NEW TRENDS
IN HIGH-ENERGY
PHYSICS

Budva, Becici, Montenegro
2—-8 October 2016

Proceedings of the Conference




JOINT INSTITUTE FOR NUCLEAR RESEARCH

NEW TRENDS IN HIGH-ENERGY
PHYSICS

Conference

Budva, Becici, Montenegro
2-8 October 2016

Proceedings of the Conference

Dubna 2018



VIIK 539.1(063)
BBK 22.32431
N52

The contributions are reproduced directly from the originals.

New Trends in High-Energy Physics: Proceedings of the Conference
N52 (Budva, Becici, Montenegro, 2—8 October 2016). — Dubna: JINR, 2018. —
322p.

ISBN 978-5-9530-0486-2

The Conference on New Trends in High-Energy Physics organized by the Joint
Institute for Nuclear Research, Dubna, and Bogolyubov Institute for Theoretical
Physics, National Academy of Sciences of Ukraine, was held at the Hotel Splendid,
Conference Hall, Budva, Becici, Montenegro, on 2—8 October 2016.

The present Proceedings contain direct reproductions of authors’ originals (reviews
and short communications) that arrived at the Organizing Committee and are grouped
somewhat loosely. We have united a number of sections. The contributions within each
section are ordered according to the conference program. More conference information
and pictures can be found on ourssite: http://indico-new.jinr.ru/event/ntihep2016.

Hosple TeHneHIMN B Qu3UKe BBICOKUX 3Hepruid: Tpyasl KoH(bepeHIHH
(bynBa, beunun, YepHoropus, 2—-8 oktsi6pst 2016 r). — Jlyona: OUSIN,
2018.—322c.

ISBN 978-5-9530-0486-2

Kondepennus «Hossle TeHIEHINY B U3MKE BBICOKIX SHEPTHIl», OpraHN30BaHHAs
OObeqMHEHHBIM HMHCTHTYTOM SAEpHBIX uccienoBanuid (dyOna) m MucTHTyTOM
teopernueckoid ¢pu3uku um. H.H. Boromo6osa HAH Ykpauns! (Kues), nmpoxoania B
kxoH(epeHn-3ane roctuHuisl «Splendid» (Uepnoropus, bynsa, beunun) 2—8 oxTa0ps
2016

JlaHHBIN COOPHHK CONEpXHT Marepuasibl (0030pHI M KOPOTKUE COOOIICHHS),
NIPUCIIaHHbIE aBTOPaMH B OPIKOMHTET, CTPYHIIUPOBAHHBIE B CBOOOIHOM IOPSIKE.
Msbl oObequHMIM  psix pasgenoB. CTaTbd B KaKIOM pasfielie  YIOPSIOYEHbI
B COOTBETCTBHMHM C HporpaMmoii koHdepeniun. boiee moxpobHyro HH(pOpMauro
0 KOH(epeHIuH, a Takke GoTorpaduu MOXKXHO HAWTH Ha caiite: http://indico-new.
jinr.ru/event/ntihep2016.

VIIK 539.1(063)
BBK 22.33431

© Joint Institute for Nuclear
ISBN 978-5-9530-0486-2 Research, 2018



CONTENTS
Conference Program . ... .......vun ittt 5

SECTION “NEUTRINO, ASTROPARTICLE PHYSICS,
STANDARD MODEL AND BEYOND”

S.M. Bilenky. Overview of neutrino masses and mixing. . .. ............... 15

R. Bernabei, P. Belli, A. Di Marco, V. Merlo, F. Montecchia, F. Cappella,
A. d'Angelo, A. Incicchitti, V. Caracciolo, R. Cerulli, C.J. Dai, H.L. He,
H.H. Kuang, X.H. Ma, X.D. Sheng, R.G. Wang, Z.P. Ye. Dark matter par-

ticles in the galactichalo. . ....... ... .. .. .. ... .. .. .. .. 31
J.K. Hwang. Elementary particles, dark matters, cosmic rays and extended
Standard Model . . ... ... 51
T. Yano for Super-Kamiokande Collaboration. The recent results from
Super-Kamiokande .. ........ ... .. 67
A. Babic, D. gtefdnic, M.I. Krivoruchenko, F. Simkovic. Double-beta decay

with single-electron emission .. ........ ... .. i 75
N. Raicevi¢ on behalf of the HI and ZEUS Collaboration. HERA results on
proton structure and hard QCD . . .. ... ... ... 84
D. Madigozhin. Searches for lepton number violation and resonances in the

K* — mup decays at the NA48/2 experiment . . ...............oouenn... 103
M. Mirra. Neutral pion form factor by the NA62 experiment ............. 112
J. Pinzinno. Search for K" — ntwatNAG2. .. ......... ..., 123

L1. Tsukerman for the ATLAS Collaboration. Review of Higgs results from
the ATLAS experimentatthe LHC....... ... ... ... ... ... .. ... ..... 131

Yu.A. Kulchitsky on behalf of the ATLAS Collaboration. Two-particle Bose—
Einstein correlations in pp collisions at Vs =0.9 and 7 TeV measured with
the ATLAS detector. . . ... oot e e et e 145

SECTION “ADVANCES IN THEORETICAL PHYSICS”

M.I. Krivoruchenko. Near-mass-shell factor f~ of the pion f-decay......... 163
T Blazek, P. Matdk. Left-left squark mixing in K* — nfvv decay . ......... 169
S. Dubnicka, A.Z. Dubnickovd, M.A. Ivanov, A. Liptaj. Rare decays of

heavy mesons in covariant confined quark model ...................... 175



B.Z. Kopeliovich, R. Pasechnik, LK. Potashnikova. Why diffractive factori-
zation is broken . . ... .. 189

M. Nardi. Heavy flavors in nucleus-nucleus and proton-nucleus collisions. . . 202

L. Jenkovszky, R. Schicker, I. Szanyi. Highlights in elastic and inelastic
diffractionatthe LHC .. ... ... . 215

C. Adamuscin, E. Bartos, S. Dubnicka, A.Z. Dubnickova. Numerical values
of fF, fD, £S5 coefficients in SU(3) invariant interaction Lagrangian of vector-
meson nonet with 1/2 octetbaryons ................................ 230

C. Adamusicin, E. Bartos, S. Dubnicka, A.Z. Dubnic¢kovd. Proton charge
radius and its consistency with the experiments .. ...................... 238

M. Hnati¢, P. Zalom. Helical turbulent Prandtl number in the 4 model of
passive vector advection: Two loop approximation . .................... 245

SECTION “NEW COLLIDERS, FACILITIES, DETECTORS,
COMPUTING AND DATA ANALYSES TECHNIQUES”

A. Simonenko, A. Artikov, V. Baranov, J. Budagov, D. Chokheli, Yu. Davydov,

V. Glagolev, Yu. Kharzheev, V. Kolomoetz, A. Shalyugin, V. Tereschenko.

The increase of the light collection from scintillation strip with hole for

WLS fiber using various types of filler. . .. ......... ... ... .. ... ... 275

B. Sabirov, A. Basti, F. Bedeschi, A. Bryzgalin, J. Budagov, P. Fabbricatore,

E. Harms, S. Illarionov, S. Nagaitsev, E. Pekar, V. Rybakov, Ju. Samarokov,

G. Shirkov, W. Soyars, Yu. Taran. High technology application to moderni-

zation of International Electron-Positron Linear Collider (ILC) ........... 284

N.V. Atanov, V. V. Tereshchenko, S.1. Ivanov, V.N. Jmerik, D.V. Nechaev.
Solar-blind photodetectors with AIGaN photocathodes for light registration

IMUVCTANGE . ..ottt e e e 292
M. Pandurovi¢ on behalf of the CLICdp Collaboration. CLIC physics
potential. . ... .. ... 299
Ya. Berdnikov, A. Berdnikov, S. Zharko, D. Kotov. PHENIX results on
leading particles and jets measured in Cu+Au collisions at RHIC. ... ...... 314



CONFERENCE PROGRAM
3 October 2016

09:00 - 10:30 INTRODUCTION
Chair:; V. Bednyakov

09:00 N. Russakovich. Opening Talk

09:20 S. Bilenky. Neutrino in the Standard Model and beyond

09:55 D. Kazakov. High energy behavior of maximally supersymmetric
gauge theories

10:30-10:50 Coffee break

10:50-12:30 SECTION: "STANDARD MODEL AND BEYOND"
Chair: V. Glagolev

10:50 G. Prodi. The gravitational wave observatory and its first discoveries

11:30 A Krolak. First detection of gravitational wave signals

12:00 S. Dubnicka. Prediction of A-hyperon magnetic FF and ratio
|GE*/GMm?| in time-like region

12:30-14:30 Lunch time

14:30-16:00 SECTION: "ADVANCES IN THEORETICAL PHYSICS"
Chair: D. Kazakov

14:30  A. Gladyshev. Search for supersymmetry: the present status

15:00 M. Krivoruchenko. Longitudinal vector form factor in the pion-beta
decay

15:30 O.V. Nitescu. New phase space calculations for p* and EC decay
modes

16:00-16:20 Coffee break

16:20-17:20 SECTION: "ADVANCES IN THEORETICAL PHYSICS™
Chair: A. Gladyshev

16:20 P. Matak. Left-left squarks mixing in K*—z*vv decay
16:50 N. Gromov. Particles evolution in the early universe



12:30-14:30 Lunch time

14:30-16:00 PARALLEL SECTION: "STANDARD MODEL AND
BEYOND"
Chair: S. Dubnicka

14:30  N. Raicevic. HERA Results on proton structure and hard QCD
15:00 L. Adamczyk. Diffractions at HERA
15:30 M. Pesek. Polarized Drell-Yan measurement at COMPASS

16:00-16:20 Coffee break

16:20-17:50 PARALLEL SECTION: "NEW FACILITIES, DETECTORS,
COMPUTING AND DATA ANALYSES TECHNIQUES"
Chair: N. Atanov

16:20 V. Baranov. Particle tracking in the PEN experiment

16:50 A. Simonenko. The increase of the light collection from scintillation
strip with hole for WLS fiber using various types of fillers

17:20  Yu. Usov. ®He-*He dilution refrigerators, results, traditions, 50 years
anniversary



4 October 2016

09:00-10:30 SECTION “NEUTRINO AND ASTROPARTICLE
PHYSICS”
Chair: R. Bernabei

09:00 Z. Djurcic. Deep underground neutrino experiment: status and

prospects
09:30 D. Naumov. Latest results from the Daya Bay reactor neutrino
experiment
10:00 Z. Dijurcic. Physics results from NOVA neutrino oscillation
experiment

10:30-10:50 Coffee break

10:50 - 12:30 SECTION “NEUTRINO AND ASTROPARTICLE
PHYSICS”
Chair: D. Naumov

10:50 R. Bernabei. Dark matter particles in the galactic halo

11:30 I. Tkachev. Axions as dark matter

12:00 J.K. Hwang. Elementary particles, dark candidate and new extended
Standard Model

12:30-14:30 Lunch time

14:30-16:00 SECTION “NEUTRINO AND ASTROPARTICLE
PHYSICS”
Chair: I. Tkachev

14:30 T. Yano. The recent results from Super-K

15:00 V. Paolone. Overview of recent results from the T2K experiment

15:30 D. Svirida. DANSS reactor antineutrino project: status and proof of
principle

16:00-16:20 Coffee break

16:20-17:50 SECTION: "ADVANCES IN THEORETICAL PHYSICS"
Chair: G. Lykasov

16:20 M. Ivanov. Heavy quark physics and XY Z states in covariant quark
model



16:50 A. Liptaj. Rare decay of heavy mesons in covariant confined quark
model

17:20 A. Afanasiev. How to differentiate function based on integration
operation

12:30-14:30 Lunch time

14:30-16:00 PARALLEL SECTION: "“STANDARD MODEL AND
BEYOND"
Chair: M. Ivanov

14:30 D. Madigozhin. Searches for lepton number violation and resonances
in the K'—>zup decays at the NA48/2 experiment

15:00 M. Mirra. Neutral pion form factor measurement by the NAG62
experiment

15:30 J. Pinzinno. Search for K*—z*vv at NA62

16:00-16:20 Coffee break

16:20-18:20 PARALLEL SECTION: "NEW FACILITIES, DETECTORS,
COMPUTING AND DATA ANALYSES TECHNIQUES"
Chair: B. Sabirov

16:20 A. Volkov. New type straws: properties and quality

16:50 N. Khomutov. Using the cathode surface of straw tube for measuring
the track coordinate along the wire and increasing rate capability

17:20 P. Zarubin. Diffraction dissociation of relativistic nuclei in nuclear
track emulsion

17:50 1. Zarubina. Recent applications of the technique of nuclear track
emulsion



5 October 2016

09:00-10:30 SECTION “STANDARD MODEL AND BEYOND”
Chair: G. Mitselmakher

09:00 A. Ivanov. Search for new physics with CMS

09:30 I. Yeletskikh. Search for new physics at TeV scale in dilepton final
states at ATLAS experiment

10:00 G. Lykasov. Heavy quark distributions in nucleon: collider tests

10:30-10:50 Coffee break

10:50-12:30  SECTION “STANDARD MODEL AND BEYOND”
Chair; B. Kopeliovich

10:50 O. Igonkina. Search for new exotic phenomena with the ATLAS
detector at the LHC

11:30 1. Tsukerman. Review of Higgs results from the ATLAS experiment

12:00 G. Mitselmakher. Review of Higgs results from the CMS experiment

12:30-14:30 Lunch time

09:00 - 10:30 PARALLEL SECTION “NEUTRINO AND
ASTROPARTICLE PHYSICS”
Chair: V. Paolone

09:00 J. Kisiel. ICARUS experiment: status and perspectives

09:30 V. Pantuev. Direct search of keV sterile neutrino in tritium beta decay
by ‘Troitsk v-mass” experiment

10:00 A. Babic. Neutrinoless double-beta decay with emission of single
electron

10:30-10:50 Coffee break

EXCURSION



6 October 2016

09:00-10:30 SECTION “STANDARD MODEL AND BEYOND”
Chair; V. Glagolev

09:00 F. Happacher. The Mu2e experiment at Fermilab

09:30 I. Logashenko. A new measurement of the anomalous magnetic
moment of muon at Fermilab

10:00 A. Dubnickova. Reduction of total precise error of Muon g-2 anomaly
and QED «(M?7) by unitary&analytic model description of
pseudoscalas meson nonet EM structure

10:30-10:50 Coffee break

10:50-12:30 SECTION “STANDARD MODEL AND BEYOND”
Chair: R. Tsenov

10:50 R. Shicker. ALISE results in pp, pA and AA collisions at the LHC

11:30  Yu. Kulchitsky. Two-particle Bose-Einstein correlations in pp
collisions at 0.9 and 7 TeV measured with the ATLAS detector

12:00 N. Pukhaeva. Bose-Einstein correlation and color reconnection in
particle physics

12:30-14:30 Lunch time

14:30-16:00 SECTION “STANDARD MODEL AND BEYOND”
Chair: A. Dubnickova

14:30 D. Pocanic. PEN and Nab: new precision tests of lepton and quark-
lepton universality

15:00 G. Rutar. In search of p—ey: final result of the MEG experiment

15:30 R. Tsenov. A very intense neutrino super beam experiment for
leptonic CP violation discovery based on the European spallation
source linac

16:00-16:20 Coffee break

16:20-17:50 SECTION: "ADVANCES IN THEORETICAL PHYSICS"
Chair: V. Melezhik

16:20 B. Kopeliovich. Breakdown of QCD factorization in hard hadronic
diffraction

10



16:50 L. Csernai. Shear, turbulence and its observable consequences in
heavy ion reactions

17:20 M. Nardi. Heavy flavors in nucleus-nucleus and proton-nucleus
collisions

10:30-10:50 Coffee break

10:50 - 12:30 PARALLEL SECTION “ADVANCES IN THEORETICAL
PHYSICS”
Chair: M. Hnatic

10:50 L. Jenkovszky. Alastic and inelastic diffraction at the LHC

11:30 C. Adamuscin. Numerical values of fF, f°, 5 coupling constants in
SU(3) invariant interaction lagrangian of vector-meson nonet with
1/2* octet baryons

12:00 E. Bartos. Proton charge padius and its consistency with the
experiments

12:30-14:30 Lunch time

14:30-16:00 PARALLEL SECTION: " ADVANCES IN THEORETICAL
PHYSICS "
Chair: L. Jenkovszky

14:30 M. Hnatic. Quantum field theory methods in classical physics

15:00 O. Solovtsova. Twenty years of the analytic perturbation theory in
QCD

15:30 V. Melezhik. Quantum simulations with sold atoms” from solid state
to high energy physics and cosmology

16:00-16:20 Coffee break

16:20-17:50 PARALLEL SECTION: "NEW FACILITIES, DETECTORS,
COMPUTING AND DATA ANALYSES TECHNIQUES"
Chair: N. Khomutov

16:20 B. Sabirov. New technology application to modernization of Electron-
positron linear collider (ILC)

16:50 N. Atanov. Solar-blind photodetectors with AlGaN photocathodes for
light registration in UVC range

17:20 A. Zaitsev. Manifestation of the unstable nuclei in relativistic
dissociation of the °B and *C nuclei

11



7 October 2016

09:00-10:30 SECTION “NEW COLLIDERS FOR BARYONIC
MATTER STUDY”
Chair: S. Dubnicka

09:00 R. Tsenov. Status of the NICA project

09:30 M. Pandurovich. The CLIC physics potential

10:00 V. Ryabov. Recent results from PHENIX experiment at RHIC

10:30-10:50 Coffee break

10:50-11:50 SECTION “NEW COLLIDERS FOR BARYONIC
MATTER STUDY”

Chair: L. Jenkovszky

10:50 D. Kotov. PHENIX results on leading particles and jets measured in
Cu+Au collisions at RHIC

11:30 L. Jenkovszky. Closing

EXCURSION

20:00 FAREWELL PARTY

12



SECTION “NEUTRINO, ASTROPARTICLE
PHYSICS, STANDARD MODEL AND
BEYOND?”




msnssaass
lcaassss®












ENDS

IN HIGH-ENERGY PHYSICS
Serober 2014 - 8 Oclober 2010










vV TRENL:
-I-E,"d'fa[ih'r' :r ,,

il










Overview of neutrino masses and mixing
S. M. Bilenky
Joint Institute for Nuclear Research, Dubna, R-141980, Russia

Abstract

The status of neutrino oscillations is presented. The Standard
Model and the Weinberg effective Lagrangian mechanism of the neu-
trino mass generation are discussed from the point of view of economy
and simplicity.

