. Thanks to the improved constraints to the cross-section, we were able
to greatly reduce the uncertainty in the rate of the 80(p,a)!>N reaction. A paper [6] on our
results is currently in preparation.

3 The »Na(p,v)?*Mg and '*O(p,v)'’F reactions

The data analysis for *O(p,)'F and **Na(p,y)?**Mg is ongoing for the data collected during
the two experimental phases that used a high-efficiency BGO detector and a high-resolution
HPGe detector.

Measurements of O (p,7)'%F were taken from 400 keV down to proton energies of 140 keV
and 90keV, respectively during the HPGe and BGO phase. Signals from 80(p,7)'F were
observed down to the lowest energies for both setups. These measurements extend the energy
range with direct cross section data previously available [7]. In addition, information about minor
resonances in *O(p,y)!’F at higher energies, can be obtained from the HPGe data. The BGO
runs mainly focused on a resonance at 95 keV proton energy, whose strength has been disputed
[8, 9]. Our results exclude one of the two claims. Data analysis is ongoing, focusing on a more
precise determination of the higher-energy resonance gamma-branchings and a determination of
the direct capture cross section using the combined BGO and HPGe data.
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For 2Na(p,y)?**Mg, the HPGe phase of the experiment focused on the two stronger, astro-
physical relevant resonances at proton energies of 251 keV and 309keV. In addition, measure-
ments of minor resonances were obtained in this phase of the experiment. Moreover, we have
detected for the first time direct capture signals at about 400 keV, which is the highest energy
available at LUNA. The BGO phase focused on the search for a resonance at 140 keV, which is
expected to be weak, but potentially relevant for astrophysics [10]. The uncertainty of the HPGe
data analysis depends strongly on knowledge of the target composition. The analysis of the two
major resonances relies on stoichiometry information of selected targets from Elastic Recoil De-
tection Analysis (ERDA) performed at the Helmholtz Center Dresden-Rossendorf (HZDR), and
the minor resonances are analyzed relative to the stronger resonances to account for effects of
the target stoichiometry. The current focus in the search for the 140keV resonance is set on a
more precise characterization and subtraction of beam-induced backgrounds (*B(p, +)!?C and
"Li(p, v)®Be), in order to increase the sensitivity and reduce the systematic uncertainty of the
result.

4 The *H(p,7)*He reaction

Big Bang Nucleosynthesis (BBN) describes the production of light nuclei in the first minutes
of cosmic time. It started with deuterium formation through the p(n,y)?H reaction, when the
Universe was cold enough to allow 2H nuclei to survive to photo-disintegration. The main source
of uncertainty on standard BBN prediction for the deuterium abundance is actually due to the
radiative capture process 2H(p,y)>He that destroys deuterium, because of the poor knowledge
of its S-factor at BBN energies. Moreover, the paucity of 2H(p,y)?He data represents the main
obstacle to improve the accuracy on the determination of the baryon density and to constrain of
the density of relativistic species existing at BBN epoch (only photons and 3 families of neutrinos
are foreseen in the standard model). A measurement of this reaction cross section with a 3%
accuracy in the BBN energy range (30keV < Eg, < 300keV) is thus desirable [11].

The 2H(p,7)>He experiment at LUNA consists of two main phases characterized by different
setups. The former is a windowless gas target filled with deuterium surrounded by a 47 BGO
detector. The high efficiency (~ 70%) of the BGO detector reduces the dependence of the
reaction yield on the angular distribution of the emitted ~ rays and thus allows to achieve a low
systematic uncertainty. During last year, the detection efficiency has been determined by precise
Monte Carlo simulations, as well as by measurements with radioactive sources (%°Co, 137Cs,
8Y) and “N(p,7)'?O resonant reaction. The study of systematic uncertainties included also
the determination of the beam heating effect obtained by varying the target pressure and beam
intensity. The beam intensity value and uncertainty was determined by a proper calibration of
the calorimeter. The 2H(p,y)*He excitation function has been measured in the energy range
30keV < Egp, <200keV. A sample spectrum is shown in figure 1.

In the last months of 2016, the second phase focusing on the 70keV S Ep, $260keV energy
range started. The set up consists of a 137% HPGe detector in close geometry and a new target
chamber. With this setup the angular distribution can be inferred by exploiting the high energy
resolution of the detector and the Doppler effect that changes along the beam line the energy
of the detected v rays. This study provides an important experimental ground for theoretical
nuclear physics. The year 2017 will be devoted to the data taking.
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Figure 1: Zoom of a sample spectrum measured at E, =100 keV. The 2H(p,v)>He peak is visible

together with the first escape peak.

5 The *Ne(p,y)**Na reaction

The ?2Ne(p,7)**Na reaction is included in the hydrogen burning neon-sodium (NeNa) cycle.
This cycle affects the nucleosynthesis of neon and sodium. It has repercussions on the surface
composition of Red Giant Branch stars (Gamow peak 30-100keV), on Asymptotic Giant Branch
Star nucleosynthesis, on classical novae (Gamow peak 100-600keV) [12], and possibly even on
the simmering phase prior to the explosion of a type Ia supernova [13].

Before the LUNA study, the 2?Ne(p,y)?*Na reaction rate was poorly known because of the
contribution of a large number of resonances, many of which have never been observed directly
[14, 15]. The literature data have recently been greatly improved by phase I of the LUNA
22Ne(p,7)?*Na experiment, using two heavily shielded HPGe detectors [20]. The resonance
strengths of three resonances in ??Ne(p,7)?*Na were directly measured for the first time. The
results of this experiment are reported in [21, 22] and their astrophysical impact in AGB stars
is discussed in [23]. Very recently, an independent study by an American group working at the
surface of the Earth has been published in 2017 [24], confirming the reaction rate reported by
LUNA but showing some differences in details, presumably due to their much higher background.

After the successful conclusion of phase I, the contribution of two reported resonances at low
energy, 71 and 105 keV, still dominates the reaction rate error at low temperatures Ty < 0.1,
even though already the phase I data significantly lowered the upper limits on the strengths of
these resonances [22].

In phase II of the LUNA 22Ne(p,y)**Na experiment, a high-efficiency setup, made of a 4r-
BGO detector [26] surrounding the scattering chamber, is used to precisely study those two
resonances and to study the direct capture contribution. The new setup reaches 60% detection
efficiency for the ~y-rays produced by the reaction. The data taking concluded in April 2016 and
the data is currently under analysis. In Fig. 2 a typical spectrum acquired to study the direct
capture component of the cross section.

The final results of this new experiment are expected for the end of 2017.
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Figure 2: Experimental spectrum at £, = 250.0 keV, to study the direct capture contribution
in the 22Ne(p,y)**Na reaction. The peak from the reaction under study is clearly apparent near
9.0 MeV, i.e. the Q-value plus the center-of-mass energy.

6 Study of the *?Ne(a,7)?**Mg reaction

The ?2Ne(a,7)?°Mg reaction works as a competitor to the 22Ne(a,n)2Mg reaction, which is one
of the two main neutron sources for the astrophysical s-process. Within the energy range of the
LUNA 400kV accelerator, there is a possible resonance at F, = 395 keV. Existing upper limits
are solely based on indirect data and range from 1072 — 1072 eV, reflecting great uncertainty
[27, 14, 28, 29]. If the true strength is near the upper range of these limits, it would effectively
shut down the ?2Ne(a,n)?°Mg reaction for a wide range of scenarios. If it is near the lower range
of these limits, it would only negligibly affect the 22Ne(a,n)?°Mg neutron source.

Using an enriched ??Ne gas target and the experimental setup from the 2?Ne(p,y)**Na ex-
periment with the 47 BGO detector, an attempt has been made to observe or disprove the
existence of such a resonance. The data taking has been performed in summer 2016. 18 days
of statistics has been acquired running the beam on neon gas and an equivalent time for offline
background.

The preliminary analysis of this first beam time shows that the sensitivity of the present
setup is in the range of 10710 eV. Comparing the spectra obtained with neon-22 gas and the
environmental background, a small but not significant excess has been observed in the data.
This excess suggests further study, which is tentatively foreseen for 2018.

A new setup including borated polyethylene shielding to suppress ambient neutrons is under
study, hoping to improve the sensitivity of the experimental setup.

7 LUNA MV

The LUNA MV accelerator will provide intense beams of HT, 4H*, 2C* ¢ 12C** in the energy
range: 350keV - 3.5 MeV. The procedure related to the accelerator supply is under the respon-
sibility of the RUP (Responsible of the Procedure), G. Imbriani (University and INFN Neaples)
while the designer and DEC (Executive Work Director) is M. Junker (INFN-LNGS). Delivery
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at LNGS is presently scheduled for July 2018. A six months commissioning phase is scheduled
thereafter so that the first physics experiments are envisaged at beginning 2019. The provider,
HVEE, has submitted on September 26th, 2016 the first set of technical drawings which is now
under evaluation at the DEC office.

Since spring 2016, a working group composed by several member of the LNGS technical
and administrative divisions started an intense and very productive work finalized to the de-
sign and construction of the new LUNA-MV laboratory inside Hall B. A group member, L.
Di Paolo, has been hired at June 2016 specifically for this task and he’s acting as coordinator
of the several professionals involved in the projects. A synthetic view of the new LUNA-MV
facility is given in Figure 3. The working plane foresees the clearance of the LUNA-MYV area in
Hall B in late spring/summer 2017, the beginning of the construction works in September 2017
and the delivering of the full equipped LUNA-MYV laboratory (accelerator room and technical
building) by march 2018. The main steps in the project development during 2016 are listed below

e The executive design of the new LUNA shielded building in Hall B has been received
and approved: the tender for the underground works has been opened (technical and
economical offers must arrive within end of March 2017) and the contract with the selected
firm will be signed in June-July 2017.

e The tender for the executive design of all the plants to be installed in the shielded building
and in the underground control room has been closed. The following tender for plants
delivering and deployment should be opened within June 2017.

e The request of authorization to install and use the new LUNA-MV accelerator (“Nulla
Osta”) has been finalized by the Radioprotection Officer, F. Bartolucci, and sent to the
Regional Authority (“Prefettura dellAquila”). The whole procedure is expected to be
completed in six-twelve months from the submission.

e The tender for the construction of the LUNA-MYV control room, the last item to complete
the underground infrastructure, will be opened by July 2017.

In summary: the project schedule is presently respected.

A full proposal (available on the LUNA web site https://luna.lngs.infn.it/) for the first five
years of activity at LUNA-MYV has been approved by the LUNA Collaboration in July 2016 and
submitted both to LNGS and to INFN-CSN3. In particular, we decided to start by measuring
over a much wider energy region the cross section of a reaction we already studied with the 400
kV accelerator: N(p,7)'?O. This way we will perform the tuning of LUNA MV and we will
more precisely extrapolate the reaction cross section within the Gamow peak of the Sun, i.e.
the burning energy region. Then, we will focus the activity of one of the two beam lines on the
study of '?C+'2C: the understanding of its cross section at low energy will be the main goal
of the first 5 years of LUNA MV. Alternating in time with 12C+12C, the study of 3C(a,n)¢O
will be performed on the other beam line (the accelerator can feed only one line at a time).
Finally, 22Ne(a,n)?’Mg will be the last reaction covered by this scientific plan. On the other
hand, 2C(a,7)'®O will be the main goal of the second scientific plan at LUNA MV, starting in
the year 2023.

The final version of a MoU to manage both LUNA-MV and LUNA400 has been approved
by all the LUNA Institutions and is ready to be sent official signatures.
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Figure 3: Rendering of the LUNA-MV experimental hall. The accelerator and the two beam
lines are visible.
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C. Gustavino, Vulcano Workshop 2016 Frontier Objects in Astrophysics and Particle
Physics, 22-28 May 2016 Vulcano, Italy

C. Gustavino, Roma Int. Conf. on Astroparticle Physics, Frascati 21-24 June 2016, Italy

M. Junker, Fission and Properties of Neutron-Rich Nuclei (ICFN6) 6-12 November 2016,
US

M. Lugaro, Meteorical Society Meeting, Berlin 7-12 August 2016, Germany

M. Lugaro, International Nuclear Physics Conference, Adelaide 11-16 September 2016,
Australia

M. Lugaro, The IAU Symposium 323 on Planetary Nebulae, 10-14 October 2016, Beijing,
China

M. Lugaro, Nuclei in the Cosmos XIV international school, 13-17 June 2016, Nigata, Japan

R. Menegazzo, 2nd Workshop on Nuclear Astrophysics at the Canfranc Underground Lab-
oratory, Canfranc, 29 February - 1 March, 2016, Spain

P. Prati, 8th Japan-Italian Symposium on Nuclear Physics, Tokyo 7-10 March 2016, Japan
T. Sziics, Carpathian Summer School of Physics, Sinaia 26 June - 9 July 2016, Romania

D. Trezzi, New Vistas in Low-Energy Precision Physics Conference, Mainz 4-7 April 2016,
Germany

D. Trezzi, 2nd Workshop on Nuclear Astrophysics at the Canfranc Underground Labora-
tory, Canfranc, 29 February - 1 March, 2016, Spain

Contributed talk

. F. Cavanna, 14th International Symposium on Nuclei in the Cosmos XIV Toki Messe,

Niigata, 19 - 24 June 2016, Japan

. R. Depalo, XII Torino Workshop, Budapest, 1 - 5 August 2016, Hungary

. F. Ferraro, International Nuclear Physics Conference 2016 (INPC2016), Adelaide, 11 - 16

