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PREFACE

GENERAL INFORMATION

The VIII International Pontecorvo Neutrino Physics School continued the tradition of
the Pontecorvo Neutrino Physics Schools, which were held in Dubna, Alushta, Horny
Smokovec and Prague in 1998, 2003, 2007, 2010, 2012, 2015 and 2017. The information
~ about all editions of the Pontecorvo Schools can be reached through the web site
- http://pontecorvosch.jinr.ru.

The Pontecorvo Schools were initiated by Samoil Bilenky to commemorate the emi-
nent neutrino physicist Bruno Pontecorvo (called Mr. Neutrino), whose pioneering sci-
entific contributions go on shaping modern neutrino physics. Bruno Pontecorvo was
- working in Dubna within the period 1950-1993, where in 1957 he suggested the idea
-of neutrino oscillations, a phenomenon which was experimentally discovered about 40
years later and which remains one of the most intriguing subjects of the modern particle
physics. The growing number of School participants demonstrates that neutrino studies

attract more and more young people nowadays.

The Pontecorvo School series is now enjoying a period of rapid development and
worldwide interest to open problems of neutrino physics. We still do not know the

number of neutrino species, the absolute neutrino masses, the size of any leptonic CP
- violation and the characteristic nature of the neutrino. Improving our understanding
of neutrino mass and its origin is so important, when it comes to some of the big
unanswered question in physics today. Neutrino physics is receiving more and more
attention as a source of information on new physics beyond the Standard Model being
a benchmark for new theory in elementary particles and for the understanding of the
Universe evolution. Neutrino physics is a window on the knowledge of the infinitely
small and on the infinitely large. Due to unwillingness of neutrinos to interact with
matter, the study of their properties requires the construction of extremely large detectors
placed usually in environments with very low natural radioactivity and shielded from the
cosmic radiation.

It is noteworthy that there were some highlights in the history of the Pontecorvo
Schools. For instance, within the 2017 edition, organized by the Institute of Experi-
mental and Applied Physics (Czech Technical University in Prague) and its Director
Ivan Stekl, there were two lectures dedicated to the discovery of gravitational waves and
given by Barry Barish (Caltech) who was awarded for this result the 2017 Nobel Prize
in Physics, together with R. Weiss and K. Thorne, just one month after the end of the
School. v

The source of our special pride is that it was the second Nobel Prize winner among
the lecturers of the Pontecorvo Schools. The first one was Takaaki Kajita (University
of Tokyo) who received the 2015 Nobel Prize in Physics for the discovery of neutrino
oscillations, which show that neutrinos have mass. In 2007, in Alushta, Professor Kajita
talked about these research results in his lecture on the physics of atmospheric neutrinos.

11

laaa









» Gravitational waves
« Statistics for nuclear and particle physics

LECTURERS AND LECTURES AT THE SCHOOL

The members of the Organizing Committee Samoil Bilenky, Rupert Leitner, Fedor
Simkovic and Alexander Olshevskiy succeeded to invite the most knowledgeable ex-
perts in corresponding areas who delivered high quality lectures for the wide audience:
undergraduates, PhD students, postdocs, and also some members of academic staff,

During 9 working days outstanding lecturers from the field of neutrino physics, as-
troparticle physics and cosmology drew attention of the students and young scientists to
prominent neutrino physics experiments and unsolved problems concerning fundamen-
tal properties and interactions of neutrinos.

The 23 leading scientists presented their lectures on various neutrino topics: neutrino
mixing and masses, neutrino oscillations, interactions with nuclei, sterile neutrinos, and
neutrino detectors. Some related topics were also introduced, like double-beta decay,
gravitational waves, dark matter, and leptogenesis. The wide range of subject matters
backed up both the theoretical and experimental aspects of this field.

« Samoil Bilenky (JINR, Dubna)
Introduction to neutrino

» Alexei Smimov (MPI, Heidelberg)
Theory of v-masses and mixing

» Boris Kayser (Fermilab)
v-oscillation phenomenology

« Oleg Smirnov (JINR, Dubna)

Solar v-experiments
« Juna Pablo Yanez (Univ. of Alberta)
" Atmospheric v-experiments

» Maury Goodman (Argonne National Laboratory)
Accelerator v-experiments

 Dmitry Naumov (JINR, Dubna)
Reactor v-experiments

 Anna Hayes (Los Alamos National Laboratory)
Spectra of v's from reactor

«+ Carlo Giunti (INFN, Torino)
Light sterile v’s: theory

» Yuri Shitov (JINR, Dubna)
Light sterile v’s: experiments

» Dmitry Gorbunov (INR RAS, Moscow)
Heavy sterile v's

» Kathrin Valerius (KIT in Karlsruhe)
Measurement of v-mass
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A special session was held in memory of Bruno Pontecorvo, where the participants
watched the film about this outstanding scientist, and Samoil Bilenky shared his memo-
ries about this man, whose scientific achievements and human qualities largely affected
the currently formed image of Dubna, JINR, and world science.

Moreover, the scientific program of the School would not have been complete without
the evening exercise sessions. Under the guidance of the top experts (Samoil Bilenky,
Boris Kayser and Alexei Smirnov), the School listeners had the opportunity to solve
various interesting problems in neutrino physics, reaching the level often beyond regular
textbooks. These tasks were related to the neutrino oscillation mechanism, MSW effect
on mixing parameters in matter, and Majorana nature of massive neutrinos. These events
were found very useful to stimulate vitality for discussion, dialogue and debate on the
topic covered.

PARTICIPANTS:

The 77 listeners attending the School were from all over the world: 22 of them came
from JINR and Russia; 34 of them were from the JINR Member States, namely Belarus,
the Czech Republic, Poland, Romania, Slovakia and Ukraine; and 21 of them arrived
from China, Finland, France, Germany, India, Italy, Spain and the United Kingdom. The
priority for participation in the school was given to the applicants with a strong neutrino
physics background and interests.

According to the established School format, all the attendees were encouraged to
participate in the discussions and informal exchanges of ideas during the breaks and
after the lectures.

ACCOMMODATION:

Accommodation of all participants was organized in the beautiful Hotel International
in Sinaia, where was also the venue of the School. The hotel offered 3 nice restaurants
and “catering facilities, an indoor pool and’a spa center, and an entertainment center
(bowling lanes, billiards tables, etc). From the rooms of Hotel International participants
admired the views of the surrounding mountains.

POSTER SESSION:

On the last working day, within a special session, 35 of the participants presented
their posters in a 3-minute talk. In spite of limited time they managed to deliver to
the audience the main message covered in their posters, which were hanging at the
wall of the Lecture Hall during the whole period of the School. Seventeen students and
researchers contributed to this Proceedings of the student poster session.

EXCURSION
The picturesque mountain scenery emphasized the pleasant atmosphere of the School.

It was the day off, when the School listeners had two full-day trips to choose from. The
first one brought them to the Rasnov Fortress and Bran Castle (the latter is famous for
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Starting in 2015, the School geography has grown wide as Ivan Stekl (Czech Techni-
cal University in Prague) and Fedor Simkovic (Comenius University in Bratislava) have
joined actively the organization of the Schools, emphasizing their international charac-
ter and increasing mutual fruitful cooperation with the JINR Member States. The sixth
School moved to Horny Smokovec, High Tatras mountain region of Slovakia (http:
//theor.jinr.ru/~neutrinol5/) and the seventh School was held in Prague,
the capital of the Czech Republic (http://theor. jinr.ru/~neutrinol7/).
After a while, the Organizing Committee was extended again, and this time by the Ro-
manian colleague Sabin Stoica and a prominent Italian neutrino physicist Carlo Giunti.
The eighth School was successfully organized in the mountain resort Sinaia, in the Pra-
hova region of Romania (http://theor. jinr.ru/~neutrinol9/).

The preparation of the next Schools has already started. Firstly, the forthcoming
IX Pontecorvo School is set to take place in Bratislava, the beauty on the Danube in
Slovakia. Secondly, considering the very special occasion in 2023, the 110th anniversary
of the birth of Bruno Pontecorvo, the X Pontecorvo School will be held in Italy.

THE JINR EDUCATIONAL POLICY

The School participants learned about the most challenging recent subjects in Neu-
trino Physics, as well as about ongoing and upcoming opportunities for participating in
neutrino physics research, particularly in the Neutrino Program at the Dzhelepov Labo-
ratory of Nuclear Problems, JINR. This Program is being carried out together with other
research institutes of the Czech Republic, Poland, Romania, Russia and Slovakia.

The Pontecorvo Schools remain one of the key cornerstones of the scientific and
educational philosophy at JINR, a worldwide-acknowledged research center. Moreover,
it is obvious that the future JINR success significantly depends on new generations
of young motivated researchers. That is why the JINR University Center, together
with Ivan Stekl and Stanislav Pakuliak, developed effective stage-by-stage educational
programs, in particular short and long-term summer practices, summer schools, and
postdoc positions, to attract talented young researchers to JINR and give them every
support and confidence.













shevskiy (DLNP, JINR Dubna) presented the JINR neutrino programme to colleagues,
friends, and students of Samoil Mihelevich. The director of the JINR Dubna, Victor
Matveev, concluded the scientific part of the seminar, heartily congratulated Samoil
Bilenky and presented to him a photo album printed by the JINR Publishing Depart-
ment and prepared by the JINR Scientific Information Department. The event finished
with a banquet with a friendly and informal discussions. Among the participants of this
celebration were scientists from Dubna (Dmitry Peshehonov etc.), Moscow (Mikhail
Krivoruchenko, Boris Martemyanov, Leonid Ponomariov, Alexander Studenikin etc.)
and Caltech (Petr Vogel).

To the pleasant atmosphere of these celebrations contributed also Samoil Bilenky’s
wife Sophia-and son Mikhail, who delivered an interesting talk about gene research. He
is an example of the versatility of the best particle physicists, that can change to the study
of a subject as different as biology and publish valuable papers in prestigious journals
as Nature. Let us recall that the author of the picturesque pictures symbolizing each new
edition of the Pontecorvo School is Mikhail Bilenky.

Colleagues and many friends over the world heartily congratulated Samoil Bilenky
on his jubilee and wish him sound health and new outstanding achievements in science.
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only as a tennis expert).

1In 1940, before the Germans occupied Paris, B. Pontecorvo escaped together with his
family (wife and son) to US. From 1940 to 1942, he worked in a private oil company
in Oklahoma. He developed a method of neutron well logging for oil (and water)

‘prospering. This was the first practical application of neutrons. The method of neutron
~well logging is widely used nowadays.

- “In 1943, B. Pontecorvo took the position of a researcher in the Anglo-Canadian
Uranium Project in Canada (first, in Montreal Research Laboratory and afterwards in
the Chalk River Laboratory). He was a scientific leader of the project of the research
reactor which was built in 1945 and was the first nuclear reactor outside of USA.

- In Canada, B. Pontecorvo started his research in the elementary particle physics. Soon
after the publication of the famous Fermi’s paper on the theory of the 8 decay (1934),

- Bethe and Pierls estimated the cross section of the interaction of the postulated by Pauli

- neutrino with a nucleus. The estimated cross section was extremely small; at ~ MeV

_energies: ¢ < 10~* cm?. For many years the neutrino was considered an “undetectable
particle.”

Pontecorvo was the first physicist who challenged this opinion. He proposed the first
method of neutrino detection [1] (Canada, 1946), based on the observation of the decay
of daughter nucleus produced in the reaction: v+ (A, Z) — e+ (A, Z+1). As the most
promising he considered the process V, + 3’Cl —» e~ + 37Ar, which has the following
advantages:

+ C,Cly is a cheap, non-inflammable liquid.
"« FAr nuclei are unstable (K-capture) with a convenient half-life (34.8 days).
« A few atoms of FAr (rare gas), produced during the exposition time, can be
extracted from a large detector.
i« K-capture is accompanied with the energy release of 2.8keV. This gives a possibil-
ity to use low-background proportional counters.

The Pontecorvo Cl-Ar radiochemical method was used by R. Davis in the first experi-

ment on the detection of solar neutrinos. In 2002, R. Davis was awarded the Nobel Prize

- for the discovery of solar neutrinos. Furthermore, the radiochemical method of neutrino
detection based on observation of the reaction v, + 7'Ga — ¢~ + "!Ge, proposed by
V. Kuzmin, was used in the GALLEX/GNO and SAGE solar neutrino experiments in
which the most abundant pp neutrinos were detected.

.. In order to detect neutrinos, it was necessary to find intensive neutrino sources. In
the seminal Chalk-River paper [1], Pontecorvo paid attention to the following sources:
the Sun, the nuclear reactors, and the radioactive materials produced inside the reactors.
In 1948, he invented the low-background proportional counter with high amplification.
This counter proved crucial for the detection of solar neutrinos in the Homestake ,
GALLEX and SAGE solar neutrino experiments.

- After the famous Conversi—Pancini-Piccioni experiment (1947), from which it fol-
lowed that the muon weakly interacts with nuclei, B. Pontecorvo together with E. Hincks

. started a series of brilliant pioneering experiments on the investigation of the fundamen-
tal properties of muon. They proved that:

1. The charged particle emitted in the muon decay is an electron.
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cut-off, should be many orders of magnitude higher than the existed at that time upper
bound. B. Pontecorvo was the first who understood that experiments with high-energy
neutrinos from the & — it + v, decays allow to probe the existence of the second type
of neutrino in a direct, model-independent way [3]. His proposal was realized in the
famous Brookhaven experiment (1962) in which it was proved that v # V.. In 1988,
Lederman, Schwartz and Steinberger, the participants of the Brookhaven experiment,
were awarded the Nobel Prize for “the discovery of the muon neutrino leading to the
classification of elementary particles into families.”

We come now to a very bright and courageous idea of B. Pontecorvo which led to
the creation of a new modern field of neutrino physics, to the idea of neutrino masses,
mixing and oscillations. Bruno came to the idea of neutrino oscillations in 1957-58. He
was impressed by a possibility of K® = K oscillations suggested by Gell-Mann and
Pais. This suggestion was based on the following:

1. K% and KO are different particles. They have different strangeness (+1 and -1,
respectively). The strangeness is conserved in strong interactions.

2. Weak interactions do not conserve the strangeness. As a result, K° and KO are
“mixed” particles and transitions between them in the vacuum become possible.