1 Introduction

Idea of neutrino masses, mixing and oscillations was proposed by B. Pon-
tecorvo in 1958 in Dubna [1]. This idea was further developed in the sev-
enties by B. Pontecorvo, V. Gribov and myself [2, 3]. Different experiments
on the search for neutrino oscillations were proposed at that time.

It took about thirty years of heroic efforts of many people to discover
neutrino oscillations, first in the atmospheric Super-Kamiokande experiment
[4] then in the solar SNO experiment [5] and in the reactor KamLAND
experiment [6]. Strong indications in favor of neutrino transitions in the sun
were found earlier in the pioneer Davis solar neutrino experiment [7] and
in the solar neutrino experiments Kamiokande (8], GALLEX [9] and SAGE
[10]. Discovery of neutrino oscillations was confirmed by the K2K [11],
MINOS [12], T2K [13] and NOvA [14] accelerator neutrino experiments,
by the Daya Bay [15], RENO [16] and Double Chooz [17] reactor neutrino
experiments and by the solar neutrino experiment BOREXINO [18].

Discovery of the neutrino oscillations is the major recent discovery in
the particle physics. In spite the full understanding of the origin of small
neutrino masses and peculiar neutrino mixing requires new experimental
data and, apparently, new theoretical ideas it is a common belief that small
neutrino masses is a first beyond the Standard Model phenomenon found
in the particle physics. In 2015 for the discovery of the neutrino oscillations
T. Kajita and A. McDonald were awarded by the Nobel Prize.

In this talk I will consider

1. Present status of neutrino oscillations.
2. Role of neutrino in the Standard Model.

3. The most plausible (and the simplest) beyond the Standard Model
mechanism of the generation of small neutrino masses.
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2 Status of neutrino oscillations

Analysis of neutrino oscillation data is based on the assumption that neu-
trino interaction is the SM charged current and neutral current interaction
given by the Lagrangians

CC(g) = —4_jcC o)W (x .C. = 17
L7%(z) = 2\/5]& (z)W*(x) +he., jo° 2;227 12 () Yol ()
(1)
and
£0@) =~ L@ 2 a), ¥ = Y mueani(a). (2)
l=e,p, T

In the case of the neutrino mixing we have (see, for example, the review

[19])

VZL ZUlz VZL 7 l= €, u, T (3)

Here U is the unitary Pontecorvo-MNS [1, 20] mixing matrix and v;(z) is
the field of the neutrino with mass m;.

If the total lepton number L is conserved, v; are Dirac particles (L(v;) =
—L(7;) = 1). In this case the PNMS mixing matrix UP is characterized
by three mixing angles 015,023,013 and one C'P phase 0. If there are no
conserved lepton numbers, v; are Majorana particles. The 3 x 3 mixing
matrix has in this case the form

UMi =yl S(a), (4)

where S(@) is the phase matrix which is characterized by additional two
Majorana phases: Six(@) = S;di, S1 =1, Sg 3 = @23,

The CC Lagrangian (1) determines the notion of the flavor neutrinos
Ve, Vyy, V7. Flavor muon neutrino v, is a particle which is produced together
with p in the decay 7" — p* 41, or induces the reaction v, +N — p~+X
etc. The state of the flavor neutrino v; with momentum p’is given by a
coherent superposition of the states of neutrinos with definite masses

3
) =D UL i) - (5)
i=1

Here |v;) is the state of neutrino with mass m;, momentum p and energy
2
= /p?+m? ~ E+ 5% (p* > m?). This relation is a consequence of
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the Heisenberg uncertainty relation. The relation (5) means that we can
not resolve production of ultrarelativistic neutrinos with different masses in
weak decays and neutrino reactions.

Small neutrino mass-squared differences can be resolved in special exper-
iments with a large distance between neutrino source and neutrino detector.
A possibility to resolve neutrino mass-squared differences is based on the
time-energy uncertainty relation [21]

AEAt>1. (6)

In the neutrino case

[Ami|

E = |B; — Bl = =,

At =t~ L. (7)
Here Am?, = m? —m3 and L is the distance between neutrino source and
detector. From (6) we obtain the following condition

[Amg;|
5F L>1. (8)
Thus in order to reveal the production of neutrinos with energy difference
|E; — Ex| we need to perform an experiment at a source-detector distance
L which satisfy the inequality (8).
If at the time ¢t = 0 the flavor neutrino v; is produced at the time ¢t > 0
the neutrino state is given by

e = e ) Z\w B UE =3 u) O Ui e B US) L (9)
U i

Here H is the free Hamiltonian. From (9) for the probability of the v; — v/
transition we find the following expression

Py —uvy) = \ZUM e~ 2B U2 = |0y 7212Ul/ “iBeigin Ay, Upi]?
i

i#p

(10)

. . . Am2,L

where p is an arbitrary fixed index and A,; = —£—.

For the probability of 7, — 7y transition we have
P l/l — Ulr ‘(Sl/l — QZZ Ul’ e Api sin Api Uli‘2 (11)

i#p
From (4) follows that

uyuN =P ok (12)

17



We conclude from (10), (11) and (12) that the study of neutrino oscillations
does not allow to reveal the nature of neutrinos with definite masses (Dirac
or Majorana?) [22].

It follows from (10) and (11) that v; — v (¥ — y/) transition proba-
bility is given by the following expression

P(l/l — l/l/)(P(f/l — 171/)) =0 —4 Z |Uli‘2(5l’l - ‘Ul’i|2) sin? Api
i

+8 Y "[Re (UpiUjUfiUn) cos(Dpi — D)
i>k
+ Im (U U UL Une) sin(Ap; — Apg)] sin Ay, sin Ay, (13)

Usually neutrino masses are labeled in such a way that
my >my,  Ami, =Am% >0, (14)

where Am% is called the solar mass-squared difference. From analysis of the
neutrino oscillation data it was found that another neutrino mass-squared
difference Am?, which is called atmospheric, is about 30 times larger than
the solar one. There are two possibilities for the third mass mg and, corre-
spondingly, for the neutrino mass spectrum

1. Normal ordering (NO) m3 > ma >my, Am3s = Am?.
2. Inverted ordering (I0) mg > my > ms, |Am3,| = Am?.

Determination of the character of the neutrino mass spectrum is one of the
major problem of the present and future neutrino oscillation experiments.
Future reactor neutrino experiments JUNO [23] and RENO-50 [24], in which
a distance between reactors and the detector will be about 60 km, are
planned to solve this problem. From (13) for the probability of the reactor
U.’s to survive in the case of the normal and inverted neutrino mass spectrum
we find the following expressions

PNO(7, » 7,) =1 —sin? 260,3sin® A4

—(cos® 013 sin? 20,5 + cos? 1 sin” 20;3) sin® Ag

—2sin? 203 cos® 015 cos(Aa + Ag)sin Ay sin Ag. (15)

and

PIO(De —T)=1-— sin? 2613 sin®> A4
—(cos4 015 sin? 2015 + sin? 0,5 sin? 2013) sin? Ag
—25sin® 26,5 sin” 615 cos(Aa + Ag)sin Ay sin Ag. (16)

18



The values of the neutrino oscillation parameters obtained from the global
analysis of existing neutrino oscillation data are presented in the Table L.

Table I. The values of the neutrino oscillation parameters [25]

Parameter Normal Ordering Inverted Ordering
sin? 015 0.306 75012 0.306 75075
sin” B3 0.441750°7 0.58775 020
sin” 03 0.021667 000072 0.0217970-50078
§ (in °) (261720) (277750
Am% (7.50702) 1075 eV | (7.507919) - 1075 eV?
Am? (2.52475090) - 1073 eV? | (2.5147503) - 1073 eV?

Thus existing data do not allow to distinguish the normal and inverted
neutrino mass ordering and we see from Table I that

1. Neutrino oscillations parameters are known with accuracies (3 -10)%.
2. The C'P phase ¢ is practically unknown.
The major aims of future neutrino oscillation experiments are
e to determine neutrino oscillation parameters with 1% accuracy,
e to establish the neutrino mass ordering,
e to measure the C'P phase §.

Apparently, future neutrino experiments could reveal a true mechanism of
generation of small neutrino masses and peculiar neutrino mixing which is
very different from the quark mixing. In the last part of this brief overview
we will discuss the plausible mechanism of the generation of small (Majo-
rana) neutrino masses.

3 Neutrino in the Standard Model

I will start with a few historical remarks. In 1928 Dirac proposed the four-
component equation for a relativistic spin 1/2 particle. Now we know the
origin of four components: the four-component Dirac field ¢ (z) (in the
framework of QFT) is the field of particles and antiparticles.

In 1929 Weyl put the following question: can we find for a relativistic
spin 1/2 particle a two-component equation? Weyl introduced the two-
component spinors
(17)

VL) = 51— 20)(a), vre) = 51— 76)()
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and showed that ¢ (z) and r(z) satisfy the following two-component
equations (which are called Weyl equations)

Y00 () =0, v 0ur(z) =0 (18)
The Weyl equations, however, are not invariant under the space inversion

1.r(@') =1 %L (), (19)

where 2/ = (20, —%) and 7 is a phase factor.

In the thirties (and many years later) there was a common belief that
the conservation of the parity is a law of nature. This was the reason why
the Weyl equations were rejected.

After discovery of the parity violation in weak decays it was assumed
that neutrino is a massless, Weyl particle and neutrino field is vz (x) or
vr(x) (the two-component neutrino theory by Landau [26], Lee and Yang
[27] and Salam [28]).

From the two-component theory followed that

1. the large violation of parity in the S-decay and other weak processes
had to be observed,

2. the helicity of neutrino (antineutrino) had to be equal to -1 (+1) in
the case of vy (x) and +1 (-1) in the case of vg(x).

The crucial test of the two-component neutrino theory was performed by
the classical Goldhaber et al experiment[29] in which the neutrino helic-
ity was measured. The authors of the experiment concluded: “our result
is compatible with 100 % negative helicity of neutrino” (neutrino field is
v (x)).

The field v (z) is the field of left-handed Dirac neutrino (L =1, h =
—1) and right-handed Dirac antineutrino (L = —1, h = 1). However,
theories with massless Dirac and Majorana neutrinos are equivalent. Thus
vy (x) can be considered as a field of left-handed (h = —1) and right-handed
(h = 1) Majorana neutrino. Let us stress that the two-component neutrino
s the most economical possibility: two degrees of freedom. In the general
Dirac case there are four degrees of freedom.

The Standard Model started with the theory of the two-component,
massless, left-handed neutrino. It is based on the following principles

1. The local gauge SUL(2) x Uy (1) invariance of massless fields.
2. The unification of the weak and electromagnetic interactions.

3. The Brout-Englert-Higgs mechanism of mass generation.
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The Standard Model is in a perfect agreement with experiment: its most
impressive prediction, existence of the scalar Higgs boson, was confirmed
by recent LHC experiments. We will present some arguments that the
Standard Model teach us that the simplest, most economical possibilities
are likely to be correct.

Neutrinos are produced in weak decays together with leptons. SUL(2)
is the simplest symmetry which allows to unify leptons and neutrinos (and
up and down quarks). The fields of left-handed, massless, Weyl fields of
neutrinos and leptons are components of doublets

! ! !
leg) - < VEL ) IELp - < V'uL > lef - < VEL > (20)
el — 7 s = / s L — 7 .

er, " K, er,

The leptonic electromagnetic current is given by the expression

(Y Gradp+ Y Irvalk) (21)

l=e,u,T l=e,p,T

in which left-handed and right-handed lepton fields enter. Thus in order to
include the electromagnetic interaction we have to enlarge the symmetry
group. The minimal enlargement is SU(2)r, x Uy (1) group, where Uy (1)
is the group of the hypercharge Y determined by the Gell-Mann-Nishijima
relation

1

where @ is the charge and T3 is the third projection of the isospin.

From the requirements of the local SU(2)r x Uy (1) invariance follow
that gauge vector fields must exist. The standard electroweak interaction
of fermions and vector gauge W+, Z° bosons and y-quanta

Ly= (—Zf’/ijgc W+ h.c) - 790 GNC zo _ GEM g (23)
is the minimal (compatible with the local gauge invariance) interaction.
The Standard Model mechanism of mass generation is the Brout-Englert-
Higgs mechanism of the spontaneous symmetry breaking [30, 31]. It is based
on the assumption of the existence of scalar Higgs fields. In order to gener-
ate masses of W* and Z° vector bosons three Goldsone degrees of freedom
are needed. Thus a minimal possibility is a doublet of complex Higgs fields
(four degrees of freedom). In such a theory it is predicted that one neutral
scalar Higgs boson must exist. This prediction was perfectly confirmed by
the LHC experiments.
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Lepton (and quark) masses and mixing are generated by the SUL(2) x
Uy (1) invariant Yukawa interaction. For leptons we have

L = V2 Yl ¢+ hee (24)

l1,l2

¢:(g> (25)

is the Higgs doublet and Y is a complex 3 x 3 Yukawa matrix. If we choose

Here

where v = (v2Gr)~1/? ~ 246 GeV is the vacuum expectation value (vev)
of the Higgs field and H is the field of the Higgs boson, the electroweak sym-
metry will be spontaneously broken and Yukawa interaction (24) generates
the Dirac mass term

’CD:_Zl_/lLYlllQ l/QRv+h'C:_ Z mlTl’ (27)

l1,l2 l=e,p,T

where
m; =y v. (28)

Here m; is the lepton mass, and the Yukawa coupling ¥; is the eigenvalue of
the matrix Y.

The characteristic feature of the Brout-Englert-Higgs mechanism of the
mass generation is a proportionality of the lepton masses to the vacuum ex-
pectation value v (masses of quarks, W= and Z° bosons are also proportional
to v).

The Unification of the weak and electromagnetic interactions requires
that in the Standard Model Lagrangian enter left-handed and right-handed
fields of charged fermions. Thus for the generation of the Dirac lepton (and
quark) masses via the Yukawa interaction we do not need additional degrees
of freedom.

Neutrino have no direct electromagnetic interaction. In order to gener-
ate neutrino masses via the standard mechanism of the spontaneous symme-
try breaking we need to assume that in Standard Model Lagrangian enter
not only left-handed neutrino fields but also right-handed fields (additional
degrees of freedom). On the basis of general arguments of economy and
simplicity it is natural to assume that neutrinos in the Standard Model are
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massless, two-component, left-handed Weyl particles." In order to generate
neutrino masses and mixing we need a new beyond the Standard Model
mechanism.

4 The most economical beyond the Standard
Model mechanism of neutrino mass gener-
ation

A neutrino mass term is a Lorenz-invariant product of left-handed and right-
handed components of neutrino fields. Can we build a neutrino mass term
if we use only left-handed fields ;7 The answer to this question was given
many years ago by Gribov and Pontecorvo [2]. It is possible to built a
neutrino mass term in which only flavor fields vy, enter, if we assume that
the total lepton number L is not conserved. In fact, in this case we can built
the following mass term

1
LM = —5 Z 1z Ml/l(l/lL)C + h.c.. (29)
U

Here the conjugated field (v,1,)¢ = C(i)7 is right-handed component (C' is
the matrix of the charge conjugation) and M is a 3 x 3 symmetrical matrix.