September 2016, Australia

. F. Ferraro, 2nd Workshop on Nuclear Astrophysics at the Canfranc Underground Labo-

ratory, Canfranc, 29 February - 1 March, 2016, Spain

. F. Ferraro, Incontri di Fisica delle Alte Energie 2016, Genova, 30 marzo - 1 aprile 2016,

Italy

. G. Gervino, Frontier detector for frontier Physics - 13th Pisa Meeting, la Biodola, Isola

d’Elba, 24 - 30 May 2015, Italy
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7. C. Gustavino, International Nuclear Physics Conference 2016 (INPC2016), Adelaide, 11 -
16 September 2016, Australia

8. V. Mossa, Terzo Incontro Nazionale di Fisica Nucleare INFN2016, Frascati, 14-16 Novem-
bre 2016, Italy

9. F. Pantaleo, 13th Russbach School on Nuclear Astrophysics, Russbach, 6-12 March 2016,
Austria

10. D. Piatti, 13th Russbach School on Nuclear Astrophysics, Russbach, 6-12 March 2016,
Austria

11. D. Piatti, 102 Congresso S.I.F.; 26 - 30 Settembre, Padova, Italy

12. D. Piatti, INTERNATIONAL SCHOOL OF SUBNUCLEAR PHYSICS 54th Course:
THE NEW PHYSICS FRONTIERS IN THE LHC-2 ERA, 14 - 23 June 2016, Italy

12 PhD Theses

Direct Measurements of the 23 Na(p,v)** Mg Cross Section at Stellar Energies
Axel Boeltzig, PhD thesis

GSSI and LNGS, December 2016

Supervisors: Matthias Junker, Michael Wiescher

Tutors: Andreas Best, Gianluca Imbriani
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THEORY GROUP

The theory group consists of physicists belonging to three different institutions: the Na-
tional Laboratories of Gran Sasso, the Gran Sasso Science Institute and the University of
L’Aquila. The theory group is organized in five working subgroups, local nodes of the INFN
research network: AAE, High-energy astrophysics; INDARK, Inflation, dark matter and the
large-scale structure of the universe; NPQCD, Non-Perturbative quantum chromodynam-
ics; NUMAT, Nuclear matter and compact stellar objects; TASP, Theoretical astroparticle
physics. The local coordinators are indicated in bold face in the members list below. Note
that starting from 2017 the names of the working subgroups have changed and the local node
of NPQCD has been closed.

The scientific production of the theory group is of very high level with publications on
most renowned international journals. The scientific achievements have been presented in
a number of international conferences. Moreover, there is a long-standing and very fruitful
tradition of collaboration between the theory group and several experimental groups, in
particular with those of the National Laboratories of Gran Sasso. In this report, we briefly
describe the activities of the theory group in 2016.

Members of the group: A. Addazi, R. Aloisio, Z. Berezhiani, V. Berezinsky, R. Biondi, P. Blasi,
S. Carignano, M. D’Angelo, G. Di Carlo, A.T. Esmaili, C. Evoli, P. Giammaria, A. Mammarella,
M. Mannarelli, S. Marcocci, G. Morlino, A. Palladino, G. Pagliaroli, L. Pilo, S. Ramazanov,
S. Recchia, F. Tonelli, F.L. Villante, F. Vissani.

More information can be found at: http://theory.lngs.infn.it/index.html

NPQCD

Member: G. Di Carlo.

— Collaboration with: V. Azcoiti, E. Follana (Zaragoza University) and A. Vaquero (Zaragoza
University and Cyprus Inst.).

Scientific work

The severe sign problem is a longstanding challenge for high energy and solid-state theorists, but
only in this century some first attempts to overcome this problem have been proposed, making
this field very active at present. In this framework in [1] we analyzed a two-dimensional anti-
ferromagnetic Ising model within an imaginary magnetic field by means of analytical techniques,
computing the first eight cumulants of the expansion of the effective Hamiltonian in powers of
the inverse temperature, and calculating physical observables for a large number of degrees of
freedom with the help of standard multi-precision algorithms. We obtained accurate results for
the free energy density, internal energy, standard and staggered magnetization, and the position
and nature of the critical line, which confirm the mean field qualitative picture, and which should
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be quantitatively reliable, at least in the high temperature regime, including the entire critical
line.

Switching to gauge models we concluded an extensive simulation of the Schwinger model
with an imaginary #-term, to study the (possible) disappearance of the (first order) phase tran-
sition, and with real values of 0, at & = 7 for small enough value of the mass. We succeeded
in reconstructing the behavior of the massive Schwinger model with f-term, and our results
support Coleman’s conjecture on the phase diagram of this model. Preliminary results have
been presented at Lattice2016. We have also started a study of the same issue (f dependence)
for quenched QCD.

AAE

Members: A. Addazi, Z. Berezhiani and R. Biondi.

— Collaboration with: A. D. Dolgov (Univ. Ferrara), A. Vainshtein (ITP, Minneapolis, USA),
Yu. Kamyshkov (Univ. Tennessee, USA), J.W.F. Valle (IFIC Valencia), S. Capozziello (Univ.
Naples) amd M. Bianchi (Univ. Roma II).

Scientific work

The research activity has been mainly focused on the following topics and the following results
were obtained:

e Baryon number violation and neutron oscillations.
We worked on different models of baryon number violation and neutron oscillations, with
special attention to AB = 2 processes leading to neutron-antineutron oscillation and
AB = 1 ones leading to neutron-mirror neutron oscillations. Extended report on the
neutron oscillations is published in Physics Reports [2] which summarizes the theoretical
motivations and the experimental efforts to search for baryon number violation, focussing
on nucleon decay and neutron-antineutron oscillations. Present and future nucleon de-
cay search experiments using large underground detectors, as well as planned experiments
with free high intensity neutron beams at ESS were highlighted. The cases of sponta-
neous violation of baryon violation and its relations with the lepton number violation was
studied, and the possibility that QCD may break the baryon number via fuzzy six-quark
condensates was discussed [3]. The case of spontaneous breaking of local B — L symmetry
with very small gauge coupling constant was studied which could induce long-range fifth
forces. It was shown that that the discovery of neutron—antineutron mixing would settle
strong limits also on such fifth-force, up to four orders of magnitude stringer than the
present torsion balance experiments for testing the weak equivalence principle [4]. Also,
some exotic instanton effects were discussed as a source of neutron-antineutron oscillation

[5, 6, 7].

e Lepton number violation and neutrino masses.
String-inspired models for lepton number violation and neutrino Majorana masses were
discussed that could be induced by exotic instant on effects, and the leptogenesis scenario
was discussed in the context of such models [8, 9, 10]. Some related questions were also
discussed in the context of supersymmetry [11, 12].
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e High energy astrophysical neutrinos and sterile neutrinos.
It was shown that active—sterile neutrino oscillations can have a strong implications for
the flavor composition of the high energy neutrino events detected by the IceCube Collab-
oration. The case of sterile neutrinos corresponding to neutrino species of a hidden mirror
sector was studied in details [13].

R. Biondi (XXVIII ciclo) presented Doctoral Thesis ” Oscillation phenomena between ordi-
nary and dark matter particles: the case of neutron and neutrinos” in March 2016 (supervisor
Z. Berezhiani)

INDARK

Members: A. Mammarella, L. Pilo, S. Ramazanov, F.L. Villante.

— Collaboration with: G. Ballesteros (CERN and IPh CEA Saclay), M. Crisostomi (ICG-
Portsmouth), D. Comelli (INFN-Ferrara), K. Koyama (ICG-Portsmouth), S. Matarrrese (Univ.
Padova and GSSI), F. Nesti, (Boskovic Institue-Zagreb), M. Pinsonneault (Ohio State Univ.),
G. Tasinato(Swansea Univ.)

Scientific work

The research activity has been focused on the following topics: modified gravity and cosmology,
dark matter.

e Low-energy dynamics of self-gravitating media (SGM).

The SGM can be described as a shift-symmetric effective theory of four scalar fields. These
scalars describe the embedding in spacetime of the medium and play the role of Stuckelberg
fields for spontaneously broken spatial and time translations. Perfect fluids are selected
imposing a stronger symmetry group or reducing the field content to a single scalar. The
relation between the field theory description of perfect fluids and thermodynamics is ex-
plored. By drawing the correspondence between the allowed operators at leading order in
derivatives and the thermodynamic variables, it is found that a complete thermodynamic
picture requires the four Stuckelberg fields. It can be shown that thermodynamic stabil-
ity plus the null-energy condition imply dynamical stability. One can also argue that a
consistent thermodynamic interpretation is not possible if any of the shift symmetries is
explicitly broken.

e Effective field theory for the low-energy physics of self-gravitating media.
The field content consists of four derivatively coupled scalar fields that can be identified
with the internal comoving coordinates of the medium. Imposing SO(3) internal spatial
invariance, the theory describes supersolids. Stronger symmetry requirements lead to
superfluids, solids and perfect fluids, at lowest order in derivatives. In the unitary gauge,
massive gravity emerges, being thus the result of a continuous medium propagating in
spacetime. Our results can be used to explore systematically the effects and signatures
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of modifying gravity consistently at large distances. The dark sector is then described
as a self-gravitating medium with dynamical and thermodynamic properties dictated by
internal symmetries. These results indicate that the divide between dark energy and
modified gravity, at large distance scales, is simply a gauge choice.

e Projectable Horava-Lifshitz model exhibiting ghost instabilities.

It turns out that, due to the Lorentz violating structure of the model and to the presence
of a finite strong coupling scale, the vacuum decay rate into photons is tiny in a wide range
of phenomenologically acceptable parameters. The strong coupling scale, understood as a
cutoff on ghosts spatial momenta, can be raised up to 10 TeV. At lower momenta, the
projectable Horava-Lifshitz gravity is equivalent to General Relativity supplemented by a
fluid with a small positive sound speed squared (10742 < ¢2 < 1072°), that could be a
promising candidate for the Dark Matter. Despite these advantages, the unavoidable pres-
ence of the strong coupling obscures the implementation of the original Horava’s proposal
on quantum gravity. Apart from the Horava-Lifshitz model, conclusions of the present
work hold also for the mimetic matter scenario, where the analogue of the projectability
condition is achieved by a non-invertible conformal transformation of the metric.

¢ Phenomenology of kev-sterile neutrinos as dark matter candidates.
Determination of the galaxy structure in scenarios with fermionic warm dark matter. Limit
on the mass of kev-sterile neutrinos from dwarf spheroidal galaxies.

Theoretical Astroparticle Physics (TAsP)

Members: R. Aloisio, V. Berezinsky, P. Blasi, M. D’Angelo, C. Evoli, A.T. Esmaili, P. Gi-
ammaria, G. Morlino, A. Palladino, S. Recchia, F.L. Villante, F. Vissani.

— Collaboration with: A. Serenelli (IEEC-CSIC, Spagna), M.C. Gonzalez-Garcia (Departament
de Fisica Quantica i Astrofisica and ICC-UB, Universitat de Barcelona, Spagna), S. Celli (GSSI),
A. Gallo Rosso (GSSI), S. Basu (Department of Astronomy, Yale University, USA), C. Pena-
Garay (Instituto de Fisica Corpuscular, CSIC Valencia, Spagna), F. Aharonian (Dublin Institute
for Advanced Studies, Irlanda).

Scientific work

Research topics:

e Neutrino physics and astronomy.
- Quantitative study of the solar composition problem and analysis of the role of future
CNO neutrino measurements;
- Analysis of the implications of recent solar wind measurements for solar models and
composition;
- Evaluation of the expected high energy diffuse galactic neutrino flux for different cosmic
ray distributions;
- Analysis of the IceCube High Energy neutrino data in the framework of models with
galactic plus extragalactic contributions;
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- Discussion of the possibility to use high energy neutrinos produced by Glashow resonance
to determine the production mechanism of astrophysical neutrinos;

- Predictions for high energy neutrinos and gamma from the galactic center after HESS
multi-TeV measurement.

e Cosmic ray and gamma ray astronomy.
- Study of high energy cosmic ray propagation in the Galaxy;
- Analysis of the diffuse gamma ray emissivity in the Galaxy and determination of the
radial distribution of Galactic cosmic rays;
- Analysis of the effects of a cosmic axion background on reionization and determination
of limits for axion-photon conversion in extragalactic magnetic fields;
- Production of secondary particles due to the propagation of ultra high energy extra-
galactic cosmic rays: comparison of the results obtained by different numerical simulations.
- Analysis of the potential of dark matter indirect search in dwarf spheroidal galaxy with
Cherenkov Telescopes (MAGIC, ASTRI and CTA).

NUMAT

Members: S. Carignano, M. Mannarelli, S. Marcocci, G. Pagliaroli and F. Vissani.

— Collaboration with: S. Alekhin, S. Adrian-Martinez, M. Buballa, S. Celli, S. Dell’Oro, N. Di
Marco, W. Elkamhawy, A. Esmaili, C. Evoli, L. Lepori, A. Mammarella, S. Marcocci, D. Nowakowski,
A. Palladino, M. Spurio. M. Viel and F.L. Villante.