In 1957, B.Pontecorvo put the following question: “Are there other “mixed” neutral
particles (not necessarily elementary ones) which are not identical to their correspond-
ing antiparticles and for which the particle-antiparticle transitions are not strictly for-
bidden?” He came to the conclusion that muonium (g% e™) to antimuonium (g~ e ™) are
such systems and considered muonium < antimuonium oscillations [4]. At that time it
was not known that v, and v, are different particles. Pontecorvo suggested that the tran-
sitions (£ e™) < (™ e*) are “induced by the same interaction which is responsible for
the gt decay:” (u¥te™) — v+V — (1~ e™). Note that the experiments searching for the
muonium-antimuonium transitions, proposed by Pontecorvo , are going on at present.
They provide a sensitive way of obtaining information about interaction in which the
flavor lepton numbers are changed by two units,

B. Pontecorvo was also thinking about the neutrino. At that time it was established
that neutrino is a two-component particle and is described by the two-component neu-
trino theory. According to this theory, only the left-handed neutrino v, and right-handed
antineutrino Vg exist in the Nature (let us stress that only one type of neutrino was known
at that time). Transitions between them are forbidden by the conservation of angular mo-
mentum. A rumor helped Bruno realized his idea of neutrino oscillations in case of one
neutrino flavor. In 1957, R. Davis was searching for 3’Ar production in the process:
Vieactor + 2'Cl — e~ + 37Ar. A rumor that Davis had observed such “events” reached
Pontecorvo . He suggested that these “events” could be due to neutrino oscillations, i.e.,
transitions of reactor antineutrinos into the right-handed neutrinos on their way from
the reactor to the detector. He published the first paper dedicated to neutrino oscilla-
tions in 1958 [5]. In this paper, he wrote: “The neutrino may be a particle mixture, and
consequently there is a possibility of real neutrino-antineutrino transitions in vacuum,
provided that the lepton (neutrino) charge is not conserved. This means that the neutrino
and antineutrino are mixed particles, i.e., a symmetric and antisymmetric combination
of two truly neutral Majorana particles Vi and v,.” And further in the paper: “This
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possibility became of some interest in connection with new investigations of inverse f§
processes.” B. Pontecorvo considered a transition: Vg — vg (and similarly v; — V),
i.e., he had to assume that the lepton number is not conserved and that in addition to Vg
and vy, quanta of the left-handed neutrino field v (x), vg and Vr, quanta of the right-
handed neutrino field vg(x), existed as well. According to the two-component neutrino
theory only the field vz(x) enters the weak-interaction Lagrangian. Thus, according to
this theory vg and Vz, must be non-interacting “sterile” particles. In order to explain the
Davis “events”, B. Pontecorvo had to assume that “a definite fraction of particles (Vr)
can induce the reaction.”

In the 1958 paper Pontecorvo pointed out that due to neutrino oscillations in the
experiment of Reines and Cowan a deficit of antineutrino events will be observed: “The
cross section of the process V + p — e* + n with V from the reactor must be smaller
than expected. This is due to the fact that the neutral lepton beam, which at the source
is capable of inducing the reaction, changes its composition on the way from the reactor
to the detector.”

Later, the anomalous “events” in the Davis experlment dlsappeared and only an up-
per bound for the cross section of the reaction V 4+ 3’Cl —s ¢~ + 3’Ar was obtained.
B. Pontecorvo understood that vg and Vv, (if they exist) must be non-interacting, sterile
particles. The terminology “sterile neutrino,” which is standard nowadays, was intro-
duced by him.

Starting from this paper, all his life B. Pontecorvo believed in the existence of neutrino
oscillations. He wrote: “The effects of transformation of the neutrino into antineutrino
and vice versa may be unobservable in the laboratory, but will certainly occur, at least,
on an astronomical scale.”

The next paper on neutrino oscillations was written by B. Pontecorvo in 1967 [6]. At
that time, the phenomenological V — A theory was established, K® = K9 oscillations
were observed, and it was proved that (at least) two types on neutrinos Vv, and v, exist
in nature. In this paper he discussed the transitions between active neutrinos v, = V,
and also transitions v, = V. and v, = V7, which transform “the active particles
into particles which, from the point of view of ordinary weak processes, are sterile.” He
pointed out that not only the disappearance of vy, but also the appearance of v, can
be observed. In the case of transitions of the active neutrinos into the sterile ones, only
disappearance of the initial active neutrinos can be observed.

In the 1967 paper, B. Pontecorvo discussed the effect of neutrino oscillations for the
solar neutrinos: “From an observational point of view, the ideal object is the Sun. If the
oscillation length is smaller than the radius of the solar region effectively producing
the neutrinos, direct oscillations will be smeared out and unobservable. The only effect
on the Earth’s surface would be that the flux of observable solar neutrinos must be
two times smaller than the total (active and sterile) neutrino flux.” When the first
results of the Davis solar neutrino experiment were obtained (1970), it occurred that
the detected flux of the solar neutrinos was about 2-3 times smaller than the predicted
flux. This observation became known as the Solar Neutrino Problem. It was anticipated
by B. Pontecorvo. His explanation of the result of solar neutrino experiment by neutrino
mixing and oscillations was widely accepted.

The next paper on neutrino oscillations was published by by Gribov and Pontecorvo
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case of three types of the neutrinos three types of mass terms are possible:

1. Majorana mass term (generalization of Gribov-B. P.):
1_
g]{vl = ) Vi M Vi +H.c.,

T.
where vy = (veL, VuL, er) is a three-component column of the left-handed neu-

trino fields, v§ = C V}: is the charge conjugated field, and My, = MZ stands for the
(symmetric) complex 3 x 3 Majorana mass matrix. After diagonalization of the
matrix My we obtain:

3
vie=Y Uyvi,
i=1
where U is the unitary 3 x 3 Pontecorvo-Maki—Nakagawa-Sakata (PMNS) matrix:
UTU=1,and v; = vf is the field of a Majorana neutrino with mass m;.

2. Dirac mass term:
ZP = v MPvp+H.ec.,

with Vg = (Ver, Vur, er)T being a three-component column of the right-handed
neutrino fields and MP the complex 3 x 3 Dirac mass matrix. In such scenario, the
total lepton number L is conserved. Diagonalization of the matrix MP again yields:

3

viL=Y UiV,
i=1

where v; is the field of a Dirac neutrino with mass m;. The total lepton number of
neutrino v; and antineutrino V; is defined as +1 and —1, respectively.

3. Dirac-Majorana mass term:
LOM = My Pt g
with the right-handed Majorana mass term:

1
LM = —5 VRMg Vg +He.

In the case of such mass term there are no conserved lepton numbers. After the
diagonalization, the neutrino mixing (! = e, i, 7):

6
viL=Y UiiViL,

=
6
c _ — v\
Vir= Y UpviL
i=1

is realized by a 6 x 6 generalization of the PMNS matrix U, while v; = vf is the
Majorana-neutrino fields with masses m; (i =1, ..., 6).
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In case of the Dirac and Majorana mass terms, only the transitions between the active
flavor neutrinos v; & vy are possible. On the other hand, the Dirac-Majorana mass term
also allows the transitions v; = Vy, involving sterile neutrinos.

Our approach to the neutrino oscillations in vacuum is described below. What are the
states of flavor neutrinos V,, v, and v; produced in the weak decays, captured in the
neutrino processes, etc.? For example, a flavor muon neutrino v, is a particle which is
produced together with u* in the decay: &+ — pu™* + vy, etc. We suggested that the
states of flavor neutrinos are given by:

lvi) =Y Uj; v},
7

with [ =e, u, T, while |v;) are the states of neutrinos with definite momentum 5 and en-

ergy E; = +/ p? +m ~F + . In accordance with QFT, we assumed that the evolution

of states is determined by the Schrodinger equation id; |¥(t)) = H|¥(r)). If at a time
t = 0 a flavor neutrino v; is produced, at a later instant ¢ we have:

vile)) = e~ [viy = ¥ i) e U
1

Thus, in case of mixing the neutrino state at a time ¢ is a superposition of states with
different energies, i.e., a non-stationary state. From our point of view, this is a basis
of neutrino oscillations. The neutrinos are detected via observation of weak-interaction
processes in which the flavor neutrinos are participating (vp +N — I + X, etc.). We

have;
IV[(I) Z|Vll (ZUZ, e lE"U)

The probability of the transition v; — vy reads:

AmiL
= 6[/[ + ZUl'i <€—t_2%_ - 1) U;;
i#k

2 2

)

P(V[ — Vll) - !ZUlrie_iEit U;;
i

where L is the distance source-detector and Am2, = m? —m? is a mass-squared difference.
This expression for the transition probability became a standard.

For many years, the idea of massless strictly two-component neutrinos prevailed. The
situation changed drastically after the appearance of Grand Unified Theories and the
seesaw mechanism of neutrino mass generation (by the end of the 1970s). Neutrino
masses and mixing started to be considered a signature of new, beyond the Standard
Model physics. However, there was (and still is) no theory which could predict the values
of neutrino masses and mixing angles. Our approach was the following:

« It is plausible that the neutrinos are massive and mixed.

» Search for neutrino oscillations, which is an interference phenomenon, is the most
sensitive way to search for small neutrino masses.
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had many friends in Italy, Russia, France, Canada and many other countries. The name
. of Bruno Pontecorvo will be forever connected to the neutrino as the name of the found-
ing father of modern neutrino physics. He will remain with us in our memory and our
hearts as a great and outstanding physicist, as a man of a great impact and humanity.
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Sterile Neutrinos, Dark Matter and Laboratory
Signals

C. Benso, V. Brdar, M. Lindner, and W. Rodejohann

Max Planck Institute for Nuclear Physics, 69117 Heidelberg, Germany

Abstract. We consider keV-scale sterile-neutrino dark-matter detection prospects in terrestrial
experiments. The present astrophysical and cosmological constraints disfavor the discovery of
such a particle, produced through mixing with active neutrinos, in terrestrial experiments such as
KATRIN. We propose several ideas how this can be solved, focusing on scenarios in which either
X-rays limits are relaxed.

Keywords: keV sterile neutrino; dark matter; X-ray bounds; critical temperature
PACS: 14.60.St; 95.35.+d

INTRODUCTION

Sterile neutrinos can be defined as the right-handed components of the neutrino fields

Yy
1+
2

Vs = VRH = FRWv = Yy. (D
They appear to be singlets with respect to the symmetry group SU(3)¢ x SU(2);, x
U(1)y that gives structure to the Standard Model (SM) of particle physics, since they
have neither strong nor electromagnetic charge and they are not directly involved in
weak interaction processes, contrary to the left-handed component of the neutrino field

VLH = 1:2£ vy. This peculiar combination of features earned them the epithet of sterile
and made them (almost at all) invisible particles to our searches. However, even if they
were not included in the SM content due to the fact that they have not been detected so
far, our interest in them is well-motivated by three major problems (such as the active-v-
masses puzzle, the baryonic-asymmetry puzzle [1, 2, 3, 4], and the existence and nature
of dark matter in our Universe) to which they could provide a compelling solution.

As for the dark-matter problem, we know that the major part of the matter content of
our Universe is not constituted by ordinary baryonic matter [1] but by some element
called dark matter (DM), of which we observe with good precision the large-scale
gravitational effects but we still have not determined the particle nature. Based on the
features that we know that a good DM candidate should have, we can say that sterile
neutrinos with a keV-scale mass represent a possible well-fitting solution to this puzzle
(see Table 1).

In our work, we consider the region of the parameter space to which the KATRIN
experiment is sensitive, that corresponds to rather large values of v; mass and mixing
angle. Despite the appeal characterizing the Dodelson-Widrow mechanism thanks to
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considering also less-energetic e~. This kind of extended research requires modifica-
tions in the initial experimental apparatus as, for example, a modified detector able to
handle the significantly enhanced electron rate of about 101! s~1, The sensitivity of this
upgraded experiment is shown in the final plot and it would be clearly excluded by the
X-ray bound in the full glory (the darkest-purple shaded region) and also unattainable in
the simple Dodelson—Widrow scenario.

The constraint coming from the request of the abundance of sterile-neutrino DM not
to exceed the content of DM measured today (42 Qpy = 0.1186 [1]) can be evaded
by introducing a critical temperature T, such that the sterile-neutrino production is
suppressed for T > T. In this way, the lower is the T, the larger are the values of sterile-
neutrino m; and 0 needed to get £y, = Qpum, as shown in the final plot. Concerning the
possible origin of the critical temperature:

« It could be identified with the reheating temperature T if we consider 7, > SMeV,
where this limit comes from the BBN observations [5].

» Alternatively, it could be related to a dynamical mechanism that made, at early
times, the sterile-neutrino masses very small (for example, if they result from a
symmetry breaking) or very large (for instance, in the case of a kind of misalign-
ment mechanism) [6] in such a way that the term:

('2"4;)251n2(29)

(';—;)Zsinz(w) + (&Z(L))z + [%’2, cos(28) — VT(p)]2

sin®(20y) = ‘(2)

responsible for the active-sterile oscillation is suppressed for T > T¢.. In this case,
the critical temperature value can be lowered to ~ 2MeV, roughly corresponding
to the temperature at which the decoupling of the active neutrinos occurred with
the effect that afterwards the conversion cannot happen anymore.

X-RAY BOUNDS AND CANCELLATION

For v; with mass below twice the electron mass, there are two possible decay channels:

L. v¢ = V;+V;+v; is the dominant channel and happens at the tree level through Z-
boson exchange, allowing us to set an upper limit on the value of the mixing angle
by using the requirement of a SN mean lifetime larger than the age of the Universe,
in order to have a stable DM candidate. From:

Gim® 1 ms \5
Ty o3y = o sin®(20) = ) sin?(2 3
vy = ge S (20) = == Tam (SOch) sin”(26) 3
we get [7, 8]:
keV\>
02 <1.1x 1077 (5—&) . (4)
ms
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2. V; — Vv is the subdominant channel related to a decay amplitude &(1072) times
weaker than the dominant one:

9aGE

9a
Do = 16047

2 ~ -2242 3 -1
sin?(20)m’ = 5.5 x 10-229 (keV) s )
It is a radiative decay process occurring at 1-loop level and producing in the final
state a photon, detectable as an almost monoenergetic line in the X-ray band due to
the smallness of the mass of the active neutrino, that is produced together with the
photon. The nonobservation of such a line in the spectra of DM-dominated objects
led to a further constraint [7, 8]:

5
62<18x107° (@) . ©)

mg
The observable quantity related to the latter process is the flux of photons:

I'v,svyMDM Fov

, 7
47tD%ms M

F X—rays =
where Mpm Fov is the mass of the DM within the telescope’s field of view (FoV), Dy,
is the luminosity distance to the observed object, and I'v,yvy o< [ dPphasespace |-# |2 o
sin?(20) m3.

