3/5/2019

RIKEN, Japan, March 4, 2019

Massive neutrinos in nuclear processes
Fedor Simkovic

Fedor Simkovic




l. Neutrino physics nowadays

1. Laboratory measurement of v-mass

[11.  Theory of Ovpp-decay

IV. Resonant neutrinoless double electron capture
V. Double-beta decay NMEs

VI.  Quenching of axial-vector coupling constant
VII. New modes of double-beta decay
VIIl. Outlook

IX. Next Pontecorvo summer school in Romania

Acknowledgements: A. Faesler (Tuebingen), P. Vogel (Caltech), S. Kovalenko (Valparaiso
U.), M. Krivoruchenko (ITEP Moscow), D. Stefanik, R. Dvornicky (Comenius U.), A.
Babic¢, A. Smetana, (IEAP CTU Prague), J.D. Vergados (loannina U.) ...



|. Introduction: Neutrino physics nowadays
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AIET (B ieels Fundamental V properties No answer yet
we know

« 3 families of light * Are v Dirac or

o Majorana?
(\\’/"i") n\(’eutrmos. e|s there a CP violation
LR in v sector?

* v are massive:
we know mass
squared differences
e relation between
flavor states
and mass states
(neutrino mixing)

* Are neutrinos stable?
* What is the magnetic
moment of v?
o Sterile neutrinos?
o Statistical properties
of v? Fermionic or
partly bosonic?
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Currently main issue
Nature, Mass hierarchy, — = @

The observation of neutrino oscillations has opened a new excited era in
neutrino physics and represents a big step forward in our knowledge of
neutrino properties
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Beyond the Standard model physics
(EFT scenario)

The absence of the right-
handed neutrino fields in

the SM is the simplest,

most economical possibility.
In such a scenario Majorana
mass term is the only
possibility for neutrinos to

Be massive and mixed. This
mass term is generated by the
Lepton number violating
Weinberg effective Lagrangian.

Beyond the SM physics 5
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. Weinberg does not take credit for
predicting neutrino masses, but he thinks 1t's the right interpre-_
tation. What’s more, he says, the non-renormalisable interaction
that produces the neutrino masses 1s probably also accompanied
with non-renormalisable interactions that produce proton decay
and other things that haven’t been observed, such as violation of
baryon-number conservations. “We don’t know anything about the
details of those terms, but I'll swear they are there.”




Majorana fermion

https://en.wikipedia.org/wiki/File:Ettore_Majorana.jpg

CNNP 2018, Catania, October 15-21, 2017
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TEORIA SIMMETRICA DELL'ELETTRONE
E DEL POSITRONE

Mata 4i ETroEE MaiToEina

Symmetric Theory of Electron and Positron
Nuovo Cim. 14 (1937) 171

Sunte. - S disosira o posabilitd i peroemire o g piess smmeirizog-
giope formacle della feorie guastistica dell’eleifrong ¢ del positrone fa-
cendo ddg di Wm BUsTO Proogsse oy g'l.l.ﬂhh'.am:a:l'&np. It ﬁgﬁ;ﬁcﬂ!ﬁp dalla
egquarions di DIRAC me rivulta elqsante modificats ¢ mon v @ pid lwogo
a parfgre oi stabi & energia mepalive; B2 o presumere per ogiid allro
Pipo di porticelle, particolormente neutre, Uesistenes @ o antipertioelle »
porrigpondendi @i o puchi v 4 energie wegatina,

Llinterpretazione dei cosidetti « statl di energia negativa » pro-
posta da Dimac (*) condace, eome & ben noto, a una deserizions go-
stanzialmente simmetrica degli elettroni e der pesitroni. La sostan-
ziale simmetria del formalizmo eonsiste precisamente in questo, che
fin dove & possibile applicare la teoria eirando le difleoltdh di eon-
vergonea, essa fornisee reslmente risnltati del tutte simmetsiel. Tot-
tavii :rh artificl anoeoariti nor dara alln tanria vre forme elmmelries

che sl apeord islmeenti ;
gia perché g trica, sis
perchd la siv iante tali
proeedimenti — the possi-
bilmente dov mova via

the eonduce pin direttamente alla meata.

