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Theme code 03-2-1100-2010/2024 Laboratory DLNP

Department _Nuclear Spectroscopy and

Radiochemistry

Direction: Nuclear Physics (03)

Theme title: Non-Accelerator Neutrino Physics and Astrophysics

Theme leaders: V. Brudanin, E. Yakushev

Abstract:

Search for and investigation of double-neutrino and neutrinoless modes of double beta-decay,
clarification of the neutrino nature Majorana or Dirac, absolute neutrino mass scale and hierarchies.
Search for the neutrino magnetic moment, neutrino-nucleus coherent scattering and Dark Matter.
Investigation of galactic and extragalactic neutrino sources, diffusive neutrino cosmic background, search
for exotic particles (monopoles). Application of the neutrino detector for a distant investigation of process
inside of the reactor core of Kalinin Nuclear Power Plant. Search for sterile neutrinos. Spectroscopy of
nuclei far from stability. Development of new methods for detection of charged and neutral particles.

Time interval and expected results: 2022-2024,

annotations for the theme and for scientific projects are attached.

Participating Countries, Institutes and International organizations: Azerbaijan, Bulgaria, Czech
Republic, Finland, France, Germany, Kazakhstan, Poland, Russia, Slovakia, United Kingdom,
Uzbekistan.

Time interval for the theme: 2022-2024

Total estimated cost of the theme per year k$, 16606.1
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MIudp remnr 03-2-1100-2010/2024 JladopaTopusi JIAI
Otnen H20ACuPX

HanpagJienne: Anepnas ¢uznka (03)

HanmenoBanue Tembl: HeyckopuTeabHAasi HEMTPUMHHAS ggmmca n aCTDO(l)I/BI/lKa

PykoBoautenu tembl: _bpynanun B.b., fAkymeB E.A.
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THEME 03-2-1100 AND ITS PROLONGATION FOR 2022-2024

THEME TITLE: NON ACCELERATOR NEUTRINO PHYSICS AND ASTROPHYSICS
CURRENT THEME CODE: 03-2-1100-2010/2021

Leaders: V.B. Brudanin, E.A. Yakushev

Preamble:

The theme “Non-accelerator neutrino physics and astrophysics” at JINR is devoted to search
and investigation of rear processes by means of nuclear physics methods. The base of the theme
is Department of Nuclear Spectroscopy and Radiochemistry, DLNP. This department has a huge
almost 50-years experience in high-precision nuclear spectroscopy using semiconductor,
scintillator and other types of detectors in general and 30-years experience of rare processes
studies in different underground environments. The department has the knowledge, personnel
and capabilities to create world-class facilities, conduct measurements with them and obtain
world-leading results. At present, the theme consists of seven main projects the implementation
of which is related to common approaches and resources. In addition to the six scientific sectors
involved in the theme, the following resources are available to carry out the scientific projects:
the laboratory for the production and repair of semiconductor detectors; laboratory for creation
and production of scintillation materials for detectors; radiochemical sector (creation of
calibration radioactive sources, purification of materials designated for low-background
measurements from their contamination by natural radioactivities, etc.), mechanical workshops,
a group of computer support, a group of mass separators and others.

The problems targeted by scientific projects are: neutrino-less double beta decay
(SuperNEMO, GERDA (Legend) and Monument projects), experiments with the reactor
antineutrino: GEMMA (vGeN) — search for the neutrino magnetic moment and neutrino coherent
scattering; DANSS - reactor diagnostics and investigation of the neutrino properties, direct
search for the Dark Matter (EDELWEISS project) will be extended to search of New Physics
with neutrino coherent scattering (joint EDELWEISS/Ricochet project), deep-water
investigations with the neutrino telescope at Baikal lake (BAIKAL-GVD project).

Abstracts of each of these projects are given below. Each of the projects individually
passes through the JINR approval (prolongation) procedures. BAIKAL-GVD project is approved
for 2019-2023 yy, Monument project is approved for 2021-2023 yy. Approval of other projects
for 2022-2024 years is in process.



TEMA 03-2-1100 1 EE TPOJJIEHUE HA 2022-2024 'O bI

HA3BAHUE TEMbI: HEYCKOPUTEJIbHASL HEMTPMHHAS  ®U3UKA U
ACTPODPU3HUKA

TEKYIIUA IIA®P TEMBI: 03-2-1100-2010/2021
PYKOBOJIUTEJIN TEMBI: B.b. bpynanun, E.A. Skymes
IIpeamoOy.a:

Tema “HeyckopureibHasi HeWTpuHHAasA ¢u3uka H acrpopusuka” B OUAN nocesieHa
MIOUCKY U MCCIIEJJOBAHUIO PEAKUX MPOLIECCOB C UCIOIB30BAHUEM AEPHO-(DU3UMUECKIX METOJIOB.
Tema npoBoautcsa Ha 0aze Hayuno Dxcnepumenrtansaoro Otaena SnepHoit CeKTpOCKONUU U
Papnoxumun JISAIL. DT1oT oTnen umeer orpomHblid moutd S0-JIETHHM ONBIT MPEIM3UOHHOMN
AJICPHON CHEKTPOCKONUU C HCIOJIb30BAHUEM TOITYIPOBOJHUKOBBIX, CIUHTUUIALUOHHBIX H
JPYTruX TUNOB NETEKTOPOB M 30-7I€THUI ONBIT UCCIENOBAHMS PEIKHUX IPOLIECCOB B Pa3IMYHBIX
NoJA3eMHBIX Jlabopatopusx. OTnen obiganaeT 3HaAHUSAMHU, INEPCOHAIOM M BO3MOXKHOCTSMHU IS
CO3/laHUsl YCTAaHOBOK MMPOBOIO Kjacca, MPOBEACHHMS H3MEPEHMH ¢ HUMHM U IOJYy4YEeHUs
pe3ysIbTaToOB Ha MHUPOBOM YpOBHE. B Hacrosiuee Bpemsi TeMa COCTOMT M3 CEMH OCHOBHBIX
IPOEKTOB, pealn3alys KOTOPHIX 00beAMHEHA OOIIMMHU UMEIOIUMHUCS pecypcaMu U Hay4YHBIMU
noaxogamMu. B pomosHeHME K IIECTH HAy4YHBIM CEKTOpaM HMEIOTCS CIEAYIOLIUE PECYPCHI,
MO3BOJISIOIINE POBOIUTH peaIn3yeMble MPOEKTHI: Ja0opaTopus MO MPOU3BOJICTBY U PEMOHTY
MOJIYTIPOBOIHUKOBBIX JE€TEKTOPOB; CO3AaHUE U MIPOU3BOJCTBO CUUHTHIIISILMOHHBIX MaTepuaoB
JUIl  JIE€TEKTOPOB; PAJUOXMMUYECKHH CEKTOp (Co3JaHMe KaluOpOBOYHBIX PAaJUOAKTUBHBIX
UCTOYHUKOB, OYHMCTKA MaTEpUAIOB OT E€CTECTBEHHOM DPAaJUOAKTUBHOCTH MAJS HU3KO(POHOBBIX
U3MEpEeHu, W T.[.), MEXaHMYECKHE€ MacTepCKHe, Tpylla KOMIBIOTEPHOro oOecredYeHus
9KCHEPUMEHTOB, IPYIINa Macc CENapaTopoB U Ipyrue.

HayunpiMM 3amadyaMu, HCCIENYEMBIMH B DPEAIU3YEMBIX B paMKaX TEMBbl IPOEKTax,
SIBJISIFOTCS: IBOMHOM Oe3HeiTpuHHBIN Oeta-pacnan (mpoektsl SuperNEMO, GERDA (Legend) u
Monument); skcnepuMeHTHl ¢ peakTopHbiMU aHTHHEHTpuHO: GEMMA (vGeN) — mnowuck
MarHMUTHOT'O MOMEHTA HEWTPUHO U KOTEPEHTHOTO paccesHus HeUTpuHo, DANSS — nuarnoctuka
PEaKTOpPOB M HCCIEAOBAaHHUE CBOMCTB HEUTPUHO; MPSIMOM TMOWUCK TEMHOW MmaTepud (TIPOCKT
EDELWEISS) Oyner pacmmpeH Ha MOMCK HOBOH (DM3UKH MPU HCCICAOBAHHH KOTEPEHTHOI'O
paccesHusT  peakTOpHbIX HeWrTpuHo (oObeauHenusiii mpoekt EDELWEISS/Ricochet);
WCCJICIOBaHUS C TJyOOKOBOJHBIM HEHUTPUHHBIM TEJIECKONOM Ha o3epe baiikan (mpoekt
BAIKAL-GVD). AHHOTanuu KaXJOT0 W3 3THX IPOEKTOB IMpHUBeNEHBbI HIKe. Kaxupli u3
IIPOEKTOB MHAMBUAYAJIBHO POXOAUT Yepe3 MpoLeayphl yTBepKAeHUs (pouieHus) B OMAN.



1) Project SuperNEMO (Investigations of the of 2p-decay processes of ®Se with the
SuperNEMO detector).