Larger values of m; and 0 are allowed by the same value of the flux if |.#|? is globally
reduced taking 4 = #) + .#,, where .# comes from the usual contribution of the
diagram presented in Fig. 2(a) and ., gives an opposite contribution related to the
diagram in Fig. 2(b). Even if many different realizations are possible, the diagram (b)
reflects a specific realization of the general idea such that the mediator of the decay

process is a new scalar particle £ = (a9, o), with quantum numbers (1, 2, —1) under
SU(3)c x SU(2), x U(1)y, interacting thh the leptonic sector according to:

LOAVE Lo+ A erETL, +Hec. 4 ®)

The suppression of the signal can in principle be partial or even complete if the parame-
ters A, A’ and my introduced together with the new scalar satisfy the relation:

’ _ ’ 2 2
sinf = 431).2). e —m—‘;_i [log (ﬂ%) + 1] . 9
mg

g* ms mg

GETTING TO THE SENSITIVE REGION OF THE PARAMETER
SPACE

The plot in Fig. 3, taken from [9], shows the effects of the two combined methods
allowing to get access to the usually excluded region of the parameter space in which
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Figure 2. Contributions to the reduced decay amplitude.

KATRIN would be sensitive to the presence of sterile-neutrino DM (the white dashed
line):

« The increasingly lighter shades of purple represent the relaxation of the X-ray
bound that can be achieved assuming that the total flux of photons coming from the
decay of sterile neutrinos gets contributions from both the usual Feynman diagram,
where the mediator is the Wy, boson, and the new-physics diagram that depends
neither on m; nor on 6.

The colored thick lines are constituted by the points in the parameter space cor-
responding to the values of m; and @ for which the entire content of DM of the
Universe is accounted for by the sterile neutrinos (h? Qy, = h* Qpm = 0.1186) un-
der the hypothesis of their production starting at different values of the critical
temperature T¢.

The sensitivity regions of KATRIN and other experiments, such as Troitsk and
ECHo, are outlined by the dashed lines, while the gray shaded regions are excluded
or at least disfavored by the request of the lifetime of our DM candidate to be larger
than the age of the Universe and by the number of observed satellites of the Milky
Way, respectively.

In conclusion, from the exclusion plot we see that an eventual signal of sterile-neutrino
DM could be found by KATRIN in case of appropriate (by a factor of the order of 10*
or more) cancellation of the X-ray bound if the production of sterile neutrinos started
at temperatures around 20MeV or lower and if we take into account also the limits on
ms coming from the phase-space arguments and the Milky-Way-satellite counts (gray
shaded region). Otherwise, in the case of very large values of the mixing angle and
very low critical temperatures, also the Troitsk experiment would be sensitive to such
dark-matter candidates in the future.
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Abstract. We present data on the luminescence of the Baikal water medium collected with the
Baikal-GVD neutrino telescope. This three-dimensional array of light sensors allows for the ob-
servation of time and spatial variations of the ambient light field. We report on the observation of
an increase of luminescence activity in 2016 and 2018. On the contrary, we observed a practically
constant optical noise in 2017.

Keywords: Baikal-GVD experiment; neutrino astronomy; high-energy physics
PACS: 95.85.Ry; 95.55.Vj; 95.30.Cq
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INTRODUCTION

The next-generation neutrino telescope Baikal-GVD is placed in the southemn basin of
Lake Baikal about 3.6km from the shore at a depth of 1,366 m. The main goal of the
experiment is the detection of high-energy astrophysical neutrinos, sources of which
remain still unknown. In particular, the aim is the registration of Cherenkov radiation
emitted when secondary charged particles, created in the reactions of neutrinos with the
surrounding medium, are passing through the deep water in Lake Baikal. The detector
itself is a three-dimensional array of photo-sensitive components called optical modules
(OMs). A fully independent unit called cluster consists of 288 OMs attached on eight
strings, seven peripheral strings surrounding the central one with a radius of 60m. Each
string carries 36 OMs with 15m vertical spacing. The top and the bottom OMs are
located at depths of 750m and 1,275 m, respectively. In 2016, the first cluster “Dubna”
has been deployed. In the two subsequent winter expeditions of 2017 and 2018, two
more clusters have been deployed. Another two clusters have been deployed during the
winter expedition of 2019. At the time of writing, the total number of deployed clusters
is five [1].

Apart from the Cherenkov radiation, also the ambient background light is registered.
The amount of registered background light is derived from the photomultiplier noise
rates from each particular OM. There are two independent ways of collecting the data.
The trigger system of every cluster is designed in such a way that signals from each OM
in a time window of 5 us are stored if a trigger condition is fulfilled [2]. In this way, we
obtain the data on count rates of pulses registered by OMs. The origin of the background
noise rates is mainly associated with the luminescence of the Baikal water. In this article,
we present some selected results on luminescence in Lake Baikal.

OPTICAL ACTIVITY OF THE BAIKAL WATER

Baikal-GVD is designed to detect the Cherenkov light from charged particles. In open
water, light not related to relativistic particles constitutes an unavoidable background
to the Cherenkov light. Therefore, studies of the related light fields are of crucial
importance. The photon flux from the sunlight below a depth of ~ 700m is negligible,
as shown in the previous work [3].

In Fig. 1(a), we present data on the count rates for a selected OM for the period April
2016 — February 2017. There are two periods of relatively stable optical background
noise, which are intermitted with increased optical activity. The charge distribution of
the noise pulses is displayed in Fig. 1(b). We stress that the charge distribution remains
unchanged in different periods of the optical activity. Our measurements are performed
with a threshold of half a single photoelectron charge. In this way, the dark noise of
the photomultiplier is significantly suppressed. We note that by setting the threshold to
one photoelectron the background count rate is reduced by a factor of two. The one-
photoelectron background is well correlated with the half-photoelectron background.
The count rates in both cases exhibit the same modulation of the relative amplitude. We
clearly see that the major contribution comes from the single-photoelectron pulses.

The depth dependence of the ambient light field is the same for all eight strings of
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maximum of the optical activity observed in 2016 propagated from the top to the bottom,
with a maximum speed of 45m/d. We did not find any correlation between the torrent
flows and the increase in the luminescence activity.
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Abstract. In this work, the results of modeling of cosmic muons passing through the muon veto
of the DANSS experiment are presented. The simulated data were used to examine the background
induced by neutrons originating from the muon interactions. Specifically within these data, single-
neutron and multineutron Geant4 particle generators were developed. Since the neutron coordinate
distributions are similar for the single-neutron and the multineutron events, the simulation results
were tested for the single-neutron case only and the expected number of signal-like events is in
agreement with the real data.

Keywords: DANSS; Geant4; neutron background; cosmic muons
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INTRODUCTION

The DANSS experiment [1] aims to search for sterile neutrinos. DANSS is placed
on a movable platform under the core of a 3.1GW industrial reactor at the Kalinin
Nuclear Power Plant. The detector records 3,000—4,000 events per day after background
subtraction at different distances from the reactor. A substantial contribution to the
signal-like events is made by fast neutrons born in such materials as copper or lead
(materials of the passive shielding) and concrete constructions of the floor and ceiling.
The idea of reactor-antineutrino detection is based on the inverse beta-decay (IBD)
reaction:

V.+p—ntet. @

The IBD process produces two time-separated signals. One signal, called “prompt,”
comes from the positron, while the other, called “delayed,” comes from the neutron
capture. The prompt signal is produced immediately and consists of the positron-track
ionization and Compton scattering of two ¥ quanta coming from the positron annihi-
lation. The neutron undergoes moderation and is subsequently captured by gadolinium
included in the strip coating. The time difference between the prompt and the delayed
signals is in the tens-of-microseconds range, which produces a very good reaction signa-
ture. Low-energy neutrons are captured by borated polyethylene contained in the passive
shielding, but cosmic muons generate fast neutrons in materials of the passive shielding
(such as copper and lead). A fast neutron produces a recoil proton during thermalization
(a prompt-signal-like event) and is captured by 3’Gd or 13°Gd (a delayed-signal-like
event). If more than one neutron is produced, two neutrons may be captured by the Gd
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Table 1.

Pearson correlation coefficients of the neutron point-of-birth

coordinate distributions estimated for different planes and materials. For

the values in bold a two-dimensional fit was used.

Material  Plane Variables Pearson coefficient
Concrete  Floor Xy -0.0012
’ XZ 0.0006
YZ 0.0008

Ceiling Xy —-0.0005

XZ 0.0001

YZ 0.0007

Copper  Right Xy 0.0036
Xz 0.0483

YZ 0.0017

Left XY —0.0038

Xz -0.0211

YZ -0.0853

Front Xy -0.0041

XZ -0.0221

YZ 0.0440

Rear Xy 0.0216

X2 -0.1228

YZ -0.0197

Bottom (X, Y < ~20cm) XY 0.1102

Xz -0.0253

YZ 0.0034

Lead Front XY 0.0177
XZ 0.0268

YZ 0.0139

Rear XY 0.0143

Xz -0.0440

YZ 0.0124

Bottom (X, Y < —40cm) XY —0.0740

XZ -0.0159

YZ -0.0167

Bottom (X, Y > 60cm) XY 0.0068

XZ 0.0264

YZ 0.0045
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We assumed the correlated distributions to be the ones with the Pearson coefficient
larger than 0.04. For the correlated distributions a two-dimensional fit was used, while

“ for the uncorrelated distributions the fit was one-diménsional, see Fig. 2. The correla-
tions were checked for neutrons born in the concrete floor and ceiling, as well as copper
and lead of the passive shielding. Table 1 shows the correlations estimated for different
planes and materials. The point-of-birth distributions in the floor and ceiling are un-
correlated. In the region with Z > Ocm, the veto comer modules offer high protection



from muon penetration, and thus for copper and lead the correlations were estimated for
Z < Ocm only. For the bottom plates, the corner parts with peaks were checked, see Fig. 2
(bottom right). This is why, e.g., for lead we checked the corners with X, Y < —40cm
and X, Y > 60cm. Additionally, the correlations in materials of the passive shielding (XZ
and YZ) depend on the spatial orientation.

CONCLUSION

In the single-neutron simulation, raw-data processing showed that, on average, there
are 14.4 signal-like events per day from neutrons born in copper, 4 from neutrons born
in the concrete floor, 5.6 from neutrons born in lead, and less than 1 signal-like event
per four days from neutrons born in the concrete ceiling. In the DANSS experiment,
approximately 13 single-neutron signal-like events are expected. After the final analysis
of the simulated data, agreement in the number of signal-like events is expected.
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Abstract. Jiangmen Underground Neutrino Observatory (JUNO) is a medium-baseline reactor-
neutrino experiment primarily designed to determine the neutrino-mass ordering by studying the
disappearance of reactor neutrinos from the Yangjiang and Taishan nuclear power plants. Its central
detector is a 35.4m acrylic ball filled with 20kton of liquid scintillator and mounted with around
18,000 20-inch PMTs and around 25,000 3-inch PMTs. Its energy resolution needs to achieve
unprecedented 3% at 1 MeV, which is challenging for the reconstruction work. In this work, we
studied the relationship between the vertex resolution and the energy resolution with the JUNO
Monte Carlo simulation and found that the energy resolution is insensitive to the angular resolutions
of vertex but is partially sensitive to the radial resolution of vertex in the total-reflection (TR) -
area. We proposed a method of energy and vertex reconstruction with charge information only.
The algorithm can achieve a radial resolution 0, < 10cm at 1MeV in the total-reflection area and
the impact of vertex resolution on energy resolution is less than 3%.

Keywords: energy resolution; vertex resolution; charge information; total reflection
PACS: 29.40.Mc; 02.50.Ng

INTRODUCTION

JUNO [1] is under construction in the south of China and will be the largest liquid-
scintillator (L.S) detector in the world. Its total light level can reach ~ 1,200p.e./MeV
by achieving a large photocathode coverage of about 75%, doping the LS with a PPO
concentration of ~ 2.5g/1, aiming at an attenuation length larger than 20m and a PMT
detection efficiency higher than 27%. How to accurately position physical events and
estimate their energy is the mission of the reconstruction work of the central detector
(CD), which is important for the energy-resolution optimization, fiducial-volume cut
and external-background control. Its challenges arise from the new detector structure
and photon sensor [2, 3].

In this work, we propose an energy- and vertex-reconstruction method using charge
information only, where energy and radius are free parameters in the maximizing process
of likelihood while angular parameters are fixed to the values obtained from the charge-
weighted-center method. The expected number of photoelectrons (NPE) of each PMT
is calculated using a 3D NPE map derived from the Automated Calibration Unit (ACU)
and the Cable Loop System (CLS) [4]. Its zenith resolution (0g) can reach 0.03rad,
azimuth resolution (0y) can reach 0.04rad, radial resolution (6;) can reach less than
10cm at 1MeV in the 15.5m < r < 17.2m range and less than 30cm at 1 MeV in the
r < 15.5m range. The impact of vertex resolution on energy resolution is less than 3%.
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ENERGY-RESOLUTION COMPONENTS

We define the NPE energy estimator, which is the analytical solution of NPE-based
maximum-likelihood estimation (PEMLE), to study the NPE-based energy-resolution
components. The number of detected photoelectrons %; is expected to follow a Poisson
distribution with mean y; proportional to the visible energy E and the mean light level
per unit visible energy ;0. The NPE-based likelihood function is constructed to describe
the probability of k; p.c. observed in the i channel when the event deposited energy E
at position (rs, 85, ¢;):

— ki
e~Hip
k!

g(kla k2> tees kN ‘ s,y 657 (psa E) = Hg(kl l Tsy 6S7 ¢S7 E) = H (l)
where the product is over all PMTs and y; = E y; o, with y; o estimated using a 3D NPE
map derived from the ACU + CLS calibration scheme.

Given a vertex, the energy solution of the maximum-likelihood function is given by
the NPE energy estimator:

Enpe = =+ Q
MET T )
The (single-point) energy resolution of the NPE energy estimator is given by:
(GENPE)ZZ (o-zki)2+ (Gt“i,0>2 (3)
Enpe Yk Y lio '

where the first term comes from the scintillator and PMT-related fluctuation of NPE and
is independent of vertex resolution, while the second term arises from nonuniformity of
the detector and imperfect- vertex resolution. The vertex-related term can be expanded

as:
(0):;1,;0)2 _ (92#:',0‘ o >2+ (92#;',0 Op >2+ (9Elli,o Op >2 @
Tlip ar Tuipo 28 T uip 29 Yo
and is determined by the total mean light level per unit visible energy )" }; o, nonuni-
formity of ) ; o, and vertex resolution. Here, the partial derivatives arise from nonuni-
formity of }_ it;,0, while 0,, 0g, 0y represent the vertex resolution. The distributions of

Y u; 0 along r, 8, ¢ are shown in Fig. 1.
Combining Eq. (4) and Fig. 1, we can qualitatively infer that:

« Energy resolution is insensitive to the radial resolution of vertex in the r < 15.5m
range and is only partially sensitive to the radial resolution of vertex in the TR area.