Per gquanto riguarda gli elettroni e | positroni, da essa si pub
veramente attenders soltanto un progresso formale; ma o sembra
importante, per le possibili estensioni analogiche, che venga a ca-
dere la nozione stessa di stato di energia negativa, Vedremo infatts
che & perfettamente possibile costroire, nella maniera pifi naturale,
una teoria delle partieelle neantre elementar] senza stati negativi.

(‘] ¥, A, A, Dhesc, ¢ Proe. Camb, Phil. Bee.s, §0, 150, 1624, V, ancha W,
Hersexsegn, ¢ B8, £, Phys &, 9, 209, 1084,



MESONIUM AND ANTIMESONIUM

B. PONTECORVO
Joint Institute for Nuclear Research
Submitted to JETP editor May 23, 1957
J. Exptl. Theoret. Phys. (U.5.8.R.) 33, 549-551 (August, 1957)

INVERSE BETA PROCESSES AND NONC ON -
SERVATION OF LEPTON CHARGE ‘

‘B, PONTECORVO
Joint Institute for Nuclear Research
Submitted to JETP editor October 19, 1957

J. Exptl. Theoret. Phys. (U.S.5.R.) 34, 247-249
v < v oscillation (January, 1958)

(neutrinos are Majorana partic|es) It follows from the above assumptions that in
vacuum a neutrino can be transformed into an an-

tineutrino and vice versa. This means that the
) neutrino and antineutrino are “mixed” particles,
i.e., a symmetric and antisymmetric combination

of two truly neutral Majorana particles »; and

v, of different combined parity.5

1968 Gribov, Pontecorvo [PLB 28(1969) 493]
oscillations of neutrinos - a solution
of deficit of solar neutrinos in Homestake exp.




Observation of v-oscillations = the first prove of the BSM physics

mass-squared differences: Am?g = 7.5 10° eV?, Am?,, = 2.4 103 eV?

The observed small neutrino masses (limits from tritium B-decay, cosmology)
have profound implications for our understanding of the Universe and are now
a major focus in astro, particle and nuclear physics and in cosmology.
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C12C13
[JPMNS _

) id
S12523 — € (C12C23513 —€ C23512513 — C12523 (C13Ca3

0 0 1

(o)
unknown (CP violating) phases: d, o, a,

C13512 (':'_16513 et 0 0
id i ik
— —(C93819 — €7 C192513523 (C19Ca3 — €7 8519513593 C135923 U c U



m m

Neutrinos mass spectrum A i (2
OvBB Measurements An
Mgy = N
2 2 im 2 2 iao 2 ) Amin
‘FJ_SPJ_ZF .lr”l —I_ FJ_SSJ_EP J'J'l'::'r —|_ 513”?;1‘ _T B —
"normal” "inverted”
Beta Decay Measurements Cosmological Measurements
/
— a2 a2 2 2 o2 2 2 2
10 g e T T T T T T 10F T T
: Mainz a:::l':;]‘:uoirg]]c le:)}((periments — :?S E E i

disfavored by cosmology

N\

>

i («b)

]

disfavored by ]
cosmology
1 1 \IIIII| 1 1 IIIII\| 1 | IS E N
1 IIIIIII| 1 IIIIIII| 1 I\IIIII| 1 IIIIII\| 1 | I B 0'1

%8001 0.001 0.01 0.1 1 10 ;|m|(o\3]iﬁcﬂl 001 01 10 !

m, [eV] m, [eV]



[1. Laboratory measurement of y~-mass
(tritium B-decay, forbidden S-decays, EC of 163Ho)
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Tritium beta decay: *H — °He + e + v,

oM (cosdoGr)’
= O M R(E)E Q- T) (-1 -,

1934 — Fermi pointed out that shape of electron spectrum
In B—decay near the endpoint is sensitive to neutrino mass

First measured by Hanna and Pontecorvo with estimation
m, ~ 1 keV [Phys. Rev. 75, 983 (1940)]

Q=M,- M, —-m

— 1858 ke\/ e Troitsk

m3=-23+25+2.0eV?
my< 22eV (95% CL.)
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Kurie function