Scientific work

The scientific achievements concern several aspects of ultra-dense matter and neutrino physics/astrophysics.

e Properties of ultra-dense matter.
We re-examined the pion condensed phase using different approaches within the chiral per-
turbation theory framework. As a first step, we performed a low-density expansion of the
chiral Lagrangian valid close to the onset of the Bose-Einstein condensation. We obtained
an effective theory that can be mapped to a Gross-Pitaevskii Lagrangian in which, re-
markably, all the coefficients depend on the isospin chemical potential. This new approach
leads to a Lagrangian similar to the one used for describing quantum magnets [57]. We
studied the thermodynamic properties of matter at vanishing temperature for non-extreme
values of the isospin chemical potential and of the strange quark chemical potential. From
the leading-order pressure obtained by maximizing the static chiral Lagrangian density,
we derived a simple expression for the equation of state in the pion condensed phase and
in the kaon condensed phase. We derived an analytical expression for the maximum of the
ratio between the energy density and the Stefan-Boltzmann energy density as well as for
the isospin chemical potential at the peak both in good agreement with lattice simulations
of quantum chromodynamics. We also speculated on the location of the crossover from the
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Bose-Einstein condensate state to the Bardeen-Cooper-Schrieffer state by a simple analysis
of the thermodynamic properties of the system [58].

We revisited the renormalization prescription for the quark-meson model in an extended
mean-field approximation, where vacuum quark fluctuations are included. We investigated
the influence of the parameter-fixing scheme on the phase structure of the model at finite
temperature and chemical potential. Despite large differences between the model param-
eters in the two schemes, we found that in homogeneous matter the effect on the phase
diagram is relatively small. For inhomogeneous phases, on the other hand, the choice of
the proper renormalization prescription is crucial. In particular, we pointed out that if
renormalization effects on the pion decay constant are not considered, the model does not
even present a well-defined renormalized limit when the cutoff is sent to infinity [59].

Compact stellar objects.

We discussed the effects of an inhomogeneous chiral condensate on the properties of com-
pact stars. After introducing two commonly studied spatial modulations of the chiral
condensate, the chiral density wave and the real kink crystal, we focused on their proper-
ties and their effect on the equation of state of quark matter. We also described how these
crystalline phases are affected by the charge neutrality requirement, by the presence of
magnetic fields, by vector interactions and the interplay with color superconductivity. Fi-
nally, we discussed possible signatures of inhomogeneous chiral symmetry breaking in the
core of compact stars, considering the mass-radius relations and neutrino emissivity [60].

General properties of neutrinos.

We reviewed the main features of neutrinoless double beta decay (0v3(), underlining its
key role both from the experimental and theoretical point of view. In particular, we
contextualized the OvfS in the panorama of lepton-number violating processes, also as-
sessing some possible particle physics mechanisms mediating the process. Since the Ov3j3
existence is correlated with neutrino masses, we also reviewed the state-of-art of the theo-
retical understanding of neutrino masses [37]. We performed a statistical investigation of
the neutrino invisible decay hypothesis in the v, — v, appearance channel. We pointed
out that the neutrino decay provides an enhancement of the expected tau appearance
signal with respect to the standard oscillation scenario for the long-baseline OPERA ex-
periment. Despite data showing a very mild preference for invisible decays with respect to
the oscillations only hypothesis, we provided the first upper limit for the neutrino decay
lifetime in this channel[61].

Astrophysical neutrinos.

We studied the diffuse high energy neutrinos expected by the interaction of cosmic rays
with the gas contained in our Galaxy. We provided expectations for this component by
considering different assumptions for the cosmic ray distribution in the Galaxy which are
intended to cover the large uncertainty in cosmic ray propagation models. We calculated
the angular dependence of the diffuse galactic neutrino flux and the corresponding rate
of High Energy Starting Events in IceCube by including the effect of detector angular
resolution [23].

We also considered two categories of events that can help to diagnose cosmic neutrinos:
double pulse, which may allow us to clearly discriminate the cosmic component of v, and
cascades with deposited energy above 2PeV, including events produced at the Glashow
resonance, which can be used to investigate the neutrino production mechanisms. We
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show that one half of the double pulse signal is due to the neutrinos spectral region already
probed by IceCube [25]. We investigated the hypothesis of a PeVatron in the Galactic
Center, emerged with the recent y-ray measurements of H.E.S.S. as high energy neutrino
source and its detectability. We derived precise upper limits on neutrino fluxes and the
underlying hypotheses are discussed. The expected number of events for ANTARES,
IceCube and KM3NeT, based on the H.E.S.S. measurements, are calculated [62].

We critically analyzed the hypothesis that high energy cosmic neutrinos are power law
distributed. We proposed a model with two-components that explains better the observa-
tions. The extragalactic component of the high energy neutrino flux has a canonical F—2
spectrum while the galactic component has a E~27 spectrum; both of them are signifi-
cant. This model has several implications, that can be tested by IceCube and ANTARES
in the next years [38]. We extended the previous work to investigate the IceCube spectral
anomaly, that suggests that they observe a multicomponent spectrum. The stability of
the expectations is studied by introducing free parameters, motivated by theoretical con-
siderations and observational facts. The upgraded model here examined has 1) a Galactic
component with different normalization and shape E~2%; 2) an extragalactic neutrino
spectrum based on new data; 3) a non-zero prompt component of atmospheric neutri-
nos [27].

Multimessanger physics.

Within the large collaboration involving gravitational waves detectors, i.e. Ligo and Virgo,
and neutrinos detectors, i.e. LVD, Borexino, Kamland (just joined to the MoU) and
IceCube, we developed a Monte Carlo describing LVD, Borexino and Kamland detectors
to increase the sensitivity for the detection of distant CCSNe. We also started to implement
the coincidences search pipeline between Neutrinos and Gravitational Waves data.

Conferences and seminars

. PSI 2016 “Physics of fundamental Symmetries and Interactions”, 16-20 Oct. 2016, Villin-
gen, Switzerland

Invited talk by Z. Berezhiani
https://indico.psi.ch/conferenceDisplay.py?confId=3914

. NOW 2016 “Neutrino Oscillation Workshop”, 4-11 Sept. 2016, Otranto, Lecce, Italy
Invited talks by Z. Berezhiani and F.L. Villante
http://www.ba.infn.it/~now/now2016

. IV Summer School On High Energy Physics and Quantum Field Theory 20-23 Aug. 2016,
Yerevan, Armenia

Invited lectures by Z. Berezhiani

http://theorphyslab.ysu.am/VW_ASW-2016/

. Int. Workshop “Baryons over antibaryons: the nuclear physics of Sakharov”, 25-29 July
2016, ECT*, Trento, Italy

Invited talks by Z. Berezhiani

http://www.ectstar.eu/node/1663
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10.

11.

12.

13.

14.

15.

. ICNFP 2016, 5th International Conference on “New Frontiers in Physics”, 6-14 July 2016,

OAC, Creta, Greece
Invited talk by Z. Berezhiani
https://indico.cern.ch/event/442094/page/7521-program

. International school of subnuclear physics 2016, 54th course: new physics frontiers in the

lhc-2 era, Erice, Italy, 14-23 June 2016
Invited lecture by Z. Berezhiani
http://www.ccsem.infn.it/issp2016/index.html

. International school of subnuclear physics 2016, 54th Course: New Physics Frontiers In

The Lhc-2 Era, Erice, Italy, 14-23 June 2016
Participant talk by R. Biondi, premiated with Y. Nambu Prize
http://www.ccsem.infn.it/issp2016/index.html

. Int. Workshop “Probing Fundamental Symmetries and Interactions with Neutrons”, 11—

15 April 2016, Mainz, Germany
Invited talk by Z. Berezhiani
https://indico.mitp.uni-mainz.de/event/59

. Theoretical Cosmology in the Era of Large Surveys, Galileo Galilei Institute (GGI). Flo-

rence 04-17 April 2016.
Invited talk by L. Pilo
http://wuw.ggi.fi.infn.it/index.php?page=workshops.inc&id=210

GR21, Columbia University New York (USA). July 2016
Talk by L. Pilo
http://www.gr2l.org/

NuPhys2016: Prospects in Neutrino Physics, 12-12-2016, London, UK
Talk by F.L. Villante
https://indico.ph.qmul.ac.uk/indico/conferenceDisplay.py?confId=112

XXVII International Conference on Neutrino Physics and Astrophysics (Neutrino 2016),
04-07-2016, London, UK
Talk by F.L. Villante

http://neutrino2016.iopconfs.org/home

International Conference on UHECR 2016, Kyoto, Japan
Invited talks by R. Aloisio and V. Berezinsky
https://indico.cern.ch/event/504078/

FFLO-Phase in Quantum Liquids, Quantum Gases, and Nuclear Matter, June 2016, Ger-
many

Invited talk by M. Mannarelli

https://www.mpipks-dresden.mpg.de/fflo16/

Bari Theory XMAS workshop, December 2016, Bari, Italy
Talk by M. Mannarelli
https://agenda.infn.it/conferenceDisplay.py?confId=12266
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16.

17.

18.

8th Symposium on Large TPCs for Low Energy Rare Events, December 2016, Paris, France
Talk by G. Pagliaroli
https://indico.cern.ch/event/473362/

Compact Stars in the QCD phase diagram V, May 2016, L’Aquila, Ttaly
Talk by G. Pagliaroli
http://agenda.infn.it/event/compact-stars

Quarkyonic matter, from theory to experiment, 24-28 October 2016 , Wuhan, China
Invited talk by S. Carignano
https://indico.cern.ch/event/555970/

Activity in INFN and International organizations

R. Aloisio is a member of the GSSI Scientific Board.

V. Berezinsky is a member of Council “Cosmic Ray Research” (Russia), a member of
Int. Advisory Board of JEM-EUSO, a member of Int. Scientific Advisory Committee of
Gigaton Volume Detector of High Energy Neutrinos.

Z. Berezhiani has been co-organizer of the Workshop “Hot Topics in Modern Cosmology”
http://www.cpt.univ-mrs.fr/%7Ecosmo/SW_2015/SW9.html

M. Mannarelli has been co-chair of the workshop “Compact stars in the QCD phase dia-
gram V7.
http://agenda.infn.it/event/compact-stars

M. Mannarelli and F. Vissani have been co-organizer of the LNGS seminars.

M. Mannarelli has been cochair of the “Particle and Astroparticle Physics Autumn Pro-
gram”
https://agenda.infn.it/conferenceDisplay.py?confId=12089.

S. Carignano, G. Pagliaroli, A. Mammarella and F. Vissani were in the Organizing Com-
mittee of the workshop “Compact stars in the QCD phase diagram V”.
http://agenda.infn.it/event/compact-stars

Z. Berezhiani and L. Pilo are members of the Doctorate Collegium of the Physics Dept.
and of the Doctorate Commission, University of 1’Aquila.

7. Berezhiani obtained an Award for Research from the University of Sydney, Australia.

F. Vissani is the physics area coordinator and Chair of the GSSI Astroparticle Physics PhD
Committee, observer in Comm.II on behalf of Comm.IV, referee for the INFN National
Permanent Committees II on non-accelerator physics; member of the scientific committee
for the ICRANet-INFN agreement; associate editor of European Physical Journal C.

F. Vissani has been organizing the Asimov Prize.
https://it.wikipedia.org/wiki/Premio_Asimov.
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Publications in journals and proceedings

Azcoiti V, Di Carlo G, Follana E and Royo-Amondarain E 2016 (Preprint 1612.08598)
Phillips IT D G et al. 2016 Phys. Rept. 612 1-45 (Preprint 1410.1100)

Berezhiani Z 2016 Eur. Phys. J. C76 705 (Preprint 1507 .05478)

Addazi A, Berezhiani Z and Kamyshkov Y 2016 (Preprint 1607.00348)

Addazi A 2016 Phys. Lett. BT57 462—467 (Preprint 1506.06351)

Addazi A 2015 (Preprint 1504.06799)

Addazi A 2016 Int. J. Mod. Phys. A31 1650084 (Preprint 1505.02080)

Addazi A, Valle J W F and Vaquera-Araujo C A 2016 Phys. Lett. B759 471-478 ( Preprint
1604.02117)

Addazi A, Bianchi M and Ricciardi G 2016 JHEP 02 035 (Preprint 1510.00243)

Addazi A, Capozziello S and Odintsov S 2016 Phys. Lett. B760 611-616 (Preprint 1607 .
05706)

Addazi A 2016 Electron. J. Theor. Phys. 13 39-56 (Preprint 1505.00625)

Addazi A and Khlopov M 2016 Mod. Phys. Lett. A31 1650111 (Preprint 1604.07622)
Biondi R 2016 Nuovo Cim. C39 271

Addazi A and Capozziello S 2016 Mod. Phys. Lett. A31 1650054 (Preprint 1602.00485)
Addazi A 2016 Mod. Phys. Lett. A32 1750014 (Preprint 1607.01203)

Addazi A 2016 Int. J. Geom. Meth. Mod. Phys. 14 1750012 (Preprint 1607 .02593)
Addazi A 2016 (Preprint 1603.08719)
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Abstract

The year 2016 was a very important milestone for the XENON collaboration. While
analyzing and publishing data from the running XENON100 experiment, performing novel
ER calibrations, and testing new purifications tools, we completed the commissioning of
all the subsystems of the XENONI1T experiment. After testing the cryogenic, purification
and recovery systems in the spring, we filled the water shield and started the operations
in a low background environment in July. We performed the first ER and NR calibrations
during summer and fall. At the same time, starting in October we continuously distilled
krypton from xenon while running the experiment. At the end of November we started
the first XENONI1T science run, after reaching a record low background level below 1073
(kg - day - keV)~ L.