+ Energy resolution is insensitive to o while slightly sensitive to cp.

These observations indicate that charge information may be of great use to fit radius in
the TR area.
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This method is time-response independent, which becomes an advantage regarding
the feasibility and concision. But since QMLE does not have any significant ability to
optimize the radial resolution in the center area or the angular resolutions, the time infor-
mation must necessarily be included to improve the vertex resolution. This is important
for the energy-resolution optimization, particle identification, further background reduc-
tion, and other relevant studies.
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Ordinary Muon Capture as a Probe of Ovj 3
Decays
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Abstract. Existence of the neutrinoless double-beta (Ovff3) decay is one of the most crucial
open questions in neutrino physics. It has not yet been observed, even though numerous large-
scale experiments have been trying to discover the process for decades. Thus, accurate theoretical
calculations for the Ovf3 decay are necessary in order to guide the experimentalists in planning
of the experiments. In order to reliably describe the double-beta-decay processes one needs a
possibility to test the involved virtual transitions against the experimental data. In this work, we
investigate how to utilize the ordinary muon capture (OMC) in the study of the Ov3f decay.

Keywords: ordinary muon capture; double-beta decay; weak axial couplings
PACS: 21.60.Cs; 21.60.Jz; 23.40.Bw; 23.40.Hc

INTRODUCTION

The neutrinoless double-beta (OvBB) decay of atomic nuclei is a beyond-Standard-
Model process that has not yet been observed, despite the fact that much effort has been
made towards its detection (see Refs. [1, 2, 3]). The OvB decay is a lepton-number-
violating process which would indicate that the neutrino is a Majorana particle, in con-
flict with the Standard Model of particle physics. Since the Ov decay is extremely
challenging to study both experimentally and theoretically, we need some complemen-
tary tests in order to accurately assess the involved nuclear matrix elements and to design
the large-scale experiments.

Double-beta (B8) decays take place between two even-even nuclei of an 1sobar1c
chain trough virtual states of the intermediate odd-odd nucleus. The Ov 3 decay runs
trough states of all possible multipolarities J* of the intermediate nucleus, whereas the
ordinary two-neutrino double-beta (2v88) decay runs only trough the 17 virtual states.
These intermediate J” states of the Ov3 3 decay can be studied by utilizing the ordinary
muon capture (OMC) on the daughter nucleus of the 8 triplet, which correspond to the
right-branch virtual transitions of the Ov decay.

The large involved momentum transfer g ~ 50-100MeV in the OMC process corre-
sponds to the momentum-exchange scale of the Ov 3 § decay, which makes it a promising
tool to probe the Ov3 B decay. Furthermore, due to the large mass of the muon, the OMC
can populate the final nuclear states that are both highly excited and of high multipolarity
J*, quite like the Ov3 B decay populates the intermediate virtual states.

In this study, we first tested our muon-capture approach on the OMC by 1°°Mo, which
has been measured at RCNP, Osaka [4]. We computed the muon-capture-rate spectrum

n 1Nb and compared it with the measured spectrum. Then, we applied the formalism
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for computing the OMC spectra to the daughter nuclei of some 8 triplets.

FORMALISM OF ORDINARY MUON CAPTURE

The ordinary muon capture (OMC) is a weak-interaction process analogous to the
electron capture. The main difference is the large mass of the captured muon—about
200 times the electron mass—which makes the process more promising as a probe of
the OvB B decay. The OMC process we are interested in can be written as follows:

BT 5X(0T) = v+, 4YUT), (1

where the muon (i™) is captured by the 0 ground state of the even-even nucleus X
with atomic number Z and mass number A, leading to the J” state of its odd-odd isobar
Y with atomic number Z — | and emission of a muon neutrino vy. The energy release is
about 100MeV, of which the largest fraction is carried away by the emitted neutrino due
to being the lightest object participating in the process. The large involved momentum
exchange g ~ 50-100MeV allows highly forbidden transitions as well as highly excited
final states with high multipolarities J”, which makes it a good probe of the Ov 3 decay.

In our study, the ordinary-muon-capture rates are based on the Morita—Fujii formalism
[5]. The partial muon-capture rate to a J* final state can be written as follows:

4
Zetr 132+ q 2
—g(Zn 1- 2
W 8(2) Plazmy) 5T my+AM) T @

where A denotes the mass number of the initial and final nuclei, J; (Jy) is the angular
momentum of the initial (final) nucleus, M is the average nucleon rest mass, my, is the
bound-muon mass, m;l is the reduced mass of muon in the parent y-mesonic atom, Z is
the atomic number of the initial nucleus, « is the fine-structure constant, and g is the Q
value of the OMC process [5]. For heavy nuclei, the atomic orbit of muon penetrates the
nucleus, and hence the capture rate has to be corrected for the muon screening. Here, we
follow the Primakoff procedure [6] in which the capture rate has been corrected by the
factor of (Zeg;/Z)*, where the effective atomic number Zg is obtained from the work of
Ford and Wills {7].

The factor P in Eq. (2) has a complex structure containing all the nuclear matrix
elements, as well as weak couplings, some geometric factors, and Racah coefficients; its
exact form can be found in [5]. P can be expanded in terms of a small quantity 1/M?
as P = Py+ Py, where P, is obtained by neglecting all terms containing 1/M? (except
for terms containing g3, which is large compared to the other coupling constants) and
P; contains all terms, including the terms of the order of 1/M?. The explicit form of
the leading-order term Fy can be found in [5]. The next-to-leading-order term P; is
also introduced in our calculations, since it is found to be important for weak OMC
transitions, usually to high-lying states [8].
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Figure 1. Comparison of the experimental and theoretical relative muon-capture-rate distributions in
100N,

MUON-CAPTURE-RATE DISTRIBUTION FOR 19Np

For the first time, an OMC giant resonance was observed in 1°Nb at RCNP, Osaka [4].
Inspired by this observation, we computed the muon-capture-rate distribution in °*Nb
within the pnQRPA formalism with large no-core single-particle basis and compared the
obtained spectrum with the experimental one [9]. Both the experimental OMC spectrum
and the pnQRPA-computed one show a giant resonance at around 10-12.5MeV and tails
at higher energies (see Fig. 1).

However, the total capture rate Wiy = 17.7 x 10%s~1 obtained using the coupling-
constant values ga = 0.8 and gp = 10 is much larger than the corresponding Primakoff
estimate Wegm, = 7.7 % 10° (see Eq. (4.53) of the review article [10]). This suggests a
strongly quenched axial-vector coupling constant ga =2 0.5.

MUON-CAPTURE-RATE DISTRIBUTIONS FOR THE
DAUGHTER NUCLEI OF 33-DECAY TRIPLETS

The ordinary muon captures by the daughter nuclei 75Se, 82Kr, Mo, 1%0Ru, 1168,
128xe 130¥e and 136Baof the key double-beta-decay triplets, leading to excited states of
the corresponding intermediate nuiclei, were computed within the pnQRPA framework
using large no-core single-particle bases as in the case of '%®Mo. The corresponding
OMC-rate functions were analyzed in terms of multipole decompositions (see Fig. 2 for
examples).

The low-energy (E < 1.1MeV) part of the computed spectrum for the transitions
765e(0‘£s.) +p~ — 7As(J) + v, can be compared with the measured rates deduced
from the recent results of Zinatulina et al. [11]. The capture rates for each J* multipole
below 1.1MeV are summed, and the obtained experimental and pnQRPA-computed
values are presented in Table 1 (for details, see Ref. [8]). In the pnQRPA calculations,
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Figure 2. OMC-rate distributions for the transitions: (a) 76Se(Og'.s_) +u~ — ™As(J7) + vy and

(b) *Xe(0F )+ 1~ — "*0(J7) + v,,. Transitions to the lowest and higher multipole states are shown
separately.

Table 1. The “most probable” experimental OMC-strength
distribution below 1.1MeV in 7®As [11] compared with the
corresponding pnQRPA-computed distribution [8], where g.s.
means transitions to the ground state that could not be mea-

sured.

OMC rate [s7'} OMCrrate [s™1)
Jr Exp. pnQRPA J* Exp. pnQRPA
ot 5,120 414 3%t 60,160 55,355
1+ 218,240 236,595 3~ 53,120 34,836
1~ 31,360 28,991 4+ - 2,797
2+ 120,960 114,016 4~ 30,080 23,897

2= g.s.4+145920 177,802

we used the parameter values g4 = 0.8 and gp = 7.0. The obtained capture rates are
generally surprisingly close to the experimental ones, but the pnQRPA method seems to
underestimate the capture rates for transitions to the 07 states.

CONCLUSIONS

Neutrinoless double-beta decay has not yet been observed, despite substantial efforts
made towards its detection. Thus, the OvJ calculations are in need of some comple-
mentary tests in order to reliably describe the intermediate states and to finally probe the
half-lives of Ov3 8 decays.

Ordinary muon capture by the daughter nuclei of OvBJ decays serve as a useful
supplement to study the intermediate states in Ovf3 8 decays. We studied a possibility to
utilize these reactions in the study of Ov33 decay.
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By extending the OMC experiments and calculations to other Ovf3 B-decaying nuclei,
we could shed light on the effective values of axial-vector (g4) and induced pseudoscalar
(gp) couplings, as well as on the NMEs related to Ovf 8 decay and astro-(anti)neutrino
interactions.
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Abstract. The KATRIN experiment is designed to measure the effective electron-antineutrino mass
my by investigating the energy spectrum of tritium f decay. The first neutrino-mass measurement
campaign took place between April 10 and May 13, 2019. This work presents one of the analysis
strategies pursued which is based upon Monte Carlo propagation of uncertainties. A fit to the data
including all dominant systematic effects leads to a best-fit value of m2 = —~1.0199eV2, From this
result, we derive an upper limit of my < 1.1eV at 90%C.L. using the sensitivity-limit method of
Lokhov and Tkachov.

Keywords: KATRIN; neutrino; mass
PACS: 14.60.Pq; 14.60.Lm

INTRODUCTION

Various neutrino-oscillation experiments have proven that neutrinos are not massless
particles [1, 2, 3] but, as the observables are the mass-squared differences, they cannot
determine the absolute mass scale of neutrinos. Currently, three different approaches to
measure the absolute mass scale are being pursued: 1. cosmological studies of large-
scale structure (LLSS) formations [4], 2. the search for neutrinoless double-f decay [5],
and 3. the analysis of a spectral distortion near the endpoint in single- decay.

The KArlsruhe TRItium Neutrino (KATRIN) experiment is designed to explore the
absolute mass scale of neutrinos using the latter approach with an unprecedented sen-
sitivity of 0.2eV at 90% C.L. To achieve this goal, the following requirements must be
fulfilled: a large number of counts in the region of interest close to the endpoint and
an excellent energy resolution of the order of 1eV. As only about 10~° of the elec-
trons emitted in B decay have an energy in the endpoint region, the first requirement
demands a highly luminous source. KATRIN employs the Windowless Gaseous Tritium
Source (WGTS), which can provide a column density of up to 5 x 102! m~2 molecules
corresponding to an activity of 1011 Bq [6]. The excellent energy resolution is realized
using the same measurement principle as its predecessors in Mainz [7] and Troitsk [8]:
magnetic adiabatic collimation with an electrostatic filter (MAC-E) [9, 10].

After the successful first tritium operation in 2018 [11], the first measurement cam-
paign dedicated to neutrino-mass measurement was performed in Spring 2019. For this
first period, the column density in the source was set to about 22% of the nominal value
and the energy resolution was 2.8¢V. In the four weeks of B scans, around two mil-
lion electrons in the region of interest were collected. This corresponds to an effective
measurement time of about five days at full source activity. Nevertheless, this data can
‘be used to improve the existing laboratory limits along with developing the analysis
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strategies and tools for neutrino-mass determination.

NEUTRINO-MASS INFERENCE

As mentioned in the Introduction, the signature KATRIN searches for is a spectral dis-
tortion of the B spectrum near the endpoint as shown in Fig. 1(2). Two main ingredients
make up the model used to describe the data. First, the Fermi theory of 8 decay de-
scribes the differential decay rate of tritium molecules in the source Rg(E) as a function
of the electron energy E. The second component is the experimental response function
f(qU, E} as a function of the retarding energy gU and E. It describes the transmission
properties of the MAC-E filter as well as scattering effects in the source. Due to the
high-pass-filter behavior of the MAC-E filter, KATRIN measures the differential decay
rate integrated over the response function:

EQ eff
R(qU; ) =ASNT/U Rg(E;m}, Egeir) £(qU, E)dE + Rug, M
q

where Nt absorbs any normalization components such as the total number of molecules
in the source and the acceptance angle of the apparatus. We use € to denote the vector
of free parameters that are inferred from the measured spectrum: the neutrino-mass
2 . . . .
squared mj, the effective endpoint Eg.s, the signal amplitude Ag, and the constant
background rate Ry,. As the resolution of the KATRIN experiment is not sufficient to
distinguish between the individual mass eigenvalues m;, the observable mZ corresponds
to an incoherent sum:

m% =Y |Uul® m?, @
i

where U,; are the elements of the Pontecorvo-Maki-Nakagawa-Sakata mixing matrix.

To infer the best-fit values of 8, the standard procedure of maximizing the likelihood
% or minimizing —21In.% can be performed. A typical spectral fit to a two-hour scan of
the 8 spectrum including statistical uncertainties only is shown in Fig. 1(b).