The Lagrangian (29) is not invariant under the global phase transfor-
mations (does not conserve the total lepton number L). As a result, after
the diagonalization of the mass matrix

M=UmUT UU=1, my=midir, m;>0 (30)

we come to the standard Majorana mass term

3
: 1
£MJ = —5 Zlml vV (31)
Here
v, =i =Cn] (32)

LIf we assume that neutrino masses are generated by the Higgs mechanism, in this
case we have m; = y7 v. Absolute values of neutrino masses at present are not known.
From existing upper bounds on neutrino masses and from neutrino oscillation data we
can conclude that the heaviest neutrino mass mg is in the range (5 - 1072 <m3 <1 eV)
and the Yukawa constant y% is in the range ( 2 - 10713 < y¥ < 4-107'2). For other
particles of the third family we have y; ~ 0.7, v, ~ 1.7-1072, y, ~ 0.7 -102. Thus,
the neutrino Yukawa coupling y5 is more than nine orders of magnitude smaller than
Yukawa couplings of other particles of the third family. It is very unlikely that neutrino
masses are of the same origin as masses of lepton and quarks.
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is the field of the Majorana neutrino with the mass m;. The flavor field v,
is given by the mixture of the fields of the Majorana neutrinos with definite
masses

3
I/ZL:ZUM vip, l=e,u,T. (33)

i=1
The approach to the neutrino masses and mixing, we have considered, is
purely phenomenological one. Neutrino masses m; and elements of the
mixing matrix U are parameters which must be determined from experi-
ments. The relation (33) gives a framework which allow us to analyze the
data of neutrino oscillation experiments, experiments on the search for neu-
trinoless double B-decay etc. We have no any explanation of the smallness

of neutrino masses.

However, it is important to stress that the Majorana mass term (29)
1s only possible mass term which can be built with the help of left-handed
neutrino fields vy,.

We will consider now the effective Lagrangian approach [32] which allow
us

e to obtain the Majorana mass term for neutrinos,
e to find some explanation of the smallness of neutrino masses,
e to predict existence of heavy Majorana fermions.

The method of the effective Lagrangian is a powerful, general method which
allows to describe effects of a beyond the Standard Model physics. The
effective Lagrangian is a nonrenormalizable dimension five or more operator
invariant under the SUL(2) x Uy (1) transformations and built from the
Standard Model fields. In order to generate the neutrino mass term we
need to built an effective Lagrangian which is quadratic in the neutrino
fields.
Let us consider the SUL(2) x Uy (1) invariant product

W 9) (34)

where 1] is the lepton doublet (see (20) ) and ¢ = iTp¢* is the conjugated
Higgs doublet. After the spontaneous breaking of the electroweak symmetry

we have
v+ H

Wii 8) = =757 (35)
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From this expression it is obvious that the SUL(2) x Uy (1) invariant effective
Lagrangian [32]

1 _

£t = —5 > (W7d) Xiy, C (20" +hee. (36)

l1,l2

generates a neutrino mass term. The operator in Eq. (36) has a dimension
five. Thus A has a dimension of a mass and X’ is a dimensionless 3 x 3
symmetrical matrix. Let us stress the following

1. The Lagrangian (36) is the only possible dimension five effective La-
grangian which can generate a neutrino mass term.

2. The effective Lagrangian (36) does not conserve the total lepton num-
ber L.

3. The constant A characterizes a scale of a beyond the Standard Model
physics.

After the spontaneous symmetry breaking the Lagrangian (36) generates
the Majorana mass term

1 02
EM - _5 XZEhLXhlz(VlzL)c_‘_h'c“ (37)

l1,l2

The symmetrical matrix X can be presented in the diagonal form
X=UzU" U'U=1, x4 =0, x;>0. (38)

From (37) and (38) we have

3 3
1
ﬁM — 75 Zlml ViVi, Vi = ZIUM ViL (39)
Here
vi=vi =01l (40)

is the field of the neutrino Majorana with the mass

where x; is the eigenvalue of the matrix X.
As we discussed before, the Standard Model masses are proportional
to v ~ 246 GeV with dimensionless coefficients. Standard Model neutrino

25



masses can be small only if coefficients of proportionality are extremely
small.

Majorana neutrino masses generated by the effective Lagrangian (36)
are proportional to ¥ v. We have in this case an additional factor

v scale of SM (42)
A scale of a new physics’

Smallness of neutrino masses can be ensured if we assume that a scale A of
a new lepton number violating physics is much larger than the electroweak
scale v. This is a natural assumption, no fine-tuning is required.

Uncertainties connected with the factors x; do not allow to determine
the scale of a new physics A in a model independent way. Nevertheless
A > v apparently is the most plausible possibility. In fact, let us assume
hierarchy of neutrino masses (m; < mq < m3). In this case for the third
family we find

02 v2
A~ —_— —_— 43
e mg s Am? (43)
From this relation we have
A=~12-10" z3 GeV. (44)

If we assume that A ~ TeV in this case x3 ~ 107!? (too small, fine tuning).
If 23 ~ 1 in this case A ~ 101° GeV (GUT scale).

The effective Lagrangian (36) could be a result of an exchange of virtual
heavy Majorana leptons between lepton-Higgs pairs.? In fact, let us assume
that exist heavy Majorana leptons N; (i = 1,2,...n), singlets of SUL(2) x
Uy (1) group, which have the following SUL(2) x Uy (1) invariant Yukawa

interaction
=—wale”¢yh Nigr +hec. . (45)

Here yj, are dimensionless Yukawa coupling constants and N; = Nf is the
field of Majorana leptons with mass M;.

In the second order of the perturbation theory at Q? < M? (Q is the
momentum of the virtual N;) we obtain effective Lagrangian

£t =N § Zym Ui ) (67 ( [2)°) +he.  (46)

l1,l2

2The classical example of an effective Lagrangian is the Fermi Lagrangian of the /-
decay. As we know today, this Lagrangian is generated by the exchange of the virtual

charged WE-bosons between e — v and p — n pairs. It is a product of the Fermi constant
which has dimension M ~2 and the dimension six four-fermion operator.
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This Lagrangian coincides with the Weinberg effective Lagrangian (36). The
matrix + X' is given by the relation

1 1
A Xllllz = Z?Jfliﬂyfﬂ' (47)

After the spontaneous symmetry breaking from (46) we find the following
Majorana mass term

l —_ v?
EM = _5 Z VL (Z yl1iﬁylzi)(ylzl/)c +h.c. (48)

I1,l2 i

Here y = VLTy’ where the matrix V, connects flavor and primed neutrino
fields (v}, = Vivyp).

It follows from (48) that the scale of a new lepton-number violating
physics is determined by masses of heavy Majorana leptons. In spite for
uncertainties connected with Yukawa coupling constants y;;, it is natural to
assume that M; > v. Let us notice that the mechanism of the generation of
neutrino masses, we have considered, is equivalent to the standard seesaw
mechanism [33].

The effective Lagrangian (seesaw) mechanism of the neutrino mass gen-
eration imply that

1. neutrinos with definite masses v; are Majorana particles. Investigation
of the neutrinoless double S-decay of some even-even nuclei is the
most sensitive way of determination of the nature of neutrinos with
definite masses. The probability of this process is proportional to the
effective Majorana mass mgg = Zle UZ%m;. From existing data it
follows that [mgg| < (1.4 —4.5) 107! eV. In future experiments the
sensitivity |mgs| ~ a few 1072 eV will be reached (see review [34])

2. the number of neutrinos with definite masses must be equal to the
number of the flavor neutrinos (three), i.e. no transitions of fla-
vor neutrinos into sterile states are allowed. Indications in favor of
such transitions were obtained in several short baseline experiments:
LSND (7, — 7.), MiniBooNE (v,, = ve, U, — 7.), reactor (¥, — 7.)
and source (v, — v,). However, in the recent experiments (MINOS,
DayaBay, IceCube) no indications in favor of transitions into sterile
states were found and strong tension with old data were obtained.
More than 20 new accelerator, reactor and source experiments on the
search for sterile neutrinos are in preparation at present (see [35, 36]).
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3. heavy Majorana leptons with masses much larger than v must exist.
Such leptons can be produced in the early Universe. Their C'P vio-
lating decays is one of the most attractive explanation of the barion
asymmetry of the Universe (see review [37]).

5 Conclusion

We reviewed here briefly the status of neutrino mixing and oscillations.

We stressed that from the success of the Standard Model we can conclude
that in the framework of general principles, the Standard Model is based on,
Nature chooses the simplest possibilities. Massless, two-component, Weyl
particle is the simplest possibility for the Standard Model neutrino.

There is one possible lepton number violating effective Lagrangian which
(after spontaneous symmetry breaking) generates the Majorana neutrino
mass term, the only possible neutrino mass term in the case of the left-
handed neutrino fields. Neutrino masses in the effective Lagrangian ap-
proach are naturally small because a new, lepton-number violating scale A
is much larger than the electroweak scale v. The effective Lagrangian which
generate the neutrino mass term is the only effective Lagrangian of the di-
mension five (proportional to %) This means that neutrino masses are the
most sensitive probe of a new physics at a scale which is much larger than
the electroweak scale.

I acknowledge the support of the RFFI grant 16-02-01104 and I am
thankful the theory group of TRIUMF for the hospitality.
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1 Introduction

Experimental observations and theoretical arguments pointed out that most
of the matter in the Universe has a non baryonic nature and is in form of
DM particles. Many candidates, having different nature and with different
and various interaction types, have been proposed as DM particles in theo-
ries beyond the Standard Model of particle physics. Depending on the DM
candidate, the interaction processes can be various. Moreover, many exper-
imental and theoretical uncertainties exist and must be properly considered
in a suitable interpretation and comparison among experiments aiming the
direct detection of DM particles.

Large efforts are dedicated all over the world to investigate the DM with
different strategies and techniques that can give complementary informa-
tion. In particular, the DM indirect search — that is the study of possible
products either of decay or of annihilation in the galactic halo or in celestial
body of some DM candidate — is performed as by-product of experiments
located underground, under-water, under-ice, or in space. The interpreta-
tion of such a study is strongly dependent on the chosen assumptions for
the modeling of the background and is restricted to some DM candidates
with peculiar features and within some particular scenario. On the other
hand, experiments at accelerators may prove — when they can state a solid
model independent result — the existence of some possible DM candidates,
but they could never credit by themselves that a certain particle is a/the
only solution for DM particle(s). Moreover, DM candidate particles and
scenarios (even e.g. in the case of the neutralino candidate) exist which
cannot be investigated at accelerators.

In order to pursue a widely sensitive direct detection of DM particles in
the galactic halo, a model independent approach, a ultra-low-background
suitable target material, a very large exposure and the full control of running
conditions are strictly necessary.

2 DM model independent signature

To obtain a reliable signature for the presence of DM particles in the galac-
tic halo, it is necessary to exploit a suitable model independent signature:
with the present technology, one feasible and able to test a large range of
cross sections and of DM particle halo densities, is the so-called DM annual
modulation signature [1]. The annual modulation of the signal rate origi-
nates from the Earth revolution around the Sun. In fact, as a consequence
of its annual revolution around the Sun, which is moving in the Galaxy
traveling with respect to the Local Standard of Rest towards the star Vega
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near the constellation of Hercules, the Earth should be crossed by a larger
flux of DM particles around ~2 June (when the Earth orbital velocity is
summed to the one of the solar system with respect to the Galaxy) and
by a smaller one around ~2 December (when the two velocities are sub-
tracted). Thus, this signature has a different origin and peculiarities than
effects correlated with seasons (consider the expected value of the phase as
well as the other requirements listed below). This DM annual modulation
signature is very distinctive since the effect induced by DM particles must
simultaneously satisfy all the following requirements: (1) the rate must con-
tain a component modulated according to a cosine function; (2) with one
year period; (3) with a phase that peaks roughly around ~ 2nd June; (4)
this modulation must be present only in a well-defined low energy range,
where DM particles can induce signals; (5) it must be present only in those
events where just a single detector, among all the available ones in the used
set-up, actually “fires” (single-hit events), since the probability that DM
particles experience multiple interactions is negligible; (6) the modulation
amplitude in the region of maximal sensitivity has to be < 7% in case of
usually adopted halo distributions, but it may be significantly larger in case
of some particular scenarios such as e.g. those in Ref. [2, 3]. This signature
is model independent and might be mimicked only by systematic effects
or side reactions able to simultaneously satisfy all the requirements given
above; no one is available. At present status of technology it is the only
DM model independent signature available in direct DM investigation that
can be effectively exploited.

3 DAMA DM annual modulation results with
highly radiopure Nal(T1)

The DM annual modulation signature has been exploited with large expo-
sure — using highly radiopure Nal(T1) as target material — by the former
DAMA /Nal (~ 100 kg sensitive mass) experiment [4, 5, 6, 7, 8, 9, 10, 11,
12, 13], and by the currently running DAMA /LIBRA (~ 250 kg sensitive
mass) [14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30|, within
the DAMA project. The DAMA project is dedicated to the development
and use of low background scintillators for underground physics.

In particular, the experimental observable in DAMA experiments is the
modulated component of the signal in Nal(T1) target and not the constant
part of it, as done in the other approaches.

The full description of the DAMA /LIBRA set-up and performances dur-
ing the phasel and phase2 (presently running) and other related arguments
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have been discussed in details in Refs. [14, 15, 16, 17, 19, 20, 26, 21, 30]
and references therein. Here we just remind that the sensitive part of this
set-up is made of 25 highly radiopure Nal(T1) crystal scintillators (5-rows
by 5-columns matrix) having 9.70 kg mass each one. In each detector two
10 c¢m long UV light guides (made of Suprasil B quartz) act also as optical
windows on the two end faces of the crystal, and are coupled to two low
background photomultipliers (PMTs) working in coincidence at single pho-
toelectron level. The low background 9265-B53/FL and 9302-A/FL PMTs,
developed by EMI-Electron Tubes with dedicated R&Ds, were used in the
phasel; for details see Ref. [14, 8, 10, 30] and references therein. The detec-
tors are housed in a sealed low-radioactive copper box installed in the cen-
ter of a low-radioactive Cu/Pb/Cd-foils/polyethylene/paraffin shield; more-
over, about 1 m concrete (made from the Gran Sasso rock material) almost
fully surrounds (mostly outside the barrack) this passive shield, acting as a
further neutron moderator. A threefold-levels sealing system prevents the
detectors to be in contact with the environmental air of the underground
laboratory [14]. The light response of the detectors during phasel typically
ranges from 5.5 to 7.5 photoelectrons/keV, depending on the detector. The
hardware threshold of each PMT is at single photoelectron, while a soft-
ware energy threshold of 2 keV electron equivalent (hereafter keV) is used
[14, 8]. Energy calibration with X-rays/~ sources are regularly carried out
in the same running condition down to few keV [14]; in particular, dou-
ble coincidences due to internal X-rays from 4°K (which is at ppt levels in
the crystals) provide (when summing the data over long periods) a cali-
bration point at 3.2 keV close to the software energy threshold (for details
see Ref. [14]). The radiopurity, the procedures and details are discussed in
Ref. [14, 15, 16, 17, 21, 30] and references therein.

The data of DAMA/LIBRA-phasel correspond to 1.04 ton x yr col-
lected in 7 annual cycles; when including also the data of the DAMA /Nal
experiment the total exposure is 1.33 ton x yr collected in 14 annual cy-
cles. In order to investigate the presence of an annual modulation with
proper features in the data, many analyses have been carried out. All these
analyses point out the presence of an annual modulation satisfying all the
requirements of the signature [15, 16, 17, 21, 30]. In Fig. 1, as example, it is
plotted the time behaviour of the experimental residual rate of the single-
hit scintillation events for DAMA /LIBRA-phasel in the (2-6) keV energy
interval. When fitting the single-hit residual rate of DAMA /LIBRA-phasel
together with the DAMA /Nal ones, with the function: A cosw(t—tg), con-
sidering a period T = 27” =1 yr and a phase to = 152.5 day (June 2"%) as
expected by the DM annual modulation signature, the following modulation
amplitude is obtained: A = (0.0110 £ 0.0012) cpd/kg/keV, corresponding
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Figure 1: Experimental residual rate of the single-hit scintillation events
measured by DAMA /LIBRA-phasel in the (2-6) keV energy interval as a
function of the time. The superimposed curve is the cosinusoidal function
behaviour A cosw(t — tp) with a period T' = %’r =1 yr, a phase ty = 152.5
day (June 2"?) and modulation amplitude, A, equal to the central values
obtained by best fit on the data points of the entire DAMA /LIBRA-phasel.
The dashed vertical lines correspond to the maximum expected for the DM

signal (June 2"?%), while the dotted vertical lines correspond to the minimum.

to 9.2 0 C.L..

When the period, and the phase are kept free in the fitting procedure,
the modulation amplitude is (0.0112+0.0012) cpd/kg/keV (9.3 o C.L.), the
period T' = (0.998 £ 0.002) year and the phase o = (144 £ 7) day, values
well in agreement with expectations for a DM annual modulation signal. In
particular, the phase is consistent with about June 2" and is fully consistent
with the value independently determined by Maximum Likelihood analysis
[17].

For completeness, we recall that a slight energy dependence of the phase
could be expected in case of possible contributions of non-thermalized DM
components to the galactic halo, such as e.g. the SagDEG stream [12, 31, 32]
and the caustics [33]. For more details see Ref. [17].