Franz Newell Devereux Kurie

2
dr/dEe _GﬂgA|M|(E _E )41 B
Z.,E) Jop® = ° ¢ E,—E,)?
( f1 e) 27T ( 0 e)
Y L L BN BN I B LI I
A
N mg=0.0eV
1.2F \+\ —_ .= m,=0.6eV =
The advantage of Kurie plot z '\.\
Is that non-linearity implies = o8k ‘N -
non-zero neutrino mass. 2 N,
[ \ ]
04F ‘\ -
| '! _
0% 4 2T 08 e 04 02 0



Karlsruhe TRItium Neutrino
experiment (KATRIN)

- _ - e _E_L %Ewﬁ_f£J=~— SPBQ_}_\:E:T:G}_B_[ !} ; r M
gaseous WU ¥ oo™
— 3 12 0n2
mpg = \/Zi:l |Uez| m;
Evidence for neutrino mass signal No neutrino mass signal
KATRIN discovery potential: KATRIN sensitivity

m;=0.35 eV (50)

_ 3 12,2 ~
Mg = 0.30 eV (30) mg _\/Z%=1|U€?f| m; < 0.2 eV mpg~mj



Relativistic approach to *H decay

Standard approach nuclear recoil (3.4 eV) taken into account
 non-relativistic nuclear w.f.
e nuclear recoil neglected b L Grcosa,)?

dE, —  (m)3

 phase space analysis

X
EM™ =M, -M, -m, (m12) M,
S M\ M?(E? —m?)
x |(gv +94)°y [y Fm, -w) 13( - i :
dl'  (cosdIoGr)* | Wi M2
ﬁ:T‘M‘ F(E)pE(Q-T (00 + 0.2)(y + ﬂ-:[f—i—my)(ﬂ-f,;Ee—mg)
gv g4 Yy Ty, 0 IZ ?H%z
- _ 0, My + my (M2 — M;E.)
Relativistic EPT approach (Primakoff) ' M, mi,
 Analogy with n-decay (g — )M, (y o, M+ My))
e nuclear recoil of 3.4 eV by E me o )sz
12
e relevant only phase space | M,
+(gV - g;‘l)zEe (y + Ty, Vo )]

Er = ——[MZ+mZ (M2 —m?)| 7

° 2M f ¥y = E:lu o Eﬂ
(mlg)z = J—IE — Qﬂ'ﬂEﬁ. + ?Rz
: Mg es. F.S., R. Dvornicky, A. Faessler,
Prac_tlcally t_he same dependence jor Simkovic PRC 77 (2008) 055502
of Kurie function on m, for E;= E M&



First unique forbidden beta-decays

A" =2

Nucleus: °Se 93Zr* 107pd 135Cg* 182Hf 18/Re
Q[keV]: 151 60 341 05 1046 2.469

* - decay to the excited nuclear state



Bolometer experiments for 8’Re

B Rhenium experiments (MANU, MIBETA, MARE)

187Re as 3-emitter: natural isotope content = 62.8% 187Re: unique 15t

+ - . , .
187Re — 1870g + e~ +y, 9/2" — 1/2 unique’ 1*tforbidden E, 247keV
85 86 transition (shape factor), BEFS t,, 435100y

B previous ¥’Re-experiments MANU, MIBETA
MANU: metallic Rhenium group in Genova
MIBETA: dielectric AgReO, crystals group in Milano

heat ath (contact pads) measure entire The entire er_lergy
Al-bonding wires 17um 2 x 2mm R-decay energy Is measured in the
- _ detector, except the

\

neutrino, including
the molecular &
atomic excitations

5 EPOXy .

glue nermistor

source = #
detector

MIBETA:

—ray calibration source Y
epaiells 10 crystals

_



Spectrum of emitted electrons in rhenium B-decay
Dvornicky, F. S., Muto, Faessler, PRC 83, 045502 (2011)

dr’ szd > 1o
M|" pE(E, - E){/(E,—E)*—m’ —R°((f
= [ pE(E, - EN(E, ~E) -m’ (
_ . 2 2
Electron p,, decay k= \/(EO E)"—m, /

channel clearly dominates Electron in the Electron in the
I,/T,=1.011x10"" P4, State Sy State
In agreement with p™ =~ 50keV k™ =2.47keV
Arnaboldi et al.: PRL 96, 042503 (2006)
4 L B B B B B B B B e L B e L
& 7 2;_ |
m\
. -\ —— — S, wave
P : 5
3 s -
5 e