SYSTEMATICS TREATMENT: MONTE CARLO PROPAGATION
OF UNCERTAINTY

This work focuses on one of the two analysis approaches pursued for analyzing the
first neutrino-mass data [12], based on Monte Carlo pr?)pagation of uncertainty [13, 14,
15, 16]. The idea behind this method is to repeat the fit ~ 10* times with randomized
but fixed input values for the systematic nuisance parameters 7). Compared to the well-
known approach of free nuisance parameters constrained by pull terms, this method has
two key advantages for the KATRIN analysis. First and foremost, the expensive response
function does not have to be recomputed with varying 7 during the fit. Additionally, the
minimization is technically simplified due to the reduced number of free parameters.
To retrieve an initial estimate of the best-fit values of édam, we fit the original data with
the additional parameters 1] fixed to the best of our knowledge. We then generate Monte
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Investigation of the Decay Scheme of >V
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Abstract, Measurement of the °V electron-capture transition to the 2+ 1553.8keV level of %°Ti
and search for B~ decay of 'V to the 2% 783.3keV level of 'Cr (both decays are four-fold
forbidden with AIA™ = 4%) were performed using a vanadium sample of natural isotopic abundance
with a mass of 955g. The experiment was conducted using an ultra-low-background HPGe-detector
system located 225 m underground at the HADES laboratory (Belgium). Preliminarily, the measured
partial half-life of the electron-capture (EC) transition was T]E/g = (2.64 £ 0.20) x 1017 yr. The

B~ decay could not be detected, but a lower bound on the partial 8~ -decay half-life was set to
T/, > 8.1x 1018 yr at 90%C.L.

Keywords: electron capture; 8 decay; low-background experiment; radioactive contamination;
S0V; HPGe 7y-ray spectrometry
PACS: 23.40.—s

INTRODUCTION

The isotope *°V is present in the natural mixture of vanadium with a very low abundance
of 0.250(10)% [1]. While the *°V electron-capture transition to the 2% 1553.8keV
level of 39Ti was observed in several experiments, a four-fold forbidden non-unique
(AI™ = 4%, 48.FNU) B~ decay of >V to the 2% 783.3keV level of Cr remains
unobserved (the decay scheme of *°V is shown in Fig. 1). Since in both channels the
decays lead to excited levels of the daughter nuclei, the deexcitation ¥ quanta can be
detected by means of y-ray spectrometry of a vanadium sample. The decays are of
special interest since the transition involves several different nuclear matrix elements
with associated different phase-space factors (multiplied by the axial-vector coupling
constant g4) [2]. The value of g4 plays an important role in the search for rare processes.

In particular, the neutrinoless double-beta decay half-life (Tlo/vzﬁ B ) depends on g4 as
follows [3]:

(1287) ™ = 6028 |8 " i, M

where G®PP s the kinematic phase-space factor, mgg is the effective Majorana neutrino

mass, and M®VBB s the nuclear matrix element. Calculations of the 50V half-life using
the nuclear shell model for different values of the constant g4 are presented in Table 1

[21.
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Figure 1. Decay scheme of V.

Table 1. Computed partial half-lives for
the 4"-FNU B and EC decays of 5°V [2].

T2 (10" yr)
Transition ga =100 ga=125
Oy »30(2F)  5.13(7)  3.63(5)
Oy »30Cr(2)  234(2) 200(2)

EXPERIMENT

The experiment was conducted at the HADES underground laboratory in Belgium lo-
cated at a depth of 225m below the surface. We used a 955g cylinder sample of pure
vanadium. It was placed between two high-purity germanium (HPGe) detectors, here
referred to as Ge10 and Ge11 with volumes 226 cm? and 330cm?, respectively. The two
setups used in the measurements are shown in Fig. 2. Insertion of the additional plex-
iglass shielding reduced the background caused by radon 3-5 times. The background
energy spectra were also measured in both setups. The ma%'ority of peaks in the energy
spectra can be assigned to “°K and nuclei of the 232Th, 2*3U, and 2*®U decay chains.
There are also clear peaks of 1*®La and 7SLu in the data taken with the vanadium sam-
ple as evidence of the sample contamination by La and Lu. The detection efficiency to ¥
quanta from “°K, 138La, and 176Lu, as well as 232Th, 2*°U, and 2**U together with their
daughter nuclei, in addition to ¥ quanta with the energies of 783.3keV and 1553.8keV,
was calculated using the EGSnrc simulation package. The radioactive contamination of
the vanadium sample was estimated through analysis of intense 7y peaks in the experi-
mental energy spectra; preliminary results of the analysis are presented in Table 2.

RESULTS AND DISCUSSION

The cumulative energy spectrum in the vicinity of the 1553.8keV ¥ peak expected in the
EC decay of *°V. accumulated from the vanadium sample over 144d, together with the
background spectrum measured without the sample over 59d, is shown in Fig. 3. There
is a clear peak with the energy of 1553.90(12) keV and the area of 654(28) counts in the
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Characterization of the Detector Response to
- Electrons of Silicon Drift Detectors for the
TRISTAN Project
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Abstract. Right-handed neutrinos are a natural extension of the Standard Model of particle physics.
Such particles would only interact through the mixing with the left-handed neutrinos, hence they are
called sterile neutrinos. If their masses were in the keV range, they would be dark-matter candidates.
By investigating the electron spectrum of the tritium f decay, the parameter space for masses up to
the endpoint of 18.6keV can be probed. A sterile neutrino manifests through a kink-like structure
in the spectrum. To achieve this goal, the TRISTAN project is developing a new detector system
for the KATRIN experiment that can search for these new particles using the technology of silicon
drift detectors. One major effect on the performance of the detectors is the so-called dead layer. In
this work, a new characterization method for the prototype detectors is presented using the $*™Kr-
decay conversion electrons. By tilting the detector, its effective dead layer increases, leading to
different peak positions. The difference of peak positions between two tilting angles is independent
of source effects, and thus suitable for characterization. A dead layer is then extracted by comparing
the measurements with Monte Carlo simulations. A dead layer of the order of 50nm was found.

Keywords: sterile neutrinos; detector characterization
PACS: 07.77.—n; 29.40.Wk

INTRODUCTION

In the Standard Model of particle physics, neutrinos are massless neutral leptons and
the only particles that appear solely with left-handed chirality. The detection of neutrino
oscillation by the SNO and Super-Kamiokande Collaborations [1, 2] showed that the
neutrinos are in fact not massless, and therefore the Standard Model is incomplete. One
possible natural extension would be the introduction of right-handed neutrinos, which
would only interact through mixing with the known neutrinos and hence are called sterile
neutrinos. Each sterile neutrino would introduce a new mass eigenstate mostly made of
the sterile, and thus the mixing with the known neutrinos would be small. Depending on
the mass scale of the additional mass eigenstate, the sterile neutrino could solve various
open questions in particle physics. If the mass is large (¢(MeV)), the small masses of
the active neutrinos could be explained by the seesaw mechanism. For smaller masses
(0(keV)), these new particles would be a viable dark-matter candidate [3].

To search for keV-scale sterile neutrinos, the electron spectrum of tritium f decay
can be investigated. The neutrino reduces the maximum energy of the electron by mass
of the mass eigenstate that was created. The 8 spectrum is a superposition of all mass
eigenstates that can be created in the decay. Therefore, a heavy sterile mass eigenstate
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Table 1. Dead-layer shifts ADL () for one prototype detector
and the corresponding dead-layer thickness resulting from the
comparison between measurement and simulation.

Peak  Energy [keV] Shift  Shift eV] Dead layer [nm]

K-32 178 ADLK 4545 50+6
L-32 304 ADLL  32+5 55+6
M-32 319 ADLM  29+6 5549

Here, Ezh denotes the theoretical peak position, ADL(8) is the energy of the electrons
lost within the dead layer of the detector for the i® peak, 8o is the potential applied to
the entrance-window side of the detector to deplete it, and source represents the source
effects. ADL'(8) increases with the tilting angle 8, because the effective dead layer, and
thus also the energy loss, increases as well. Therefore, an energy difference A is observed

" if two measurements at different angles are compared. This shift is independent of any
external effects and only depends on the dead layer:

A=E;(68) —E;(8') = ADL!(9') — ADL!(8). )

The measured shifts for the conversion-electron peaks from the 32.2keV transition

and the HOPG source are given in Table 1. A decreasing energy shift for higher electron

energies appears due to the longer mean free path. Based on Monte Carlo simulations

using the KATRIN simulation package KESS [9], we can relate the measured energy
shift to a step-like dead layer with thickness of about 50nm.

CONCLUSION

We have shown that the determined dead layers for each detector are constant for the
different energies, as expected. Previous measurements with an electron microscope at
14keV had energy shifts of (451 1)eV and a dead layer of (46 6)nm [10]. These
values are compatible with the krypton measurements, which demonstrates that the tilt
method can be used together with an electron microscope or conversion electrons from
a MKy source as a cross-check. Therefore, this method is suitable for characterization
of the TRISTAN detectors. Investigation of a more detailed depth-dependent charge-
collection efficiency model and comparison with Geant4 [11] simulations are currently
in progress.
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Impact of Cross-Sectional Uncertainties on
DUNE CPY Sensitivity due to Nuclear Effects
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Abstract. The prerequisite for precise knowledge of neutrino-oscillation physics depends on many
factors among which precise reconstruction of neutrino energy is of extreme importance. As we
know that the neutrino-oscillation probability itself depends on the energy of the neutrinos, any
incorrect measurement of neutrino energy will be propagated to the measurements of neutrino-
oscillation parameters since it causes uncertainties in the cross-section measurement and event iden-
tification. Many important long-baseline neutrino-oscillation experiments use accelerator-generated
neutrino beams. As these neutrino beams are not monoenergetic, for the reconstruction of neutrino
energy complete information of final-state particles is required. The energy reconstruction of neu-
trinos from final-state particles needs careful examination since the identification of final-state par-
ticles in presence of nuclear effects is a challenging task. In this work we tried to impose constraints
on systematic errors arising due to the presence of cross-sectional uncertainties.

Keywords: nuclear effects; cross-sectional uncertainties; CP-violation sensitivity
PACS: 13.15.+g; 21.60.—n

INTRODUCTION

Neutrino oscillation implies the change of neutrino flavor as they travel, i.e., a neutrino
which is generated with a certain flavor after traveling a certain distance might end
up having a different flavor. Much progress on the precise determination of neutrino-
oscillation parameters has been made by achieving nearly precise determination of the
mixing angles 0)3, 6,3 and nonzero value of ;3 [1, 2, 3] and mass-squared differences
Am3,, [Am% 1|. The remaining unknown parameters on the canvas of neutrino-oscillation
physics are: 1. the sign of Am%1 or the neutrino-mass ordering, 2. determination of the
octant of 623, i.e., whether the value of 6,3 lies in the lower octant (LO) 0 < 03 < m/4 or
higher octant (HO) ©1/4 < 63 < 7/2, and 3. determination of the value of Dirac phase
Scp which can lie in the range —7 < §cp < 7. As we know, if the value of this parameter
differs from 0 or 7, it would indicate CP violation in the leptonic sector. This discovery
can shed light on the origin of leptogenesis[4] and can be a tool to answer some of the
intriguing questions like baryon asymmetry of the Universe[5]. Precise CP-phase value
is also required for the exact absolute neutrino-mass measurement in double-beta-decay
experiments and also for explaining the sterile-neutrino phenomenon [6]. The global
analysis [7] shows two sets of best-fit values of neutrino-oscillation parameters in 1o
and 30 ranges that correspond to the analysis done with and without Super-Kamiokande
atmospheric-neutrino data.

Here, in an attempt to capture nuclear effects, we have selected two different sim-
ulation tools: GENIE [8] and GiBUU [9]. Both neutrino-event generators incorporate
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nuclear effects in their simulation codes but differ in the selection of nuclear models and
computation of various neutrino-nucleus interaction processes. The nucleus is a collec-
tion of nucleons and the study of the effect of all the nucleons in neutrino-nucleus inter-
actions is not trivial. Different neutrino-event generators which include nuclear effects
in their analysis program use different approximations to define nuclear effects. Since
the result of an experiment must be model-independent, this motivated us to perform our
analysis.

EVENT GENERATORS: GENIE AND GiBUU

The interaction cross section (v-Ar) used in this work is computed with two neu-
trino event generators: GENIE (Generates Events for Neutrino Interaction Experiments)
2.12.06 [8] and GiBUU (Giessen Boltzmann-Uehling-Uhlenbeck) v-2019 [9]. We have
considered the quasi-elastic (QE), resonance (RES) from A-resonant decay and contri-
bution from higher resonances, two-particle~two-hole (2p2h/MEC) and deep-inelastic
scattering (DIS) interaction processes. The estimated total cross section from the two
generators is further converted into the format of the GLoBES package. Neutrino cross
section as a function of neutrino energy is shown in Fig. 1. From both generators, we
observe a difference in the values of cross sections for both v, and v,. We observe that
above 3GeV, there is a nonnegligible difference in the cross sections for v, and v;; ob-
tained from GiBUU while such a trend is not observed in GENIE. The difference in
the distribution of events generated by the two generators arises due to a difference in
the cross sections of the generators in use. The distribution of v, and v, events as a
function of reconstructed neutrino energy is illustrated in Fig. 2. The presented event
rate is generated using GLoBES, by considering normal hierarchy as true hierarchy and
bcp = —90°.

SIMULATION AND EXPERIMENTAL DETAILS

For the simulation of the DUNE [10, 11, 12, 13] experiment, we have considered a far
detector with a fiducial volume of 40kton liquid argon (A = 40) placed at a distance
of L = 1300km from the wideband neutrino-beam source with a running time of 3.5
years, each in neutrino and antineutrino mode. The neutrino fluxes used here correspond
to the 80GeV beam configuration [14], with an assumed beam power of 1.07 MW for
two beamline designs: 1. reference design and 2. optimized design. We perform the
sensitivity analysis for DUNE with both the reference and optimized beams to explore
the physics potential of DUNE. The main differences between the two beam designs
include the geometry of the decay pipe and design of the horn. Further details regarding
the potential beamline designs can be found in [11]. For performing the sensitivity
analysis we have used the GLoBES (General Long Baseline Experiment Simulator)
package [15, 16] which requires cross section, neutrino- and antineutrino-beam fluxes
and detector parameterization values as input. The cross-section input format is: 6(E) =
o(E)/E 1073 cm?/GeV]; one can find further details in [17]. The computation of
binned event rates is performed by an energy-smearing algorithm which we have chosen
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Table 1. Oscillation parameters considered in our work.

Parameter Best-fit value 30 range
612|°) 33.82

813(°] 8.61

62 [°] (NH) 49.6 40.3 - 52.4
623 [°] (IH) 49.8 40.6 - 52.5
Scp [°] 0 —180-+180
Am3, [1073eV?) 7.39

Am3, [1073eV? (NH)  +2.525 +2.427 - +2.625
Am3 [1073eV2] (IH)  —2.512 —-2.611 - —2.412

this work for the muon disappearance channel is the neutral-current interaction. For
the background of electron appearance channel we have considered contributions from
three different channels: charged-current (CC) interactions of v, — V., misidentified CC
vy — Vy, and neutral-current (NC) backgrounds.