1 Introduction

The XENON collaboration operates a series of direct detection experiments at LNGS to search
for dark matter particles in our Milky Way. The experiments use dual-phase liquid xenon time-
projection chambers (TPCs) which are particularly well-suited to search for one of the most
compelling dark matter candidate particle, the Weakly Interacting Massive Particle (WIMP),
over a broad range of parameters. Starting with the XENON10 experiment more than a decade
ago, the collaboration has successively built larger and more sensitive detectors. The XENON100
experiment was the world’s most sensitive direct detection dark matter experiment for a number
of years, until late 2013. In 2016 we published the results of the combination of the main three
XENON100 science runs, and we started the search of annual modulations over the whole data
sample. We also used XENON100 as a very useful tool to test new calibration sources and
purification techniques.
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After about three years of construction, the collaboration commissioned the new phase of
the project, XENONI1T, which itself will be two orders of magnitude more sensitive than
XENON100. The XENONIT sensitivity goal is 2 x 10747 cm? after 2 t x y of exposure. At the
end of November 2016, we successfully started its first science run. Most of the infrastructure
and detector design of XENONIT are such that they can be reused for an even larger upgrade
in the future, called XENONnT, with ~ 8 t of liquid xenon inside, to gain another order of
magnitude in sensitivity.

2 XENON100

2.1 Operation status, calibrations and purification techniques
2.1.1 Operation status

Following the degraded cooling system performance over more than two years of continuous op-
eration, the XENON100 detector was stopped in August 2016 with liquid xenon recovered. The
detector was then operated in low pressure mode and several systems, including the cryogenic
cooling tower, the slow control and gas circulation systems, will be serviced to improve the per-
formance and reliability. Several ideas to use the detector as a test facility for calibration and
novel liquid xenon detector components are being discussed in the collaboration. The detector is
well suited for a measurement of low energy calibration source 37 Ar with 2.82 keV (K-shell EC)
and 270 eV (L-shell EC) lines. A 37Ar source is being prepared and a calibration measurement
is foreseen following the maintenance of the detector. The detector will be used further to test
novel ideas for upgrading the XENONI1T detector to XENONnT. These include testing new
electrodes to reduce the single electron emission rate, reduction of radon emanation by plating
on the detector surface, and fast purification combining the gas and liquid circulations. The
schedule for completing the maintenance of various systems and for operating XENON100 with
new calibration sources and further tests will be affected by the XENONI1T schedule.

2.1.2 Calibrations

The XENON100 detector was used to test several new calibration sources for low energy nuclear
recoils (*¥YBe), and electronic recoils (33™Kr, 22Rn, and CH3T) for next-generation detectors.
The calibration campaign has yielded important information not only on the low energy response
of liquid xenon, but also on the detector behavior that is relevant for the operation of XENON1T.
Several papers on the operation and calibration results with these sources are being prepared.

We presented a novel calibration method for liquid noble element detectors using a source
of dissolved 2°Rn [1]. The 22°Rn decay chain provides several isotopes that allow for a variety
of different calibrations, including the response to low-energy beta decays, high-energy alpha
lines, and the important ??2Rn background. The isotope enters the active volume as soon as the
source is opened to the gas purification system. No contamination is observed from long-lived
isotopes, and the introduced activity naturally decays within a week after the source is closed.
Since this dissipation time is independent of the size of the detector, calibration with ?°Rn is
particularly appealing for future large-scale detectors.

The primary utility of the source is the beta decay of 2'?Pb, which can be employed to
calibrate a detector’s response to low-energy electronic recoil backgrounds in the search for
dark matter. The 212Pb atoms permeate the entire active region, including the center, which is
beyond the reach of traditional calibration methods with external Compton sources.
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Figure 1: Spin-independent cross section limit (blue line) and 1o (green band) and 20 (yel-
low band) expected sensitivity regions at 90% C.L. from the combined analysis of the three
XENON100 science runs. For comparison, a subset of other experimental limits (90 %C.L.) and
detection claims (20) are also shown [2, 3, 4, 5, 6, 7, §].

Furthermore, the high-energy alpha decays of 22°Rn and 2'5Po provide a way to map atomic
motion. We observed a single convection cell in XENON100 at speeds up to ~ 7mm/s as well
as subdominant ion drift in the electric field of the TPC. Such an improved understanding of
fluid dynamics within a detector promises to motivate novel analytic techniques for background
mitigation.

Beyond the development of calibration techniques, we have used the beta decay of 2'?Bi and
the alpha decay of 2'2Po to make a high-purity, high-statistics measurement of the half-life of
212Po yielding a competitive measurement of t; /5 = (293.9 & (1.0)gtat £ (0.6)sys) ns.

2.2 Physics Analyses and New Results

As the pioneering liquid xenon dark matter experiment, XENON100 has accumulated in total
477 live-days since it started science operations in 2009. These data allowed us to search for a
variety of dark matter candidates and other rare events, leading to several new papers released
this year.

First, the collaboration reported a low-mass dark matter search using only the ionization
signal (S2) to determine the interaction energy [9]. A nuclear recoil energy threshold of 0.7 keV
was achieved. A spin-independent WIMP-nucleon cross section of 1.2 x 10~*' cm? is obtained
at a WIMP mass of 6 GeV /c?.

Second, a search for two-neutrino double electron capture from the K-shell of 1?*Xe was
carried out using 7636 kg x d of data, leading to a 90% C.L. limit of T/, > 6.5 x 102 yr [10].

Third, we perfomed a combined analysis of the main three XENON100 science runs. Data
from the first two runs had been already published. A blind analysis was applied to the last run
recorded between April 2013 and January 2014 prior to combining the results. The ultralow elec-
tromagnetic background of the experiment, ~ 5x 1073 events/(keVe x kg x day) before electronic
recoil rejection, together with the increased exposure of 48 kg x yr improved the sensitivity. A
profile likelihood analysis using an energy range of (6.6 — 43.3) keVy,; set a limit on the elastic,
spin-independent WIMP-nucleon scattering cross section for WIMP masses above 8 GeV/c?,
with a minimum of 1.1x10™* cm? at 50 GeV/c? and 90% confidence level, as shown in figure
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1. We also reported an updated constraints on the elastic, spin-dependent WIMP-nucleon cross
sections obtained with the same data. We set upper limits on the WIMP-neutron (proton) cross
section with a minimum of 2.0x1074% cm? (52x10740 cm?) at a WIMP mass of 50 GeV/c?, at
90% confidence level, shown in figure 2.

The combined dark matter data, spanning over three entire years, allow us to search for
potential annual modulation signals with a better sensitivity compared to the previous published
modulation search results. The combined modulation search analysis was completed and the
manuscript submitted in early 2017.

3 XENONI1T

XENONI1T is the successor to the XENON100 experiment. With a design sensitivity two orders
of magnitude better than XENON100, over a broad range of WIMP masses and interaction
types, this first LXe TPC experiment at the tonne-scale will have significant discovery potential.
In designing the experiment, we have built-in the possibility for a rapid sensitivity scale-up by
another order of magnitude, by enabling a factor two to three larger LXe detector, named
XENONNT, to fit into the same cryostat while re-using most of the other systems developed for
XENONIT.

The year 2016 was a crucial one for XENONI1T: we completed the commissioning of the
experiment in all its various subsystems. After testing the cryogenic, purification and recovery
systems in the spring, we filled the water shield and start the operations in a low background
environment in July. During summer and fall, we performed the first ER and NR calibrations.
At the same time, starting in October, we successfully distilled the krypton from xenon while
running the experiment. At the end of November we started the first XENONI1T science run,
after reaching a record low background level below 1073 (kg - day - keV)~!.

In the following we detail the main progress in the various subsystems, achieved in 2016.
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Figure 3: View of the XENONIT experiment in Hall B of the LNGS. The cryostat housing the
dual-phase xenon TPC is hanging in the middle of the water tank. The service building with
all equipment to support running the experiment, has three, fully packed, floors.

General Commissioning

The commissioning was completed in the second half of 2016. TPC and DAQ were fully commis-
sioned after water tank filling, allowing calibration and characterization of the TPC for science
data.

Muon Veto

In July 2016, the floor of the water tank was cladded with reflective foil and 24 of the remaining
PMTSs were installed on the floor of the water tank. This last step of the Muon Veto (MV)
installation was followed by a commissioning of the Cherenkov detector in its final state: an
average dark rate of 2 kHz at a threshold of 1 pe was observed, once the water tank was filled
completely with water. The same DAQ and processing software as used for the TPC were
adapted and validated for the MV system. To have the TPC and the MV working concurrently,
the MV trigger output is sent to the TPC DAQ whether or not the MV DAQ is in a busy state;
final tests of the GPS timing module are ongoing. To give more control of the calibration system
during the commissioning phase, the slow control system for the LED pulser was improved to
include an expert mode that allows to send specific commands to the pulse generator and to
also generate scripts through the dedicated slow control SQL database. Finally, a study of
the electronic noise reduction using a CRC (capacitance-resistance-capacitance) filter is being
completed.

In the initial phases of the commissioning, the Water Tank (WT) was filled with water up
to the nominal level while the cryostat was under vacuum, testing the system under extreme
buoyancy conditions (never realized under routine operations). No worsening of the insulation
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vacuum or any other failures of the cryostat were observed. However a small water leak (flow rate
of less than 10 liters/day) was detected near the floor of Hall B. This prompted emptying of the
WT. The company that built the WT subsequently performed a leak search using penetrating
dye-liquid but no crack was found even after several repetitions. The anchoring points of the
chains of the anti-buoyancy system, situated at the base of the support structure were sealed
with stainless-steel boxes and were connected to a reinforcement stainless steel disk installed at
the center of the WT on the floor. No leak was detected after this intervention.

Cryostat, Cryogenics, ReStoX

The commissioning tests of the integrated cryostat, cryogenics, purification, and ReStoX (stor-
age) systems, the core xenon handling systems, were completed prior to the installation of the
TPC. In February 2016, the collaboration completed an additional internal operative safety
review to identify potential improvements and possibly recommend modifications to the core
xenon handling systems and automated procedures to minimize detector downtime and risk
of xenon loss. The recommendations were successfully implemented and thoroughly tested in
March and April 2016, prior to the start of regular operations with the detector. The detector
was filled with 3.3 tons of liquid xenon from ReStoX in mid-April 2016. The operation lasted
about two weeks, reaching a filling speed of 650 kg/d after the initial cooldown period. The core
xenon handling systems performance met or exceeded the design specifications and the filling
operation was completed in the expected duration. The cryostat liquid nitrogen backup cooling
system was commissioned shortly thereafter. With the cryostat filled, the cryogenic system has
been in continuous operation for the following months, maintaining the liquid xenon at constant
temperature and pressure (temperature RMS < 0.04 ° C, pressure RMS 1 mbar).

Slow Control

The Slow Control System has made significant progress on its interfaces to the experiments
collaborators and its infrastructure. Throughout the ongoing commissioning, the system has
controlled the experiments equipment, reported alarms and provided graphic tools for visualizing
the data collected. In the second half of 2016 we have seen a significant consolidation of all
parts of the system, adding features and increasing reliability. The web viewer that displays
the current values and recent trends of most significant variables for collaborators anywhere is
now more interactive. The Historian Analysis program allows plotting historical variables and
correlations. User, shifter and expert roles have been defined with appropriate rights and the
login system has been set up to apply them. Experts can securely control the system remotely.
Major work is in progress to clarify all alarm messages and to append explanatory text from a
manual to the alarm messages sent by email and cellular text messages. A second collaboration
site is now monitoring the heartbeat from the alarm notification service and will signal the
collaboration if the Slow Control system is unable to send alarms from LNGS. In addition to
enhancing the Cryogenic, Purification, ReStoX, Kr Distillation, TPC and Muon Veto PMT High
Voltage and water circulation systems that have been operating for some time, more equipment
has been included: the TPC HV supply, TPC LXe level meters, and the LED pulsers for PMT
calibration. The control of the motors for positioning the radioactive calibration sources is fully
operational. The control and monitoring of two additional QDrive pumps is now being added (see
also next section). Variables critical to the safety of the experiment are now being exchanged
with the LNGS Safety System. Key variables are now exchanged with the Data Acquisition
system. Upcoming plans include installing a control room above ground at LNGS, continuing
the development of the high-level control software to orchestrate the transitions between various
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operating modes, and deploying the machinery for exporting data for use in the science data
analysis.

Purification, Distillation Column

The purification system has been in continuous use since the detector was filled in April 2016.
A combination of liquid and gaseous xenon were extracted from the detector for electronegative
purification at a flow rate of around 50 SLPM, reaching an electron drift lifetime on the order
of a hundred microseconds. An upgrade of the recirculation pumps has been performed to reach
the targeted electron lifetime (> 1 ms) on a shorter timescale. In particular, additional QDrive
pumps were added to the purification system so that two pumps can work in series on each
of the two purification circuits, allowing an increased flow with lower demands on each pump.
This is expected to improve the electron drift lifetime as well as the stability of the pumps. The
pump upgrade also includes the addition of new temperature and pressure sensors, which will
provide more information about the performance of individual parts of the purification system
and should prevent potential pump failures.