1 lor ,
2.5 0 0.5 1 1.5 2 2.5
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Kurie plots for tritium, rhenium and indium
single B-decay

2 F1(Z1E) ~142 E-m
F(Z,E) m K(E)/Bg, ,K(E)/B,,= K(y)/B;

e

P

m, = 0.0eV
— = mv=0.2eV
—— — mv=0.4eV
m, =0.6eV
m = 0.8eV

Normalized
Kurie functions
become identical




Measuring v-mass with electron-capture of 1%3Ho - ECHO exp.

JT From v phase space Not much progress in theory for
= X Q—-FE.)\/(Q-E,)? - mf, a long period
2 c I/
*ZH:@HD)BHQW (B, - E)2—|—F /4\ . /
— K (Q—-E)V(Q - E.)
2 keVIT',,= 2keV/13 eV= 100
10° v I v T T y 3 5%10°
O N1 — O —2 20 keV 5 \
10" | — Q=255keV E ol |
| N2}/ Ec \Ml ] s my="5eV
210" ® my, = 10 ey
™ 1 Naxto'f ]
3 10 J\\ e ﬁ
5 z ‘szw Q = 2.555keV -
3 10° 3 8 . pile-up -
10? \ _: 1x10* k__j \ \ -
05 1 15 12 2.5- 253 EY73 Iy

energy [keV] energy [keV]



1+2 holes and shake-off effect

A. Faessler, Ch. Enss, L. Gastaldo, F.S., PRC 91, 064302 (2015) (two and 3 holes)
A. Faessler, L. Gastaldo, F.S., PRC 95, 045502 (2017) (shake off)
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The answer to the question whether neutrinos are their own antiparticles
Is of central importance, not only to our understanding of neutrinos, but
also to our understanding of the origin of mass.

What is the nature of neutrinos?

AIP

GUT’s N
A

b

Symmetric Theory of Electron and Positron
Nuovo Cim. 14 (1937) 171

Only the Ovpp-decay can answer this fundamental question

Analogy with Analogy with

S— Fedor Simkovic
kaons: K,and K, To



Amplitude for (A,Z)—(A,Z+2)+2¢ short range: d=9 (d=11)
can be divided into:

M. Hirsch, Pontecorvo school 2015 d u
o
mass mechanism: d=5 long range: d=7 + .
u
+ Os x LLQA“HHHT
O¢ x LLQu“HHTH
O o« LQe“QHHHT
C: - O> x LLLe“H Og < LLLe"Le”
Ow o 'a} (LZH)(LJH) - . .
A O3 x LLQd°H O10 o< LLLeQd°
Weinberg, 1979 Oy x LLQu°H 011 x LLOQA“Qd*
Og oc Le“u"d"H —— ----- Physics at LHC
3/5/2019 Babu, Leung: 2001 (Jose Valle talk)

de Gouvea, Jenkins: 2007



Schechter, Valle: PRD 1982

u u

‘ ' If OvBP is observed the v is
@ a Majorana particle
W W

e e

|1. Different OvBp-decay scenarios

V mass

Can we say " mechanism " 'COnSStidE?IIring
| i erile v
something about € ii. Different LNV scales
f hcobrllterlltb i o- iii. Right-handed currents
of the black box" iv. Non-standard
n short-range p v-interactions
R
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|.a. The simplest 0vBfB-decay scenario:
LHC & LNV scale A is too large

g 1 —lep ~
i'-'ll I _ ep T lep v 7y,
Ls A — (w* L(I’) lalz ({I’ (Pp,L)’ ) s >I<
Heavy Majorana leptons N; (N;=N¢) HO: : 70
singlet of SU(2), xU(1), group 0 N 0
Yukawa lepton number violating int. ———
v, Y, yr v,

(B

m; = A (yiv), 1=1,2,3 A >10 GeV

S.M. Bilenky, Phys.Part.Nucl.Lett. 12 (2015) 453-461

The three Majorana neutrino masses are suppressed by the ratio of the
electroweak scale and a scale of a lepton-number violating physics.