CP-VIOLATION SENSITIVITY FOR DUNE

In order to observe CP violation, the value of the CP phase must be different from
CP-conserving values, i.e., 0 or 7. Since we do not know the true value of cp, the
analysis is performed by scanning all the possible true values of 8cp over the entire
range —% < 6cp < +7 and comparing them with the CP-conserving values. Our test
parameters are Ocp, 623 and lAm%1 |. Qualitative handle on the measurement of CP
violation is obtained by using & = 1/Ax? and is illustrated in Fig. 3. The panel (a) shows
the CP sensitivity when the normal hierarchy is considered as the true hierarchy. In this
analysis, 1o variation is observed in CP-sensitivity results at 8cp/7 = 0.5 in the range
0 <'8¢cp/7 < 1 for the results obtained by GENIE and GiBUU for the DUNE experiment.
This 1o difference in the CP sensitivity is observed for both the reference and optimized
beam designs as reflected in Fig. 3(a). The panel (b) shows the CP sensitivity when the
inverted hierarchy is considered as the true hierarchy. The CP-sensitivity results with the
two different generators show a variation of more than 10 in the range 0 < 6cp/7 <'1
around 8¢cp/7 = 0.5 for both the reference and optimized beam designs. In the negative
half-range (—1 < 8cp/7 < 0) of the CP phase, the variation between the GENIE and
GiBUU predictions for the reference and optimized beam designs is seen to be less than
1o for both the normal- and inverted-hierarchy cases.
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Abstract. NOVA is a two-detector long-baseline neutrino-oscillation experiment using Fermilab’s
700kW NuMI v, beam. With a total exposure of 8.85 x 102° 4+ 12.33 x 10%° protons on target in
neutrino + antineutrino beam modes, the experiment has made a 4.40-significant observation of
V. appearance in a V; beam, measured the oscillation parameters Amgz and sin? 6,3, and excluded
most values near §cp = 7/2 for the inverted neutrino-mass hierarchy by more than 30,

Keywords: neutrino oscillations; NOvA; Fermilab; long-baseline experiment
PACS: 14.60.Pq

INTRODUCTION

NOvA (NuMI Off-Axis v, Appearance) is a long-baseline neutrino-oscillation exper-
iment designed to observe the disappearance of muon (anti)neutrinos vy, (V) and the
appearance of electron (anti)neutrinos v, (V) in a v, beam provided by the NuMI (Neu-
trinos at the Main Injector) facility at the Fermi National Accelerator Laboratory, USA.
From these measurements, NOvA is able to address several concerns of neutrino oscil-
lations in the standard three-active-neutrino-flavor paradigm: the mass splitting Am%,,
the mixing angle 8,3, the CP-violating phase 8cp, and the question of neutrino-mass
ordering (hierarchy). Recently, NOvA has published its first results using both neutrino-
and antineutrino-dominated beams with a total exposure of 8.85 x 10%° protons on target
(POT) for neutrinos and 12.33 x 102° POT for antineutrinos [1].

THE NOvA EXPERIMENT

The neutrino beam is created by colliding 120GeV protons with a carbon target. The
produced 7 and K mesons are focused by a pair of magnetic horns and subsequently
decay into a neutrino and the associated lepton. By switching the polarity of the horns,
oppositely charged mesons can be focused, and thus NOvA can effectively switch
between both vy- and V-dominated beams. The beam is designed to run at a power
of 700kW, which is roughly equivalent to 6 x 1020 POT per year. More details can be
found in Ref. [2].

NOVA has two functionally identical detectors. The near detector (ND) has a mass of
300t and is located about 1km from the NuMI target. The far detector (FD) has a mass
of 14kt and is located at a distance of 810km from ND. Both detectors sit at 14.6mrad
off the axis of the neutrino beam in order to considerably narrow its energy spectrum
around the 2GeV peak. This helps to suppress the high-energy-tail backgrounds and to
reduce the uncertainty of the energy of incoming neutrinos.
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Abstract. The NUCLEON satellite experiment is designed to directly investigate the energy spectra
of galactic cosmic-ray (CR) nuclei and their charge composition before the “knee” in the energy
interval from 100GeV to 100TeV and in the charge range of Z = 1-30, respectively. The “knee”
energy range of 10'1-10'® €V is a crucial region for understanding of the cosmic-ray acceleration
and propagation in the interstellar medium. The NUCLEON detector has been taking data since
December 2014. The NUCLEON trigger system and CR-event selection are described, including
the beam tests at SPS, CERN, flight tests in the orbit, and Monte Carlo simulation.
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INTRODUCTION

The “knee” area was discovered in 1958 in the spectrum of cosmic rays (CRs) at
E ~ 10PeV. It remains an object of close attention, since it is unclear whether this
phenomenon is a consequence of generation and acceleration of CRs in sources or a
peculiarity of their propagation in the Galaxy. The uncertainty is largely due to lack
of clear information about the spectrum and composition of the CRs in this area. The
CR flux is mainly measured indirectly: by analysis of the extensive air showers (EASs)
formed by CR particles in the atmosphere. For the EAS method, the signal is rather weak
at the knee energy region and it cannot be unambiguously interpreted: measurement of
neither the charge and mass nor the energy of the primary particle is possible. Recently,
direct measurements on balloons have been made in the pre-knee region, but it was
impossible to obtain sufficient statistics in these experiments. There is a hope for direct
measurements of CRs using satellite detectors such as NUCLEON, launched into the
orbit in December 2014, as well as the recently launched DAMPE [1], CALET [2], and
ISS-CREAM [3] detectors.

The NUCLEON experiment aims to measure the spectrum and composition of CR in
the pre-knee region in order to obtain the missing information about the sources of CR,
and mechanisms of their acceleration and propagation in our Galaxy. During the flight,
the data were obtained up to 5 x 101*eV, which exceeds the existing statistics of the
ATIC [4] and CREAM [5] balloon experiments.
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THE NUCLEON DETECTOR

The NUCLEON experiment is based on the use of modern detectors. Strip and pad
semiconductor silicon detectors are used to measure the charge of the primary particle
and the tracks of the secondary particles. The NUCLEON is a stack of registering-plane
detectors, a carbon target, and a calorimeter composed of silicon detectors and a tungsten
converter of ¥ quanta. The initial CR particle interacts with the target nuclei to form
a shower of secondary charged and neutral particles that pass through the secondary-
particle detectors.
The detector consists of the following main systems (see Fig. 1):

1. Charge-measurement system (CMS) for the primary particles formed by four layers
of pad silicon detectors.

2. 9cm graphite target where the primary-interaction vertex should be located.

3. Tracker for the energy-measurement system (EMS) via the KLEM method, which
comprises six layers: tungsten gamma converters and silicon microstrip-detector
layers.

4. Fast STS for selection of useful and suppression of background events consisting
of six layers of scintillators.

5. Tungsten-silicon ionization calorimeter of 12 radiation lengths for the KLEM cali-
bration in flight and partially for direct energy measurement of the CR events.

6. Service electronics that performs the functions of DAQ and data-flow control with
the satellite computer, and also controls the detector subsystems.

THE SCINTILLATION TRIGGER SYSTEM

The fast scintillation trigger system (STS) is one of the most important parts of the
NUCLEON detector [6]. The purpose of the trigger system is to select useful events
with the highest energy in the aperture of the detector and suppress the background
events with low energy. The total particle flux through the apparatus is expected to be
2.5x 10*s~! and the primary particle comes from arbitrary direction. The trajectory of
the primary particle crosses some or all detecting layers, forming a shower of secondary
particles after the interaction with the target nuclei, the converter, and other parts of the
detector. The fast analysis of such events is a task for the STS. The aim of STS is to
produce a trigger signal for the service electronics. STS has tunable trigger parameters:
the registration threshold and the high voltage (HV) on the photomultiplier tubes (PMTs)
from the softest (the lowest threshold) to the hardest (the highest threshold).

The STS consists of three modules and an electronic board PTS1. Each module con-
sists of two planes, and each plane consists of 16 scintillation strips with a volume of
500 x 31 x 7.5mm?3, Strips of adjacent planes of a module are mutually perpendicular.
The light signal is transmitted by using WLS fibers. The background events in the NU-
CLEON experiment are the CR particles with low energies. The events are considered
useful if the primary CR interaction occurs in the carbon target and its axis lies in the
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Figure 3, Suppressing efficiency of the beam particle for different thresholds and HV values.

COMBINED FLIGHT TESTS OF THE STS

The first few months of the NUCLEON flight were dedicated to the testing of the
apparatus. During the flight tests of the NUCLEON detector, the STS selection criteria
were established based on the results of the tests at SPS, CERN: to select events with
the energy of the primary CR higher than 100GeV and the trigger rate of ~ 157! due to
the bandwidth of the DAQ channel.

Distributions of the summarized amplitudes in the 16-channel PMTs of the STS
planes are presented in Fig. 4. The systematic growth of the mean values sequentially
in the modules No. 1, 2, and 3 characterizes the natural growth of the multiplicity of
the secondary particles as the shower develops in accordance with the Monte Carlo
simulation. Further investigation of the STS functionality is currently in progress with a
purpose of increasing the NUCLEON energy range for the physical-data analysis.

CONCLUSION

The NUCLEON detector for the study of CR in the 10!!-5 x 1014 eV range was launched
into the orbit in December 2014. The results obtained in the orbital-flight tests show that
all the detectors and electronics of the STS operates reliably and stably, in accordance
with the beam-test measurements at SPS, CERN. During the NUCLEON-detector oper-
ation in the orbit, a number of CR events were observed and preliminary physical results
are being published. ’
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Abstract. Many neutrino experiments are sensitive to the core-collapse supernova-neutrino signal.
However, the development of detection methods and the evaluation of experiment sensitivity to
such a signal requires a detailed simulation of the supernova-neutrino interactions in the detector
geometry. Currently, there is no commonly used software for such simulations. We present the
GenieSNova software package which provides an interface for the existing models of supernova-
neutrino fluences within the GENIE neutrino-interaction generator. This package is being developed
for the NOvA experiment, but is sufficiently general to be easily applied also to other detectors with
different geometries and compositions.
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INTRODUCTION

Neutrino emission plays a crucial role in the supernova-explosion mechanism. Neutrinos
produced in the early phases of the collapse carry information from the core. A core-
collapse supernova produces an enormous burst of neutrinos of all flavors in the few-
tens-of-MeV range, taking away 99% of the gravitational binding energy of the resulting
remnant. The signal has a timescale of a few tens of seconds [1].

Many neutrino experiments are sensitive to the core-collapse supernova-neutrino
signal. The existing tool SNOwGLoBES [2] allows for an estimation of the number
of events produced by the supernova neutrinos, as well as their spectra and distributions,
taking into account the detector efficiencies and resolutions. However, in many cases a
detailed simulation on the event-by-event basis is required, e.g., when developing the
reconstruction and selection procedures for such methods.

Numerous neutrino experiments use a common pipeline for the simulation of the
detector response to the neutrino interactions of interest. This pipeline can be divided
into the following blocks:

1. Flux driver: an individual neutrino is sampled from the input neutrino distribution
(flux model).

2. Neutrino-interaction generator: an interaction of the individual neutrino in the
given detector geometry and material composition . is simulated. The kinematic
information about the interaction and the secondary particles are produced in this
step.
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Figure 1. Standard simulation pipeline for the interactions of the beam neutrinos in the NOvA detectors.

3. Propagation of the secondary particles: the secondary particles are traced in the
detector geometry, interacting with matter and depositing energy.

4. Detector-response simulation: the simulated energy deposition or interactions of
the secondary particles in the sensitive volume of the detector are digitized and
processed, emulating the detector readout and data-acquisition system.

Implementation of the individual blocks in this scheme is different for each exper-
iment. Figure 1 shows the scheme of such a pipeline for the simulation of the beam-
neutrino interactions in the NOvA experiment [3]. NOvVA uses a custom flux driver for
generating neutrinos following the NuMI-beam distributions, GENIE [4] package for
generation of neutrino interactions, Geant4 [5] for propagation of the secondary parti-
cles, and detailed simulation of the optical and electronic readout systems of the NOvA
detectors. : )

The default pipeline can also be used to simulate the interactions of supernova neu-
trinos, with minimal changes to the procedure. We introduce a dedicated flux-driver
package GenieSNova, which produces the input neutrinos for the interaction generator
GENIE, based on the supernova-neutrino-flux models and detector description.

THE GenieSNova PACKAGE

Since the real observations of supernova neutrinos are limited to the detection of
SN 1987A [6, 7, 8, 9], the mechanism of stellar-core collapse and the inner processes
are not yet precisely described. Predictions of the supernova-neutrino flux from detailed
stellar-collapse simulations are varying with the progenitor-star parameters, simulation
assumptions, and neutrino-mixing properties.

The supernova-neutrino flux ®,(Ey, ¢) is the input for the simulation package. Ge-
nieSNova is compatible with two input formats of the supernova-neutrino flux:

1. Table of neutrino fluxes for all neutrino flavors vs. time and energy bins:

d2n, d2Ny
t, ——(t,Er)y ..., —— (1, E
2 2
Ny d“Ny
ty, ———(tn, E1), ..., ———(tn, Enr). 1
Ny dEvdt(tN’ 1) dEth(N M) )
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This input format is used in the models provided by the SND group [10] and is
rather general. It can be used for neutrino spectra distorted by oscillations and
collective effects or even for pre-supernova neutrino signals. The downside is that
the effect of bin size is propagated into the simulation.

2. Table of neutrino energy luminosities for all flavors vs. time bins, and energy-
spectrum parameters:

dL v

n, S ), (Bule), (B3)
b, S22 ), (B o), (B30 @

This input format is used in the models by the Garching group [11] and allows to
get the neutrino energy spectrum using the parameterization:

[24 E 2
fo(E) = (Z%) ¢V with the shape parameter & = ﬁb:)—w? 3)

This parameterization of the distribution allows for sampling of the individual neu-
trino energies to be done faster and without any energy binning, but this parameter-
ization may not be suitable in the case of distorted spectra.