Removal of Kr and other light noble gases out of Xe with the dedicated cryogenic distillation
column is on-going without any problems and with great success. The offline RGMS investi-
gation of the sample taken at a He-removal campaign in spring resulted in a krypton-in-xenon
concentration of (12 + 24) ppq (1 ppq = 1071°) or upper limits of < 48 ppq (< 56 ppq) at
90% CL (95% CL) respectively [20]. This demonstrates that the cryogenic distillation column
is clearly surpassing the purity requirements even for XENONNT not only at test experiments
in the laboratory but also with the full phase—2 column at XENONI1T at LNGS. The purity of
the xenon in the XENONI1T detector was at the ppb level in summer because the majority of it
was not distilled yet. A full distillation campaign of the whole XENONI1T inventory would take
about 2 months. Therefore to not lose time in improving the detector performance and effective
electron lifetime an interrupted online-distillation is being performed since summer: a fraction of
the xenon sent to the purification system to remove electronegative impurities is passed through
the cryogenic distillation column. The online monitoring of the krypton-in-xenon concentration
by an RGA-system at the distillation column and the 8°Kr determination by the XENON1T
detector itself showed a krypton removal time constants below 10 days in this online mode,
which was fast enough to favor online distillation against a full distillation of the XENON1T
inventory into ReSToX and back into XENONI1T. Some additional valves and pipes were in-
stalled to allow a free adjustment of the xenon fluxes from the LXe and the GXe reservoirs of
the XENONI1T detector, which are cycled through the cryogenic distillation column, in future.
These new connections allow also to run the cryogenic distillation column in radon-removing
online-mode as having been tested at XENON100 nearly two years ago.

At the end of November the Kr concentration reached the few ppt level, such that the ER
background from Kr was smaller than the one from 2'*Pb in the ?2Rn chain. This set the start
of the first XENONIT science run on November 2279,

Time Projection Chamber and Photomultipliers

XENONIT is fully filled with liquid xenon since April 2016 and soon after, the electric fields of
the TPC have been established. In order to benefit from low field quenching and therefore more
scintillation light and thus better electron recoil rejection, we are currently operating at the
same drift field as LUX (0.12 kV/cm). The extraction field is around 10 kV/cm which ensures
100% electron extraction efficiency. High voltage operation is stable and only occasionally
affected by sudden changes in the detectors thermodynamic conditions (usually occurring during
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Figure 4: The relative rate observed in the detector and the water level in the water tank as a
function of time.

commissioning actions). The diving bell system allows us to keep the liquid xenon level constant
for several months. Initially, the TPC has been levelled using the feedback from its four precision
level sensors. The charge signal response thus does not show any significant azimuthal variation.

In April 2016, the detector was cooled with xenon gas down to 175 K at the rate of
0.36 K /hour, and filled with liquid xenon over a two weeks period; the 248 PMTSs are in opera-
tion since then. An equalization of the PMT gains to 2.5 x 105 was performed at the beginning
of September 2016, and are calibrated regularly (twice a week). Three independent calibra-
tion methods have been developed, based both on external LED light sources and low-intensity
(single photon) scintillation pulses, and yield consistent results.

Calibration

The calibration systems are up and running, not least thanks to the good cooperation with
LNGS safety personnel. Using 83™Kr, calibration has been performed routinely on XENONI1T.
Regarding 2?°Rn, the calibration was successfully performed on XENON100 [1], and extensively
used in fall 2016 to characterize the ER band of XENONI1T. The NR band calibration has been
performed by means of neutrons from an AmBe source, since mid October, for a few weeks.
Finally, the neutron generator has been characterized in detail and has been delivered to LNGS
to be used for nuclear recoil calibrations. Our thanks go to LNGS safety staff for their help in
making these sources available to the XENONI1T experiment.

Data acquisition and Electronics, Data Processing, Computing and Analysis

The XENONIT data acquisition system has been installed and is operational since the end
of 2015. The DAQ system has allowed us to characterize the performance of the TPC. We
recorded first signals when the TPC was initially filled with xenon gas and recorded first S1/S2
coincidences in April, after it was filled with liquid xenon, even before there was water in the
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active muon veto system. After the LXe filling, we saw a high rate of relatively small pulses
from the TPC which stressed the DAQ system up to our highest anticipated calibration rates.
In the second half of 2016, we have focused on enhancing various parts of the DAQ to handle
extreme rates and removing bottlenecks. This included additional hardware purchases (e.g., two
more machines to read out the ADC system, swapping traditional disks for solid-state disks),
redistribution of software over different computers, and optimizing the data acquisition and
triggering software. The DAQ software has now been benchmarked at sustained data rates at
up to 500 MB/s. While the DAQ is capable of handling these high rates, they are not expected
during regular dark matter data-taking due to the extremely low external backgrounds. This
is illustrated in figure 4, where we show the relative DAQ trigger rate dropping by almost
three orders of magnitude as the water level increases in the muon veto. The high-energy veto,
which will also substantially reduce the acquisition rates during detector calibration, has been
commissioned.

Finally, with the filling of the water tank, we were able to also include the commissioning of
the muon veto data acquisition system. While the muon veto and the TPC are operated by two
independent hardware systems, they share the same underlying DAQ and are controlled by the
same run control system.

At the end of April 2016 a new host and a Fiber Channel Storage Array were installed at
the computing center of LNGS which should serve as data management (data transfer, offline
monitoring, RAID6 management) and database server. A virtualization system called PROX-
MOX was installed in the host in order to create and manage different Virtual Machines to
handle the different tasks. The XENONI1T data which come from DAQ), are stored in a buffer,
configured as RAIDG6, and then transferred to other XENONIT farms located outside LNGS,
like OSG/Midway (Chicago), and PDC (Stockholm) ready to be processed. Tools for syn-
chronization and book-keeping of the datastream were developed and test, and a tape storage
backup has been commissioned at PDC. In addition to the external XENON farms, the data
will also be transferred to EMI GRID storage elements for reprocessing purposes. At the end
of July 2016 another host was installed at the LNGS computing center which should serve as
container services (such as home user, wiki or SVN) for XENONI1T users. PROXMOX was also
installed in the host, which will guarantee, together with the hardware configuration, a complete
redundancy in case of software/hardware failure.

While all systems were undergoing commissioning, we continued data taking and analysis
for TPC commissioning/characterization, initial calibration and background assessment. In
particular, we have observed both S1 and S2 signals. The light yield for S1 is studied by
analysis of 83™Kr and '3"Cs calibration data and alpha tagging. S2 signals could be detected
in the entire active region of the detector. This is true also for the bottom of the detector,
see further figure 5. Turning to the backgrounds, we measured the level of radon. The design
sensitivity of XENONIT [21] was calculated assuming a ?2?Rn concentration of 10 Bq/kg of
LXe. The analysis based on counting the a-events following the Rn decay indicates that this
concentration was achieved, even without employing on-line reduction techniques. With 8°Kr
reduced to the ppt level, the resulting overall ER background rate at the beginning of the science
run was already below 1073 (kg - day - keV) 1.

Monte Carlo Simulations

After the publication of the analysis of the XENON1T background and sensitivity in April 2016
[21], the focus of the MC working group has been dedicated mainly to the validation of the
optical model against the first data coming from the detector, in particular the calibration with

153



Figure 5: Left: Observed S1 and S2 signals from an interaction inside the middle of the TPC.
Unidentified peaks have been suppressed for clarity. Right: Event distribution inside the TPC,
radial versus depth coordinate. No cuts have been applied, but an identified S1/S2 pair was
required for each event.

83mKr inside the TPC. The results are in agreement with the prediction of the Monte Carlo
simulation, with a light yield in XENONI1T which is twice the one obtained in XENON100.
The MC group has also been involved in the refinement of the waveform generator, in order to
produce MC data sets with the same characteristics of the data obtained from the experiment.
In this way the MC data will be processed with the same analysis chain of the real data to
correctly estimate all the efficiencies and acceptances of the various selection cuts.

4 Conclusions

During 2016 we completed several XENON100 analysis on the combination of the three main
runs, for a total live-time of 17600 kg x d, and performed a successful test with a novel 22°Rn ER
calibration. Meanwhile, we completed the commissioning of the XENONI1T experiment in all
its various subsystems. After testing the cryogenic, purification and recovery system in spring,
in July we could fill the water shield and start the operations in a low background environment.
During summer and fall, we performed the first ER and NR calibrations using with 22°Rn
and AmBe, respectively. At the same time, starting in October we successfully continuously
distilled the xenon from Kr while running the experiment, and at the end of November we could
start the first XENONIT science run, after reaching a record low background level below 1073
(kg - day - keV) L.

5 List of Publications
The XENON Collaboration published the following papers during 2016:

e “Physics reach of the XENONIT dark matter experiment ”, E. Aprile et al. [XENON
Collaboration|, JCAP 1604 (2016) no.04, 027; arXiv:1512.07501 [physics.ins-det]
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“Low-mass dark matter search using ionization signals in XENON100 ”, E. Aprile et al.
[XENON Collaboration], Phys.Rev. D94 (2016) no.9, 092001, Erratum: Phys.Rev. D95
(2017) no.5, 059901; arXiv:1605.06262 [astro-ph.CO]

”Search for two-neutrino double electron capture of ?4Xe with XENON100”, E. Aprile
et al. [XENON Collaboration], Phys.Rev. C95 (2017) no.2, 024605; arXiv:1609.03354

[nucl-ex]

"XENON100 Dark Matter Results from a Combination of 477 Live Days”, E. Aprile et al.
[XENON Collaboration], Phys.Rev. D94 (2016) no.12, 122001; arXiv:1609.06154 [astro-
ph.CO]

”Results from a Calibration of XENON100 Using a Source of Dissolved Radon-220", E.
Aprile et al. [XENON Collaboration], Phys.Rev. D95 (2017) no.7, 072008; arXiv:1611.03585
[physics.ins-det]

”Removing krypton from xenon by cryogenic distillation to the ppq level”, E. Aprile et al.
[XENON Collaboration], Eur.Phys.J. C77 (2017) no.5, 275; arXiv:1612.04284 [physics.ins-
det]
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Abstract

A relevant role during the evolution of living organisms was played by natural back-
ground radiation of Earth and cosmic rays. However, it is not yet clear how chronic low
doses of radiation can affect biological processes. A contribution in this field can be given
by the Silence Cosmic project, funded by the Istituto Nazionale di Fisica Nucleare (INFN)
and Centro Fermi (Italy). In this project the influence of the environmental radiation on
the metabolism and the genotoxic stress response capability of in vitro and in vivo biological
systems is studied. Parallel experiments are performed in different environmental conditions,
i.e. at the underground Gran Sasso National Laboratory (LNGS), where a sharp reduction
of environmental radiation, in particular for the directly ionizing cosmic rays and neutron
components, is achieved and in reference laboratories located at the ISS/Sapienza University
of Rome and at the LAquila University. Here we report the current status and the future de-
velopments of the in vivo experiments carried out using the fruit fly Drosophila melanogaster
as model system. In order to allow a comprehensive interpretation of the obtained results in
terms of biophysical mechanisms, a characterization of radiation field and of other environ-
mental parameters, namely temperature, pressure and relative humidity in the experimental
sites is ongoing.

1 Introduction

Natural variations of background radiation likely represented a critical role during the evolution
and contributed to the development of still poorly characterized defense mechanisms to mini-
mize genotoxic damage. The experiments carried out at the underground Gran Sasso National
Laboratory (LNGS) of the Italian Institute of Nuclear Physics (INFN) on cultured mammalian
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cells of rodent and human origin represent the largest evidence on the effects of reduced envi-
ronmental radiation on eukaryotic cellular systems [1-6]. The unique characteristics of LNGS,
where the presence of radiation is strongly reduced, made this laboratory the ideal place to host
not only physic experiments and study rare events such as solar neutrino detection and proton
decay, but also to explore the effects of low radiation on biological systems.

So far the overall scenario coming from long and short term in vitro experiments is that cells
cultured underground LNGS in reduced environmental radiation conditions (Low Radiation
Environment, LRE) are less tolerant to DNA damage and less efficient in scavenging reactive
oxygen species than cells cultured in an external reference laboratory (Reference Radiation En-
vironment, RRE), e.g. at the Istituto Superiore di Sanit (ISS, Rome) or at the external LNGS
cell culture laboratory.

Recently, we started employing Drosophila melanogaster, the common fruit fly, as a multicellular
model system to investigate whether the reduced background radiation at the LNGS affects de-
velopment and growth of a complex multicellular organism. Drosophila is emerging as one of the
most effective tools for analyzing the function of human disease genes, including those responsi-
ble for developmental and neurological disorders, cancer, cardiovascular disease, metabolic and
storage diseases, and genes required for the function of the visual, auditory and immune systems
[7-12]. Flies have several experimental advantages, including their rapid life cycle and the large
numbers of individuals that can be generated, which make them ideal for sophisticated genetic
screens, and in future should aid the analysis of complex multi-genic disorders. Drosophila has
also been already used as an in vivo model to study radiation induced oxidative stress and radio-
protective agents. More recently, many of the important neurotoxic side effects resulting from
radiation therapy during development in humans have been mimicked in Drosophila suggesting
that fruit flies can serve as a useful experimental model for studying the neurotoxic consequence
of radiation exposure, and ultimately for identifying specific genes and proteins involved in the
molecular mechanism of radiation-induced damage [13]. Although humans and fruit flies may
not look very similar, it is widely accepted that most of the fundamental biological mechanisms
and pathways that control development and survival are conserved across evolution between
these species.