Project leader: O. Kochetov (kochet@jinr.ru)

Project deputy leader: V. Tretyak

The SuperNEMO Demonstrator, which is the first module of the SuperNEMO
experiment, is located in Modane underground laboratory (France) and search for neutrinoless
double beta decay (OvBp) of ®Se in order to unveil the nature of the neutrino. Its detection
technique, based on tracking and calorimetry, allows the reconstruction of the full kinematics of
detected particles, including individual energies and emission angle. This unique information
allows us to investigate the mechanisms of various modes of BB decay, reconstruct and
fundamentally suppress the background. The creation of the SuperNEMO Demonstrator is the
result of 11-year R&D in a number of areas: the creation of optical modules of the calorimeter
with record resolution characteristics, a tracker with automated assembly of cells and radon
control, improved techniques for creating sources and calibration systems, methodical work on
low-background measurements (construction of dedicated setups, the fight against radon, the
selection of ultrapure materials).

The goal of the Demonstrator is to validate the technique, achieve the claimed
background level, and to reach a sensitivity of the OvBp- decay half-life of about T(0v)1/2 > 5.9 X
10%* yr with “zero background” in the region interest on 7 kg of Se-82 for 2.5 years of
measurement. Start of the Demonstrator is planned for next year. In the case of a successful work
of the Demonstrator, the opportunity will be open for a full-scale SuperNEMO project aimed to
measure 100 kg of Se-82 at a sensitivity of T(0v)1, > 10% years for 5 years of measurement.

The demonstrator has been built with the decisive contribution of JINR to a number of
systems: calorimeter, tracker, BB sources. The JINR team has 25 years of experience of
successful participation in NEMO-2 / NEMO-3 experiments studied B processes in a set of
nucleus: **Ca, %2Se, *°zr,*®Mo, °Cd, “*°Te, *°Nd, and in the SuperNEMO R&D program.

Plans in 2022-2024:

Schedule. Installation of the Demonstrator in LSM is planned to be finished at the end of 2022.
2022 - completion of assembly and launch of the Demonstrator without neutron shielding. The
calibration of the Demonstrator, the launch of data accumulation in a configuration without
neutron shielding.

The first half of 2022 - the creation of neutron shielding of the Demonstrator.

The end of 2022 — start and calibration of data accumulation in the full configuration of the
Demonstrator.

2022-2024 - data accumulation, data analysis. Determination of background. Fight with
background if required and possible. Publication of results for the Demonstrator.

2022-2024 - R&D on: the centrifuge method of *°Zr enrichment, improvement of the purification
technique of ®Se (100 kg) and mass production of plastic scintillators.

Physics goals and planned publications.

(1) Study of backgrounds. We plan to publish two or three articles. One for internal and external
backgrounds (perhaps the very first publication with Demonstrator data). One is specifically
about Radon. This will be very important for other experiments too, including searches for dark
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matter. And, perhaps, one article will cover the extrapolation of backgrounds on the sensitivity of
the full SuperNEMO setup.

(2) One article will describe the SuperNEMO Demonstrator in NIM or JINST.

(3) There should be at least 3 articles on #*Se. We already observe in NEMO-3 an indication that
BB-decay of ®’Se goes through ground state of intermediate nucleus (so called Single State
Dominance (SSD) hypothesis for BB-decay mechanism) in contradiction with theoretical
expectations. With a higher statistics and lower background this effect should be very well
visible in the Demonstrator. This may be one of the most important physical results of the
Demonstrator. And of course, we will publish an article on 2vBp — Ovpp--decay **Se and
separately on BB-decay to excited states of 52Kr.

(4) The study of "exotic" models: bosonic neutrinos, violation of the Lorentz invariance, the
variation of the Fermi constant, and so on. This is possible due to registration of full pattern of
BB-decay (single electron energies and angle between their impulses) event in our method.

(5) Measurement of the conversion constants of radioactive isotopes. We already see with
NEMO-3 that there are uncertainties in the tables, for example, for Pa-234m. For low-
background experiments, the existing uncertainties become a problem. We are practically the
only ones who can measure this with our system of radioactive calibration sources.

JINR contribution:

1. Production in association with the Prague TU of 720 blocks of plastic scintillators for the
complete program of the Demonstrator calorimeter.

2. Production of plastic scintillators for the VETO system. VETO scintillator sizes 308 x 310 x
150 mm, PMTs 5” R6594 HAMAMATSU, 400 euro/block x 60 =24 keuro

3. 100 photomultipliers, 8" R5912-03, ultra low-background, high quantum efficiency
(QE=30%) produced by HAMAMATSU are purchased - 100 keuro.

4. 7 crates for calorimeter electronics - 39.5 keuro

5. 1.5 kg of enriched ®Se was purchased by JINR as sources of the double beta decay.

6. To purify the materials from radioactive contamination, a clean room has been created at
JINR, a method was developed and a facility for radiochemical purification of ®Se was created.
It was used to purify 3.5 kg of %2Se to the level required in the experiment.

7. Signal and high-voltage cables have been produced for the track detector of the Demonstrator.
8. JINR iron shielding — 200 keuro

9. Running expenses of SuperNEMO experiment at LSM. JINR contribution to the infrastructure
of the LSM - 20 keuro/yr.

10.To check the radioactive contamination of materials for the Demonstrator, two ultra-low-
background HPGe-detectors (600 cm3) were purchased. Using this detector, measurements of
the double beta decay to excited isotope states were carried out also.

11. In parallel with R & D and the development of the Demonstrator software by a team from
JINR, a work was carried out on the data analysis of the completed NEMO-3 experiment. New
results on the double beta decay of isotopes: “*Ca, ¥Se, *zr,'*®Mo, *°Cd, **Te, and **°Nd
(NEMO-3) have been obtained and articles on these results have been prepared and published.
12. The software team from JINR took an active part in modeling of the Demonstrator, in the
development of programs for the acquisition and processing of data, and in the creation of
databases.
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2) Project GERDA “LEGEND” (Searching for neutrinoless double beta decay of "°Ge)
Project leader: K.Gusev (Konstantin.Gusev@jinr.ru)
Project deputy leaders: A. Lubashevskiy, N.Rumyantseva

The GERDA (Legend) collaboration searches for Ovpp decay of "°Ge. The experimental
facility is located at the Laboratori Nazionali del Gran Sasso of INFN in Italy. The experiment
uses high purity germanium detectors enriched in "°Ge, which are arranged in strings inside a
cryostat filled with 64 m® of liquid argon (Fig. 2.1a). The liquid argon (LAr) acts both as cooling
and shielding medium.
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Fig. 2.1. a) Left: GERDA setup. The new Phase Il components are marked in red; b) right:
Increase of sensitivity with exposure measured in the GERDA experiment.

The Large Enriched Germanium Experiment for Neutrinoless double beta Decay
(LEGEND) experiment is the successor of the GERDA experiment. The experiment will probe
the OVBP decay of "®Ge with a sensitivity of > 10?® years at 90% confidence level (C.L.). The
200-kg phase (LEGEND-200), currently under construction in the existing GERDA
infrastructure at LNGS, is using the enriched detectors from the previous Majorana and GERDA
experiments as well as new detectors for a total mass of up to 200 kg. The background projection
of the LEGEND-200 is a factor of 5 below the measured levels of GERDA, reaching a level of <
10™ counts/(keV kg yr). A scaling toward a 1000-kg phase incorporating a further factor of 10
reduction in background beyond LEGEND-200 at a level of < 10 counts/(keV kg yr) will
provide discovery potential that encompasses the inverted hierarchy mass region for the light
left-handed Majorana neutrino exchange mechanism. LEGEND-1000 will probe a large/relevant
part of the parameter space even if the ordering is normal.

The LEGEND collaboration consists of 240 members from 47 institutions worldwide.
JINR scientists are playing significant roles in all key parts of the project. So far JINR provided
to the collaboration ~ 15 kg of enriched "°Ge and this contribution is increasing on annual basis.
Common JINR+TUM team is responsible for design and production of new liquid argon veto
system for LEGEND-200 phase of the experiment and also for the R&D of such a system for
LEGEND-1000. JINR is designing the glove box for the operations with bare germanium
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detectors as well as nylon mini-shrouds needed to mitigate the background form “?Ar in
LEGEND-200. Physicists from our institute are strongly involved in the analysis of LEGEND
data and playing the central and leading roles in the core of LEGEND experiment — operations
with bare germanium detectors.

Latest results:

The final results of the GERDA experiment were published in 2020. These results
demonstrated the success of the GERDA project supported by JINR. The energy spectrum of full
Phase Il exposure is presented at Fig. 2.2. The achieved background index is more than factor of
five lower in comparison with any non-"°Ge competitors.
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Fig. 2.2. Final energy spectra of GERDA Phase Il. On the inset, the spectrum in the ROI is
shown. The vertical grey line band shows the blinded region.