In order to simulate the signal from a supernova in a detector, the neutrinos of all
flavors which interacted in the detector need to be arranged by time and generated
randomly according to a specified distribution. GenieSNova samples the individual
supernova neutrinos, using the input information in the following steps:

» Neutrino position is generated uniformly in a rectangular window with a definite
size, pointing towards the detector. The neutrino flux is scaled proportionally to the
window area, divided by the squared distance to the supernova.
» Neutrino time is generated sequentially for each particle as if the neutrinos came
from the supernova, using the neutrino-luminosity profile vs. time.

« Neutrino energy is sampled from the neutrino-flux distribution at the given time.

Figure 2 shows the abovementioned steps of a simulation as well as the input pa-
rameters from the configuration file, used at each step. The GenieSNova inputs are the
supernova model, distance, and minimum energy- and flux-window sizes to produce
the incoming neutrinos. Subsequently, in order to generate the neutrino interactions, a
full description of the detector geometry (in the . gdml file format used by the Geant4,
ROOT, and GENIE packages) and an interaction-channel list are needed. GENIE then
calculates the cross-section splines and maximum path length for all materials in the de-
tector. Finally, the user is required to define the name of the top volume in the geometry,
in order to avoid generating neutrino interactions in the insensitive volume outside the
detector.

Since GENIE is broadly used for beam-neutrino simulations, most of its models
are tuned for Ey ~ GeV neutrinos. The interaction processes in GENIE relevant to
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Configuration file Generated data

' ]
[window] : :
I : ] ! + neutrino position
dist : GFluxWindow ! + neutrino direction
H :
size 4 :
: :
[supernova] : H
:
: ! .
model ! i + neutrino time
v GSNovaModel 1 + neutrino energy
dist E + + neutrino flavour
) )
Emin . '
: :
' |
etector ' . .
[detector] ' 1 + interaction channet
geom T GENIE ! + interaction vertex
': E + secondary parlicles
xsec 5 \
' H
maxpl : V :
: E
gentist ' Output file '

Figure 2. Scheme of the GenieSNova-simulation steps.

supernova neutrinos are currently limited to the inverse beta decay (V. + p — ¥ +n) and
elastic scattering of electron neutrinos (V. + e~ — V. +e7). These channels constitute
more than 90% of the neutrino interactions expected in the liquid scintillator detectors.
Other interaction channels, once they are incorporated into GENIE in the future, could
be easily included in the GenieSNova simulations.

SIMULATION RESULTS FOR THE NOvA FAR DETECTOR

The far detector of the NOvA experiment [12] is a 16 x 16 x 60 m3 box-shaped volume
constructed from extruded PVC tubes, filled with 14kt of organic liquid scintillator.
The dominant channel for supernova detection in this detector is the inverse beta decay
(IBD).

Figure 3 shows the results of a simulation of the interactions of neutrinos from
supernovae at a distance of 5kpc using the Garching-group simulations of the core
collapse of 9.6 Mg, and 27 Mg progenitor stars. In order to validate the GenieSNova
results, we compare them with the expected distribution of the IBD events, obtained by
numerical calculations from the V, flux ®w(E, 1), IBD cross section orgp by [13], and
total number Ny of hydrogen atoms in the detector:

N[BD(t) = NH/dE (I)V(E7 t) O]BD(E). @
0
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detector response to a supernova-neutrino signal for the given detector description. A
simulation of neutrino interactions in the NOvA far detector showed an agreement with
the expected distributions and normalization.
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Abstract. The next-generation direct dark-matter detectors might have sufficient sensitivity to
detect neutrinos from various sources, including atmospheric and diffuse supernova neutrinos,
through the Standard-Model process called coherent elastic neutrino-nucleus scattering (CEVNS).
This process constitutes irreducible background that the future detectors will have to deal with. In
this work, we discuss the main ingredients for calculation of the neutrino-nucleus background for
liquid argon (LAr) and liquid xenon (LXe) detectors. Finally, the impact of CEVNS on the sensitivity
projections of different dark-matter detectors is shown and discussed.
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INTRODUCTION

The coherent elastic neutrino-nucleus scattering (CEvNS) plays a fundamental role in
the detection of dark matter for high-exposure or low-threshold detectors. Indeed, the
signal released by this type of neutrino interaction will be very difficult to distinguish
from the signal induced by interactions of nuclei with weakly interacting massive parti-
cles (WIMPs).

So far, the dark-matter detectors have not seen any signal compatible with the WIMP
hypothesis, which prompts the community to build new detectors with higher exposures
to explore smaller dark-matter-interaction cross sections. In order to maximize the sen-
sitivity of such experiments, reduction of the background abundance becomes crucial.
The experimental challenge is to limit the effects of the CEVNS background, and thus
increase the sensitivity to the WIMPs. The CEVNS process, recently observed by the
COHERENT experiment [1] in Csl, is a process that, according to the Standard Model
(SM), should be taken into account for large LAr and LXe dark-matter detectors.

In this work, we describe the sources of neutrinos important for the dark-matter
searches and their uncertainties, as well as the theoretical framework of CEVNS and its
consequences for the LAr and LXe experiments. Moreover, we determine the so-called
single-neutrino-event curve for LAr in the WIMP cross-section vs. mass parameter
plane. Finally, we provide a comparison between the exclusion limit at 90% C.L. and
50 discovery limit for the future LAr and LXe experiments.
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NEUTRINO SOURCES

In this section, we report on the neutrino background event rate starting from the
description of individual neutrino-flux components. The main neutrino fluxes on the
Earth can be divided into three categories: solar, diffuse supernova, and atmospheric
neutrinos.

Solar neutrinos are produced in the nuclear-synthesis reactions inside the Sun, such as
the proton-proton (pp) or carbon-nitrogen-oxygen (CNO) chains. These neutrino com-
ponents are characterized by energies lower than ~ 2MeV. A very important component
of the pp chain consists of the 3B and kep neutrinos. The former ones arise from the de-
cay ®B — "Be* + et + v,, which occurs in approximately 0.02% of the termination of
the pp chain. The latter neutrinos come from the reaction “He + p — *He+e¢* +v,. The
total flux produced in the pp chain is 5.94 x 101°cm=2s~!, Following Ref. [2], the the-
oretical uncertainties of the solar-neutrino fluxes are of the order of 10%. In particular,
the ®B and hep neutrinos have an uncertainty of 16%.

Another important flux is represented by the diffuse supernova neutrino background
(DSNB), which originates from all past supernova explosions in the Universe. The neu-
trino spectrum of a core-collapse supernova is assumed to be a Fermi-Dirac spectrum
with temperature in the range of 3-8 MeV. The DSNB flux covers energies up to hun-
dreds of MeV. Following Ref. [3], the DSNB flux strongly depends on the temperature
spectrum, and for this reason the uncertainty is assumed to be 50%. _

The last component is constituted by atmospheric neutrinos produced through
cosmic-ray collisions with the Earth’s atmosphere. The energy range is approximately
10-10°MeV. For these energies, the uncertainty of the predicted atmospheric-neutrino
flux is approximately 20% [4]. Among the three described types of neutrino sources, the
atmospheric-neutrino flux is the main ingredient responsible for the neutrino-nucleus
background in the next-generation dark-matter experiments which aim to improve the
limits in the heavy-WIMP region (20GeV/c? — 1TeV/c?).

For the light-WIMP searches (0.1-20GeV/ ¢2), the main background comes from the
solar component, in particular the 3B and hep reaction channels. In Fig. 1, the neutrino-
flux components and neutrino background event rates are shown in detail.

COHERENT ELASTIC NEUTRINO-NUCLEUS SCATTERING

As predicted by the SM, neutrinos have the possibility to scatter coherently off a nucleus
through a neutral-current process. The coherence of the scattering process is determined
by the length scale of the interaction, which is related to the inverse of the momentum
exchanged between the neutrino and nucleus.

The differential cross section depends on the neutrino energy Ey, nuclear mass my,
and nuclear-recoil energy Eg as follows:

my Eg
2E2

dO‘CEVNS(EV, ER) _ ﬁ%—

aEx 7 Ovmn (1 - ) |F(Er)I%, (1)

where Gg is the Fermi coupling constant, Qw = N — (1 — 4sin?6w)Z is the weak
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The neutrino differential rate is given by:

dRCEVNS _ / dN dO'CEVNS(EV, ER) dE (4)

dEr JE,ma 9Ev dER v
where 7 is the number of nuclear targets per unit active detector mass and dN/dE,
represents the total neutrino flux. The maximum recoil energy and the minimum neutrino
energy (in the limit of mn > Ey) are determined by the kinematics:

2my E2 [mnE
CEVNS __ N =y CEVNS _ N LR
ER,max - (mN+Ev)2’ Ev,min - 2 . (5)

The rate of neutrino events per unit exposure as a function of Eg is shown in Fig. 1(b).

WIMP-NUCLEUS SCATTERING

In order to calculate the number of WIMP events expected in the detector of a given
exposure, we assume equal couplings to protons and neutrons for the WIMP differential
rate. Under this assumption, the rate R¥ per unit detector exposure as a function of the
nuclear-recoil energy ER reads:

dRr? Py _xN 42 2 [ fO)
S _Fx sNa e VA
dER zu%p My GSI | (ER)l v dvv (6)

Vmin

where p, is the WIMP number density, iy, is the WIMP—proton reduced mass, m, and
GSxIN are the WIMP mass and cross section (treated as free parameters), A is the mass
number of the target, and f(v) is the distribution of the WIMP velocity v relative to the
target. The shape of the differential event rate depends on a number of factors: the dark-
matter and target-nucleus masses, which determine the kinematics of the process (such
as the minimum WIMP velocity), the recoil energy, and the WIMP flux. A less trivial
dependence is encoded in the nuclear form factor and in the shape of the dark-matter
speed distribution f(v) on the Earth.

Another difference between the neutrino and WIMP processes is in their kinematics.
Indeed, the maximum recoil energy for a WIMP scattering is:

2 2
Emos — 2uy vcutoff’ (7)
my

in which vy = 776km/s represents the escape velocity from the Milky Way in the
reference frame of the Earth. In Fig. 2, we show comparison of the CEVNS and WIMP
event rates for argon and xenon detectors and for different WIMP masses and cross
sections.
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Abstract. We experimentally determine the energy-to-light conversion function of liquid scintilla-
tors in the context of the upcoming JUNO experiment.

Keywords: scintillator and semiconductor detectors; energy-scale calibration
PACS: 29.40.Mc

INTRODUCTION

The Jiangmen Underground Neutrino Observatory (JUNO) is a multipurpose neutrino
experiment currently under construction in China [1]. It is designed to determine the
neutrino-mass ordering (NMO) by detecting neutrinos emitted by two nuclear power
plants at a distance of about 53km as well as to improve on several neutrino-oscillation
parameters. Additionally, questions regarding solar neutrinos, supernova neutrinos, and
geoneutrinos, among others, are planned to be tackled.

The central detector consists of a spherical vessel 35.4m in diameter filled with 20kt
of linear-alkylbenzene (LAB) liquid scintillator. Charged particles passing through the
detector material deposit their energy, causing the LAB to emit scintillation light. The
scintillation light is registered by ~ 10,000 of photomultiplier tubes (PMTs) directed
towards the central detector [1]. The NMO can be determined in JUNO by precisely
resolving the energy spectrum of the reactor antineutrinos. The oscillations induced
by the squared-mass differences of the neutrino mass eigenstates are different for both
NMOs, and as such the precise positions of these oscillations can be used to distinguish
between the normal and inverted NMOs [2, 3, 4].

ENERGY-TO-LIGHT CONVERSION IN SCINTILLATORS

1t is of utmost importance for the success of JUNO to be able to reconstruct the energy
of the primary interacting particle with a resolution of 3% at 1MeV. Therefore, the
conversion function connecting the energy of an ionizing particle with the amount of
light produced by the scintillator has to be known as precisely as possible. It has been
known for a long time that scintillators exhibit a nonlinear behavior for small energy
depositions. The empirical Birks’ law describes the differential light yield [5]:
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scintillator of the JUNO experiment.
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Abstract. Baikal-GVD is a next-generation, kilometer-scale neutrino telescope currently under
construction in Lake Baikal. The detector is formed by multi-megaton sub-arrays (clusters). The
design of Baikal-GVD allows one to search for astrophysical neutrinos with flux values measured
by IceCube already at early phases of the array construction. We present here results of the search
for high-energy neutrinos via the cascade mode with data collected in the seasons 2016 and 2018.
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Figure 2. Angular distribution of the Cherenkov radiation from high-energy electromagnetic showers
averaged over all charged-particle tracks.

CHERENKOYV RADIATION OF CASCADES

The total number of Cherenkov photons from an electromagnetic or hardronic cascade
is proportional to the cascade energy Egp:

Esh

Nt 108 )
a2 100 M

The number of Cherenkov photons Nen(x, 9, t) dxdQ dt emitted at time ¢ from an inter-
val dx along the shower near point x in a spatial angle d§2 at an angle ¥ to the shower
axis can be represented as:

Nan(x, B, £) & Ny (x) W(0) e 8 (1 — x/c) dxdQadt, )

where N+ (x) is the linear density of electrons and positrons along the shower, ny, is the
linear density of Cherenkov radiation of electrons, and () is the angular distribution
of Cherenkov photons.

Photons emitted from vicinity of the shower-profile maximum dominate in the total
Cherenkov radiation. It allows to use the angular distribution of Cherenkov photons
in the shower maximum ¥(9) (Fig. 2) for every shower interval Ax. The longitudinal
shower length is divided into intervals Ax and the shower is considered as a superposition
of point sources of Cherenkov radiation located at the center of each interval Ax with the
intensity Neh(x, Ax, 8, ¢).
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LIGHT PROPAGATION AND OM RESPONSE

The response of OM on a shower Cherenkov radiation is simulated in two steps. In the
first step, the propagation of Cherenkov radiation of a point-like shower from the source
to the photosensor is simulated taking into account the angular distribution of radiation
in the source and the spectral dependencies of absorption and scattering of light in the
water, PMT quantum efficiency, as well as Cherenkov-light intensity and light velocity.
A volume of about 108 m® around the shower origin is filled with detection spheres with
a size of the OM. When a simulated photon, moving in the direction Q (1, @), crosses
the detection sphere located at the distance r(p, z) from the shower vertex at a time t,
the value in the corresponding cell of a table—which describes the spatial, directional,
and temporal photon distribution—is increased by the value of PMT quantum efficiency
corresponding to the photon wavelength. In the second step, a five-dimensional table for
the expected average number of photoelectrons npe(p, z, ¥, @, 7) is generated by folding
the photon flux obtained in the first step with the OM angular sensitivity. The variables
p and z characterize the OM position relative to a point-like shower—the distance from
the OM to the shower axis p and the coordinate along the z axis oriented in the direction
opposite to that of the shower axis. The polar angle ¥ (measured from the direction
coincident with the z direction) and the azimuth angle ¢ characterize the orientation of
the OM with respect to the shower. The variable 7 characterizes the time delay of the
recorded photons relative to the arrival time of the direct photons.