2 The Cosmic Silence facility for in vivo studies at the LNGS

The Cosmic Silence facility, located in the bypass of the LNGS, next to the PULEX cell cul-
ture laboratory, has been set up to perform in vivo experiments on living organisms of different
complexity in the phylogenetic tree. In particular, the facility has been designed to host small
animals (e.g. insects, worms, fishes) and also a 60 cages mice rack (Fig. 1). It is provided
with temperature, humidity and light control systems as well as with an independent ventilation
System.

Among the parameters routinely monitored, one of the most relevant, because related to the
radiation environment, is the presence of radon. The monitoring carried out before starting the
in vivo experiments indicated the need to increase the ventilation inside the laboratory being the
values higher than expected. In the past, the measurements inside the underground facility were
lower than those monitored in the external environment and only during a temporary failure of
the ventilation system the radon level reached values around 100Bgq/m3.

Aware of this, we decided to start anyway the experiments with Drosophila melanogaster, with
the precaution of keeping continuously monitored the radon levels.
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Figure 1: The Cosmic Silence facility for in vivo experiments on living organisms of different
complexity.

Figure 2: Radon monitoring inside the PULEX-COSMIC SILENCE facility and in the reference
external laboratory (LAquila University).

Presently, the radon levels inside the facility are still higher than those in the reference laboratory
(see Fig.2) and we are waiting for a solution to this problem.

3 Characterization of the radiation field and other environmen-
tal parameters in the different experimental sites

During the experiments, as reported above, we carried out radon monitoring in both underground
and external reference laboratories using the Alfaguard equipment. As mentioned above, the
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Figure 3: Output of the Alfaguard equipment showing, besides radon, the temperature, pressure
and humidity in the different laboratories.

radon values in the underground facility are still higher than those at the reference laboratory.
This aspect needs to be solved.

Besides radon, other environmental parameters, namely temperature, pressure and relative hu-
midity have also been recorded by the Alfaguard equipment (see an example in Fig.3).

While the temperature was constant in the two experimental sites (25.60.6Cvs25.20.4C),
we registered in the external laboratory a slight increase in the average values of pressure
(941.92.7mbarvs906.74.0mbar) and relative humidity (54.17.6%vs45.55.6%). On the basis of
the literature evidence, these mild differences can be considered negligible for the biology of
Drosophila.
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The dosimetric characterization of the different experimental sites where the biological exper-
iments are performed is crucial for the interpretation of results. We have been carried out
measurements of the gamma component in the PULEX facility and in two reference Laboratory,
at the ISS and at the University of LAquila, using thermoluminescence dosimeters, specifically
TLD-700H. We found that the dose rate due to gamma components of the radiation background
in the underground (incubator shielded with 5 cm thick iron) laboratory is about 50-fold lower
compared to the external laboratory at ISS and about 16-fold lower with respect to the one
at LAquila University. The incubator structure induces a shielding effect corresponding to a
dose reduction inside of about 20%. The iron shield reduces the dose rate inside the incubator
of about 70 %. A new campaign of dose rate measurements is scheduled in the new COSMIC
SILENCE facility where, due to the absence of incubators, some, although small, variations in
the radiation environment are expected with respect to the PULEX facility. The dose rate mon-
itoring of the other sites will continue in parallel. As for the planned simulations, they should
be carried out by students of the Milano-Bicocca University, supervised by the Prof. Maura
Pavan. They will help to better understand the distribution, spectrum and composition of the
background radiation inside the facilities and, by installing some radiation monitors, to verify
or calibrate the predictions.

4 Influence of radiation environment on the life span, fertility
and DNA repair genes of Drosophila melanogaster

We used Drosophila melanogaster as a multicellular model system to investigate whether the
reduced background radiation at the LNGS affects development and growth of a complex multi-
cellular organism. We sought to compare different developmental parameters, such as life span,
fertility and motility activity, between flies maintained for different generations at the LNGS
(Low Radiation Environment, LRE) and at the reference Laboratory at LAquila University
(Reference Radiation Environment, RRE).

Life span test
For the life span test, we have checked the survival of a standard wild-type line (Oregon-R).
Flies were collected up to a 2 — 3 days and sorted males transferred to fresh vials (10 males per
vial) containing standard medium and aged at 25C' in both LRE and RRE laboratories. Flies
were transferred to fresh food every 3 days, at which time the number of surviving males was
recorded. Each experiment was carried out on at least 30 flies for generation. Starting from
April 2016, single populations (referred to as A and B) were consecutively raised at LRE with
A indicating the population brought to LRE the first month and B the population brought the
next month and so on. For sake of clarity, each generation was indicated as the exponent of
each population so that, for instance, B4 indicates the 4th generation from population B. We
have also maintained the same fly lines in the RRE, which is very close to LNGS (5km). These
flies were referred to as R. We found that the median life span in A6, A8 and B1 generations
was significantly increased by 20%, 7% and 15%, respectively, relative to that of R wild-type
flies indicating that reduction of natural background radiation alters the survival ratio (Fig. 4).

Motility test
To assess whether LNGS background radiation influenced locomotion, we examined climbing
activity of wild-type adults from A°, A'2, B! and B” and from R flies. Climbing activity tests
were then repeated on the same individuals that were aged for additional 30 days. These analyses
revealed that the locomotive behavior of LRE flies was not different from that exhibited by R
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Figure 4: Reduced background radiation extends the lifespan of males flies. Kaplan-Meier
survival curves are shown for the reference (R) and LNGS Oregon flies from generation A8, A°®,
and B! with p values calculated using the log-rank test. Pairwise multiple comparison by the
Holm-Sidak method demonstrated a significant extension in median life span in A® (median
survival = 71 4 2.6 days; log-rank = 6,339; p = 0,0118), A% (median survival 63 & 2.0 days;
log-rank = 6,590; p = 0,0103), and B! (median survival 68 & 3.0 days; log-rank = 6,283; p
= 0,0122) flies compared with line R (median survival = 59.0 £2.6). Survival was assessed from
30 males flies.

flies even after aging (data not shown).
Fertility tests

Fertility tests that were performed on both wild-type Oregon male and female adults from the
same generation time have shown that LNGS background radiation reduces by 30% the fertility
of both male and female adults (Fig. 5). Interestingly, fertility reduction is an early effect and
remained unchanged along different generation time.

To verify a possible influence of low radiation background on the response on genotoxic stress,
we analyzed the effect of LRE environment on the growth of 3 different Drosophila mutants
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Figure 5: Fertility tests of Oregon females (a) and males (b) that were isolated from two inde-
pendent lines (A and B) after different generations (exponents) kept at LNGS. Columns indicate
the fraction of progeny relative to the progeny observed in the reference laboratory (R) from 4
independent crosses of either one LRE female or male with 2 R males or females, respectively.
For all generations tested, the progeny/adult ratio from each fertility test at LRE is significantly
reduced (p < 0.01) compared to that observed at RRE (R). (*) p < 0.01 (ANOVA test followed
by Holm-Sidak test). Bar indicates SEM.

with defective DNA repair and which, as a consequence, are sensitive to genotoxic stress. As
expected, these mutants are semi-lethal (that is only rare adults are found) if raised on RRE.
Surprisingly, only for one of these (the tefu mutant line, bearing a mutation in the ATM encoding
gene), we found that the number of adults was much higher (20% vs 1.3%) than that observed
at RRE, indicating that LRE conditions positively select the survival of flies with little ATM
protein (adults from the remaining mutants were as rare as in RRE) (Fig.6). To rule out that
this outcome was due to a spurious effect in the genome of this mutant line, we have replaced
all chromosomes, but the one with the mutation, with different chromosomes (nb lines) and
found the same results (Fig. 7). This indicated that the positive selection at LRE was specific
to the mutation. Moreover, we observed that this effect is also maintained if LRE mutant lines
are moved and kept to RRE for 2 more generations indicating that it is retained in a trans-
generational manner. Why this takes place only for mutations in ATM encoding gene seeks
further investigation.
All of these results have been extensively discussed in our published paper [14].
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Abstract

Samples were collected in Barcelona with a high-volume airborne particulate sampling
system, and with a dry and wet deposition collection system for subsequent analysis. Within
the framework of the Environmental Radioactivity Monitoring for Earth Sciences (ERMES)
research project the filters were measured at the Gran Sasso National Laboratory. This has

enabled the characterization of dry velocity deposition for **Cs and '37Cs. Results show a

dry velocity deposition of 0.07 cm s!.

1 Introduction

Weekly airborne particulate samples have been routinely collected at the Campus-Sud surveil-
lance radiological station at the Institut de Teécniques Energetiques (INTE) of the Technical
University of Catalonia (UPC) in Barcelona (Spain), and measured using a high-volume air
sampling system since March 2000. There was no evidence of detection of I and '3*Cs in
air in Barcelona, before March 23" 2011, although small amounts of 37Cs were detected in
about 10 % of filters of high-volume air sampling [1]. In Barcelona, radioisotopes released from
Fukushima Dai-ichi NPP were detected at first by the high-volume air sampling filter during the
period of 237?-28"" March 2011 and were detectable until 11t May 2011. The maximum values
of 137Cs and '34Cs were observed in the filter collected from 1%¢ to 4 of April 2011. Meteorolog-
ical conditions in the Iberian Peninsula during the sampling period were characterized mainly
by a low pressure gradient leading to low synoptic forcing which did not favor transport across
the Iberian Peninsula. Then, the characterization of '3*Cs and '¥7Cs dry velocity deposition is
an important parameter that is needed to improve atmospheric transport models. As the activ-
ity of the dry deposition collected falls below MDA measurable at surface laboratories, within
the ERMES research project the collected filters were measured at the Gran Sasso National
Laboratory of the Istituto Nazionale di Fisica Nucleare (INFN-LNGS) [2].
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2 Results and discussion

The measured deposition fluxes were 0.024 zBq s~ m~2, 0.039 uBq s~ m~2, for **Cs and 137 Cs,
respectively. The deposited flux of 137Cs is larger than '3*Cs because of the larger radioactivity
of 137Cs measured in the dry deposition filter, 1.3 + 0.5 mBq and 2.1+ 0.7 mBq, for '3*Cs
and 137Cs, respectively. The reason for this difference may be explained by the contribution of
the re-suspended '37Cs particles that were deposited on the ground from the Chernobyl NPP
accident and nuclear weapons tests [2]. The 37Cs volumetric activity in the air over Barcelona
due to re-suspension, according to the average and the standard deviation of the mean for the
28 filters in which 137Cs was detected in the period 2006-2010, was 0.53 4+ 0.10 uBq m? [3].
Therefore, if we consider that the dry deposition velocity is 2.4 cm s™!, an activity contribution
in the deposited filter from re-suspension can be estimated to be 0.7 £ 0.4 mBq. Subtracting
this 0.7 mBq from the measured 2.1 mBq, indicates that the *7Cs deposited activity from the
Fukushima Dai-ichi NPP is about 1.4 + 0.7 mBq. Therefore the value attributable to the flux
of 137Cs of Fukushima origin is 0.026 4+ 0.014 uBq s~ m~2 [2]. Finally, it should be pointed
out that the deposition velocities measured in a city show significant differences due to the sub-
strate characteristics and, therefore, standardization in terms of sampling site characteristics
and sampling method is desirable for comparability of results [4].

3 Conclusion

The dry deposition velocity measured for both 37Cs and 3*Cs from Fukushima Dai-ichi NPP
in Barcelona was approximately 0.07 cm s™!, taking into account the contribution from re-
suspended 37Cs, which is subtracted from the total activity measured in the dry deposition
filter. This contribution has been evaluated to be approximately 30 % of the total deposited
137Cs. The results obtained in this study could be used as input parameters foratmospheric
transport models [2].
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GINGER

G-GranSasso Collaboration

The experiment G-GranSasso is aiming at developing an array of ring-
lasers in order to measure on earth the LenseThirring effect with 1% pre-
cision. This project is commonly called GINGER (Gyroscopes IN GEneral
Relativity). In the last year three main activities have been carried on: data
taking and analysis of GINGERino, the control of the geometry with the
GP2 apparatus in Pisa and the revision of the General Relativity test. In
the following the activity around these three points will be summarised.

1 GINGERino

GINGERino has been operational for several weeks, in Fig. 1 the raw data
are reported, the periods, amounting to less than 10% of the total time, in
which the laser was in ’split mode’, have been removed, the duty cycle of the
gyroscope is above 90%. In November the experiment has been restarted,
unfortunately because a failure of the DAQ system the acquisition stopped
abruptly just before Christmas. In February 2017 we have been able to
access the experimental area, GINGERino was perfectly operational, but
we have not been able to restart the DAQ system. On February 2017, a
simple DAQ based on the computer available in the GINGERino area has
been installed, unfortunately also this system at a certain point has stopped.
We have accessed again the area on February 28, GINGERino was perfectly
operational, but we regret to say that the failure in the computer was not
repairable. In summary since November GINGERino is operational, the
only problem is the DAQ system. It is based on Labview and PXI, it has
been developed in 2010 at the time of the first installation inside the Virgo
central area, using the controlled coming from an older apparatus. The PXI
is now in Pisa, it has been re-inetializated, the software has been upgraded
and a new hard disk installed, at the same time we are preparing a new
computer in order to have redundancy in the DAQ, this new computer will
be of ’industrial standard’, since there is evidence that the high level of
relative humidity is originating the troubles.