With a total exposure of 127.2 kg yr (103.7 kg yr in Phase 1), no OvBp signals were observed,
GERDA derived a world best lower half-life limit of 1.8 x 10% yr (90% C.L.). JINR scientists
were playing significant roles in the GERDA experiment and plan to do the same or even take
the lead in the key parts of the LEGEND project.

Plan of the Project implementation:

2021-2022: Modification of GERDA cryostat for LEGEND-200. Integration of the first
strings with detectors and start data taking of the LEGEND experiment. Working on the
conceptual design of LEGEND-1000.

2022-2023: Taking data in LEGEND-200. Finalizing the array by adding the rest of the
enriched Ge detectors. Publication of the first results of LEGEND-200. Preparation of the
LEGEND-1000 (procurement of enriched "°Ge, production and testing of new Ge detectors,
R&D of low background materials and electronics).

2023-2024: Taking data in LEGEND-200. Adding the new detectors strings in the center
of the LEGEND-200 array. Publication of improved results of LEGEND-200. Completion the
design of LEGEND-1000. Continuation of preparation of the LEGEND-1000 (procurement of

12



enriched "°Ge, production and testing of new Ge detectors, R&D of low background materials
and electronics).

Publications and talks:

1. «Upgrade for Phase Il of the GERDA Experiment», Eur. Phys. J. C 78 (2018) 388.

2. «LArGe: active background suppression using argon scintillation for the Gerda Ovpp-
experiment», Eur. Phys. J. C 75 (2015) 506.

3. «Mitigation of 42Ar/42K background for the GERDA Phase Il experiment», Eur. Phys. J. C
78 (2018) 15.

4. «The GERDA experiment for the search of Ovpp decay in 76Ge», Eur. Phys. J. C 73 (2013)
2330.

5. «Results on Neutrinoless Double-f3 Decay of 76Ge from Phase I of the GERDA Experimenty,
Phys. Rev. Lett 111 (2013) 122503.

6. «Pulse shape discrimination for GERDA Phase | data», Eur. Phys. J. C 73 (2013) 2583.

7. «The background in the Ovpp experiment GERDAy, Eur. Phys. J. C 74 (2014) 2764.

8. «Results on B decay with emission of two neutrinos or Majorons in 76Ge from GERDA
Phase I», Eur. Phys. J. C 75 (2015) 416.

9. «2vPBp decay of 76Ge into excited states with GERDA Phase I», J. Phys. G: Nucl. Part. Phys.
42 (2015) 115201.

10. «The performance of the Muon Veto of the GERDA experiment», EPJC 76 (2016) 298.

11. «Flux modulations seen by the muon veto of the GERDA experiment», Astroparticle Physics
84 (2016) 29.

12. «Limit on the radiative neutrinoless double electron capture of 36Ar from GERDA Phase I»,
Eur. Phys. J. C 76 (2016) 652.

13. «Limits on uranium and thorium bulk content in GERDA Phase | detectors», Astroparticle
Physics 91 (2017) 15.

14. «Background-free search for neutrinoless double-f decay of 76Ge with GERDA», Nature
544 (2017) 47.

15. «The Large Enriched Germanium Experiment for Neutrinoless Double Beta Decay
(LEGEND)», AIP Conference Proceedings 1894 (2017) 020027.

16. «Improved Limit on Neutrinoless Double-p Decay of 76Ge from GERDA Phase II», Phys.
Rev. Lett. 120 (2018) 132503.

17. «Characterization of 30 76Ge enriched Broad Energy Ge detectors for GERDA Phase 1I»,
Eur. Phys. J. C. 79 11 (2019) 978.

18. «Probing Majorana neutrinos with double-f decay», Science 365 (2019) 1445.

19. «Modeling of GERDA Phase Il data», Journal of High Energy Physics 03 (2020) 139.

20. «First Search for Bosonic Superweakly Interacting Massive Particles with Masses up to 1
MeV/c2 with GERDA», Phys. Rev. Lett. 125 (2020) 011801.

21. «Final Results of GERDA on the Search for Neutrinoless Double-p Decay», submitted to
Physical Review Letters, arXiv: 2009.06079.

22. «Status of the GERDA experiment: on the way to Phase 11», K.Gusev at TAUP 2015, Torino,
Italy

23. «Status of preparations for the Phase II of the GERDA experiment aimed for the Ovpf decay
search», A.Lubashevskiy at PATRAS 2015, Zaragoza, Spain.

13



24. «First results from Phase Il of the GERDA experiment», K.Gusev at INPC 2016, Adelaide,
Australia.

25. «Neutrinoless double beta decay: First results of GERDA Phase Il and the status of other
experiments», A.Lubashevskiy at PASCOS 2016, Quy Nhon, Vietnam.

26. «Double Beta Decay Experiments», K.Gusev at ICSSNP 2016, Dubna, Russia.

27. «Double beta decay experiments and neutrino mass investigation: Past, Present and Future»,
A.Smolnikov at QUARKS 2016, Pushkin, Russia.

28. «From Baksan to worldwide experiments searching for neutrinoless double beta decay»,
A.Smolnikov at ICSSNP 2017, Nalchik, Russia.

29. «Neutrinoless double beta decay search with the "background free” GERDA experiment»,
A.Lubashevskiy at ICSSNP 2017, Nalchik, Russia.

30. «GERDA: first background free search for neutrinoless double beta decay», K.Gusev at
ICNFP 2017, Crete, Greece.

31. «LEGEND: new opportunity to discover the neutrinoless double beta decay», K.Gusev at
ICNFP 2017, Crete, Greece.

32. «Neutrinoless double beta decay: Experimental challenges», K.Gusev at NOW 2018,
Brindisi, Italy.

33. «Fifty Years of Searching for Neutrinoless Double Beta Decay with Ge Detectors»,
A.Smolnikov at History of Neutrinos, Paris, France.

34. « New results of the search for neutrinoless double beta decay from GERDA Phase 1I»,
N.Rumyantseva at Nucleus 2018, VVoronezh, Russia.

35. «GERDA searches for Ovpp and other B decay modes of 76Ge», A.Smolnikov at MEDEX
19, Prague, Czech Republic.

36. «Status of the search for neutrinoless double-beta decay with GERDA», A.Lubashevskiy at
WIN 2019, Bari, Italy.

37. «Upgrade of the GERDA Phase 1l experiment», E.Shevchik at Nucleus 2019, Dubna, Russia.
38. «Latest results from the first background free search for neutrinoless double beta decay —
GERDA Phase Il», K.Gusev at INPC 2019, Glasgow, UK.

39. «Status of the GERDA Phase Il experiment», N.Rumyantseva at ICNFP 2019, Crete, Greece.
40. «Results of the GERDA Phase Il experiment», K.Gusev at ICHEP 2020, Prague (virtual
conference).
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3) Project VGEN (Investigation of neutrino properties with the low-background
germanium spectrometer VGEN)

Project leader: V. Brudanin (brudanin@jinr.ru)

Project deputy leaders: A. Lubashevskiy, E. Yakushev

The VGEN project is aimed to investigate fundamental properties of neutrino at close
vicinity of the reactor core of Kalinin Nuclear Power Plant (KNPP). The search for the coherent
scattering of the neutrino from the reactor is performed within the project. This process has never
been observed for the low-energy reactor neutrino. While observing, it opens a way to search of
non-standard neutrino interaction and applied research, like reactor monitoring. The vVGEN
experimental setup is constructed under the reactor #3 of KNPP at a distance of about 10 m from
the center of the reactor’s core under an enormous antineutrino flux of more than 5-10"* v/icm?s.
A special lifting mechanism allows moving the spectrometer away from the reactor core,
suppressing main systematic errors caused by possible long-term instability and neutrino flux.
Signals from neutrino scattering are detected with help of high purity low-threshold germanium
detectors. New detectors in VGEN project with an ultimate resolution of about 80 eV (FWHM)
with masses of more than 1 kg each are used to detect neutrino signals. It would allow exploring
an energy region below 250 eV. A total mass of about 5.5 kg will be used for an upgrade of the
experimental setup. Detectors at KNPP are surrounded by passive and active shielding reducing
the external background in the region of interest. First coherent neutrino scattering from reactor
would be observed in case of desired background level and energy resolution at KNPP are
achieved. This setup would also open a way to investigate the coherent neutrino scattering with a
much higher sensitivity to the non-standard neutrino interactions. The first phase of the project
(GEMMA-1) sets up the world best upper limit for the Magnetic Moment of Neutrino (MMN) of
< 2.9-10ug (90% CL). The experimental sensitivity with vVGEN project will be improved to the
level of ~ (5-9)-10™*? g after several years of data taking.

The experimental setup is located at about 10 m from the 3 GWy, reactor core of KNPP.
The available place for the measurement is located just under the reactor, which provides about
50 m w.e. shielding from cosmic rays. The scheme of the reactor is shown in Fig. 3.1, left.