RECONSTRUCTION METHOD

The procedure for reconstructing the parameters of high-energy showers—the shower
energy, direction, and vertex—is performed in two steps. In the first step, the shower-
vertex coordinates are reconstructed using the time information from the struck photo-
sensors of the telescope. In this case, the shower is assumed to be a point-like source of
light. The ¥? minimization parameters are shower the coordinates ((x, y, z) in a Carte-
sian coordinate system or (r, 9, @) in a spherical coordinate system):

) 1 Nhit

= mz:l (Tin, (Fny 10) _Texpi)z/o-zy 3)

x

where Texp, and Ty, are the experimentally measured and theoretically expected trigger
times of the i™ photosensor, #y is the shower generation time, o is the uncertainty in
measuring the time, and Ny;; is the hit multiplicity.

In the second step, the shower energy and direction are reconstructed by applying the
maximum-likelihood method and using the shower coordinates reconstructed in the first
step. The values of the variables 9, ¢, and Eg, corresponding to the minimum value of
the following functional are chosen as the polar and azimuthal angles characterizing the
shower direction and energy:

Nhit
Ly ==Y 10 (pi(Ai, Eq, n(3, 9)). “)

i=1
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Abstract. Baikal-GVD is a cubic-kilometer-scale neutrino telescope which is currently under con-
struction in Lake Baikal. In 2019, it consisted of five standalone telescope units, functionally com-
plete smaller-scale detectors, the clusters, which can operate independently. The time synchroniza-
tion system allows us to perform a search for causally related events detected on different clusters,
the multicluster events. We present a preliminary analysis of the multicluster events in the Baikal-
GVD telescope.
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PACS: 29.40.Ka; 95.55.Vj

INTRODUCTION

The neutrino telescope Baikal Gigaton Volume Detector (Baikal-GVD) is installed in
Lake Baikal at a 1,366 m depth and 3.6km from the shore [1]. In 2021, it will consist
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of nine clusters—2,592 optical modules (OMs)—with sensitive volume ~ 0.4 km?. Five
clusters—1,440 OMs—have been already installed and they are currently running and
taking data. The Baikal-GVD Collaboration consists of 52 physicists and engineers from
nine institutions. Lake Baikal has very clear water (low absorption and scattering) and
it also freezes for a few months each year which provides an ideal platform for detector
installation and maintenance. Every clusters consists of eight strings (one central plus
seven peripheral) of 525m length wherein there are 36 OMs divided into three sections
on every string. In every section, there is also a Central Module with 12-bit 12-channel
200MHz FADC which processes all signals from the 12 OMs in the section. The basic
detection unit is an OM which comprises a PMT R7080-100, a controller, calibration
LEDs, and electronics. Every string also includes four acoustic modules for position
measurements.

Currently, the data processing in the Baikal-GVD telescope is designed for a single-
cluster events reconstruction, i.e., the analyzed data from the optical modules are from
one cluster. In 2019, the five clusters operated—a collection of five sets of the single-
cluster events is accumulated. Indeed, the time synchronization system allows us to per-
form further progress in the telescope data analysis, which is the production of multiclus-
ter events. Usage of the multicluster events in the reconstruction improves the energy and
angular resolutions, and also allows to suppress the background significantly. Moreover,
the OM responses on several clusters indicate high-energy neutrinos. Thus, the multi-
cluster events are an appropriate tool for the alert-messages formation of Baikal-GVD.
An important task for the development of data analysis is the procedure of creation of
the multicluster events. In other words, a search for causally related single-cluster events
and their joining to one databank.

TIME SYNCHRONIZATION SYSTEM

The Baikal-GVD telescope has two independent time synchronization systems (TSS)
[2]. The first one is the Synchronization System of the Baikal Telescope (SSBT) that
was developed especially for the detector. The second one, being more widely used, is
the White Rabbit (WR). In this approach, it is assumed that both systems independently
assign time marks to the trigger signals from different clusters. This allows to perform
a mutual control of their operation. The SSBT is equipped with the high-precision
rubidium oscillator with thermostabilization, which provides a time resolution of ~ 10ns
for the system (with a possibility of improvement down to ~ 5ns). The WR time
synchronization system has a time resolution of ~ 1ns and is able to operate in two
modes: using both the internal generator and the external high-precision GPS time
server. It is worth mentioning that there is a possibility of time-marks connection from
SSBT and WR with the pulse-per-second (PPS) signals generated by the WR system.

SEARCH FOR MULTICLUSTER EVENTS

Currently, the search for multicluster events is realized in pairs of clusters. In the 2018
season, the time synchronization systems operated only on the two clusters (clusters
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Figure 3. Distributions of multicluster events in the laser type of run.

Distributions of the multicluster events were obtained using the selection condition
(Fig. 2). The two peaks correspond to the opposite directions of the muon propagation
through the two clusters. There is a substrate of background light beyond the time
borders for track-like event (£2.2 us and £0.6 us). The mean propagation time was
~ 1.2 us, which corresponds to an effective distance of ~ 360m.

The string with laser calibration source was deployed near the cluster No. 2 and cluster
No. 3, and it is 18.6m closer to the cluster No. 2, which corresponds to a time difference
of ~ 85ns. Fig. 3 shows the multicluster event distributions obtained in the run with
the laser calibration source (the laser run). The mean value of time differences of the
multicluster events is consistent with the expected difference in the propagation times of
a laser flash to the clusters. Small amount of the background light is due to a high trigger
condition during the laser run.

RATE OF MULTICLUSTER EVENTS

In 2018, about 700 runs were launched on the clusters No. 2 and 3, most of which
overlapped in time. In Fig. 4, we present the total amount of multicluster events and
its rate in a 5us time window during the whole year. We found that the total amount
of multicluster events for standard runs is about 5 x 103, while for laser sessions it
lies in the range (12-35) x 103, with the exception of the standard runs with a large
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Figure 5. Rates of multicluster events during the 2018 season: (a) Allowable multicluster events.
(b) Background light.

duration during the unstable period and the test laser runs (runs No. 267, 332, and 148,
4309, respectively). The laser runs also stand out in terms of the rate (> 0.5Hz), as the
multicluster event rate in the standard sessions is suppressed.

Multicluster events in the 5 s time window contain a contribution of the background
light, which is partly excluded. The multicluster events that are in the allowed time
borders for track-like events have a stable rate of ~ 0.1Hz (Fig. 5). It is 10?10 times
smaller than the rate of the single-cluster events. On the other hand, we see a dynamical
behavior of the rate of the background light: there are two relatively stable periods which
are intermitted with increased optical activity related to highly luminescent water (31.

In Fig. 6, we show the 2019 data for the new clusters No. 4 and 5. The rate of allowable
multicluster events is practically constant and has the maximum value (0.2Hz) among
the cluster pairs. A beginning of the increased optical activity is seen, and the rate of the
background light during the stable period is smaller by a factor of ~ 2 in comparison to
the rate of the allowable multicluster events.
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CONCLUSION

We presented the data on multicluster events in the Baikal-GVD neutrino telescope. We
found that during the 2018 season, the rate of the multicluster events in the standard runs
is about 0.1 Hz, and it is 102-103 times smaller than the rate of the single-cluster events.
The mean propagation time through two clusters is ~ 1.2 us, which corresponds to an
effective distance of ~ 360m. In data from the 2019 season, the rate of the multicluster
events was in the range 0.025-0.2Hz, with a maximum value for the cluster No. 4-5
pair and a minimum one for the cluster No. 3-5 pair. We found an unstable pertod of
the background light, namely, an increase in the optical noise activity associated with
the luminescence of the Baikal water. At the time of writing, we also see the start of an
unstable period in the current season.
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Abstract. A study of the *Ne + Ge elastic and inelastic scatterings at the incident energy of
306MeV was performed at the Laboratori Nazionali del Sud (LLNS), National Institute for Nuclear
Physics (INFN), by the NUMEN Collaboration. The experiment, data reduction, and theoretical
analysis presented here are key tools for studying the initial-state interaction of the 2°Ne 4 76Ge
nuclear system at 306 MeV. This task is crucial for a correct description of the reaction mechanism
of double-charge-exchange transitions between such heavy ions.
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INTRODUCTION

The main goal of the NUMEN (NUclear Matrix Elements for Neutrinoless double-
beta decay) project is to study the double-charge-exchange (DCE) nuclear reactions in
order to extract information about the nuclear matrix elements (NMEs) of interest in
the context of neutrinoless double-beta (Ov ) decay [1]. The theoretical basis of the
connection between the measured cross sections of DCE reactions and the 0vf -decay
NME:s is presently under study [2, 3, 4]. The DCE NME is defined as follows:

MPCE = (35|0°F|xq), 1)

where the operator OPCF describes the nuclear DCE transition from the initial distorted
wave function |¥¢) of the incoming partition ¢ to the final state |¥g) of the outgoing
partition .

A good description of the reaction mechanism depends on the knowledge of the opti-
cal potential responsible for the distortion of the wave function for the initial partition.
Furthermore, an accurate study of the dependence of theoretical results on the model
space used is mandatory. For these purposes, the study of elastic and inelastic transi-
tions is a key tool. Reactions involving a few selected degrees of freedom, keeping the
bulk of projectile and target essentially intact, are the most appropriate tools for those
investigations and the theory of direct reactions can provide a suitable toolbox. In the
past two years, the NUMEN Collaboration started an experimental campaign through
the study of DCE reactions and competing transfer, single-charge-exchange, and other
quasielastic channels in the 76Ge-70Se pair of isotopes[5]. In this work, we introduce the
experiment, data reduction, and theoretical analysis concerning the 2°Ne + 7°Ge elastic
and inelastic scatterings.

EXPERIMENT AND DATA REDUCTION

A beam of Ne!%* jons was accelerated up to 306 MeV by the Superconducting Cy-
clotron at the LNS, INFN. The 2°Ne!®t jons impinged on a target consisting of a
390pg/cm? layer 98% isotopically enriched in 7°Ge, evaporated onto a 60pg/cm?
carbon backing, on the object point of the MAGNEX spectrometer [6]. The ejectiles
produced in the reactions were momentum-analyzed in different runs in which the
optical axis of MAGNEX was oriented, relative to the beam direction, at the angles
Bopt = 8°,13°, 16°, 19°. In four runs, at each angle, the MAGNEX-entrance solid angle
was set to about 50msr by means of slits at the entrance of the spectrometer. The overall
range of polar angles in the center-of-mass framework was 4° < 6., < 25°. The mag-
netic fields of the dipole and quadrupole magnets were set to transport the 2’Ne!%+ jons
corresponding to the elastic-scattering events at the center of the Focal-Plane Detector
(FPD) [7].

The data-reduction strategy includes a position calibration of the FPD, identification
of the 2Ne!%* ejectiles, and reconstruction of the momentum vector at the target by
inversion of the transport equations following the guidelines presented in previous
publications [8, 9, 10, 11]. The excitation energy Ex was extracted by means of the
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not any significant difference between the three potentials. This fact confirms that the
theoretical description of the elastic scattering is not strongly dependent on the choice
of the optical potential, since the strong absorption confines the reaction source on the
surface of the colliding systems.

The experimental data beyond the grazing angle (~ 9.4°) show a slope steeper than
the one obtained from the OM calculations. Since all of them, performed with different
potentials, are in agreement with each other, the discrepancy could indicate a common
drawback in the description of the geometrical properties of the nuclear densities. An
important approximation is that the density profiles used in the folding of the DFOL
and SPP optical potentials for both the projectile and the target isotopes were assumed
to be spherical. Moreover, the AW optical-potential parameters were obtained from
interpolations of the double-folding optical potentials of several nuclear systems in a
relatively large range of energies and masses. Also in this case, the nuclear systems
were assumed to be spherical.

Since the g.s. quadrupole moments of both the projectile and the target are large [21],
one has to conclude that the 2°Ne and 76Ge isotopes are significantly deformed. An
effective way to take these arguments into account when building the optical potential
is to change the matter density profiles used in the folding of the nucleon-nucleon
interactions.

In the present work, this operation was performed by increasing the radii of the nuclear
density profiles in the folding of both the DFOL and the SPP optical potentials by 5% and
renormalizing the central-density parameter [12]. A comparison between the standard
approach and the new one is shown in Fig. 2. The increase in the radii appears to be
important in order to correctly describe the experimental shape up to about 14°, where
the geometrical properties of the nuclei are more relevant.

However, the change in slope observed in the experimental data above 14° is still
not described by the OM framework because of the missing couplings with the first
low-lying excited states. This phenomenon can be clearly seen when comparing all the
curves in Fig. 2 with the blue one (OM-DFOL). In this calculation, which was performed
within the coupled-channel framework, the couplings with the first 2 excited states of
both the projectile and the target were introduced within the theoretical framework of the
macroscopic rotational model (more details on this procedure can be found in Ref. [12]).
The optical potential used was the DFOL potential and the modification of the radii of
both the projectile and the target nuclear densities was also applied. This result is in
good agreement with the experimental data in the whole range of transferred momenta
explored by the experiment.

CONCLUSIONS

The elastic and inelastic scatterings of the system °Ne + 7°Ge were studied at the
incident energy of 306 MeV at LNS, INFN. The g.s.-to-g.s. transition was separated
from the other inelastic channels by means of a good resolution achieved through a
careful tuning of the experimental setup and the applied advanced analysis. Moreover,
the small error bars and the overall quality of the experimental data are such as to justify
the attempt to use sophisticated microscopic analysis. The capability of several optical
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potentials to describe the angular distribution of the measured differential cross sections
was tested, showing that the response for the AW optical potential and for the DFOL and
SPP double-folding potentials is practically the same. However, the standard versions of
these potentials were not sufficient to correctly describe the experimental data above
the grazing angles. This goal was partially achieved by working with the geometrical
Earameters of the nuclear matter densities of the involved isotopes. Since both 2’Ne and

%Ge are deformed, an effective way to take this property into account is to increase the
radii of their nuclear-matter densities by 5%, leading to good agreement of the results
with the experimental data up to about 14° in the elastic-scattering angular distribution.
Only the inclusion of the couplings with the first low-lying 2% excited states made
it possible to reproduce the behavior of the experimental data in the whole explored
angular range.
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