It has been possible to record a portion of the 2016 earthquake swarm,
the Phd Andreino Simonelli (joint Phd University of Pisa and LMU of Mu-

169



Figure 1: The good portions of data acquired by the DAQ system of GIN-
GERino in 2016. The November run has interrupted just before Christmas
for a failure of the DAQ system.

nich) is carrying on the analysis under the supervision of Heiner Igel, we
hope to see the paper late spring 2017 and the poster will be presented in
April at the conference EGU2017. We have not been able to make improve-
ment in GINGERino, in particular the perimeter control, since we have at
present a very serious problem of manpower.

The ring-laser GINGERino is an R&D apparatus; it has been developed
using an old mechanical structure, the perimeter stabilisation can be imple-
mented, but the full control of the geometry (following the scheme under test
with the prototype GP2) cannot be implemented. It has been so successful
thanks to the very quiet environment of LNGS, and to the monument in
granite which provides several advantages. It is possible to say that as far
as the LenseThirring test is concerning, GINGERino has completed its duty,
since it has shown that the LNGS provides a very high thermal stability,
the seismometer data are close to the LNM, and the local subsidences are
smaller than 10~ %rad, see Fig. 3, important point for the installation of a
ring-laser at the maximum signal, which is the most simple apparatus to
measure the fast variations of the LOD. The only concern is the pressure
which exhibits a rather high variability, see Fig. 4, this problem can be
cured with pressure-tight doors.

It is clear that GINGERino is in practice an observatory for seismology,
INGYV is interested in long term measurements, at the moment it is under
discussion if GINGERino will become an observatory at least until GINGER
will be ready. It is important to say that the data relative to the earthquake
have been sent to INGV people, and it has been tested the pipeline to
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transfer the data to the INGV database. Several software routines have
been developed for the analysis and in particular for the backscattering sub-
traction. Most of its automatisation has been done.

Figure 2: Response of the 3 channels of the seismometer installed on top
of the monument of GINGERino. The left side diagram shows that the
perturbation with longer periods is traveling along the tunnel, so consistent
with the hypothesys that it is induced by the air flow inside the tunnel.

In the last year we have investigated several points which could contribute to
improve the response of the gyroscope. For instance a model has been devel-
oped to describe the effect of the capillary and its misalignment. In practice
the discharge tube causes losses whose amount changes as the discharge
tube changes its position with respect to the light beams; as a consequence
it could be advantageous to have a larger aperture of the capillary and use
a spacial filter to select the mode of the light. Several upgradings are in
principle feasible with the aim of increasing the long term stability and the
sensitivity. The sensitivity will improve installing better mirrors. A differ-
ent scheme could be installed recombining the beams with specially designed
prisms; in this way the readout will not be affected by small variation on
the relative phase between the two interfering beams. The DAQ needs to
be replaced. Not all the data sets have been analysed, in principle it would
be good to complete and refine the analysis of the data taken so far, for
example selecting the data taken during the night and with careful analysis
it is possible to integrate the Allan for more than 1 hour, see Fig. 5.
However it must be well understood that GINGERIno is not capable to
evidenziate the LenseThirring effect, it is not big enough. Unfortunately we
cannot at present make any program because we are facing a very severe
manpower shortage.
We are please to say that the paper about the GINGERino results has been
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Figure 3: Long term stability of the monument of GINGERino as measured
with the two channels of the tilt-meter installed on top of the granite mon-
ument. The effect of thermal drift of the room has been subtracted with a
fit.

Figure 4: Temperature and Pressure behaviour inside the GINGERino ex-
perimental box.

Figure 5: Comparison of GINGERino and G allan deviation, October 2016
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accepted and published by Rev. of Scientific Instruments on March 14t [1],
this paper has been highly appreciated and it has been high-lighted by AIP
and the media, in US and Italy (ANSA, Repubblica etc.).

2 The work in Pisa: GP2 and the facility to test
the super mirrors one by one

GP2 is the ring-laser installed inside the INFN section, it is based on a square
ring 1.6m in side oriented at the maximum Sagnac frequency with an error
of 1°. It has been developed to test the geometry control based on the
control of the two diagonals of the square cavity. In the past years we have
developed an interrogation apparatus based on a diode laser injection locked
to a stabilised iodine reference laser. In the autumn 2016 the geometry of
GP2 has been controlled keeping constant the length of the two diagonals,
in this way several data have been collected and GP2 has been running
continuously for more than one week (usually in a uncontrolled environment
GP2 runs continuously for less that one hour). We are analysing the data
and a paper is in preparation. The mirrors are one of the major concern,
and we are not perfectly satisfied by the mirrors we have purchased so far.
In particular we feel frustrated by the inconsistency of the measurement
done by the factory with what we observe when the mirrors are installed
inside the ring cavity. The factory declares total losses of the order of a few
ppm, while the ring down time of the cavity is consistent with dozens times
larger losses. It is possible to measure the losses of each sigle mirrors with
little equipment, the major point here is the source, which should have a
very narrow line. Enrico Maccioni has set up a technique based on 3 mirrors
optical resonator, based on a simple diode laser whose line-width is narrowed
by the radiation retro reflected from the optical cavity. It is important to
handle those mirrors in a clean area, for this reason a clean cabinet has been
installed inside the clean room of Pisa. This apparatus has been recently
completed. This will give the possibility to test individually each mirror, to
investigate a large portion of the surface, to detect bad mirrors before the
installation and make tests avoiding the installation inside the ring cavity.

3 Revision of the GINGER project

Our original proposal was based on an octahedron, at least 3 ring-laser
arranged following an octahedron, this has been published in 2011. We have
pursued the revision of the experimental apparatus proposed for GINGER,
following several criticisms, mainly more clearly clarifying the quantities to
be measured, reducing as much as possible the cost of the whole apparatus
and sketching a viable sequence for the installation. The revision work of the
project has been carried on with 2 papers. The first one provides the detailed
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description of the signal coming out of the ring-laser [2] and providing a very
large list of useful relations between different signals. The second one is
focused on the experimental part,[3] and gives the layout of the most simple
apparatus providing the main experimental requirements. This two papers
have been both submitted and accepted to EPJP, the second one [3] has been
highlighted by EPJ on April 21 2017. Regarding the theoretical aspects we
have started a collaboration with Salvatore Capozziello, University of Napoli
and GSSI.
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Abstract

By performing X-rays measurements in the “cosmic silence” of the underground labo-
ratory of Gran Sasso, LNGS-INFN, we test a basic principle of quantum mechanics: the
Pauli Exclusion Principle (PEP) for electrons by searching for atomic transitions in copper
prohibited by PEP. With the ongoing VIP2 experiment we aim to gain two orders of mag-
nitude improvement with respect to the previous VIP experiment. VIP2 uses Silicon Drift
Detectors (SDDs) to measure the X rays emitted in the copper target and a veto system
(scintillators read by SiPM) to reduce the background.

1 The VIP scientific case and the experimental method

Within VIP and VIP2 an experimental test on the Pauli Exclusion Principle is being performed
for electrons.
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The Pauli Exclusion Principle (PEP), a consequence of the spin-statistics connection, plays
a fundamental role in our understanding of many physical and chemical phenomena, from the
periodic table of elements, to the electric conductivity in metals and to the degeneracy pressure
which makes white dwarfs and neutron stars stable. Although the principle has been spectac-
ularly confirmed by the huge number and accuracy of its predictions, its foundation lies deep
in the structure of quantum field theory and has defied all attempts to produce a simple proof.
Given its basic standing in quantum theory, it is appropriate to carry out high precision tests
of the PEP validity and, indeed, mainly in the last 20 years, several experiments have been
performed to search for possible small violations. Many of these experiments are using methods
which are not obeying the so-called Messiah-Greenberg superselection rule. Moreover, the in-
distinguishability and the symmetrization (or antisymmetrization) of the wave-function should
be checked independently for each type of particles, and accurate tests were and are being done.

The VIP (VIolation of the Pauli Exclusion Principle) experiment, performed by an interna-
tional Collaboration among 10 Institutions of 6 countries, has the goal to either dramatically
improve the previous limit on the probability of the violation of the PEP for electrons, (P < 1.7
x 10726 established by Ramberg and Snow: Ezperimental limit on a small violation of the Pauli
principle, Phys. Lett. B 238 (1990) 438) or to find signals from PEP violation.

The experimental method consists in the introduction of “new” electrons into a copper strip,
by circulating a current, and in the search for X-rays resulting from the forbidden radiative
transition that occurs if some of the new electrons are captured by copper atoms and cascade
down to the 1s state already filled by two electrons with opposite spins (Fig. 1.)

Figure 1: Normal 2p to 1s transition with an energy around 8 keV for Copper (left) and Pauli-
violating 2p to 1s transition with a transition energy around 7,7 keV in Copper (right).

The energy of 2p — 1s transition would differ from the normal K, transition by about 300
eV (7.729 keV instead of 8.040 keV) providing an unambiguous signal of the PEP violation.
The measurement alternates to the data taking with circulating current periods without current
in the copper strip, in order to evaluate the X-ray background in conditions where no PEP
violating transitions are expected to occur. The rather straightforward analysis consists in the
evaluation of the statistical significance of the normalized subtraction of the two spectra in the
region of interest (if no signal is seen). A more complex statistical analysis (Bayesian) is also
being implemented.

The experiment is being performed at the LNGS underground Laboratories, where the X-ray
background, generated by cosmic rays, is considerably reduced.

176



The VIP group is considering also the extension of its scientific program to the study of
other items of the fundamental physics, such as collpase models studies.

2 The VIP and VIP2 apparata

The first VIP setup was realized in 2005, starting from the DEAR setup, reutilizing the CCD
(Charge Coupled Devices) as X-ray detectors, and consisted of a copper cylinder, were current
was circulated, 4.5 cm in radius, 50 pm thick, 8.8 c¢m high, surrounded by 16 equally spaced
CCDs of type 55.

The CCDs were placed at a distance of 2.3 cm from the copper cylinder, grouped in units
of two chips vertically positioned. The setup was enclosed in a vacuum chamber, and the CCDs
cooled to 165 K by the use of a cryogenic system. The VIP setup was surrounded by layers of
copper and lead to shield it against the residual background present inside the LNGS laboratory,
see Fig. 2.

Figure 2: The VIP setup at the LNGS laboratory during installation.

The DAQ alternated periods in which a 40 A current was circulated inside the copper target
with periods without current, representing the background.

VIP was installed at the LNGS Laboratory in Spring 2006 and was taking data until Summer
2010. The probability for PEP Violation was found to be: 32/2 < 4.6 x 10~2.

In 2011 we started to prepare a new version of the setup, VIP2, which was finalized and
installed at the LNGS-INFN in November 2015 and with which we will gain a factor about 100
in the probability of PEP violation in the coming years (see Table 1).
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Table 1: List of expected gain factors of VIP2 in comparison to VIP (given in brackets).

Changes in VIP2

value VIP2(VIP)

expected gain

acceptance 12% 12
increase current 100A (50A) 2
reduced length 3 cm (8.8 cm) 1/3
total linear factor 8
energy resolution 170 eV(340 eV) 4
reduced active area 6 cm?(114 cm?) 20
better shielding and veto 5-10
higher SDD efficiency 1/2
background reduction 200-400
overall gain ~120

3 Activities in 2016

3.1 VIP2 - a new high sensitivity experiment

In order to achieve a signal /background increase which will allow a gain of two orders of magni-
tude for the probability of PEP violation for electrons, we built a new setup with a new target,
a new cryogenic system and we use new detectors with timing capability and an active veto
system. As X-ray detectors we use spectroscopic Silicon Drift Detectors (SDDs) which have
an even better energy resolution than CCDs and provide timing capability which allow to use
anti-coincidence provided by an active shielding.

The VIP2 system is providing;:

1. signal increase with a more compact system with higher acceptance and higher current
flow in the new copper strip target;

2. background reduction by decreasing the X-ray detector surface, more compact shielding
(active veto system and passive), nitrogen filled box for radon radiation reduction.

In the Table 1 the numerical values for the improvements in VIP2 are given which will lead to
an expected overall improvement of a factor about 100.

3.2 Status of VIP2 in 2016

In the VIP2 apparatus six SDDs units, with a total active area of 6 cm? each are mounted close
to the Cu target. An active shielding system (veto) was implemented, to reduce the background
in the energy region of the forbidden transition. This system will play an important role to
improve the limit for the violation of the PEP by two orders of magnitude with the new data
which are presently obtained by running the VIP2 experiment at LNGS.

In November 2015, the VIP2 setup was installed at Gran Sasso. In the year 2016, data with
the VIP2 detector system at the LNGS without shielding were taken. In Figure 3 the VIP2
setup, as installed at LNGS, is shown.

Data with 100 Ampere DC current applied to the copper strip was collected together with
the data collected without current. A preliminary analysis of the two spectra to determine a
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Figure 3: A picture of the VIP-2 setup installed at LNGS .
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new value of the upper limit for PEP violation is on going. Figure 4 shows the summation of the
data from 2016 of all the SDDs for 34 days of data taking with current and for 28 days without
current. The preliminary analysis shows the energy resolution of the summed spectra at 8 keV
is less than 190 eV FWHM.

Figure 4: Upper figure: the energy spectrum obtained by VIP2 in 34 days with current (I=100 A);
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Lower figure: the energy spectrum obtained by VIP2 in 28 days without current.