The discovery of the Bp-decay and absence of transitions of flavor neutrinos into
sterile states would be evidence in favor of this minimal scenario.



(AZ) —

Atomic mass (arbitrary units)

A=const (even) _

3/5/2019

(AZ+2) + e + e

a3 2

(T[]y ) -1 — | TPR I['Ju (“if}lu
e
Mg —
‘F%-; C20€" My + e 5196 My + S%HHR;;‘
transition G'""(Ey,Z) Qzz Abund. |[M")?
x101y  [MeV] (%)
PYONd — PVSm 26.9 3.667 6 ?
BCa — BT 8.04 4271 0.2 7
BZr — %Mo 7.37 3.350 3 7
Hocd — 158n 6.24 2.802 7 7
B6 X e — 136 Bq 5.92 2.479 9 ?
WMo — "Ry 5.74 3.034 10 ?
B0Te — B9 Xe 5.55 2.533 34 ?
%28e — 82 Kr 3.53 2.995 9 ?
©Ge — ™Se 0.79 2.040 8 7

The NME:s for Ovff-decay must be evaluated
using tools of nuclear theory



ImﬁBI [eV]

1

QCL)

Effective mass of Majorana neutrinos Complementarity
e of OvpB-decay,

T B-decay and

| KamlandZEN-2016 cosmology

B-decay (Mainz,

10’ E Troitsk)
1 m% =

10° - p =

- - Z (UL Pm? < (2.2 eV)?
0t E Excluded by _ KATRIN: (0.2 eV)?

- cosmology 1

_5: o . e Cosmology (Planck)
V10" 10’ 10° 10" 10" > < 110 meV
Y .
mo > 26 meV (NS)
3/5/2019 GUT’s my, My, Mg, 05,05, 0, a, 87 meV (IS)

(3 unknown parameters)



Ovpp —half lives for NH and IH with included undertainties in NMEe

unquenched g,

10>
10
10” NH
> 107
> d
= 10"
i IH
26
= v
10 0 I'}I'I{IJL‘; amlandZE
25| v
10 (CUORE
] NEMO3B
10“ 48 76 82 96 llf]'llfl"r 110 116 124 | 130 136 Ilﬁﬂ
Ca Ge Se Zr Mo Pd Cd " Sn Te Xe Nd
: e~ e~ A Ao 2
NH: m; < ms <ms m3 >~ VAm?2 IH: ma < my < ms my =g = VAM

— — e < /A2
mi € Vom2. mo >~ Vom? m3 < A}:r(::z

1.4 meV < mgp < 3.6 meV Lightest v-mass equal to zero 20 meV < mgs < 49 meV



Nuclear medium effect on the light neutrino mass exchange
mechanism of the Ovff-decay

S.G. Kovalenko, M.1. Krivoruchenko, F. S., Phys. Rev. Lett. 112 (2014) 142503

-)

50, MG 0, L,

V4
d | 2

oscillation experiments
tritium B-decay, cosmology

ZV&C = 'X',

vV

Low energy 4-fermion
AL # 0 Lagrangian

2
- Y @.0F0), M, My
A

X
(1 _ 11_
Y nuclear
% | matter .
. density
: ;
g
OvBp-decay B
medium
peum _ ey

vV



Mean field: qq —> <§Q> and (?q) ~ O.5<qTq> ~025fm™

8y - A comparison with Gg:
The effect depends on (7)= —?(qq)
X

8,8y _ Gr .
mz \/5 i
Typical scale:  {y)g’ =—i(§q>g; ~-25¢&; eV <
J2
- J2
ilS ENPIEEL: 2560 <1—>m. >25 $25N2 Tey?
F
Universal scalar interaction 8 ~ 5{-,86, &y = é‘{_]_&‘a
In medium i >
. i \/(m,- +(g) +(neg)
effective mg, =D UL, A—a.) :
Majorana v mass = Ak

-




Imﬁﬁl [eV]

Imﬁﬁl [eV]

Complementarity between B-decay, 0Ovpp —decay

and cosmological measurements might be spoiled

IH

| I A =

IH

Area  (x)g, [€V]

b

blue
green
red

-0.05

0
1



I1.b. The sterile v mechanism of the 0 vfBS-decay
(D-M mass term, V-A,SM int.)
Interpolating formula

Dirac-Majorana N = E Uneo V, Mixing of
mass term Q=s,e 1,7 active-sterile
= neutrinos

small v masses due to see-saw mechanism

0 1
mp MmMpyv %

Neutrinos masses offer a great opportunity to jump
beyond the EW framework via see-saw ...