The modulation amplitudes singularly calculated for each annual cycle
of DAMA /Nal and DAMA /LIBRA-phasel are compatible among them and
are normally fluctuating around their best fit values [15, 16, 17, 21, 30].

The DAMA/LIBRA-phasel single-hit residuals of Fig. 1 and those of
DAMA /Nal have also been investigated by a Fourier analysis. The data
analysis procedure has been described in details in Ref. [21]. A clear peak
corresponding to a period of 1 year is evident for the (2-6) keV energy
interval; the same analysis in the (6-14) keV energy region shows only
aliasing peaks instead. Neither other structure at different frequencies has
been observed (see also Ref. [21]).
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Absence of any other significant background modulation in the energy
spectrum has been verified in energy regions not of interest for DM; e.g.
the measured rate integrated above 90 keV, Rgg, as a function of the time
has been analysed [17]. Similar result is obtained in other energy intervals.
It is worth noting that the obtained results account of whatever kind of
background and, in addition, no background process able to mimic the DM
annual modulation signature (that is able to simultaneously satisfy all the
peculiarities of the signature and to account for the measured modulation
amplitude) is available (see also discussions e.g. in Ref. [14, 15, 16, 17, 20,
21, 25, 34, 35, 36, 37, 38, 39, 40]).
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Figure 2: Energy distribution of the .S,, variable for the total cumulative
exposure 1.33 tonxyr. The energy bin is 0.5 keV. A clear modulation is
present in the lowest energy region, while .S, values compatible with zero
are present just above. In fact, the S,, values in the (6-20) keV energy
interval have random fluctuations around zero with x? equal to 35.8 for 28
degrees of freedom (upper tail probability of 15%).
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A further relevant investigation in the DAMA /LIBRA-phasel data has
been performed by applying the same hardware and software procedures,
used to acquire and to analyse the single-hit residual rate, to the multiple-
hit one. In fact, since the probability that a DM particle interacts in more
than one detector is negligible, a DM signal can be present just in the
single-hit residual rate. Thus, the comparison of the results of the single-hit
events with those of the multiple-hit ones corresponds practically to com-
pare between them the cases of DM particles beam-on and beam-off. This
procedure also allows an additional test of the background behaviour in the
same energy interval where the positive effect is observed. In particular,
while a clear modulation, satisfying all the peculiarities of the DM annual
modulation signature, is present in the single-hit events, the fitted modula-
tion amplitude for the multiple-hit residual rate is well compatible with zero:
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—(0.0005 £ 0.0004) cpd/kg/keV in the energy region (2-6) keV [17]. Thus,
again evidence of annual modulation with the features required by the DM
annual modulation signature is present in the single-hit residuals (events
class to which the DM particle induced events belong), while it is absent in
the multiple-hit residual rate (event class to which only background events
belong). Similar results were also obtained for the last two annual cycles
of the DAMA /Nal experiment [11]. Since the same identical hardware and
the same identical software procedures have been used to analyse the two
classes of events, the obtained result offers an additional strong support for
the presence of a DM particle component in the galactic halo.

The annual modulation present at low energy can also be pointed out by
depicting — as a function of the energy — the modulation amplitude, S, j, ob-
tained by maximum likelihood method considering 7' =1 yr and ¢ty = 152.5
day. For such purpose the likelihood function of the single—git experimental

ijk

data in the k—th energy bin is defined as: Ly = IT;je™#u* ljng’“k, ,
is the number of events collected in the i-th time interval (hereafter 1 day),
by the j-th detector and in the k-th energy bin. Njj; follows a Poisson’s
distribution with expectation value p;j, = [bjr + Six] MjAt;AFej;,. The
b;j are the background contributions, M; is the mass of the j—th detector,
At; is the detector running time during the i-th time interval, AE is the
chosen energy bin, €;; is the overall efficiency. Moreover, the signal can be
written as Sir = So,x + Sm.k - cOsw(t; — to), where Sy i, is the constant part
of the signal and S, ; is the modulation amplitude. The usual procedure
is to minimize the function y, = —2in(Ly) — const for each energy bin; the
free parameters of the fit are the (bjr + Sox) contributions and the Sy,
parameter. Hereafter, the index k is omitted for simplicity.

In Fig. 2 the obtained S,,, are shown in each considered energy bin (there
AE = 0.5 keV) when the data of DAMA /Nal and DAMA /LIBRA-phasel
are considered. It can be inferred that positive signal is present in the (2—
6) keV energy interval, while S, values compatible with zero are present
just above. In fact, the S,, values in the (6-20) keV energy interval have
random fluctuations around zero with x? equal to 35.8 for 28 degrees of
freedom (upper tail probability of 15%). All this confirms the previous
analyses.

As described in Ref. [15, 16, 17, 21, 30], the observed annual modulation
effect is well distributed in all the 25 detectors at 95% C.L.

Among further additional tests, the analysis of the modulation am-
plitudes as a function of the energy separately for the nine inner detec-
tors and the remaining external ones has been carried out for the entire
DAMA /LIBRA-phasel. The obtained values are fully in agreement; in

where N
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Figure 3: 20 contours in the plane (S,,, Z,) (left) and in the plane (Y, t*)
(right) for the (2-6) keV and (6-14) keV energy intervals. The contours
have been obtained by the maximum likelihood method, considering the
cumulative exposure of DAMA /Nal and DAMA /LIBRA-phasel. A mod-
ulation amplitude is present in the lower energy intervals and the phase
agrees with that expected for DM induced signals. See text.

fact, the hypothesis that the two sets of modulation amplitudes as a func-
tion of the energy belong to same distribution has been verified by 2 test,
obtaining: x?/d.o.f. = 3.9/4 and 8.9/8 for the energy intervals (2-4) and
(2-6) keV, respectively (AE = 0.5 keV). This shows that the effect is also
well shared between inner and outer detectors.

Let us, finally, release the assumption of a phase tg = 152.5 day in the
procedure to evaluate the modulation amplitudes. In this case the signal
can be written as:

Sik = Sok+ Sm.kcosw(t; —to) + Zpm psinw(t; — to) (1)
= SO,k + Ym,k: COSUJ(ti — LL*).

For signals induced by DM particles one should expect: i) Z, 1, ~ 0 (because
of the orthogonality between the cosine and the sine functions); ii) Sy, =~
Yok 1ii) t* ~ ¢o = 152.5 day. In fact, these conditions hold for most
of the dark halo models; however, as mentioned above, slight differences
can be expected in case of possible contributions from non-thermalized DM
components, such as e.g. the SagDEG stream [12, 31, 32] and the caustics
(33].

Considering cumulatively the data of DAMA /Nal and DAMA /LIBRA-
phasel the obtained 20 contours in the plane (S,,, Z,,) for the (2-6) keV
and (6-14) keV energy intervals are shown in Fig. 3—left while in Fig. 3-right
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the obtained 20 contours in the plane (Y,,,t*) are depicted.

Finally, setting S,, in eq. (1) to zero, the Z,, values as function of the
energy have also been determined by using the same procedure. The values
of Z,, are well compatible with zero, as expected [15, 16, 17].

No modulation has been found in any possible source of systematics
or side reactions; thus, cautious upper limits on possible contributions to
the DAMA /LIBRA-phasel measured modulation amplitude have been ob-
tained (see Refs. [15, 16, 17, 9, 10, 11, 20, 26]). It is worth noting that they
do not quantitatively account for the measured modulation amplitudes, and
also are not able to simultaneously satisfy all the many requirements of the
signature. Similar analyses have also been performed for the DAMA /Nal
data [10, 11].

Table 1: Summary of the contributions to the total neutron flux at LNGS;
the value, q)gil,z, the relative modulation amplitude, 7, and the phase, t,
of each component is reported. It is also reported the counting rate, Ry,
in DAMA/LIBRA for single-hit events, in the (2 — 6) keV energy region
induced by neutrons, muons and solar neutrinos, detailed for each compo-
nent. The modulation amplitudes, Ay, are reported as well, while the last
column shows the relative contribution to the annual modulation amplitude
observed by DAMA/LIBRA, 5S¢ ~ 0.0112 cpd/kg/keV [17]. For details
see Ref. [26] and references therein.

Source o) e t Rox Ay = Ro sy Ap)Seew
(neutrons cm ™% s71) (cpd/kg/keV)  (cpd/kg/keV)
thermal n 1.08 x 10°° ~0 - <8x10°° <8x10°7 <T7x107°
(1072 1071 eV) however < 0.1
SLOW
neutrons  epithermal n 2x 107 ~0 <3x1072 <3x1071 < 0.03
(eV-keV) however < 0.1
fission, (a,n) —+ n ~09x10 7 ~0 <6x10 7 <6x10° [ <5x10°
(1-10 MeV) however < 0.1
4 — n from rock ~3x1077 0.0129 end of <Tx107% <9x107° | <8x107*
FAST (> 10 MeV) June
neutrons
4 — 1 from Pb shield ~6x107Y 0.0129 endof | «14x1073  <«2x107° | <16x107%
(> 10 MeV) June
v—n ~3x10710 0.03342* Jan. 4th* | < 7x 107" <2x107° <2x107t
(few MeV)
direct p1 Y ~ 20 pm2d-! 0.0129 end of ~10-7 ~10-° ~10-7
June
direct v ) ~6x101° y cm =%~ 0.03342* Jan. 4th* ~107° 3x1077 3x10~°

* The annual modulation of solar neutrino is due to the different Sun-Earth distance along
the year; so the relative modulation amplitude is twice the eccentricity of the Earth orbit
and the phase is given by the perihelion.

Sometimes naive statements were put forward as the fact that in nature
several phenomena may show some kind of periodicity. It is worth noting

that the point is whether they might mimic the annual modulation signature
in DAMA/Nal and in DAMA/LIBRA, i.e. whether they might be not
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only quantitatively able to account for the observed modulation amplitude
but also able to contemporaneously satisfy all the requirements of the DM
annual modulation signature. The same is for side reactions too. This has
already been deeply investigated and discussed in DAMA literature.

In particular, in Refs. [20, 26] a quantitative evaluation why the neu-
trons, the muons and the solar neutrinos cannot give any significant con-
tribution to the DAMA annual modulation results and cannot mimic this
signature is outlined. Table 1 summarizes the safety upper limits on the con-
tributions to the observed modulation amplitude due to the total neutron
flux at LNGS, either from («,n) reactions, from fissions and from muons’
and solar-neutrinos’ interactions in the rocks and in the lead around the
experimental set-up; the direct contributions of muons and solar neutrinos
are reported there too.

No systematic effects or side reactions able to account for the whole
observed modulation amplitude and to simultaneously satisfy all the re-
quirements of the exploited DM signature have been found. A de-
tailed discussion about all the related arguments can be found in Refs.
[14, 15, 16, 17, 20, 21, 25, 9, 10, 11, 26, 30].

4 Implications and comparisons

The long-standing annual-modulation evidence measured in DAMA exper-
iments is model-independent, i.e. without any a-priori assumption of the-
oretical interpretations of the identity of DM and specifics of its interac-
tions. It can be related to a variety of interaction mechanisms of DM
particles with the detector materials and is compatible with a wide set
of scenarios regarding the nature of the DM candidate and related as-
trophysical, nuclear and particle physics. For example, some of the sce-
narios available in literature and the different parameters are discussed in
Refs. [10, 11, 7, 12, 4, 13, 6, 5, 15, 21, 30] and references therein, and re-
cently e.g. in Refs. [41, 28] . Further large literature is available on the
topics (see for example in Ref. [21]) and many possibilities are open.

It is worth noting that no other experiment exists, whose result can
be — at least in principle — directly compared in a model-independent
way with those by DAMA /Nal and DAMA /LIBRA. Some activities claim
model-dependent exclusion under many largely arbitrary assumptions (see
for example discussions in Ref. [10, 15, 11, 42, 43, 44]). Moreover, of-
ten some critical points exist in their experimental aspects, as mentioned
above, and the existing experimental and theoretical uncertainties are gen-
erally not considered in their presented single model dependent result;
moreover, implications of the DAMA results are often presented in incor-
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rect /partial /unupdated way. Both the accounting of the existing uncer-
tainties and the existence of alternative scenarios (see literature) allow one
to note that model dependent results by indirect and direct experiments
actually are not in conflict with the DAMA model independent result.

The model independent annual modulation effect observed by the
DAMA experiments has been investigated in terms of many DM candidates.
Here we just recall the recent case of a mirror-type dark matter candidates
in some scenarios [28, 29].
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Figure 4: Allowed regions for the \/fe parameter as function of mirror
hydrogen mass, obtained by marginalizing all the models for each considered
scenario. The allowed intervals identify the /fe values corresponding to
C.L. larger than 50 from the null hypothesis, that is \/fe = 0. The allowed
regions corresponding to five different scenarios are depicted in different

hatching; the black line is the overall boundary; for details see Ref. [28].

In particular, in the framework of asymmetric mirror matter, the DM
originates from hidden (or shadow) gauge sectors which have particles and
interaction content similar to that of ordinary particles. It is assumed that
the mirror parity is spontaneously broken and the electroweak symmetry
breaking scale v’ in the mirror sector is much larger than that in the Stan-
dard Model, v = 174 GeV. In this case, the mirror world becomes a heavier
and deformed copy of our world, with mirror particle masses scaled in differ-
ent ways with respect to the masses of the ordinary particles. Then, in this
scenario dark matter would exist in the form of mirror hydrogen composed
of mirror proton and electron, with mass of about 5 GeV which is a rather
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interesting mass range for dark matter particles.

The data analysis in the Mirror DM model framework allows the de-
termination of the /fe parameter (where f is the fraction of DM in the
Galaxy in form of mirror atoms and e is the coupling constant). In the
analysis several uncertainties on the astrophysical, particle physics and nu-
clear physics models have been taken into account in the calculation. The
obtained values of the y/fe parameter in the case of mirror hydrogen atom
ranges between 7.7 x 10719 to 1.1 x 10~7; they are well compatible with
cosmological bounds [28].

In addition, releasing the assumption M4 ~ 5m,, the allowed regions
for the /fe parameter as function of M 4., mirror hydrogen mass, obtained
by marginalizing all the models for each considered scenario, are shown in
Fig. 4.

5 Diurnal modulation

The results obtained by investigating the presence of possible diurnal
variation in the low-energy single-hit scintillation events collected by
DAMA/LIBRA-phasel (1.04 ton x year exposure) have been analysed in
terms of a DM second order model-independent effect due to the Earth di-
urnal rotation around its axis [25]. In particular, the data were analysed
using the sidereal time referred to Greenwich, often called GMST.

This daily modulation of the rate on the sidereal time, expected when
taking into account the contribution of the Earth rotation velocity, has
several requirements as the DM annual modulation effect does. The interest
in this signature is that the ratio Rg, of this diurnal modulation amplitude
over the annual modulation amplitude is a model independent constant at
given latitude; considering the LNGS latitude one has Rg4, = g—i ~ (.016.

Taking into account Rg, and the DM annual modulation effect pointed
out by DAMA /LIBRA-phasel for single-hit events in the low energy region,
it is possible to derive the diurnal modulation amplitude expected for the
same data. In particular, when considering the (2-6) keV energy interval,
the observed annual modulation amplitude in DAMA /LIBRA-phasel is:
(0.0097 + 0.0013) cpd/kg/keV [17] and the expected value of the diurnal
modulation amplitude is ~ 1.5x 10~* c¢pd/kg/keV.

Fig. 5 shows the time and energy behaviour of the experimental residual
rates of single-hit events both as a function of solar (left) and of sidereal
(right) time, in the (2-6) keV interval. The used time bin is 1 (either solar
or sidereal) hour.

The null hypothesis (absence of residual rate diurnal variation) has been

tested by a x?test and run test [25]. Thus, the presence of any significant
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Figure 5: Experimental model-independent diurnal residual rate of the
single-hit scintillation events, measured by DAMA /LIBRA-phasel in the
(2-6) keV energy interval as a function of the hour of the solar (left) and
sidereal (right) day. The experimental points present the errors as vertical
bars and the associated time bin width (1 hour) as horizontal bars. The
cumulative exposure is 1.04 ton x yr. See Ref. [25] for details.

diurnal variation and of time structures can be excluded at the reached level
of sensitivity (see Fig. 5).

In order to compare the experimental data with the DM diurnal ef-
fect due to the Earth rotation around its axis, the sidereal diurnal mod-
ulation amplitude of the (2-6) keV energy interval is taken into account:
ATP = —(1.0 £ 1.3) x 1073 cpd/kg/keV. Following the Feldman-Cousins
procedure an upper limit can be obtained for the measured diurnal modula-
tion amplitude: A5 < 1.2x 1073 cpd/kg/keV (90% C.L.); thus, the effect
of DM diurnal modulation (expected amplitude ~ 1.5x 10~ c¢pd/kg/keV)
is out the present sensitivity [25].

In conclusion, at that level of sensitivity of DAMA /LIBRA-phasel the
presence of a significant diurnal variation and of diurnal time structures in
the data can be excluded for both the cases of solar and sidereal time. In par-
ticular, the sidereal diurnal modulation amplitude — expected on the basis of
the DAMA DM annual modulation results and because of the Earth diurnal
motion — cannot be investigated at the present sensitivity; DAMA /LIBRA-
phase2, presently running, with a lower software energy threshold [19] can
also offer the possibility to increase sensitivity to such an effect.