Fig. 3.1. Left: the scheme of the reactor unit #3 at KNPP. Arrow indicates the room where
experimental setup is being constructed. Right: the scheme of the spectrometer placed on the
lifting mechanism.
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A special lifting mechanism allows to move the spectrometer away from the reactor core,
suppressing main systematic errors caused by possible long-term instability and neutrino flux
(Fig. 3.1, right). It gives us an opportunity to vary on-line the antineutrino flux significantly and
reduce uncertainties of the background.

Installation of the first vVGEN detector at KNPP started in the end of 2019. The scheme
of the shielding is shown at Fig.3.2.

3D printed nylon

| Oxygen free copper — 10cm |
Borated PE3.5%-8 cm

Borated PE 3.5% - 8 cm
Muon veto—-5cm

Fig. 3.2: Scheme of the shielding used at KNPP.

The inner part of the shielding is a specially produced 3D printed nylon, which displace air
away from the detector, decreasing the amount of radon inside the shielding. Further layers are
10 cm of oxygen-free copper, 8 cm of 3.5% borated polyethylene, 10 cm of lead another 8 cm of
3.5% borated polyethylene and active muon veto. The energy spectrum obtained in a first
measurement at KNPP is shown in Fig. 3.3. Further improvements of the background index is
expected after decay of cosmogenic isotopes and further optimization of electronics and muon
veto.
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Fig. 3.3: Part of the experimental spectrum taken with the first detector at KNPP. Further decrease of the
background is expected due to decay of cosmogenic isotopes and optimization of muon veto.
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We are planning to continue implementation of this project and take measurements to
search for the CEVNS and NMM with the current experimental setup. The next stoppage of the
reactor is schedule in March 2020, so until this time we have data with reactor OFF. Therefore,
this gives us possibility to compare spectra taken with the reactor ON and OFF. At the same
time, we are planning to increase the sensitivity of the experiment by improving the background
level, by lowering energy threshold and by increasing a total mass of the detectors. The
sensitivity to magnetic moment of the neutrino is expected to be about (5-9)-107** uB after
several years of data taking.

Publications and talks

1. Beda A. G. et al. // Advances in High Energy Physics V.2012 (2012), Article ID 350150, 12
pages doi:10.1155/2012/350150

2. Alekseev I. et. al. // arXiv:1305.3350, 2013

3. A. Beda et al. GEMMA experiment: the results of neutrino magnetic moment search, Physics
of Particles and Nuclei Letters, 2013, V.10, Ne2, pp.139-143

4. V. Belov et al., “The vGeN experiment at the Kalinin Nuclear Power Plant”, 2015 JINST 10
P12011.

5. D. Medvedev, The International Workshop on Non-Accelerator New Physics (NANPino-
2013), Valday, Russia, 2013 2. D. Medvedev, Sixteenth Lomonosov Conference on Elementary
Particle Physics, Moscow State University, Moscow, Russia, 2013 3. D. Medvedev, Wilhelm
and Else Heraeus-Seminar Exploring the neutrino sky and fundamental particle physics on the
Megaton scale, Bad Honnef, Germany, 2013 4. D. Medvedev, Wilhelm and Else Heraeus-
Seminar Exploring the neutrino sky and fundamental particle physics on the Megaton scale
(poster), Bad Honnef, Germany, 2013

6. V. Egorov, Symposium on JINR-SA collaboration, South Africa, 2012 6. D. Medvedev, JINR
neutrino program, Dubna, Russia, 2013 7. D. Medvedev, The International Workshop on
Prospects of Particle Physics: "Neutrino Physics and Astrophysics”, JINR, INR, Valdai, Russia,
2014

7. D. Medvedev, AYSS 2016, Alushta, Russia, 2016

8. V.Belov, A.Kuznetsov, D. Medvedev, ISAAP, Milan, Italy, 2016

9. V.Belov, A.Kuznetsov, D. Medvedev, ISAAP, Arenzano, Italy, 2017 11. A. Lubashevskiy,
ICSSNP 2017, Nalchik, Russia, 2017 12. D. Medvedev, ICSSNP 2017, Nalchik, Russia, 2017
10. A. Lubashevskiy, ISSP 2017, Erice, Italy, 2017

Thesis of the participants of the project

M. Shirchenko, “Investigation of the neutrino properties: helicity and magnetic moment”, 2019
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4) Project DANSS (Detector of the reactor Anti-Neutrino based on Solid state plastic
Scintillator)

Project leader: Yu. Shitov (shitov@jinr.ru)

Project deputy leader: V. Brudanin

Within the framework of this project, a relatively compact and safe neutrino spectrometer
DANSS based on plastic scintillators (PS) with a sensitive volume of 1 m* has been developed
and created, capable of operating near powerful industrial reactors. The spectrometer is mounted
at the fourth power unit of the Kalinin NPP under the WWERZ1000 reactor (PTH="™ = 3.1 GW),
which provides protection from cosmic background at a level of ~ 50 m.w.e. A high degree of
segmentation and the use of a combined active and passive protection provide excellent
background suppression when registering ~ 5000 antineutrinos per day. The lifting platform
allows to move the spectrometer vertically by 2 meters, providing a measurement 10-12 m range
from the reactor core. The analysis of data collected in 2016-2020 have showed no significant
sign of oscillations into sterile neutrinos, which made it possible to exclude the record-breaking
region of the phase space of possible oscillations into sterile neutrinos (“3 + 1” model). In
addition, the DANSS detector has demonstrated the capability of long-term precision monitoring
of reactor power and sensitivity to nuclear fuel composition.

At the same time, in 2018 the NEUTRINO-4 experiment (PNPI, Gatchina) has claimed the
observation of oscillations in sterile neutrinos with the parameters sin*(2614)~0.25, Amy*~7 eV
(arXiv:2005.05301), which are outside the DANSS sensitivity range in its current configuration.
Independent verification of the NEUTRINO-4 result is an important fundamental problem at the
present time. In order to reach the phase point of the effect, we have developed an upgraded
DANSS-2 spectrometer, which will be built in 2022. The main goal is to increase significantly
the energy resolution of the spectrometer to 15% @ MeV from the current 34% @ MeV. A new
detecting cells (strips made of better PS with more fibers for better light collection) and updated
electronics will be used. At the same time, DANSS-2 will use the same passive and active
shielding, mobile platform and the DAQ as DANSS, which will significantly reduce the cost of
modernization.

Together with Czech colleagues, it is planned also to complete the development and creation
of the S* neutrino detector (S-cube) (only ~64L with improved detecting elements). Such a
detector will register ~ 300-400 antineutrinos per day and, together with the DANSS-2, will help
to study the systematics of the used measurement method as well as to solve applied tasks of
reactor monitoring.

Latest results:

During four years of measurements (3 full reactor fuel campaigns), DANSS has registered
almost 4M reactor antineutrinos, that is, ~1M antineutrinos per year or 5000 antineutrinos per
day. The accumulated statistics and spectra of IBD-positrons (antineutrinos) measured with the
DANSS spectrometer are shown in Fig. 4.1.
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Fig. 4.1: Statistics of accumulated antineutrinos (left) and spectra of IBD-positrons in different
positions of the detector minus all backgrounds (right).
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Fig. 4.2: Comparison of the reactor power (blue line) with the DANSS measurements (colored
points of 3 positions) without (top) and with (bottom) fuel composition correction.

During four years 2016-2020, the DANSS spectrometer has been continuously monitoring
the reactor power with an accuracy of 1.5% on 2-day statistics, and also demonstrates sensitivity
to the composition of nuclear fuel - a decrease in the count rate over time due to a decrease in the
U/Pu ratio (see. Fig. 4.2).

The main DANSS result at the current moment (3M IBD-events in the Down/Up positions)
is shown in Fig. 4.3. The left figure shows the per bin ratio of the energy spectra of IBD-
positrons measured by the DANSS spectrometer in the Down/Up positions. Visually and
mathematically, the oscillatory pattern of sterile neutrinos is not observed on it. The best fit of
the 3+1 model (purple curve) has a significance less than 1.5¢ and does not differ significantly
from the null hypothesis of no oscillation (blue curve). Figure 4.3 on the right shows an area of
phase space in which oscillations have been excluded by the current analysis (cyan fill). This is
the best result in the world to date among reactor experiments to search for sterile neutrinos.
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with a DANSS spectrometer (left). Region excluded by the current analysis is shown by cyan fill
(right). The RAA best fit 3+1 model is shown by an orange curve on the left plot and by black
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The main work plan for 2022-2024 is the development, creation, commissioning, and launch of
the upgraded DANSS-2 spectrometer, followed by data collection and analysis. In its current
configuration, DANSS is not sensitive to the phase point of the positive signal declared by the
NEUTRINO-4 experiment. The main reason is the low energy resolution, which smears the
effect of oscillations. Therefore, the main goal and motivation for upgrading the spectrometer is
to significantly improve the resolution to 15% @ MeV from the current 34% @ MeV. This will
make it possible to reach the region of the NEUTRINO-4 signal, the verification of which is an
important and urgent fundamental problem of neutrino physics, which was discussed earlier. In
addition, the region of the verified phase space of possible oscillations into a sterile neutrino will
significantly expand.