4 Workshops organized in 2016

In 2016 the following events related to the physics of VIP, and, more generally, to quantum

mechanics, were organized:

1.

Training school for graduating students, PhD students and young researchers, “Are spin-
statistics and quantum theory exact?”, LNF-INFN, December 19-21, 2016.

. Testing the limit of quantum superposition principle in nuclear, atomic and optomechanical
systems, ECT*, Trento, 11-16 September 2016.
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Also, VIP was included in about 20 lectures given by Catalina Curceanu in Australia, as
Women in Physics Lectures award for 2016, awarded by the Australian Institute of Physics.

5 Future plans

In 2017 we will be in data taking with VIP2 at LNGS-INFN in the actual configuration until
summer 2017. The preliminary data analysis will be finalized and published.

In summer 2017, we will implement new SDDs (higher active/total array ration) in the setup
and build the shielding, so to start a new data taking campaign by the end of 2017.
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Abstract

The Pierre Auger Project is an international Collaboration involving about 450 scientists
from 16 countries, with the objective of studying the highest energy cosmic rays. Recent
results from the Collaboration as well as further developments in the detector are presented
in this report.
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1 Introduction

Ultra-high energy cosmic rays are of intrinsic interest as their origin and nature are unknown.
It is quite unclear where and how particles as energetic as ~ 10?° eV are accelerated. Over 40
years ago it was pointed out that if the highest energy particles are protons then a fall in the
flux above an energy of about 4 x 1019 eV is expected because of energy losses by the protons as
they propagate from distant sources through the photon background radiation. At the highest
energies the key process is photo-pion production in which the proton loses part of its energy in
each creation of a A resonance. This is the Greisen—Zatsepin—-Kuzmin (GZK) effect. It follows
that at 10?0 eV any proton observed must have come from within about 50 Mpc and on this
distance scale the deflections by intervening magnetic fields in the galaxy and intergalactic space
are expected to be so small that point sources should be observed. If nuclei are propagated from
sources their photo-disintegration in the photon background field plays a role similar to the GZK
effect in the depletion of the flux above 10?0 eV and the limitation of the CR horizon, but the
angular correlation with the sources is expected weaker because of the higher charges.

The Observatory comprises about 1600 10 m? x 1.2 m water-Cherenkov detectors deployed
over 3000 km? on a 1500 m hexagonal grid, plus a sub array, the Infill, with 71 water Cherenkov
detectors on a denser grid of 750 m covering nearly 30 km?. This part of the Observatory (the
surface detector, SD) is over-looked by 24 fluorescence telescopes in 4 clusters located on four
hills around the SD area which is extremely flat. The surface detectors contain 12 tonnes of
clear water viewed by 3 x 9” hemispherical photomultipliers. The fluorescence detectors (FD)
are designed to record the faint ultra-violet light emitted as the shower traverses the atmosphere.
Each telescope images a portion of the sky of 30° in azimuth and 1°-30° in elevation using a
spherical mirror of 3 m? effective area to focus light on to a camera of 440 x 18 cm? hexagonal
pixels, made of photomultipliers complemented with light collectors, each with a field of view
of 1.5° diameter. 3 High Elevation Auger Telescopes (HEAT) located at one of the fluorescence
sites are dedicated to the fluorescence observation of lower energy showers. The Observatory also
comprises a sub array of 124 radio sensors (AERA, Auger Engineering Radio Array) working
in the MHz range and covering 6 km?, a sub Array of 61 radio sensors (EASIER, Extensive
Air Shower Identification with Electron Radiometer) working in the GHz range and covering
100 km?, and two GHz imaging radio telescopes AMBER and MIDAS.

A review of main results from the Pierre Auger Observatory is presented with a particular
focus on the energy spectrum measurements, the mass composition studies, the arrival directions
analyses and the search for neutral cosmic messengers. Despite the results reached by Auger,
the understanding of the nature of UHECRs and of their origin remains an open science case
that the Auger collaboration is planning to address with the AugerPrime project to upgrade the
Observatory.

2 Recent results from the Pierre Auger Observatory

2.1 Cosmic Ray Spectrum measurements

The measurement of the energy spectrum of UHECRS, the inference on their mass composition
and the analysis of their arrival directions bring different information, complementary and
supplementary one to the other, with respect to their origin.

The measurement of the flux of UHECRs has been one of the first outcomes of Auger
data [1]. Two spectral features have been established beyond doubt [2, 3] : the hardening
in the spectrum at about 5x10'® eV (the so-called ankle), and a strong suppression of the
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Figure 1: Left: The four energy spectra derived from SD and hybrid data. Right: The combined
energy spectrum, fitted with a flux model (see text). As in the left panel, only statistical
uncertainties are shown and the upper limits correspond to the 84% C.L.

flux at the highest energies, starting at about 4x10' eV. The all-particle flux of cosmic rays
presented at ICRC 2015 [4] is an update of such measurement, being based on an exposure
now larger than 50000 km? sr yr and on 190000 events. Combining four independent spectra
(see Figure 1, left) from the two different SDs (and two data sets from the SD-1500 m, vertical
and horizontal events) and from hybrid events, the measurement is emblematic of the power of
using multiple detectors. Data from the SD-750 m allow for the determination of the energy
spectrum down to 107 eV. The SD-1500 m vertical data are crucial above the energy of full
trigger efficiency of 3x10'® eV up to the highest energies, with horizontal events contributing
above 4x10'® eV and providing an independent measurement in this energy range. Hybrid data
bridge those from the two SDs, between 10'® eV and 10?6 eV. The four spectra, in agreement
within uncertainties, are combined into a unique one shown in Fig. 1, right panel, taking into
account the systematics of the individual measurements. The evident features are quantified by
fitting a model that describes the spectrum with two power-laws around the ankle, the second
of which includes a smooth suppression at the highest energies. The ankle is found to be at
FEankle = (4.84+0.140.8) x 10'® eV. The spectral slope below the ankle is 41 = 3.2940.0240.05,
and above the ankle is 79 = 2.60 4 0.02 + 0.10. The energy at which the differential flux falls to
one-half of the value of the power-law extrapolation is Fs = (42.1 4 1.7 4+ 7.6) x 10'® eV.

2.2 Mass composition studies

The origin of the very precisely determined features in the all-particle spectrum has been in
parallel addressed by the Collaboration, likewise since many years [5], through the measurement
of the depth of the shower maximum, X,.x, one of the most robust mass-sensitive EAS observ-
ables. The measurement, relying on hybrid data, has been recently updated in [6]. More than
18000 events collected by the standard FD telescopes (FD data) above 10'7% eV, have been
supplemented by about 5500 data collected with HEAT in coincidence with the closest FD,
Coihueco (so-called HeCo data) [7]. The resulting (Xmax) and o(Xmax) is shown in Fig. 2, left
and right, respectively, as a function of energy. Data are confronted to simulations, for proton
and iron primaries, performed using three hadronic interaction models that were found to agree
with recent LHC data. Between 10'7 and 10'83 eV, (X,..) increases by around 85 g cm™2 per
decade of energy; around 1083 eV, the rate of change of (Xp.,) becomes significantly smaller
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Figure 2: The mean (left) and the standard deviation (right) of the measured X,y distributions
as a function of energy compared to air-shower simulations for proton and iron primaries.

(~ 26 g cm~?2/decade). These two values, consistent with those found with FD data alone [6],
allow to extend the inferences on the evolution of the average mass composition down to 107
eV. As the first value is larger than the one expected for a constant mass composition (~ 60 g
cm~2/decade), it indicates that the mean primary mass is getting lighter all the way from 107
to 10183 eV. Above this energy, the trend inverts and the composition becomes heavier. The
fluctuations of Xyay start to decrease above the same energy ~ 10'83 eV, being rather constant

below.

2.3 Neutral cosmic messengers

Figure 3: Left: neutrino flux upper limits (at 90% C.L.), in integrated (horizontal lines) and
differential forms (see [9] for details). - Right : photon flux upper limits (95% C.L.) (see [8] for

details).

Both neutrinos and photons are sought for in the flux of UHECRSs detected by Auger. The
neutrino search is performed by studying very inclined showers and earth-skimming ones [9]. The
criteria are based on the characteristics expected for “young” showers initiated by neutrinos,
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developing deep in the atmosphere, compared to “old” ones from inclined hadronic showers,
having their electromagnetic component fully absorbed before reaching the detectors. Photon
showers, due to their slower development and the dominance of the electromagnetic component
can be distinguished from hadronic showers [8]. SD events on the one hand, and hybrid events
on the other hand have been analyzed, to cover the energy range above 1 EeV. Assuming a
differential flux dN(E) = kE? for both neutrinos and photons, stringent upper limits to their
flux are derived. The Auger limits on neutrinos (Fig.3 left panel) outperform those from IceCube
and ANITA, and also the Waxman-Bahcall limit; in the range 10'7 - 10'° eV they are challenging
the contribution from cosmogenic-neutrino models. The limits to the integral photon flux are
shown in Fig.3 right panel. The obtained limits are the most stringent for E > 10 EeV and start
to constrain the most optimistic predictions of cosmogenic photon fluxes under the assumption
of a pure proton composition.

2.4 Anisotropy searches

The last piece of study regarding UHECRSs included in this report is that of the distribution
of arrival directions on large scales [10]. This integrates other anisotropy searches, not only in
terms of angular scale, but also of inferences, as large-scale anisotropies can be reflective either
of a collective motion of cosmic rays (e.g., of their propagation), or of the global distribution
of their sources, or of both. As such studies are relevant at all energies, being complementary
to spectrum and mass measurements, the large-scale analysis has been performed down to
the lowest ones accessible by the Observatory, ~ 10'6 eV. The technique used is that of the
harmonic analysis of the counting rate. The amplitudes of the first harmonic are obtained as
upper limits to the equatorial component of the dipole as a function of energy, apart two energy
bins where (between 1 and 2 EeV, and for the integral bin above 8 EeV, mean energy 14.5 EeV,
respectively) amplitudes are determined. Both upper limits and measurements are at percent
level. The evolution of the phases with energy shows a smooth transition of the first harmonic
modulation in right ascension distribution from 270° to 100° around 1 EeV. Interestingly, the
phase above 8 EeV is roughly the opposite than the one at energies below 1 EeV, which is in the
general direction of the Galactic Centre. The percent limits to the amplitude of the anisotropy
exclude the presence of a large fraction of Galactic protons at EeV energies [11]. Accounting for
the inference from Xy.x data, that protons are in fact abundant at those energies, this might
indicate that this component is extra-Galactic, gradually taking over a Galactic one. The low
level of anisotropy would then be the sum of two vectors with opposite directions, naturally
reducing the amplitudes. An intruiguing possibility, to be explored with additional data.

Similarly intruiguing is the indication of the departure from isotropy above 8 EeV, where the
total amplitude of the dipole results to be 0.07340.015 pointing to («, §) = (95°+13°, —39°£13°).
This finding is robust both assuming that the flux of cosmic rays is purely dipolar or purely
dipolar and quadripolar [12]. Assumptions on the shape of the angular distribution can be
avoided by analyzing it over the full sky. This has been done through a spherical harmonic
analysis of Auger and Telescope Array data [13, 14]. No deviation from isotropy at discovery
level is found at any multipoles. The largest deviation from isotropy, with a p-value of 5 x 1073,
occurs for the dipolar moment. The amplitude, 0.065 + 0.019, and the direction, («,d) =
93° + 24°,46° 4+ 18°) are in agreement with that found with Auger-only data. The sky maps
of the fluxes, in equatorial coordinates, in Fig. 4, offer a visualization of the dipolar patterns
resulting from the two analyses.
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1 -1

Figure 4: Sky maps in equatorial coordinates of flux, in km™2 yr=! sr~! units, smoothed in
angular windows of 45° (60°) radius, for Auger (Auger and Telescope Array) events with E > 8
EeV (10 EeV), left (right) panel.

3 Activity of the L’Aquila—Gran Sasso Group

The activity of the group has followed two main lines:

3.1

Development of a Monte Carlo code (SimProp) for the propagation of UHECR nuclei in
extragalactic space, and its use for the study of physical observables

Development and operation of the Raman Lidar system for an enhanced atmospheric test
beam within the Observatory.

Participation to the Auger-Telescope Array joint Spectrum and Anisotropies working
groups

Coordination responsibility of the paper [15]

Study of Lorentz from the point of view of the effects on UHECR propagation and
interactions of particles in atmosphere [19].

Talks

A. di Matteo for the Pierre Auger Collaboration, “Astrophysical interpretation of Pierre

Auger Observatory measurements of the UHECR energy spectrum and mass composition”,
RICAP, 2124 June 2016, Frascati

A. Di Matteo, “Cosmogenic neutrinos and gamma-rays and the redshift evolution of UHECR,

sources” Neutrino Oscillation Workshop, 411 September 2016, Otranto

A. di Matteo, “Computing cosmogenic gamma-ray fluxes with SimProp v2r4”, SIF, 2630

September 2016, Padova

D. Boncioli, “UHECR propagation in the extragalactic space”, Arbeitstreffen Kernphysik,

Schleching, February 18th 25th, 2016

D. Boncioli, “Interactions of Cosmic Rays around the Universe: Models for UHECR data

interpretation”, 46th International Symposium on Multiparticle Dynamics South Korea,
August 29th September 2nd, 2016
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