6 Daily effect on the sidereal time due to the
shadow of the Earth

The results obtained in the investigation of possible diurnal effects for low-
energy single-hit scintillation events of DAMA /LIBRA—-phasel have been
analysed in terms of Earth Shadow Effect, a model-dependent effect that is
expected for DM candidates inducing only nuclear recoils and having high
cross-section (o,,) with ordinary matter [27].

In fact a diurnal variation of the low energy rate could be expected for
these specific candidates, because of the different thickness of the shield due
to the Earth during the sidereal day, eclipsing the wind of DM particles. The
induced effect should be a daily variation of their velocity distribution, and
therefore of the signal rate measured deep underground. However, this effect
is very small and would be appreciable only in case of high cross-section spin
independent coupled candidates. Such candidates must constitute a little
fraction (&) of the Galactic dark halo in order to fulfil the positive DAMA
result on annual modulation. By the fact, this analysis decouples £ from o,,.
Considering the measured DM annual modulation effect and the absence —
at the present level of sensitivity — of diurnal effects, the analysis selects
allowed regions in the three-dimensional space: &, o, and DM particle mass
in some model scenarios; for details see Ref. [27].

7 ZnWO, anisotropic scintillator for Dark
Matter investigation with the directional-
ity technique

An independent evidence can be obtained by pursuing a different approach,
but effective only for those DM candidate particles able to induce just nu-
clear recoils: the directionality [45]. This strategy is based on the correlation
between the arrival direction of the DM particles (and thus of the induced
nuclear recoils) and the Earth motion in the Galactic rest frame. Because of
the rotation of the Milky Way, the Galactic disc passes through the halo of
DM and the Earth is crossed by a wind of DM particles apparently flowing
along a direction opposite to that of solar motion. Since the Earth rotates
around its axis, the average direction of DM particles with respect to an
observer fixed on the Earth changes during the sidereal day. Thus, the
directions of the induced nuclear recoils are expected to be strongly corre-
lated with the impinging direction of the considered DM candidates while
the background events are not.



In principle, an experiment able to measure the nuclear track might
be suitable to investigate the directionality. One possibility is to use low
pressure gas detector (such as Time Projection Chambers, TPC) where
the range of recoiling nuclei is of the order of mm. However, a realistic
experiment with low pressure TPC can be limited e.g. by the necessity
of an extreme operational stability, of large detector size and of a great
spatial resolution in order to reach a significant sensitivity. The limitations
affecting experiments aiming to measure recoil tracks, can be overcome by
using the anisotropic scintillation detectors [46, 47]. In this case there is
no necessity of a track detection and recognition (in solid detectors the
range of recoiling nuclei is typically of order of pm). In these detectors the
quenching for heavy particles and the scintillation pulse shape depend on
the incoming direction of the heavy particles relatively to the crystal axes
and the information on the presence of DM induced recoils is given by a
peculiar variation of the measured counting rate during the sidereal day
[48].

7.1 The main features of the ZnWQ, anisotropic scin-
tillator

Recently, measurements and R&D works have shown that the ZnWOy scin-
tillators can offer suitable features for a DM experiment based on the di-
rectionality. In this crystal scintillator the light output for heavy particles
(p, @, nuclear recoils) depends on the direction of such particles with re-
spect to the crystal axes while the response to v/f radiation is isotropic;
the scintillation decay time also shows the same property. In addition to
the anisotropy, the recently developed ZnWOQO, scintillators have very good
level of radiopurity [49], and can work at energy threshold of few keV [50].
The ZnWOy offers also a high atomic weight and the possibility to realize
crystals with masses of some kg [51]. Moreover, three target nuclei with
very different masses are present in this detector (Zn, W and O), giving
sensitivity to both small and large mass for the considered DM candidates.

Recently, radiopurity and double beta decay processes of zinc and tung-
sten have been further studied at LNGS using new developed ZnWOQ, de-
tectors with masses 0.1 — 0.7 kg [49, 50, 52, 53]. The growth of the crystals,
the scintillation properties, the pulse shape discrimination capability, the
anisotropic properties, the residual radioactive contamination and the pos-
sible applications have been deeply studied [49, 54, 55, 51, 52, 53, 56, 57].
The obtained results are very promising and an R&D to produce ZnWO,
crystals having higher radiopurity is ongoing. In particular, an R&D to
improve ZnWQy, crystals radiopurity by re-crystallization (recently demon-
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strated for CAWOy crystal [56]) is in progress.

In the measured ZnWQ, scintillators the radioactive contamination is:
< 0.002 mBq/kg for 22°Th and ??Ra (~ 0.5 ppt for 232Th and ~ 0.2 ppt
for 238U, assuming the secular equilibrium of the 23?Th and 238U chains),
< 0.02 mBq/kg for *°K; the total a activity is 0.18 mBq/kg [49].

As previously mentioned, the study of the directionality with the ZnWOy4
detectors is based on the anisotropic properties of these scintillators. Fig.
6 shows the dependence of the /3 light ratio (quenching factor) on energy
and direction of the o beam relatively to the crystal planes in a ZnWOQOy
crystal [57].
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Figure 6: Dependence of the o/ ratio Temperature (K)

on the energy of a particles measured

with ZnWOQO, scintillator. The crystal Figure 7: Dependence of the light out-

was irradiated in the directions perpen- put of the ZnWO, as a function of the
dicular to (010), (001) and (100) crys-

tal planes (directions 1, 2 and 3, respec-
tively). The anisotropic behaviour of the
crystal is evident [57].

temperature, for excitation with 2*'Am
a particles [55].

As shown in Fig. 6, the quenching factor for a particles measured along
direction 1 is about 1.5 times larger than that measured along direction
2, and about 1.4 times larger than that measured along direction 3. On
the contrary, the anisotropy of the light response of the ZnWOQy scintillator
disappears in case of electron excitation. Moreover for ZnWOQO,, as reported
in Ref. [57], also the shape of the scintillation pulse depends on the type of
irradiation; this feature allows one to discriminate (/) events from those
induced by « particles. This pulse shape discrimination capability can be
of interest not only for a DM experiment but also for double beta decay
searches. Measurements with a neutron beam to study the anisotropy re-
sponse of the crystal for recoils at keV energy range will be performed in
near future [58].
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Another feature of this scintillator, important for a DM experiment,
is the relatively high light output which is about 13-20% of the Na(T1)
scintillator. It has been observed that the light output largely increase
when the crystal scintillator working temperature is decreased [55] (see Fig.
7).

8 Conclusions and Perspectives

The cumulative exposure with ultra low background Nal(T1) target by
the former DAMA /Nal and DAMA /LIBRA-phasel is 1.33 ton x yr (or-
ders of magnitude larger than those available in the field) giving a model-
independent positive evidence at 9.3 o C.L. for the presence of DM candi-
dates in the galactic halo with full sensitivity to many kinds of astrophysical,
nuclear and particle physics scenarios. Other rare processes have also been
searched for by DAMA /LIBRA-phasel (see for details Refs. [22, 23, 24])
and by DAMA /Nal [60].

After the phasel, an important upgrade has been performed when all the
PMTs have been replaced with new ones having higher Quantum Efficiency
(QE). In this new configuration a software energy threshold below 2 keV
has been reached [19]. DAMA/LIBRA is thus in its phase2, and after
optimization periods it is continuously running with higher sensitivity.

The main goals of DAMA/LIBRA-phase2 are: (1) to increase the ex-
perimental sensitivity thanks to the lower software energy threshold of the
experiment; (2) to improve the corollary investigation on the nature of the
DM particle and related astrophysical, nuclear and particle physics argu-
ments; (3) to investigate other signal features; (4) to investigate rare pro-
cesses other than DM with high sensitivity.

Future improvements to increase the sensitivity of the set-up can be
considered by using high QE and ultra-low background PMTs directly cou-
pled to the NaI(Tl) crystals. In this way a further large improvement in
the light collection and a further lowering of the software energy threshold
would be obtained. Thus, R&D’s towards the phase3 of DAMA /LIBRA are
in progress.

Finally, the perspectives of a pioneering experiment with anisotropic
ZnWOQ, detectors to further explore, with the directionality approach, those
DM candidate particles inducing just nuclear recoils have been addressed.
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Elementary particles, dark matters, cosmic rays and extended
standard model

Jae - Kwang Hwang
JJJ Physics Laboratory, Brentwood, TN 37027, USA

Three generations of leptons and quarks correspond to the lepton charges (LC) in
the present work. Then, the leptons have the electric charges (EC) and lepton
charges (LC). The quarks have the EC, LC and color charges (CC). Three heavy
leptons and three heavy quarks are introduced to make the missing third flavor of
EC. Then the three new particles which have the electric charges (EC) are
proposed as the bastons (dark matters) with the rest masses of 26.121 eV/c?, 42.7
GeV/c? and 1.9 10%° eV/c?. These new particles are applied to explain the origins
of the astrophysical observations like the ultra-high energy cosmic rays and super-
nova 1987A anti neutrino data. The 3.5 keV x ray peak observed from the cosmic
x-ray background spectra is originated not from the pair annihilations of the dark
matters but from the x-ray emission of the Q1 baryon atoms. The new force
carrying bosons for the dark matters, leptons and quarks are introduced for the
further researches.

1. Introduction

The new physics search beyond standard model has been done by the extended
standard models with the new particles. These new particles include the SUSY
particles, techniquarks, leptoquarks, Z-prime boson, W-prime boson and heavy
quarks (T, B, X and Y), sterile v, neutralinos, X- and Y- bosons, WIMPS, axions,
preons. But there are no experimental evidences for these new particles. The
previously known models including the string theory and the supersymmetry
model have been developed on the unquantized space. In the present work, the
three-dimensional quantized space model is introduced as the new extended
standard model for the new elementary particles in Tables 1 and 2. The three dark
matters (B1,B2,B3), three heavy leptons (Le, Ly, Lt) and three heavy quarks (Q1,
Q2,Q3) are introduced. The rest masses of the quarks, leptons and dark matters are
calculated by using the simple equations to show the energy scales. These new
particles can be indirectly searched for from the astronomical observations like the
cosmic rays and cosmic gamma rays. The unsolved questions of the astronomical
observations are explained by using the decays and interactions of these new
particles in the present work. For example, the ultra-high energy cosmic rays are
proposed to be originated from the decays and annihilations of the hadrons
including the new heavy quarks (Q1,Q2,Q3). The super-nova 1987A is discussed
in the relation with the B1 dark matter. And the observed 18.7 keV, 3.5 keV and
74.9 keV x-ray peaks are emitted from the Q1 baryon atoms.
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2. Three-dimensional quantized space model and dark matters

In Table 1, the leptons and quarks have the same properties of the three generations.
Three generations separate the leptons and quarks with the same electric charges
(EC). Three generations are called as the lepton charges (LC) or lepton flavors in
the present work. The difference between the quarks and leptons is that the quarks
have the three color flavors or three color charges (CC) of red (r), green (g) and
blue (b) but the leptons do not. The quarks with the same charges of EC and LC
are separated with three color charges (CC). Because the lepton charges and color
charges have the three flavors, the electric charges are expected to have the three
flavors. But the electric charges of the leptons and quarks have two flavors. The
particles with the same lepton charges are separated with two electric charges of 0
and -1 for the leptons and 2/3 and -1/3 for the quarks. The electric charges are
quantized on the basis of the electron electric charge of -1 in

Table 1. Therefore, the heavy quarks with the electric charge of -4/3 and heavy
leptons with the electric charge of -2 for the third missing electric charges are
added to complete the three flavors of EC, LC and CC in the quarks and leptons
in Table 1. The elementary fermions in Table 1 can be explained only by the three-
dimensional quantized spaces [1,2]. Each flavor corresponds to each dimensional
axis in Table. 1. This work needs the further researches on the new concepts.

Table 1. Elementary fermions in the three-dimensional quantized space
model. The bastons (Dark matters) interact gravitationally but not electro-

magnetically with the electrons, protons and quarks because the bastons

do not have the lepton and color charges.

Bastons (EC) Leptons(EC,LC) Quarks(EC,LC,CC)

EC
2/3 u c t
-1/3 d s
-4/3 Q1| Q2 Q3
-1

Dark matters __ |
x4 | |

X5 Each flavor (charge)
X6 corresponds to each

dimensional axis.
Total |

| |

[ I [

X7 Baryon: CC = -5 (3 quarks)

X8 Meson: CC = 0 (quark - anti quark)
Paryon: LC = -5 (3 leptons)

X9 Koron: LC = 0 (lepton - anti lepton)

Total | | | | | |
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Only the electric charges have been quantized on the basis of the electron electric
charge of -1. First, the new heavy leptons and new heavy quarks have the electric
charges of -2 and -4/3, respectively in Table 1. Then the sum of three electric
charges is -3 for the leptons and -1 for the quarks. The summed electric charge (-
3) of the leptons is decreased by -2 when compared with the summed electric
charge (-1) of the quarks. In Table 1, systematically three particles called as the
bastons are expected. The sum of three electric charges is -5 for these new particles
called as bastons. The electric charges for the bastons are -2/3, -5/3 and -8/3 which
make the summed electric charge of -5. The three-dimensional quantized spaces
with the summed charges of -5, -3 and -1 are colored in blue, red and green,
respectively in Table 1. Let’s build up the three-dimensional quantized spaces of
the leptons and quarks from the three-dimensional quantized space of the bastons.
The three-dimensional quantized space of the bastons is in blue in Table 1. The
leptons have the three-dimensional quantized spaces in red and in blue in Table 1.
The quarks have the three-dimensional quantized spaces in green, in red and in
blue in Table 1. Therefore, the leptons are made by adding the three-dimensional
quantized space in red to the bastons. The lepton charges of the leptons are the
same as the electric charges of the bastons. And the quarks are made by adding
the three-dimensional quantized space in green to the leptons. The lepton charges
of the quarks are the same as the electric charges of the leptons and the color
charges of the quarks are the same as the lepton charges of the leptons and the
electric charges of the bastons in Table 1. Therefore, all quantized charges of the
elementary fermions can be assigned as shown in Table 1. Then, the lepton charges
are 0, -1 and -2 for the quarks and -2/3, -5/3 and -8/3 for the leptons. And the color
charges for quarks are -2/3, -5/3 and -8/3. Therefore, the leptons and quarks should
be described as (EC,LC) and (EC,LC,CC), respectively as shown in Table 1.
Therefore, the bastons are described as (EC). These new particles have the
properties the same as the dark matters have. These new particles interact
gravitationally but not electromagnetically with the electrons, protons and quarks
because the bastons do not have the lepton and color charges. Then, the bastons
are the dark matters. Also, the leptons interact gravitationally but not
electromagnetically with the quarks because the leptons do not have the color
charges. The leptons can interact electromagnetically with the hadrons like protons
because the hadrons of the mesons and baryons have the color charges of 0 and -
5, respectively [1,2]. It is called as the hadronization.

The leptons have the electric charges of 0 for the neutrinos and -1 for the electron,
muon and tau in terms of the standard model. The weak force carrying bosons
have the electric charges of 0 for the Z boson and -1 for the W~ boson in terms of
the standard model. These Z and W" bosons do not care about the lepton charges.
These Z and W- bosons are separated as the Z(0,LC) and W(-1,LC) bosons with
the three generations (three lepton charges) in the present extended standard model
of Table 2. The rest masses of the Z and W~ bosons in the standard model
correspond to the rest masses of the Z(0,0) and W(-1,0) bosons in Table 2,

53



respectively. The quarks have the electric charges of 2/3 for the u, ¢ and t quarks
and -1/3 for the d, s and b quarks in terms of the standard model. The strong force
carrying bosons have the electric charges of 0 and double color charges for the
massless gluon bosons in terms of the standard model. The electric force carrying
boson of the photon has the electric charge of 0. But in the present extended
standard model, the new heavy leptons have the electric charge of -2 and the new
heavy quarks have the electric charge of -4/3. And the force carrying bosons with
the electric charges of 0, -1 and -2 are possible as shown in Table 2. Because the
lepton charges and color charges are quantized in Table 1, the corresponding force
carrying Z, W and Y bosons for the bastons, leptons and quarks are newly
proposed to have the EC, LC and CC charges of 0, -1 and -2, respectively, in Table
2.