The schedule for the upgrade of the spectrometer is as follows.
1. Detailed design studies, tests and R&D of individual elements, final design approval of all
elements, electronics development will be carried out during 2021 and will be completed by mid-
2022.
2. In parallel, in 2021 and until mid-2022, 1,440 new detector elements will be manufactured.
The process will be carried out in three stages:
a) cooking plates from a plastic scintillator, checking and certifying them for a light output.
This procedure will be carried out in JINR by the Dubna group. The planned production speed
is 30-60 strips per week.
b) cutting of grooves, gluing of fibers and applying a diffusion reflective coating on strips
(matting) will be performed by a third-party commercial company in Vladimir under the
supervision of representatives of the Dubna group, also responsible for the delivery of strips
from Dubna to Vladimir.
c) equipment of strips with SiPMs and final certification of their individual characteristics
will be carried out at ITEP by our colleagues, who are also responsible for transporting strips
from Vladimir to Moscow.
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3. "Dry assembly" of the setup in a clean room at ITEP for testing and tuning its operation is
provided for six months (second half of 2022). It will be carried out by the ITEP group with the
possible involvement of members of the Dubna group, if necessary.

4. Final assembly and commissioning of the DANSS-2 at KNNP is planned for the first half of
2023. Note that the work on items 1-3 will be carried out in parallel with the operation of the
DANSS spectrometer. Before starting point 4, it will take 1-2 months to disassemble the
DANSS.

5. Physical start-up and data collection by the DANSS-2 spectrometer is scheduled for the
summer of 2023. The minimum exposure to get valuable results is ~ 2.5 years
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/lindico.ibs.re.kr/event/212/, M. Shirchenko, DANSS

5. Yu. Shitov Status of the DANSS project / AAP 2018, 14th International Workshop on Applied
Antineutrino Physics, 10-11 October 2018, Livermore, California, USA
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5) Project EDELWEISS/RICOCHET (Joint project for Direct Dark Matter search and
precision study of CEvVNS with new cryogenic detectors)

Project leader: E. Yakushev (yakushev@jinr.ru)

Project deputy leader: S. Rozov

Introduction and general description of the project:

In direct searches for Dark Matter (DM) a technology developing by EDELWEISS
experiment is arrays of Ge mono-crystal detectors operated at a temperature of few mK and
equipped with electrodes and thermal sensors. Applying a small (few V/cm) external field, a
simultaneous measurement of ionization and heat signals allows efficient identification of
nuclear and electron recoils. New results demonstrated the high relevance of cryogenic Ge
detectors for the search of DM interactions producing eV-scale signals. The region of "light
WIMPs" will be further investigated in the EDELWEISS experiment thanks to advantage of
energy resolution below 20 eV reachable with new array of HPGe bolometers. This stage is in
the R&D phase, building of improved detectors, their holders and supports, improvement of the
background and acquisition. The unlimited target of current R&D and measurements in the
EDELWEISS experiment is achievement of sensitivity allowing detection of B-8 solar neutrinos
through coherent elastic neutrino-nucleus scattering (CEVNS). The same technology and
detectors will be applied for precision measurements of CEVNS in the region of full coherency in
the Ricochet experiment (reactor neutrinos). Due to direct energy reconstruction (heat signal) the
main uncertainty arising due to not well known quenching in germanium will be avoided. 1 kg of
new cryogenic detectors (developing thanks to joint R&D of EDELWEISS and Ricochet teams)
will be integrated in the Ricochet cryostat. The Ricochet is going to be deployed at ILL
(Grenoble, France) site, on a distance at about 8 m from the 58 MW nuclear reactor, with first
results expected to 2025. In addition to the main goal: precise (1% level) study of CEVNS the
experiment will target NMM and other New physics phenomena. Possibility of further phases of
the experiment at a Nuclear power plant (a 3.2 GW reactor) at Russia is under investigation.

The EDELWEISS/Ricochet are going to use jointly developed cryogenic detectors in two
setups: in the LSM underground laboratory, and near the ILL nuclear research reactor.
Measurements at LSM are going to provide data about an ideal background and DM search. It
has to be mentioned that in own turn the Ricochet data are going to clarify the CEvVNS’
background for DM searches. The Ricochet will use new cryogenic setup, so-called dry *He-*He
dilution cryostat, that is not required any helium and nitrogen refills for many years. Such a test
cryostat has been already used for the current R&D phase and demonstrated its applicability for
planned research. There are plans to eventually replace current LSM underground setup with
such new technology cryosystem, with an aim to reduce low level noises and radioactive
backgrounds.

The cryogenic detectors

The EDELWEISS/Ricochet detectors are designed to provide the first percentage precision
CEVNS measurement in the sub-100 eV energy region to search for new physics in the
electroweak sector and to be competitive with low-mass DM searches in eV mass range.
Therefore, they have to fulfill the following specifications:

e Energy thresholds in the O(10) eV range, as the discovery potential scales exponentially with
lowering the energy threshold,;
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e Significant background rejection combined with a low-radioactivity environment, as the
experiment's sensitivity scales linearly with the signal-to-noise ratio;

e Total target mass of about one kilogram to have significant sensitivity to new physics
signatures in both cases (DM and CEVNYS).

e Accommodation of several monolithic target materials, as most new physics signatures, such
as Non-Standard Interactions, depend on the target's nuclear properties.

Fig. 5.1: Cryogenic detector assembly suspended below the inner shielding — CryoCube with its 27 Ge
crystals (blue) and the Q-Array with its 9 Zn crystals (red) — suspended below the inner shielding.

Two detector technologies will be used: cryogenic Ge-semiconductors and Zn-
superconducting metals, which are both well suited to provide electromagnetic background
discrimination at the lowest energies. Figure 5.1 shows a simplified design of the Ricochet
cryogenic detector assembly. It consists of a total array of 36 bolometers of about 30 g each,
leading to a total payload of 1.3 kg, and divided among two sub-arrays: the CryoCube (27 Ge-
crystals) and the Q-Array (9 Zn). The crystals from the two detector arrays will be packed
together and encapsulated in radio-pure infrared-tight copper box suspended below the inner
shielding with its dedicated cryogenic suspension system and cold front end electronics.

Ge semi-conductor

In semiconductor bolometers, the rejection between backgrounds and WIMP or CEvNS-
signal events will be achieved thanks to the double measurement of the heat and ionization
energies, which ratio depends on the nature of the interacting particle: y- or B-induced electronic
recoils (electromagnetic interactions), DM induced electronic recoils; CEVNS- , WIMPs-, or
neutron-induced nuclear recoils (lattice interactions).

Thermal Sensor
(NTD Ge)
WIMP \

Al electrod
neutron

5 Volts !
Scheme of detection principle of a heat and ionization " \

detector /
Al electrodes < 3

(charge collection )

e
HPGe single crystal

The goal is to reach ~10 eV (RMS) energy resolution in heat and ~20 eV (RMS)
resolution in ionization to provide a rejection power of about 10° down to the energy threshold.
To reach such background rejection to all sorts of electromagnetic backgrounds, two key features
have to be met: i) Fully Inter-Digited (FID) electrodes, as first introduced by the EDELWEISS
collaboration, thanks to which events happening near the surface can be tagged as such and be
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rejected while providing excellent charge collection for bulk events; ii) ~10 eV ionization energy
resolution (RMS), which is few times better than the best resolution achieved so far in such
massive cryogenic bolometers. This will be achieved thanks to dedicated low-noise HEMT-
based preamplifiers combined with low-capacitance cabling and detectors.

The fabrication of the Ge detectors will be accomplished by the collaboration. High
purity Ge crystals are available commercially. Charge collection electrodes are based on
evaporated thin films of Aluminum that can be patterned to an optimized design using
lithography and shadow mask techniques. The available fabrication facilities allow to cover both
flat and lateral surfaces of the Ge crystal. An amorphous Ge:H layer is deposited prior to the Al
film to improve the charge collection efficiency, especially for near surface events. In a second
step, a heat sensor is implemented using NTD-Ge thermistors that are glued directly onto the Ge
crystal. The detector is finally mounted into its copper holder.

EDELWEISS/Ricochet groups have successfully demonstrated a 55 eV energy threshold
on a 33-g Ge bolometer operated from a surface lab early 2019 and with several detectors in
underground laboratory in 2020, suggesting that the very low-energy threshold of 50 eV is
secured. Nowadays, the main R&D focus is dedicated to demonstrating the rejection capabilities
of the electromagnetic backgrounds down to the energy threshold. To that end, a first bolometer
combining a heat sensor and four ionization electrodes (see Fig. 5.2 left panel) has been tested
above ground test facility and exposed to an AmBe neutron source. Fig. 5.2 (right) shows the
resulting event distribution on the ionization yield where two populations of events can clearly
be identified: electronic recoils and nuclear recoils. An improvement by a factor of 10 on the
ionization resolution, hence on the particle identification threshold, is expected due to transition
from the FET-based to our upcoming HEMT-based preamplifiers. The collaboration is expects to
have by mid-2022 the Ge-based CryoCube detector array, including its cold front-end electronics
(HEMT-based preamplifiers) and cabling, which is fully funded by French side. During R&D
phase the same detectors will be used underground to DM search.
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Fig 5.2: Photograph of a 10 mm height and 30 mm diameter Ge detector prototype with 4 electrodes, one
NTD-Ge heat sensor mounted in its copper holder. Right: Neutron calibration of the detector represented
on the quenching versus recoil energy. Two populations of events are: electronic recoils with Q ~ 1 (red
band) and nuclear recoils with Q ~ 0.3 (blue band). Electronic captures from the K and L shells of the
"Ge at 10.37 keV and 1.3 keV respectively are also visible and are used for calibration. Those two lines
have been activated by an exposition of the detectors to a high activity neutron source.