Table 2. Complete table of the elementary bosons in the three-
dimensional quantized space model.
Dark matter force Weak force (EC,LC) Strong force (EC,LC,CC)

X1 2(0,0) | z©~-1) | 2(0,-2) 2(0,0) | Z(©0,-1) | Z(0,-2)

)

W(-1,0) | W(-1,-1) | W(-1,-2) | -2 [ W(-1,0) | W(-1,-2) | W(-1,-2)
2
3

X2

3 Y(-2,0) | Y(-2,-1) | Y(-2,-2)

Total

X4 Z(0,0) | W(-1,0) Z(0,0)
X5 2(0,-1) | W(-1,-1)
X6 2(0,-2) | W(-1,2)

Total

Z, W, gluons (SM) =
Z(0,LC),W(-1,LC), Z(0,0,CC) (ESM) -
I [ I I I I

X7

X8

ZIWIY(EC,LC,0) <—> Z/W/Y(EC,LC)
ZIWIY(EC,0) «—— Z/WI/Y(EC)

ZIWIY (-1,0)CC(-2) = ZWIY(-1,0,-2)

X9

Total

By using Tables 1 and 2, all interactions between the elementary particles can be
successfully described by using these massive Z, W and Y bosons with the short
force range in Fig. 1. In Fig. 1, the Z(0,0,CC) bosons with CC values of 0, -1 and
-2 can play the same roles as the gluons do. In fact the massless gluons are replaced
with the massive Z/W/Y(EC,LC,CC) bosons in Table 2. Then, the strong force
carrying bosons are Z/W/Y (EC,LC,CC) bosons for the quarks, and the weak force
carrying bosons are Z/W/Y (EC,LC) bosons for the leptons. And the dark matter
force carrying bosons are newly proposed by the Z/W/Y(EC) bosons for the
bastons in Table 2. In the present extended standard model, the three charge
conservations of EC, LC and CC should be considered. The standard model has
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the conservation rules of many quantum numbers such as baryon number, lepton
number, B-L symmetry, hyper charge, weak charge, electric charge, color charge,
quark flavor quantum number, lepton family number and x-charge. However, the
present model has only one conservation rule of EC, LC and CC charges.

Because the neutrinos have the nonzero lepton charges in Table 1, the neutrinos
are not the Majorana particles. Therefore, the neutrinoless double beta decay is not
possible. The dark matters can interact with the leptons as shown in Fig. 2. The
B1-e and B1- p interactions in Fig. 2 can enhance the numbers of the cosmic ve
and vy neutrinos when the electrons and muons get through the dense dark matter
clouds near the galaxy center. Also, the B1 dark matters can be produced from the
LHC accelerator. The observation of the enhanced ve neutrinos will be the indirect
evidence of the B1 dark matters produced from the LHC accelerator. The LHC
and cosmic neutrino experiments will be interesting.

Bl B2 : Bl Bl E1! Black: Observations on the sarth
— I —— ", Y} Red Astronomical observations
{-23) l (=33 ] -2 4 5B ot
Wil 1 :.-\'. (-1) Lt g i
¢ Ve : T Vit 39 g @ oo
(+1,-23) 0-13) ] (-1.-53) 053 10'2
¥ ' g i
, BI e & | e
(dark nullml ] (dark matters) . u 4]
Low
i "|-| oll_ve vuv: | B1 energ!_
. — o— ' Leptons Quarks  Bastons
| (Hadrons)
B2 Normal matters Dark matters
Fig. 2. B1 dark matter and lepton interactions to give the neutrino
enhancement. New elementary fermion particles are compared.

3. Origins of high and ultra-high energy cosmic rays

And the rest mass energies of the leptons with the charge configuration of (EC,LC)
and bastons (dark matters) with the charge configuration of (EC) are calculated by
using the simple equations under the assumptions of E(B2) = 42.7 GeV and E(vx)
=0.1leV.

F(EC,LC) = -23.24488 + 7.26341|EC]| - 1.13858EC? + 0.62683|LC]| +
0.22755L.C?

E = 8.1365 10%%*2F eV for leptons

E = 17.1501 10%%*2F eV for bastons (dark matters)
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Only the EC and LC charges of the leptons and bastons are used for the
calculations of the rest masses. The rest masses of the leptons and bastons (dark
matters) are compared with the experimental values in Table 3. The rest mass
energies of the leptons and dark matters are calculated in order to show the energy
scales of these particles by using the simple equations. The parameter values are
assigned by fitting the experimental rest mass energies. Then, the unknown
neutrino masses and the masses of the heavy leptons (Le, Ly, Lt) can be calculated
in Table 3. And the masses of the B1 and B3 dark matters can be calculated, too.
Also, it is assumed that the rest mass energies of Q1, Q2 and Q3 quarks correspond
to the energies of the first knee, second knee and ankle parts of the ultra-high
energy cosmic ray spectra, respectively [1,3]. And the color charge effects on the
rest mass energies of the quarks are assumed to be negligibly small. Then E = 107
eV and F(EC,LC) = 10.34076 - 16.01455|EC| + 15.02553 EC? + 2.14 |LC| + 0.005
LC? for Q1,Q2 and Q3 quarks. The obtained rest mass energies are E(Q1) = 5
10 eV, E(Q2) = 7 10%7 eV and E(Q3) = 10?eV.

Table 3. Rest masses of the leptons and bastons(dark matters) are

calculated and compared with the experimental values [1]. E=mc?.
(EC,LC) Eexp Ecarc (eV) (EC,LC) Eexp (€V) Ecac (€V)

(eV)

ve(0,-2/3) ? 2.876 107 | e(-1,-2/3) | 5.1110° 5.1110°
vu(0,-5/3) ? 5.947 105 | p(-1,-5/3) | 1.057 108 | 1.057 108
v+(0,-8/3) ? 1.000101 | t(-1,-8/3) | 1.77710° | 1.777 10°
Le(-2,-2/3) | 10224 | 2.53310% | B1(-2/3) ? 26.121
Lu(-2,-5/3) ? 5.23910% | B2(-5/3) | 4.2710% | 4.2710%
Lt(-2,-8/3) ? 8.81110%8 | B3(-8/3) ? 1.948 10%

InFig. 3, the e - e*, and B2- anti B2 plots are shown for the comparison. The 42.7(7)
GeV peak was identified in the gamma-ray spectrum from the Fermi Large Area
Telescope (LAT) in the directions of 16 massive nearby Galaxy Clusters [4]. The
42.7 GeV peak is proposed as the B2 — anti B2 annihilation peak. Then, the rest
mass of the B2 dark matter particle is 42.7(7) GeV/c?. And the enhanced intensity
was observed around 42.7 GeV for the gamma ray spectra of supernova remnant
(SNR), W44, as measured with the Fermi-LAT. This might be the B2 — anti B2
annihilation peak [5].
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The calculated rest mass energy of the B1 dark matter is 26.121 eV. It will be
interesting to look for the 26.121 eV peak at the cosmic x-ray. The calculated rest
mass energies of three neutrinos are 2.876 107 eV for ve, 5.947 10 eV for v, and
1.000 10! eV for v- in Table 3. It will be interesting to confirm these rest mass
energies of three neutrinos in Table 3. The rest masses of the elementary fermions
depend on both of EC and LC according to the above mass energy equations. The
leptons are separated into three groups. First group is made of the three neutrinos
with EC=0 which have the low energy range. Second group is made of the electron,
muon and tau lepton with EC=-1 which have the high energy range. The third
group is made of the Le, L and Lt leptons with EC=-2 which have the ultra-high
energy range. The B1 dark matter with EC=-2/3 has the rest mass energy between
the first group with EC=0 and second group with EC=-1. The B2 dark matter with
EC=-5/3 has the rest mass energy between the second group with EC=-1 and third
group with EC=-2. The B3 dark matter with EC=-8/3 has the rest mass energy
similar to those of the third group with EC=-2.

¢ - ¢' pair annihilation ; B2 - B2 pair annihilation
e(-1,-213) ¥00) | B2-5A3) 1(0,0)
R4 ! v
~SlkeV \42? GeV

/:11 keV /42? GeV
_ 2L , : Y

€(123) w00 | B 1(0,0)
© me?=511keV| mye? =427 GeV
L ! I
200 " i S 0,200,

Fig. 3. Particle — anti particle annihilation.

The electron-positron annihilation peaks associated with the outburst of the
microguasar V404 Cygni [6] were identified at the energy range of 4 10° — 2 106
eV consistent with the rest mass energy (5.11 10° eV) of the electron. The possible
Le — anti Le annihilation peak was identified at the energy range of 101214 eV in
the TeV gamma ray spectrum from RXJ1713.7-3946 with HESS and Fermi-Lat
data [7]. The calculated rest mass energy (2.534 10*® eV) is consistent with the
energy of the observed peak in Table 3. The high and ultra-high energy cosmic
rays with the energy higher than 10° eV are originated from the decay and
annihilations of the hadrons including the Q1, Q2 and Q3 quarks with the possible
rest masses of 10520 eV/c? and the heavy leptons as shown in Figs. 4 and 5 [8,9].
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Several sources of high and ultra high energy cosmic rays
Decays of baryons and leptons

e
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Fig. 4. Decays of the heavy leptons and heavy hadrons.

For the cosmic gamma ray spectra in Fig. 5, the B2 - anti B2 annihilation peak is
at 4.27 10% eV and Le — anti Le annihilation peak is at 2.53 10'® eV. And the
smooth background curve of the cosmic gamma rays are caused by the gamma
rays emitted from the Le decay. These shapes of the cosmic gamma ray spectra
have been observed and reported in several references [7-10]. For the cosmic
electrons, positrons and neutrinos, the cosmic ray spectra have the same origins.
These cosmic electron, positron and neutrino spectra are mainly originated from
the Le decays [1,11-13]. It can be confirmed from the observed cosmic electron
and positron spectra at the TeV energy range. And the cosmic electron, positron
and neutrino spectra coming from the Q1 hadron decays are added around 5 10*°
eV. The positron anomaly, e and e* spectra can be explained by the Le and anti Le
decays [1,12-14]. The astrophysical neutrino spectra observed at the PeV energy
range can be explained by using the Q1 hadron decays [1,11]. It is assumed that
the decays of other heavy leptons and heavy hadrons have the relatively small
contributions when compared with the Le decays. The ultra-high energy cosmic
rays are mostly composed of the protons. The smooth background curve of the
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ultra-high energy cosmic ray spectra is caused by the gamma induced protons in
Fig. 5 [3]. These protons are accelerated by the inelastic Compton scattering with
the gamma rays emitted from the pair annihilations of Q1, Q2 and Q3 hadrons.
And the first knee, second knee and ankle parts of the ultra-high energy cosmic
ray spectra [1,3] are explained by using the Q1-hadron, Q2-hadron and Q3-hadron
decays, respectively. The observed cosmic ray spectra can be found in Ref. [3,15].

| I [\ Le w2+ vo+y

Le decay‘s‘:;: —
s Le-Le

B2 2,53 1013 pey?
Le

e et v Le decays

. Q1-hadron
. decays

Cosmic rays 2.5310"3 51015 eV
(protons) Q1-hadron Le Q1
----------- decays

protons ..
The protons are accelerated by ™ Q2-hadron
the inelastic Compton scattering h — decays
with the ¥ rays emitted from \t\ .
the pair annihilations of Q1, dQ3 hadron

Q2 and Q3 hadrons. \(—ﬁys

51015 7 1017 11020 v
a1 Qz Q3

Fig. 5. Origins of the high and ultra-high energy
cosmic rays and gamma rays.

4. Possible two Koron discoveries of ee* and pp*

In Table 1, quarks and leptons have the similar patterns for the EC and LC charges.
So, the, so called, Koron made of the lepton and antilepton is suggested like the
Meson made of the quark and antiquark. It will be interesting to look for the
Korons. The =° meson with u and anti u quarks has the rest mass of 135 MeV/c?2.
The rest mass of the u quark is about 2.3 MeV/c?. So the Koron of 7,° with e and
e* could have the rest mass of the several MeV/c? scale. The electron has the rest
mass of 0.511 MeV. The X(16.70(35) MeV) peak with the spin of 1* was observed
from the invariant ee* mass distribution from the 18.15 MeV transition in 8Be by
Krasznahorkay et al. [16]. This unknown neutral X boson with the rest mass of
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16.7 MeV/c? is the good candidate of the Koron of n° with e and e*. Also, the
neutral X boson with the rest mass of 1.6 MeV/c? — 20 MeV/c? was introduced by
Goudeis et al. [17] in order to explain the cosmological lithium abundance
problem at the Big Bang Nucleosysthesis (BBN) [16,17]. This X boson will reduce
the abundances of "Be and “Li through the "Be(X,a)®He and D(X,p)n [17]. |
suggest that this X boson is the same as the X boson observed from the invariant
mass distribution from the 18.15 MeV transition in ®Be by Krasznahorkay et al.
[16]. Then, the Koron of m° with e and e* can explain the cosmological lithium
abundance problem at the Big Bang Nucleosysthesis (BBN) [16,17].

Also, a narrow dimuon, M(pp*), mass resonance at 30.4 GeV = 3.04 10%° eV was
obtained from the archived data of the ALEPH experiment at LEP [18,19]. The
data, taken in 1992-95, involve 1.9 million hadronic decays of Z-bosons produced
at rest in e--e+ annihilation. This dimuon resonance is considered to be a good
candidate of the pu* Koron. The rest mass of the p lepton is 1.07 108 eV/c2. The
dimuon mass resonance decay scheme including the B1 and B2 dark matters is
shown in Fig. 6. A Z(0,0) boson decays to a pair of B2 and anti B2 dark matters.

B21-5/3)

Koron (lepton - anti lepton) B1(-2/3)

/Q\ 0 WL eV, (05/3)
s -
¢ L € Vi1 ———— M)
4 -1-297(0,0) wen s ob
7(0.0)", 20.0) s | Gev
. . ~
e’ R etfam w1 vf_(n,-sfs:
B B1(2/3)
16.7 MeV/c? B2(5/3)

Fig. 6. Two Koron examples of ee* and pp*. A neutral Z(0,0) boson
decay scheme leads to the dimuon, M(pwu*), mass resonance.

5. Dark matter and super-nova 1987A

The super-nova 1987A has been seen to have the three rings on the Hubble space
telescope pictures. And the evidence of the neutron star is missing in the super-
nova 1987A [20-22]. The neutrino masses of 21.4(12) eV/c? and 4.0(5) eV/c? are
extracted from the antineutrino data from the super-nova 1987A [20]. These
neutrino masses are too large. So, I tried to solve these two questions by using the
B1 dark matter. Then, the new concept of the dark matter core collapse in addition
to the normal matter core collapse is introduced in order to build the super-nova
structure. The experimental anti-neutrino data are used to draw the conclusions in
the present work. The more details on the experimental neutrino measurements
can be found from the references [20,21,22].
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The super-nova 1987A anti-neutrino data can be drawn as shown in Fig. 7. The
neutrino energy of E(v) is related to the time of t. The equation of 2E%t = m2c* is
used [20]. The curve A fits other data well except the 6 data. The curve A uses
the proposed dark matter mass of B1. It is proposed that the B1 particles come
from the SN 1987A to the earth. The B1 and anti B1 dark matters coming from
the SN1987A change the directions by the neutral boson (Z(0)) interactions with
p and e in the earth atmosphere. The B1 and anti B1 dark matters are pair-
annihilated within the earth atmosphere and the v and anti v pair is created. These
neutrinos are observed by using the detectors under the earth surface. The energies,
E(v) of the observed neutrinos are similar to the energies, E(B1) of the B1 dark
matters. This supports indirectly that the rest mass energy of the B1 dark matter is
26.12 eV.

50 EL‘J < E(Bl} me? for B1 Neutrine Data: E(v) = E(v}
A 2612 eV Kamioka-ll + IMB B1 B1
R. Ehrlich, Astr 3 -
or N El: G:nzi?tz Jek Phys. 35, 6 o0y E(Bﬂl JE(BU
g3or E EB1) \ / Atmo-
z h sphere
20 + 1‘ lv A
o B el ar
I E(v) 2E(B1) iy
E{»;<E(BIJ B \.3 v, VeV,
0 I L L 1 1 1 L | M et pt
1] 2 4 B 8 10 12 14
t (sec)
Fig. 7. Neutrino data of the super-nova 1987A. The B1 -anti B1 dark
matter pair is annihilated to create the v — anti v pair.

In Fig. 8, two kinds of super-nova explosions including the dark matter core
collapse in addition to the normal matter collapse are shown. The upper one is for
the super-nova 1987A with three rings and without the neutron star. The Dark
matter core burst triggers the normal matter core burst without forming the neutron
star. The down one is for the normal super-nova with the neutron star. In this case,
both of dark matter core and normal matter core are collapsing. Then outside
normal matters blast into the space and the inside dark matter and normal matter
cores are collapsing to form the neutron star which consists of the neutrons and
B1 dark matters.
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The D core burst triggers the N core burst without forming the neutron star. A supernova
without the D and N core bursts forms a neutron star of the neutrons and B1 dark matters.

N: Normal matter; D: Dark matter

- ¢ SN 1987A
—.o N
+

D core: Collapse D core: Burst
N core: Collapse N core: Collapse

2
‘ Earth . tz - t4 = 3 hours

4 n.B1
— - -
core; Collapse D core: Collapse N D core: Collapse

Meutron star
t N core: Collapse ‘ N core: Collapse l N core: Collapse
SN explosion Neutron star

No neutron star B1

Photons

E>=> 107 eV

N core: Burst

Fig. 8. Two kinds of super-nova explosions including the dark matter
core collapse in addition to the normal matter collapse. The upper one is
for the super-nova 1987A with three rings and without the neutron star.

6. 3.5keV 18.7 keV and 74.9 keV x-ray peaks and Q1 baryon atoms

The heavy baryons including the Q1 heavy quark (Q1 baryons) can be made in the
active galatic nucleus. This Q1 baryon can have the electric charges (EC) of -1 and
-2. For example, the Q(Q1,d,d) and R(Q1,d,u) baryons in Fig. 9 have the charge
configurations of (EC,LC) = (-2,0) and(EC,LC) = (-1,0), respectively. Then the
protons with the charge configurations of (EC,LC) = (1,0) can rotate around these
Q and R baryons to form the Q1 baryon atoms. These Q1 baryon atoms are similar
to the hydrogen atoms. The proton energy levels in the Q1 baryon atom are easily
calculated in the same way as the electron energy levels in the hydrogen atom are
calculated.
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Heavy Q1 baryon atoms

R(Q1,d,u) (-1,0) Q(Q1,d,d) (-2,0)
P(1,0) p(1.0)
Eq(¢) = E; - E4 Eq(x) = E; - E4
= 18.7 keV = 74.9 keV
Ex(x) = E3 - E; Ex(x) =E3 - E;
= 3.5 keV = 13.9 keV
Ea()() = E3 - E1 Ea(x} = E3 - E-|
=22.2 keV = 88.8 keV

It will be interesting to search for the x ray peaks
in the cosmic x ray spectra.

Fig. 9. Proron energy levels and x-rays in the
Q1 baryon atoms of the R atom and Q atom.

The calculated x-ray energies are 18.7 keV and 3.5 keV from the R atom and 74.9
keV and 13.9 keV from the Q atom in Fig. 9. The possible 18.7 keV and 74.9 keV
x-ray peaks are found at the cosmic x-ray background spectra [1,23,24]. And the
74.9 keV x-ray peak is even seen more clearly on the broadband energy spectrum
of the X-ray pulsar 4U 0115+63 from IBIS/ISGRI and JEM-X(INTEGRAL) data
in its bright state during the out-burst in May-June 2011 [1,25]. So it is thought
that these 18.7 keV and 74.9 keV x-ray peaks are originated from the Q1 baryon
atoms in Fig. 9. Also, the 3.5 keV x-ray peak is expected from the Q1 baryon atom
of the R atom in Fig. 9. And an emission line at 3.5 keV was detected in the
spectrum of the Cosmic X-ray Background using a total of 10 Ms Chandra
observations towards the COSMOS Legacy and CDFS survey fields [26]. So it is
thought that this observed 3.5 keV x-ray peak is originated from the Q1 baryon
atom of the R atom but not from the pair annihilation of the dark matters.

7. Summary
In summary, the three-dimensional quantized space model is introduced as the new

extended standard model. Three generations of the leptons and quarks correspond
to the lepton charges. Quarks have three charges of EC, LC and CC, and leptons
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have two charges of EC and LC. New particles of bastons with only one charge of
EC are the dark matters. The dark matter force is introduced with the new
Z/WIY(EC) bosons. The massless gluons are replaced with the new massive
Z/WIY(EC,LC,CC) bosons. And the rest mass energies of the leptons with the
charge configuration of (EC.LC) and bastons (dark matters) with the charge
configuration of (EC) are calculated by using the simple equations. The standard
model has the conservation rules of many quantum numbers such as baryon
number, lepton number, B-L symmetry, hyper charge, weak charge, electric
charge, color charge, quark flavor quantum number, lepton family number and x-
charge. However, the present model has only one conservation rule of EC, LC and
CC charges. Several examples of elementary particle decays are shown in Fig. 10.
The calculated rest mass energies of three neutrinos are 2.876 107 eV for ve, 5.947
105 eV for v, and 1.000 10 eV for v- in Table 3. The assigned neutrino masses
need to be confirmed experimentally. And the calculated rest mass energy of the
B1 dark matter is 26.121 eV. It will be interesting to look for the 26.121 eV peak
at the cosmic x-ray and at LHC. The ultra-high energy cosmic rays and gamma
rays are originated from the decay and annihilations of the hadrons including the
Q1, Q2 and Q3 quarks with the possible rest masses of 10'>2° eV/c?. The super-
nova 1987A structure is explained by using the dark matter core collapse. This
supports that the rest mass of the B1 dark matter is 26.121 eV/c?. The structures
of the super-nova with the neutron star and the normal super-nova without the
neutron star are introduced and compared by using the new concept of the dark
matter core collapse. It is thought that the 18.7 keV, 3.5 keV and 74.9 keV x ray
peaks observed from the cosmic x-ray background spectra are originated not from
the pair annihilations of the dark matters but from the x-ray emission of the Q1
baryon atoms.

The X(16.70(35) MeV) peak with the spin of 1* is proposed as the first Koron of
0 (e*e)(0,0) observed experimentally. The first Koron of ©° (e*e’) (0,0) is the
good candidate of the neutral boson (X) for the lithium problem. The dimuon
resonance is considered to be a good candidate of the pu* Koron. Dark matters
(Bastons) are interacting with the electrons and protons by the gravitational force
but not by electromagnetic force. Z and W- boson in the standard model are Z(0,0)
and W(-1,0) in the present work, respectively. Dark matter force, weak force and
strong force are explained consistently in Table 2. From the Bl-e and Bl-p
reactions, the cosmic e and p particles are transferred to the cosmic ve and
vy neutrinos, respectively. The observation of the enhanced cosmic ve and
v heutrinos is the indirect evidence of the B1 dark matters. Also, the B1 dark
matters can be produced from the LHC accelerator. The reaction between this B1
dark matter and the electron can enhance the electron neutrinos. It will be
interesting to carry out this experiment at LHC.
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Fig. 10. Several examples of elementary particle decays.
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More details can be found in Refs. 1, 2 and 27.
E-mail contact address of Jae-Kwang Hwang is jkhwang.koh@gmail.com
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The Recent Results from Super-Kamiokande
Takatomi Yano for Super-Kamiokande Collaboration

Abstract:

The Super-Kamiokande (SK) is the world-largest water Cherenkov detector,
running for neutrino observations and proton decay search over 20 years. Because
of its high statistics due to the large fiducial volume of 22.5 kt, lower cosmic-ray
background environment in a mine at 1000m underground, and well-calibrated
detector itself, Super-K has been making the world-leading results in several
region of particle physics. Here, recent results from the study of atmospheric and
solar neutrino are presented.

1. The Super-Kamiokande Detector

Super-Kamiokande (SK) is the world-largest water Cherenkov detector, located
at 1,000 m underground (2,700 m water equivalent) in Ikenoyama mountain, Gifu-
prefecture, Japan [1]. The cylindrical detector tank with the dimensions of the 39.3
(33.8) m in diameter and 41.4 (36.2) m in height provides 50 (22.5) kton full
(fiducial) volume of ultra-pure water. The detector tank is optically and physically
separated into inner detector (ID) and outer detector (OD), which have the 11,129
20-inch-diameter photomultipliers (PMTs) and 1,885 8-inch-PMTs for the
Cherenkov light detection respectively. The Cherenkov light patterns provide the
information about the original charged particles, on thier energies, directions and
particle types. SK detector covers the energy range from a few MeV to tens of GeV.
The measurement by SK was started at 1996 and has been continued over twenty
years. The most recent and fourth experimental period, called SK-1V, is stated at
September 2008 with new data acquisition frontends. SK has also cooperated with
the accelerator neutrino experiments as the far detector, for K2K [2] and T2K [3]
experiments.

2. Atmospheric neutrinos

Atmospheric neutrinos originated with the interaction of cosmic rays with
nuclei in the air. The interaction provides pions and kaons, and neutrinos as the
results of their decay. The atmospheric neutrinos have the wide energy range of
100 MeV to 100 TeV, the wide range of travel length of 10 km to 13,000 km, and
the various components of ve, v, and their anti-particles [4]. Utilizing these
properties, various studies on the properties of neutrinos have been conducted. The
data from all the phases of SK-I/11/111 (0.33 Mt year) and 2520 days live time of
SK-IV, until March 20186, are used for following analysis.

The neutrino oscillations of atmospheric neutrinos are led by v, to v; oscillation,
which causes the deficit of v, in the upward-going Multi-GeV and partially
contained event samples. Though, it is difficult to identify the appearance of v..
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This is because the production of t leptons requires high energy neutrinos, where
the flux is small, and also t leptons decay into hadronic particles mainly. It is still
important to confirm the appearance of v, to check the oscillation framework. The
analysis with neural network was applied to search tau-neutrino decay in SK
detector. The neural network was trained by non-t and t Monte Carlo (MC) events
and likelihood ranging from 0 to 1 was provided as the output for each event. Some
more details could be found in our previous papers [5,6]. Figure 1 shows the two-
dimensional histogram of 1 (left) and non-t MC (center) events. We can see, the 1-
like events are concentrated at the upward direction, at around -1 in cosine of the
zenith angle, for the t MC events. These distributions are utilized as the probability
density functions for tau-neutrino events and background (BG) events. The
analysis was conducted by fitting real data to a linear combination of two-
dimensional histograms, which included a systematic error term:
Data = BG PDF + a 1t-PDF + X¢; PDF;

a is the parameter to be fitted, and it was expected to be 1 under the assumption of
the standard three-flavor oscillation framework and the standard cross-section of
neutrinos. PDF; is the PDF of the it systematic errors, and ; is the magnitude of a
nuisance parameter in the fit. After the unbinned likelihood fit, we got the result
of o= 1.47+0.32 under the hypothesis of normal neutrino mass hierarchy (4.6c
from 0, whereas 3.3c was expected). Figure 1 (right) shows the zenith angle
distribution of tau-like events overlaid by the fitted MC distributions; the shaded
part shows the contributions of tau-neutrino events. This is the evidence of the tau-
neutrino appearance in atmospheric neutrino, and the result is consistent with the
standard three-flavor oscillation framework.
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Fig. 1 Probability distribution functions for the t neutrino (left) and non-t
neutrino events (center). The zenith angle distribution of data and Monte Carlo
events (right).

Because of the recent result of large 013 value in several neutrino experiments,

the three-flavor oscillation analysis is required for precise understanding of the
neutrino properties with atmospheric neutrinos, such as Am?s,, 023 octant, ce and

68



mass hierarchy. The atmospheric neutrino samples are subdivided into 19 event
categories by their topologies (fully-contained, partially-contained and up-going-
muon), energies (sub-GeV and multi-GeV), flavors (electron- or muon-like) and
the number of Cherenkov rings. Multi-GeV- multi-ring- electron-like- events are
further classified into neutrino and anti-neutrino categories, using a difference of
number of associated decay electrons, number of rings, transverse momentum, and
the fraction of momentum carried out by most energetic rings. It is motivated by
the oscillation scenario, that the oscillation from v, to ve is enhanced by the Earth
matter effect under normal mass hierarch hypothesis, at around 5-10 GeV. Anti-v,
to anti-ve oscillation will be enhanced at same energies, in case of inverted mass
hierarchy. In following likelihood analysis, sin®013 is fixed by the reactor neutrino
experimental results of sin?0;3 = 0.0219 (PDG2015 [7]). sin?01; and Am?y is
constrained by the result of solar neutrino experiments and that of KamLAND.

Figure 2 shows the obtained oscillation analysis results using only SK data. In
the figure, Ay? is determined as a function of |Am?s;| or |Am?y3|, Sin%023 and dcp.
The best fit parameters for normal and inverted hierarchy hypotheses are shown
in Table "**”. The result ofAy?> = y?nn - %%n = -4.3 is achieved and prefers the
normal hierarchy hypothesis, whereAy? =-3.1 of sensitivity is expected from
Asimov data set with normal hierarchy. To check the significance, Monte Carlo
samples are generated and analyzed as the real data. In case we adopt the inverted
hierarchy for MC samples, the probability to obtainAy? = -4.3 or less is 0.031
(sin?023 = 0.6) and 0.007 (sin%0,3 = 0.4). In case we adopt normal hierarchy for MC
generation, the probability was 0.446 (sin0,3 = 0.4).
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Fig. 2 Ay? as a function of |Am?Zs;| or |Am?y3| (left), sin%023 (center) and Scp (right)
with SK data only. The blue and orange lines show Ay? for a normal and inverted
hierarchy hypothesis, respectively
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Tab. 1 Best-fit values for the 3-flavor oscillation analysis with SK only data.

Fit XZ Sin%03 Ocp Sin20,3 AmZ2y3
(517 dot) [eV?]
SK (NH) 571.74 0.0219 4.189 0.587 2.5-10°°

(fixed)
SK (IH) 576.08 0.0219 4.189 0.575 2.5-10°%
(fixed)

Figure 3 shows the preliminary results using SK and public T2K data. Table 2
shows the best-fit values for the likelihood fit. The result is Ay? = y°nH - %21 = -5.2

and also prefers normal hierarchy hypothesis. Ay? = -3.8 of sensitivity is expected

from Asimov data set assuming normal hierarchy. With a toy Monte Carlo study

assuming inverted hierarchy, the probability to haveAy? less than -5.2 is 0.024
(sin2623 = 0.6) and 0.001 (Sin2923 = 0.4).
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Fig. 3 Ay? as a function of |Am?s;| or |Am?43| (left), sin?23 (center) and &cp (right)
with SK + T2K external data. The blue and orange lines show Ay? for a normal
and inverted hierarchy hypothesis, respectively.

Tab. 2 Best-fit values for the 3-flavor oscillation analysis with SK + T2K
external data.

Fit Xz sin%013 Ocp Sin%0,3 Am?2y3
(585 dot) [eV3]
SK (NH) 639.61 0.0219 4.887 0.55 2.4-10°°

(fixed)
SK (IH) 644.82 0.0219 4,538 0.55 2.5-10°°
(fixed)
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3. Solar neutrinos

The dominant solar neutrino signals at SK are so called ®B neutrinos generated
in pp-chain, a series of nuclear fusion reactions in the Sun. The observed event
rate at SK is about 20 events/day with the large fiducial volume of 22.5 kton. With
the high statistics data, we have performed searches for time variation of the solar
neutrino flux, energy spectrum distortion due to the oscillation effect as well as
precise measurement of the oscillation parameter Am?;, sin?01,. In following
analysis, we use the SK-I, 11, 111 (1496, 791 and 548 days) + 2365 days of SK-IV
data, until March 2016. Here, two years equivalent data is newly added, comparing
to previous paper with 1664 days data of SK-1V [8]. Because we lowered the
trigger threshold at May 2015, some of the new data sets have the analysis
threshold of Exin = 3.5 MeV at kinetic energy of electrons. It aims at measuring the
solar neutrino energy spectrum distortion, and the effort to lower the threshold
down to Exin = 2.5 MeV is now underway with new data acquisition system.

As the result of SK I-1V combined flux analysis, about 84,000 signals of solar
neutrinos is extracted. The flux ratio of the data to the standard solar model (SSM)
prediction is Data/SSM = 0.4486+0.0062 (stat. + sys.), where the neutrino
oscillation is not taken into account for SSM prediction. In the comparison of each
experimental phases of SK, these solar rate measurement results are fully
consistent with a constant solar neutrino flux. Figure 4 shows the yearly variation
of the solar neutrino flux. The solar activity cycle estimated from the sunspot
number is about 11 years. SK has observed the solar neutrinos over these 19 years
and above 1.5 cycles has passed. However, no significant correction with the solar
activity is seen. For the constant flux hypothesis, ¥ = 15.52/19 D.O.F, which
correspond to 68.9% probability.

Using the most up-to-date SK solar neutrino data and the latest results of other
solar neutrino experiments, the allowed regions of the oscillation parameters are
obtained. In Fig. 5, we performed the oscillation analysis by constraining sin%0:3
as 0.0219+0.0014, referring reactor neutrino experiments. \We see 2c¢ tension
between the solar-global and KamLAND reactor data in Am?;. A there-flavor
oscillation analysis without the constraint on sin0s3 is also performed. The result
is also shown in Fig 5. By combining the SK solar measurement results, the results
of other solar experiments and KamLAND, the non-zero 613 value is obtained by
26 level (sin013 = 0.029*%%14 4 415). The result is also consistent with that of reactor
experiments.
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Fig. 4 The distribution of the cosine between the direction of the Sun and the
reconstructed direction of electrons (left). The yearly variation of relative ratio
between SK data and an un-oscillated MC prediction (right). The black dots
show the sunspot numbers for referring solar activity, taken from [9].

4. Other recent results

With its indispensable detector characteristics, SK has been making unique
searches for new physics. The first of them would be nucleon decay search,
strongly motivated by Grand Unification Theories (GUTSs). Some GUTSs predict
the proton lifetimes shorter than 103 years and SK could prove it. Since the grand
unification occurs at around 10% GeV, which cannot be achieved by any
accelerator experiments, nucleon decay at SK is a unique way to directly probe
them. So far, no evidence of nucleon decay is observed in any decay mode yet.
Our past search results for several decay mode, e.g. proton to e*n® or vK*, can be
found at [10,11].