Zinc Superconductors
The Ricochet experiment will also use metallic superconductor (Zn) absorbers for its bolometric
array. These detectors are developing by the US Ricochet group which are not member of the

27



EDELWEISS, thus in beginning this technology will be used exclusively for Ricochet. The
motivation for using new detectors is twofold: i) zinc detectors may offer the unique advantage
of providing strong discrimination between events arising from most residual backgrounds and
CEvNS-induced recoils, and ii) it opens the door to a completely new detection technique that
could theoretically reach down to the Cooper pair binding energy. Recently, new 40-g zinc
cubes have been produced by RMD, Inc (see Fig. 5.3 — left panel). Each detector is instrumented
with two gold pads, one in direct contact with the zinc absorber, the other having a 50-100 nm
ZnO layer in between the two metals. Such a configuration will allow one to simultaneously
measure the phonon and the phonon+quasi-particle population from a given particle energy
deposition. This will enable a better understanding of the potential background discrimination
capabilities of metallic superconductors. We plan to use transition edge sensors (TES) for the
readout of the phonon and quasi-particle signals from these superconducting bolometers. Initial
prototype TES chips (with a transition temperature of 80 mK) have been developed by Argonne
National Laboratory for this use (see Fig. 5.3 — right panel).

Fig 5.3: Left: Zinc cubic crystal developed by RMD, Inc. Two gold readout pads (left: direct Au-Zn
contact, right: Au-ZnO-Zn contact) are present for phonon and quasi-particle readout. Right: Transition
edge sensor "chip" with 80 mK T, developed at Argonne National Laboratory.

The experimental setup

In this section design of new Ricochet setup will be addressed as the EDELWEISS one
is well known and properly documented in the technical review of the experiment published in
Journal of Instrumentation, 12, 08, P08010, 2017. Some improvements in detectors’ holders,
preamplifiers, data acquisition will be implemented as result of the joint EDELWEISS/Ricochet
R&Ds. It corresponds to a general philosophy of the experiment: continuous improvement of the
energy resolution and energy threshold, increasing of the detector mass, with simultaneous
reduction of the background. Thanks to this approach during each of the previous stages of the
EDELWEISS experimental program world leading results of DM search have been obtained.
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Fig 5.4: Left panel: Future Ricochet experimental setup, illustrating the cryostat held by a double-frame,
its movable lead and polyethylene(PE) shields and its gas handling system (GHS). For clarity, the tubing
from the GHS and the cryostat is not shown. Right panel: Open view of the Ricochet setup where the
dilution refrigerator, the internal shields, the muon-veto, and the experimental volume hosting the
detectors and the cold electronics are shown. The double frame has a mass of 1.5 tons, the lead 22 tons
and the PE 3 tons, all previous masses are subject to changes depending of the final design.

Thanks to the high CEVNS cross section, Ricochet will be a compact neutrino experiment
with a total detector payload of about one kilogram. Due to its use of cryogenic detectors running
at ~10 mK and its need to mitigate the environmental backgrounds, the future Ricochet
experiment will need the operation of a dry dilution refrigerator surrounded by both lead and
polyethylene shields. Fig. 5.4 shows a preliminary drawing of the future Ricochet experiment
with the following specifications and infrastructure requirements:

e The cryostat: is composed of a dilution unit with several stages (50K, 4K, 1K, 100mK,
and 10mK) as shown on the right panel of Fig. 5.4. The detector will be suspended below
the mixing chamber. To minimize the stray capacitance from the cabling, the cold front-
end electronics will be thermally anchored at 1K but mounted in the near proximity of the
detectors, within the experimental volume, thanks to a cold finger. Eventually, the warm
electronics, containing the bias DACs, signal preamplifiers and digitizers will be
mounted directly on the 300K flange. Based on the excellent noise performance achieved
in the EDELWEISS-I11 experime, the digitized signals will be sent to the data acquisition
system using optical fibers.

e The double frame: the cryostat will be held by two mechanically isolated frames. One for
the dilution unit hosting the cryogenic detectors, and the other one for mechanical
isolation of the pulse tube cold head, that generates high vibration levels, from the
dilution fridge. This vibration mitigation strategy has been shown to reduce by about two
orders of magnitude the vibration induced by the pulse tube cryocooler at the detector.
The total height of the setup, including the additional floor is 3.4 m with a ground
footprint corresponding to a 2.2 m diameter circle. These dimensions are however still
subject to changes depending on the final design of the experiment.

e The gas handling system (GHS): it contains all the pumps, the *He/*He tank, the Pulse
Tube (PT) compressor, and the tubing required to operate the cryostat. The cooling of the
two first stages of the cryostat is based on a PT cryocooler. The cooling of the two first
stages (50K and 4K) is ensured by a Stirling thermal cycle oscillating from 9 to 18 bars at
a frequency of ~1 Hz. A 10 mK base temperature is further obtained with an *He/*He
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dilution circuit in closed loop that is using a 2 bar compressor, a dry primary pump and a
turbo pump. Vacuum in the cryostat is created thanks to an additional primary and a
turbo pump. The GHS is 2 meters tall (total) with a ground footprint of 2 m?.

The shields: the cryostat will be encapsulated by different layers of passive materials to
reduce the environmental backgrounds. Our preliminary shielding design counts a first
layer of borated polyethylene (40 cm thick), a muon-veto (except inside the cryostat),
then a lead layer (20 cm thick), and an additional 40 cm thick layer of polyethylene on
top to further reduce the reactogenic neutrons. In total, including the frames, we
anticipate a load of about 25 tons.

A small (few-meters squares) semi-clean space should also be in close proximity of the
Ricochet experiment in order to store the detectors in a dust-free environment prior to
their integration in the cryostat.

Time schedule

It has to be mentioned that timely realization of the scientific program is only possible to 1)
detectors already developed in joint R&D EDELWEISS/Ricochet, 2) detectors characterization
in EDELWEISS, 3) available electronics and data acquisition system, 4) available infrastructure
for low background measurements and for material selection, 5) available supplementary
detectors for background measurements/monitoring, 6) the ILL site is well known thanks to the
STEREO experiment, 7) calibration procedures for low energy region are well established. In
general, the Ricochet will be impossible without the EDELWEISS. In the same time financial
resources available for development of Ricochet detectors are the base for ultra-low mass DM
search in EDELWEISS.

Time

Task

First year Ricochet: complete building of all Ge detectors (1 Kkg),

their tests, building and commissioning of the cryo-
system, shields, supplementary systems. Start the Ricochet
implementation at ILL site.

EDELWEISS: using of new detectors in a special
detection modes for reduction of heat-only events.
Building and testing of new HPGe crystals with different
termistors, holders, crystal treatments, delivery of the
detectors to LSM, measurements.

Second year Ricochet: Start of data taking. Background measurements,

calibrations. Improved MC model based on real data.
Implementation of Zn detectors. First results.

EDELWEISS: results with accumulated data. Decision
about further EDELWEISS detectors design. Selection of
materials for improved EDELWEISS setup at LSM.

Third year Ricochet: data taking, results. Finalizing characterization

of NVNPP site for possible further Ricochet
implementation.

EDELWEISS: Upgrade of EDELWEISS setup at LSM
with new cryo-system/shields.
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Current phase experimental results:

In 2019-2020, new experimental results were mainly associated with the development of
unique low-threshold detector bolometers that allow detecting nuclear recoils from extremely
low energies of ~20 eV. Such parameters were achieved thanks to: 1) internal signal
amplification with using the Trofimov-Neganov-Luke effect; 2) the use high electron mobility
transistors (HEMT); 3) a special suspension system for detectors in the holders, which reduces
the influence of cryostat vibrations associated with operating cryocoolers.

At the first stage a number of tests were performed at “on ground” laboratory with new
dry dilution cryostat that become a prototype to now developing cryosystem of the Ricochet
setup. The cryostat is a Hexadry-200 commercially available from Cryoconcept, which has been
upgraded to reduce the vibration levels of the mixing chamber by mechanically decoupling the
cold head of the pulse tube cryocooler from the dilution unit. The vibrations at the detector level
were further mitigated with the use of a dedicated suspended tower. This was verified with the
energy calibration by the use of a low-energy X-ray *°Fe source.

From measurements with new detectors “on ground”, new DM search results were
obtained and published in 2019. We searched for DM with masses between 45 MeV/c? and 10
GeV/c?. The energy deposits were measured using a Ge-NTD thermal sensor with a 60 eV
analysis threshold. This performance, combined with the nearly completely stationary behavior
of the detector, led to the achievement of the first limit for the spin-independent interaction of
sub-GeV WIMPs based on a germanium target. The experiment provides the most stringent,
nuclear-recoil-based, above-ground limit on spin-independent interactions above 600 MeV/c?.
The search results were also interpreted in the context of SIMPs, taking into account the
screening effect of the atmosphere and material surrounding the detector. The lower part of the
excluded region for SIMPs represents the most stringent constraint for masses above 600
MeV/c?. The dark matter search has also been extended to interactions via the Migdal effect,
resulting in the exclusion for the first time of particles with masses between 45 and 150 MeV/c?
with cross sections ranging from 10 % to 10 % cm?.

At the second stage, 11 different Ge new detectors with different designs were used at the
LSM underground laboratory. Run at <21 mK continued since January 2019 to June 2020. In the
same time rest of the EDELWEISS cryostat was used for joint physics run with CUPID-Mo
0v2p search. Data analysis is continued. We compare detector physics in 32g, 200 g and 800g
detectors. Compare performance of NTD and NbSi-TES heat sensors (Fig. 5.5). We were able to
obtain near single-electron sensitivity on 33 and 200 g detectors. An unprecedented charge
resolution of 0.53 electron-hole pairs (RMS) has been achieved using the Neganov-Trofimov-
Luke internal amplification. With preliminary data we set the first Ge-based constraints on sub-
MeV/c? DM particles interacting with electrons, as well as on dark photons down to 1 eV/c?.
These are competitive with other searches and demonstrate the high relevance of cryogenic Ge
detectors for the search of DM interactions producing eV-scale electron signals. Future context
for the 2020-2021: EDELWEISS and Ricochet common R&D for detectors with even lower
energy thresholds. The aim is to have 1 kg HPGe array with: 10 eV phonon resolution and 20
eVee ionization resolution.
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Fig. 5.5: View of two significantly different EDELWEISS detectors and their energy calibration spectra.
Near zero energy thresholds were achieved for both cases.

The main result achieved during the current stage is connected to a number of
intermediate “"small" results that are not subject of this report. More details can be found in the
EDELWEISS publications for last 5 years (2015-2020) listed below in the chronological order:

NA Mirzayev et al, Low radioactive NH4CI flux, Journal of Instrumentation 15 (05),
T05004, 2020

Q Arnaud et al (EDELWEISS collaboration), First germanium-based constraints on sub-
MeV Dark Matter with the EDELWEISS experiment, arXiv:2003.01046, 2020

DV Ponomarev et al, Measuring Low Neutron Fluxes at the Modane Underground
Laboratory Using lodine-Containing Scintillators, Instruments and Experimental
Techniques 62 (3), 309-311, 2019

E Armengaud, et al (EDELWEISS collaboration), Searching for low-mass dark matter
particles with a massive Ge bolometer operated above ground, Physical Review D 99 (8),
082003, 2019

PS Fedotov, NN Fedyunina, DV Filosofov, EA Yakushev, G Warot, A novel combined
countercurrent chromatography—inductively coupled plasma mass spectrometry method
for the determination of ultra trace uranium and thorium in Roman lead, Talanta 192,
395-399, 2019

E Armengaud, et al (EDELWEISS collaboration), Searches for electron interactions
induced by new physics in the EDELWEISS-111 germanium bolometers, Physical Review
D 98 (8), 082004, 2018

Q Arnaud, et al (EDELWEISS collaboration) Optimizing EDELWEISS detectors for
low-mass WIMP searches, Physical Review D 97 (2), 022003, 2018

E Armengaud, et al (EDELWEISS collaboration), Measurement of the cosmogenic
activation of germanium detectors in EDELWEISS-I11, Astroparticle Physics, 91, 2017,
51-64

E Armengaud, et al (EDELWEISS collaboration) Performance of the EDELWEISS-III
experiment for direct dark matter searches, Journal of Instrumentation, 12, 08, P08010,
2017, arXiv preprint arXiv:1706.01070
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https://www.sciencedirect.com/science/journal/09276505
https://www.sciencedirect.com/science/journal/09276505/91/supp/C

e L Hehn, et al (EDELWEISS collaboration) Improved EDELWEISS-1II sensitivity for
low-mass WIMPs using a profile likelihood approach, 2016, The European Physical
Journal C 76 (10), 548

e E Armengaud, et al (EDELWEISS collaboration) Constraints on low-mass WIMPs from
the EDELWEISS-111 dark matter search, 2016, Journal of Cosmology and Astroparticle
Physics 2016 (05), 019

e AV Rakhimov, et al, Neutron activation analysis of polyethylene from neutron shield of
EDELWEISS experiment, Radiochimica Acta 103 (9), 673-678, 2015

During participation of JINR in the EDELWEISS program the most cited (more than 300
times) article is: E Armengaud et al. “Final results of the EDELWEISS-11 WIMP search using a
4-kg array of cryogenic germanium detectors with interleaved electrodes”. Phys.Lett. B702
(2011), pp. 329-335. arXiv: 1103.4070 [astro-ph.CO]
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6) BAIKAL-GVD (Deep underwater muon and neutrino detector on Lake Baikal)
Project leader: 1. Belolaptikov (igor.belolaptikov@jinr.ru)

The construction of the Baikal-GVD neutrino telescope [1] is motivated by its discovery
potential in astrophysics, cosmology and particle physics. Its primary goal is the detailed study
the diffuse flux of high-energy cosmic neutrinos and the search for their sources. It will also
search for dark matter candidates (WIMPs), for neutrinos from the decay of super heavy
particles, for magnetic monopoles and other exotic particles. The high angular resolution of
GVD for track-like or cascade-like events (~0.25-0.5° for muon tracks and ~2-3° for cascades,
respectively) provides a high capability for identifying point-like cosmic-ray accelerators. It will
also be a platform for environmental studies in Lake Baikal.

The concept of BAIKAL-GVD is based on a number of evident requirements to the design and
architecture of the recording system of the array: the utmost use of the advantages of array
deployment from the ice cover of Lake Baikal, the extendibility of the facility and provision of
its effective operation even in the first stage of deployment, and the possibility of implementing
different versions of arrangement and spatial distribution of light sensors within the same
measuring system.

With all above requirements taken into account, the following conceptual design of BAIKAL-
GVD has been developed. The Data Acquisition System of BAIKAL-GVD is formed from three
basic building blocks: optical modules (OM), sections of OMs and clusters of strings. The OM
consists of a photomultiplier tube with large hemispherical photocathode and attendant
electronics, which are placed in pressure-resistant glass sphere.

The detector will utilize the deep water of Lake Baikal instrumented with OMs, which record the
Cherenkov radiation from secondary particles produced in interactions of high-energy neutrinos
inside or near the instrumented volume. The Infrastructure will consist of a network of
autonomous subdetectors - so-called clusters — each of them with 288 OMs arranged at eight
vertical strings attached to the lake floor. The coordinates of the optical modules are determined
using an acoustic positioning system. Acoustic positioning system of the cluster comprises 32
acoustic modems (AM). The clusters are connected to shore via a network of cables for electrical
power and high-bandwidth data communication. The large cubic-kilometer scale detection
volume, combined with high angular and energy resolutions and moderate background
conditions in fresh lake water allows for efficient study of cosmic neutrinos, muons from
charged cosmic rays and exotic particles. It is also an attractive platform for environmental
studies.
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During the Design Study (2008-2010) and the Preparatory Phase (2011-2015), design,
production and comprehensive in-situ tests of all elements and systems of the future detector
have been performed. The Preparatory phase was concluded in 2015 with the deployment of a

demonstration cluster "Dubna" comprising 192 OMs.

The | g 5 . construction of the first phase of Baikal GVD (GVD-I)
was started - fi—d S0 L in 2016 by deployment of the first cluster in its
baseline I 1% : 38 configuration (see fig.6.1).
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An analysis of the data recorded by the “Dubna” cluster allowed collect first neutrino events,
reconstruct the angular distribution of atmospheric muons and select very high-energy shower
events that are candidates for extraterrestrial neutrino.

In next years 2017-2020 the telescope has been extended (see Table 1). The detector contains 5
laser calibration light sources allow control time synchronization both for each cluster and
between clusters. Now, the array is developed up to 7 clusters positioned in 300 m to each
other’s and has effective volume for high energy cascade events about 0.35 kv, Fig. 6.2 (left)
shows the present layout of the array. The figure (right) presents results of hydroacoustic scan of
the detector site.
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Fig. 6.2. Layout of the array Baikal-GVD 2020 (left). Right: results of hydroacoustic scan of the
detector site. The GVD and NT-200 array can be seen.