The searches for new neutrino sources are also our interest and important for
the astroparticle physics. Searches for WIMPs (Weakly Interacting Massive
Particles) by neutrinos, which are produced by the annihilation of WIMPs
occurring inside Sun, are ongoing in SK. The previous work can be found in [12].
There were no significant signals but stringent limits were set. SK gives limits
lower than 200 GeV for the spin-dependent cross section, and lower than 6 GeV
for the spin-independent cross section. Searches for neutrino signals from the
Earth and the Galaxy are currently ongoing.

On September 2015, LIGO identified the first evident signal of a gravitational
wave originated a merger of two black holes [13]. Given the fact, a search for
coincident neutrino signals in SK was performed for GW150914 and GW151226.
Coincident production of neutrinos are possible to imagine, because of the
tremendous energies involved in the mergers and unknown nature of the region of
black holes, e.g. formation of relativistic jets. The signal searches were performed
for the time window of +500 seconds around these gravitational wave detection
times and for a wide energy range from 3.5 MeV to 100 PeV. Four neutrino
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candidates are found for GW150914 and no candidates are found GW151226.
These candidates were consistent with the expected background events [14].
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Fig. 5 Allowed regions of oscillation parameters for 613 constrained analysis
(left) and 3-flavor oscillation analysis with solar experiments and KamLAND
(right). The green area shows the results of solar global analysis (green), light

blue for KamLAND reactor and red for solar + KamLAND. The best-fit
parameters and their 1o errors are shown in the figure.

5. Conclusions

Recent results from the study of atmospheric, solar neutrinos and other topics
for nucleon decay and astrophysical neutrino searches are presented.. Using the
large data samples of atmospheric neutrinos at SK, three-flavor oscillation
analyses are performed. The result of neutrino mass hierarchy test was obtained as
Ay? = ¥°nm - y2n = -4.3 with SK only data, where -3.1 is expected from the same
analysis of Asimov data set assuming the best fit parameters. With the SK+T2K
data sets, the result wasAy® = ¥°nu - 21 = -5.2 with SK only data, where -3.8 is
expected. These results strongly support the normal hierarchy hypothesis. The
analysis of tau neutrino appearance in atmospheric neutrino oscillation is updated
and gives a non-zero significance of 4.6c. The measurement of solar neutrino is
also updated. The observed neutrino flux ratio comparing to un-oscillated SSM
expectation was Data/MC = 0.4486+0.0062, and measurements in each
experimental period of SK is fully consistent with constant solar neutrino flux. No
significant correlation with the solar activity is seen. The solar neutrino oscillation
analysis is also updated. The global analysis with the results of other solar
experiments gives lower Am?; value than that of KamLAND by more than 2c. A
three-flavor oscillation analysis with solar neutrinos, without constrain of sin?0;3
by the reactor experiments, also give the consistent results for the oscillation
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parameters and non-zero 613 value by 2o level.
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Abstract: We study a new mode of the neutrinoless and two-neutrino double-beta
decay in which a single electron is emitted from the atom. The other electron is
directly produced in one of the available s, ,, or p, /, subshells of the daughter ion.
The neutrinoless electron-production mode OvEPB~, which would manifest
through a monoenergetic peak at the endpoint of the single-electron energy
spectrum, is shown to be inaccessible to the future experiments. Conversely, its
two-neutrino counterpart 2vEPS~ might have already influenced the single-
electron spectra measured, e.g., for the isotope *°°Mo in the experiment NEMO 3.
We discuss the prospects for detecting these new modes also for %%Se in its
forthcoming successor SuperNEMO.

Keywords: double-beta decay, atomic shell, single-electron spectrum

l. Introduction

The discovery of neutrino oscillations marked the beginning of a new era in
neutrino physics, main feature of which is the question of the origin and absolute
scale of neutrino masses. Observation of the neutrinoless double-beta decay would
imply a Majorana nature of massive neutrinos v; (i = 1,2, 3), a consequence of
which would be the identity of the flavor neutrinos v, (a = e, p, 1) and their
respective antineutrinos v,, [1]. Moreover, it would bring us compelling evidence
that the total lepton number L is not strictly conserved in the nature. The search
for this elusive process provides us with means to set upper limits on the absolute
scale of neutrino masses, as well as with a unique access to the mechanism of CP
violation in the lepton sector which is necessary in order to explain the observed
baryon asymmetry of the Universe [2].

The most widespread form of the double-beta decay 2vg~~ involves a
transmutation of an even-even parent nucleus 4X into an even-even daughter
nucleus ,,4Y, accompanied by an emission of two electrons e~ and a pair of
electron antineutrinos v, from the atom, while in its hypothetical neutrinoless
version OvB~ B~ the antineutrinos are absent:

X — 48 +e +e + [V, +7,).
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The neutrinoless mode OvB =~ increases L by 2 units and could be discovered in
calorimetric measurements of the sum of electron energies by revealing a
monoenergetic peak at the two-electron spectrum endpoint corresponding to the
total released kinetic energy Q. The two-neutrino mode 2vB~4~ has been so far
observed for 11 out of 35 even-even isotopes for which the ordinary 8~ decay into
the odd-odd intermediate nucleus is either energetically forbidden or substantially
suppressed by spin selection rules [3]. In this work, we focus on the 0t — 0%
ground-state transition of the isotope *°°Mo which had been extensively studied
throughout the operation of the tracking-and-calorimetry double-beta-decay
experiment NEMO 3 located at the Modane Underground Laboratory (LSM),
France [4].

In 1992, Jung et al. have observed for a first time the bound-state 5~
decay in which the electron is directly produced in atomic K or L shell and the
monochromatic electron antineutrino carries away essentially the entire energy of
the decay [5]. The group has studied bare *¢3Dy®* ions collected in a heavy-ion
storage ring at GSI, Darmstadt, and deduced a half-life of 47 d for the otherwise
stable isotope. It has been since stressed that such rare form of the f~ decay might
play a crucial role in stellar plasma where highly-ionized atoms participate in the
nucleosynthesis. In this work, we propose to study the bound-state double-beta
decay OVEPS~ (2vEPB™):

X > ;48 +e, +e” + @, +7,),

where a single free electron e~ is emitted from the nucleus, while the electron
production (EP) of a bound electron e is assumed to fill one of the available s, /,
or p, /, orbitals above the valence shell of the daughter ion ,,5Y**. Inclusion of
the bound states with higher angular momenta is not necessary since their wave
functions experience only a negligible overlap with the nucleus. These new single-
electron modes exhibit a distinctive kinematics and could be in principle
recognized by their characteristic signal induced in the double-beta-decay
detectors. For instance, OVEPB~ (being effectively a two-body decay) should be
searched for in the form of a monoenergetic peak at the endpoint of the energy
distribution of individual electrons. The single-electron spectra have been
measured in the NEMO 3 experiment and will be surveyed with enhanced
accuracy in its forthcoming successor SuperNEMO [6].

I1. Calculation of Phase-Space Factors

The double-beta decay can occur in the 2" order of the effective f-decay
Hamiltonian [7]:
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G
Hy(x) = T‘;é(x)yﬂ(l — Y5 (), (x) + He,

where Gg = Gy cos 6 contains the Fermi constant G and Cabibbo angle 6 = 13°
[8], e(x) and v, (x) denote the electron and electron-neutrino fields, respectively,
and j,(x) = p()y,.(gv — g4y °)n(x) is the hadronic charged current involving
the proton p(x) and neutron n(x) fields with the vector g, = 1 and (unquenched)
axial-vector g, = 1.269 weak coupling constants. Due to neutrino mixing, the
left-handed components of the flavor-neutrino fields v,(x) are in fact linear
combinations of the underlying massive-neutrino fields v; (x) given by the unitary
PMNS matrix: v, (x) = X; Ugivig ().

Assuming the Majorana nature of massive neutrinos and employing the
standard approximations, the formula for the inverse 0OvB~f~ half-life can be
brought into the following form [1]:

(Tlo/vzﬁﬁ _ gAGOVﬁ[)’ (Z Q)|MOVB[)’|

Here, the phase-space factor G°VA#(Z, Q) depends solely on the kinematics of the
involved particles, the nuclear matrix element M°’Af can be in principle
determined from the theory of nuclear structure, and the effective Majorana
neutrino mass mgp = ¥; UZm; is a function of (yet unknown) parameters of the
neutrino physics; to this day, arguably the most stringent limits have been obtained
in the 13¢Xe double-beta-decay experiments KamLAND-Zen and EXO-200, with
the former providing a constraint as low as [9]: |mﬁﬁ| < 165 meV. On the
contrary, the formula for the inverse 2vB~ B~ half-life can be derived within the
Standard Model [10]:

(T12/Vzﬁﬁ 4GZVBﬁ(Z Q)|m MZvﬁ[)’|

For the single- electron modes OvEPﬁ‘ and 2vEPp~, their respective

inverse half-lives (Tlo/”ZEPB and (Tf/"zEPB exhibit a structure fully analogous
to the aforementioned, the only distinction being in the corresponding phase-space
factors G°VEPE (7, Q) and G2VEPE (Z, ). Since these quantities depend crucially on
the atomic structure, we employed a fully relativistic description of the final-state
electrons in terms of the solutions to the Dirac equation with centrally-symmetric

potential [11]:

) [ () Qe ()
Wi (F) = (igk(r)n_iu (ﬂ)'
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where the radial wave functions f,.(r) and g,(r) depend on the energy of the
electron, while the angular functions Q,, (#), also known as the spinor spherical
harmonics, are common for both the discrete and continuous spectrum. The
quantum number k = (I — j)(2j + 1) = +1, %2, ... collectively labels all possible
couplings of the orbital [ = 0,1, ... and spin s = + 1/2 angular momenta, while
u = —j, ..., +j denotes the projection of the total angular momentum j = |l + s|
onto the z-axis.

For the OvEPB~ and 2vEPB~ phase-space factors we have derived the
following formulae:

OVEPB Giz*mﬁ —
o = M2 Z B,(Z,A)F(Z + 2,E)Ep,
n= nmm
Mme+Q Me+Q—F
Gmﬁ‘m > ms f dEF(Z +2, E)Ep f dooy i},
n= nmm

In the first equation, the nuclear radius R is by convention included explicitly in
order to make the nuclear matrix element M°"## dimensionless. The factor of In 2
comes from the relation between the decay rate I' = In 2/T, /, and half-life T, ,.

The quantity B,(Z,A) is a bound-state analogue of the Fermi function
familiar from the theory of beta decay:

B,(Z,A) = f7_1(R) + g} 11 (R),

where the two terms originate from the inclusion of s, ,, and p,,, bound states,
respectively. In order to properly account for the relativistic many-electron atomic
structure and the shielding effect of nuclear charge, the radial wave functions
fn—1(R) and g, .1(R) of the bound electron e; at the nuclear radius R =
1.2 fm A'/3 were evaluated by means of the multiconfiguration Dirac—Hartree—
Fock package GRASP2K [12, 13]. The computation was performed assuming the
electron configuration of the parent atom 4X, with the daughter isotope ,,4Y being
the source of nuclear Coulomb attraction, for all available electron shells above
the valence shell (n,,;,, = 5 for 199Mo) up to n = 9. Since in the absence of atomic
shielding the squared electron wave functions near the origin decrease as n=3 [14],
the rest of electron shells were to a good accuracy approximated by a fit of the
calculated values using the power function cn™ and summed analytically via the
Riemann zeta function ¢(p). Since the convergence could not be achieved in case
of the 65, /, orbital, the value of fZ_;(R) has been replaced by the one predicted
by the fit.

The Fermi function F(Z, E), which involves the continuous-spectrum
radial wave functions f_,(E,R) and g,,(E, R) evaluated on the nuclear surface
R, can be approximated by the expression for the relativistic s, ,, wave [15]:
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. 2
F(Z E) = f4(E,R) + g2,(E,R) ~ 4 ['F(y s )'] (2pR)?"2e™,

ry +1)

wherey = /1 — (aZ)?,y = aZE /p, and p = |p| is the momentum magnitude of

the free electron e~ with energy E = \/p? + m. In the results, the Fermi function
F(Z + 2,E) assumes the full charge of the daughter nucleus ,,4Y, since in the
continuum the shielding effect has been shown to be rather insignificant [16].

In GOVEPA  the free-electron energy is fixed by the energy conservation:
E =m, + Q, where we have neglected the nuclear recoil as well as the binding
energy of the bound electron e, . In G'EPA similar approximations erase the
dependence on n from the integral boundaries and, in turn, an infinite sum of
integrals simplifies into a product of X7, . B,,(Z, A) and just one double integral;
in the integral over the first-neutrino energy w,, the second-neutrino energy is
once again constrained by the energy conservation: w, = m, + Q — FE — w;.

I11. Half-Lives and Single-Electron Spectra

In Table I, we present the values of the 0v3~~ and OVEPS~ phase-space factors
G°vAE and G°VEP obtained for the 0+ — 0* ground-state transition of the isotope
190Mo with total released kinetic energy Q = 3.034 MeV [17], assuming the
unguenched value of the axial-vector weak coupling constant g, = 1.269. We
also evaluate the ratio between the corresponding decay rates: I'°VEPF /TOVEE =
GOVEPB /GOVBE  which is independent of the nuclear matrix element M°VAE and
effective Majorana neutrino mass mgg, and hence free of the peculiarities of the
nuclear and neutrino physics. Finally, we estimate the Ovg~8~ and OvEPS™ half-

lives Tlo/"fﬁ and Tlo/”ZEPB based on the value of the nuclear matrix element

|M°vBE| = 5.850 calculated in [18] via the spherical pn-QRPA approach
including the realistic CD-Bonn nucleon-nucleon potential with short-range
correlations and partial isospin-symmetry restoration, and assuming the value of
the effective Majorana neutrino mass |m55| = 50 meV which is compatible with
the inverted hierarchy of neutrino masses. The value obtained for the decay-rate
ratio [OVEPB /1O suggests a suppression of the single-electron mode OVEPSB~
by 6 orders of magnitude, which is mainly attributed to the presence of other
electrons in the inner atomic shells: the lowest-lying orbitals (which would
otherwise provide the largest contributions to the decay rate I'°”EP#) are already
occupied, while the shielding effect of nuclear charge substantially reduces the

bound-state wave functions on the surface of the nucleus. The estimated half-life
Ty, further confirms that the mode OVEPS~ is very unlikely to be observed in

the present and near-future experiments.
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Table 1. 0v3~~ and OVEPS ~ phase-space factors G °VA# and G°VP#, decay-rate ratio [°VEPF /T OVEE =
GOVEPE /GOVEE and half-lives Tlo/"fﬁ and Tf/"zEPﬁ for the isotope 1°°Mo, assuming the nuclear matrix

element |M®P#| = 5.850 [18] and the effective Majorana neutrino mass |mgg| = 50 meV.

VBB [—-1 OVEP [,—1 OVEPB /1-0vBB 0vBB OVEPB
GOPB [y1] GOVEPR [y~1] [ OVEPE /pov TP [yl Ty, " [yl
1887 x 101*  7.400 x 1020 3.92x10°° 6.24 x 10%° 1.59 x 1071

In Table I, we show analogous results for the 2vB~8~ and 2vEPS~
phase-space factors G2"P# and G?'EPF as well as the decay-rate ratio

[2VERB /T2VBB = G2VEPE /G2 The 2vp~4~ half-life T/)F* for the 0* — 0*

ground-state transition of *°°Mo has been measured experimentally [3], from
which the value of g3|M2VF#| can be deduced regardless of the details of the

nuclear-structure theory, and used to predict the 2vEPB~ half-life Tf/"ZEPB without

any further assumptions; for the unquenched value g, = 1.269 it follows:
|m,M?*VFF| = 0.1194. We observe that the decay-rate ratio ['2VEPF/r2vhf

indicates a relative suppression of the mode 2vEPB~ to be 1 order of magnitude
lower when compared to the neutrinoless case. Moreover, the absolute half-life

Tf/"zEPB even turns out to fall within the sensitivity of some of the running

experiments, which points to somewhat more optimistic prospects for finding the
traces of such rare decay in the available double-beta-decay detectors.

Table Il. 2vB~B~ and 2vEPB~ phase-space factors G2A# and G2'EPF, decay-rate ratio

['2VEPB /[2VBB = G2VEPB /G2VBE gnd half-lives Tf/"fﬁ [3] (which implies the nuclear matrix element:

|m.M?7PE| = 0.1194) and T.};"** for the isotope *°Mo.

G2VPB [y1] GZVFPB [y1] [2VEFB /[ 2VBB Ti]//fﬁ Iy] Ti\//gp/; Iy]

3.809 x 10718 1367 x 10722 3.59 x 10~ 7.10 x 108 1.98 x 10%3

In Fig. 1, we compare the calculated Ovg~B~ and OVEPS~ single-
electron spectra. These are represented by differential decay rates 1/T°VAF dI'/dE
(with the former normalized to unity) as functions of the electron kinetic energy
E —m,. In particular, we consider the 0* — 0% ground-state transition of the
isotope *°°Mo (Q = 3.034 MeV), which had been extensively used in the NEMO
3 experiment [4]. From the obtained phase-space factor G°VEP# it follows that the
single-electron mode OVEPB~ constitutes a sharp peak at the endpoin