Timeline for GVD Stage-1

2016 2017 2018 2019 2020
1 cluster 2 clusters 3 clusters 5 clusters 7 clusters
2021 2022 2023
8-9 clusters 10 clusters 12 clusters

A further extension of GVD Stage 2 to more 12 clusters will depend on the worldwide physics
situation in the 2020s, on additional funding from new partners, and last but not least on the
performance and physics output of the BAIKAL-GVD detector.

Contribution of JINR Members

JINR Members are playing significant roles in all key parts of the BAIKAL experiment:

. Assembly and test of OMs and strings

. Participation in winter deployment campaigns

. Access and security service.

. Data archive processing and analysis.

. Detector calibration and mass processing of data.

. Remote control and monitoring systems of detector
. Simulation software and MK production.
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. On-line software
. Development of new methods of event selection and reconstruction.

. Data analysis with respect to high-energy neutrinos and neutrinos from dark matter
annihilation.
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7) MONUMENT (Muon Ordinary capture for the Nuclear Matrix elemENTSs in B decays)
Project leader: D. Zinatulina (zinatulina@jinr.ru)

The purpose of this project is carrying out experimental measurements of muon capture at
several daughter candidates for Ovpp decay nuclei. Obtained results would be drastically
important for checking the accuracy of theoretical calculations of nuclear matrix element (NME).
Our group, together with colleagues, already applied for the beam time for measurements of
ordinary muon capture (OMC) on several isotopes on a meson-factory of the Paul Scherrer
Institute (PSI) in Switzerland. This application was reviewed and approved by the PSI User
committee in January 2020. The beam time is officially granted in 2020 for a preliminary study
of **Ba (daughter nucleus for **Xe) with a further measurement program for at least three
years. This project continues and extends the previous OMC measurement program proposed
and implemented under the guidance of JINR employees from 1998 to 2006. Our group has rich
experience in the field of high-precision nuclear spectroscopy and its implementation for the
study not only rare processes, but also muon capture.

Throughout the period from 2021 to 2023, it is planned to perform OMC measurements
for **Ba isotopes, "°Se and **Mo. The OMC on **Ba and ®Se is of particular importance for the
planned leading experimental searches for the OvBp decay of ***Xe — nEXO, KamLAND2-Zen,
NEXT, DARWIN, and PandaX-IIl — and of °Ge — LEGEND. In addition, we are going to
measure and obtain results for OMC in *?S, “*Ca, *°Fe and '®Mo isotopes. These results are
important for the experimental verification of theoretical calculations and may also be useful for
astrophysics. JINR will play a leading role in the experiment. With the exception of the
experimental infrastructure at the accelerator complex, which will be provided by our
collaborators, the rest of the project will be led by us. We plan to purchase isotopes for the
enriched targets, buy several germanium detectors and the necessary electronic equipment. We
also going to produce the targets and to construct an active muon filtration system for the
experimental data.

Description of the measurements

Measurement principle

The idea of p-capture experiments is based on a precise measurement of time and energy
distributions of y-rays following the ordinary muon capture (OMC). These distributions provide
rich experimental information, which serves as a useful input to the calculations of nuclear
matrix elements (NME) of double beta (pp) decay. The total OMC rates of specific isotopes are
extracted by analyzing the time distribution of delayed y-rays. The measured intensities of the
delayed y-rays give partial OMC rates to the bound states. The yields of the short-lived isotopes
are obtained using the beam-off and off-line measurements. The pX-rays data is an important by-
product of the measurements. It helps to identify the type of atoms captured the muons and
serves as a normalization for the total number of stopped muons.

Experimental method

The target arrangement sketched in Fig. 7.1 consists of an active muon veto-counter system: the
CO counter at the entrance of the target, two thin (0.5 mm) pass-through counters C1 and C2, and
the actual target area, surrounded by the cup-like counter C3. The target is able to accommodate
both solid and gaseous materials. The C3 counter together with the pass-through counters is used
to define a mu-stop trigger as:
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as well as to discriminate against high-energy electrons from muon decay. As it is made of low-Z
material, the C3 counter does not affect heavily on the measurement of low energy (20 - 100
keV) gamma rays by the external germanium detectors.

ISO connector
HPGe detectors

c1 Beam line

Light guide co ﬁ
PMT #1 1 .

°86 5 j ;

‘ !

\

\

, e ii

1 |
ENY i
PMT #0
t Mylar window

PMT #3 O D OPMT #2 )
c2
Target (SOLID or GAS) HPGe detectors

Fig. 7.1: Schematic layout of the p-beam line and the target arrangement: the aperture defining
veto-counter CO, the passing trigger counters C1 and C2, the target area, the veto counter C3 and
the HPGe y-detectors surrounding target.

The beam momentum and position is tuned to maximize the intensity of uX-rays from the
target nucleus, while minimizing the background from the surrounding materials. Under optimal
conditions, fraction of muons stopping at target nuclei is usually more than 95%. Typical p-stop
rates during the experiment are between 10° s and
4x10% s,

Detection system

The puX- and y-rays following OMC will be detected with a set of HPGe detectors placed around
the target at a distance of about 10 - 15 cm and integrated into the frame used in previous muX
experiments. This already existing frame is supposed to be used in first phase of the project. For
further measurements it is planned to create a new holder system, which will be designed by the
JINR group.

Preliminary/proposed measurements

During the two weeks period in October 2019 we carried out, in collaboration with the
muX experiment group, a test measurement that served several purposes. Firstly, it allowed us to
check how well one can detect and identify the bound states produced by OMC using the
existing setup and DAQ. Secondly, it gave us a chance to assess the steps needed to operate the
HPGe detectors optimally. Finally, we made sure that the existing experimental configuration
satisfies our requirements to collect enough statistics of good quality for all the relevant types of
accumulated data: muonic X-rays, y-rays following OMC, and y-rays associated with the decay
of short-lived isotopes. Detailed analysis of the collected data is ongoing, but it is already clear
that the test was successful. The experimental setup is presented in Fig. 7.2.
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Figure 7.2: Experimental setup in 2019 measurements.

All data from the y-detectors (on-line measurements) can be divided into two types: events
correlated and uncorrelated in time with the incoming muons. If a signal from the y-detector was
not preceded by a stop of the muon in the target within the time window W, then the event is
considered as Uncorrelated and is written to U-spectrum. Otherwise, the event goes to C-
spectrum. A typical U-spectrum includes y-lines of natural and technogenic radioactive isotopes
(*°K, ®°C0,"’Cs, U- and Th-chain, etc). These lines are used to calibrate the detectors. The OMC
products decay rapidly with the emission of y-rays. The yields of the individual isotopes and
isomers produced in OMC are extracted using their y-rays intensities calculated from U-spectra.
C-spectra of 24Mg, 82Kr, and ***Xe were measured in the 2019 campaign at the TE1 beamline of
PSI.

We obtain 3D (E,t)-spectra (see Fig.7.3) that allow us to extract maximum information
about the OMC. The determination of relative intensities of the delayed lines with respect to the
puX-rays allows the extraction of partial capture rates to the individual excited states of the
daughter nucleus.
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Fig. 7.3. Part of the (E,t) distribution events measured with the **Mg target.
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Further investigations:

We propose to carry out a comprehensive three-year research program, which pursues the
following scientific objectives:

1.

The OMC measurements on **Ba, "®Se, and “Mo. Results of these measurements will
provide significant new input into theoretical models of calculations of nuclear matrix
elements (NME) for double beta decay (DBD) of “**Xe, "°Ge, and *Zr, which are the sources
nuclei (primarily ***Xe and "°Ge) in leading DBD-projects. This will improve the accuracy of
NME-calculations, which is a fundamental task for this direction of research. Other
important goal is solution of ga-quenching puzzle, and the OMC data will be also helpful
here. Partial OMC rates will be obtained in the first phase of the project. And the total OMC
rates will be determined in the next phase.

The measurement of the OMC on *®Mo is valuable for studies of properties of astrophysical
neutrinos. This isotope is a one of the best candidates for measuring Supernova (SN)
explosions (the MOON project), and the results of OMC measurements on Mo will
provide vital information for theoretical model calculations of SN-neutrino interaction on
1OOMO.

Measurement of the total and partial OMC rates on “°Ca, *°Fe and %S will provide essential
experimental input in order to test nuclear shell model (SM) calculations. The NME of these
relatively light nuclei are well calculated in theoretical models, so a comparison of
experimental and theoretical data will help to improve and tune the theoretical models. The
results of these studies will also be used in future to improve the NME-calculations of DBD.
The experimentally determined production rates of isotopes in the OMC will be compared
with the theoretical assumption - proton and neutron emission model, which derives the
OMC strength function and the associated giant resonance (GR) peaks.

The muonic X-rays spectra measured in OMC will continue to fill and update already
existing Mesoroentgen electronic catalogue (muxrays.jinr.ru), which is the international
database provided unique information for all projects (both fundamental and applied) used
the OMC.

All results will be published in peer reviewed Russian and international journals, as well as
be presented on the Russian and international conferences.
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