Light v mass = (mp/m, \n,) Mp
Heavy v mass = m

Different motivations for the LNV scale A

Talk of
Carlo Giunti
eV keV Fermi TeV GUT Planck
light steriley ~ hot DM LHC

10 GeV 10° GeV 106 GeV rsir 103 GeV 1016 GeV 1010 GeV



L eft-handed neutrinos: Majorana neutrino mass eigenstate N
with arbitrary mass my
Faessler, Gonzales, Kovalenko, F. S., PRD 90 (2014) 096010]

2
[TD“]_ =G%g5 > (Ufwmx) mp M’ (g, g3)
N
General case light v exchange
]- Uy & 1 U
M (mx, g§7) = p— Qrzgz Z[d% dyd’p  M™(mx = 0,687) = ——M"(g}")
! P c
>'<E' p-(x—¥) <D__P|_|JHT( )|n><n|'fl )|D}_> ﬂ'fmy(!fi\{ 80 geﬁ) — 1 11!{]1:( )
VP2 + mn2(Vp? + my? + B, — S5EE) S my

: heavy v exchange
Particular cases

[T1)) ™ = G™gi x (m.) = Z e
2

‘m M (g57)] for my < p 1 U

<E> B Z\: my

2
<ml >?HP‘ ‘1ffﬂu(giﬁ)‘ for my > js

3/5/2019 Fedor Simkovic 34



[TEfQ]_l =A- mpz

3

) + m\

10

10

eff -1
84) [MeV ]

10

,OV
mN*M (m

0

~]
=2

g@

- calculated

— — interpolating formula

~ 200 MeV

nterpolating
formula

10
10
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-3

10~ T 10

m |GeV]

0

10

Faessler, Gonzales, Kovalenko, F. S., PRD 90 (2014) 096010]

1

10

-2 -1 0

10
m |GeV]

10"



The light and heavy neutrino

exchange are basically
degenerate with the NME ~ NME for Light » (x100) and Heavy v exchange

- 600 ———
scaling factor [T | Arg CDB
( 7666, 130Te’ 136Xe ) by
H @E‘.‘% L 1 ] O gA = 08
130Te - Y = . ® O gA = 1 O
. A a gu=1.27
Sqrt(<p?>,) = 0T ;
175(11) MeV (Arg. src) o :
205(13) MeV (CDBonnsrc) .. -
A. Babi¢, S. Kovalenko, _
M.l. Krivoruchenko , F.S., I 1| ]
PRD 98, 015003 (2018) a2 ]
138y o .;%' | 69@6 |
H L H
e ey
100 |- ) 4 b ¢ -
: N 1 I f '
60 . .. A . .
50 100 76 600 700 3 600
3/5/2019 Ge Te

E. Lisi, A. Rotunno, F. S., PRD 92 (2014) 093004



Interpolating formula is justified |

TE?E]_l —

A- ?HPZ

+ m\

by practically no dependence <p?>on A
A. Babi¢, S. Kovalenko, MLI. Krivoruchenko , F.S., PRD 98, 015003 (2018) Lgr 10
o2\ N
250 W)= MpMe =007
B _L:.!'lr;r :
200 | ; ;
= ! . }
2 10 .
= 100t
i B UCOM src
50 ¢ Argonne src
® CD-Bonnsrec
0 i | | | | | | |
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Exclusion plot TV ,("°Ge) 2 3.0 102 yr
in |Ugy2 = my plane T p(*°Xe) 2 3.4 102 yr
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Improvements: i) QRPA (constrained Hamiltonian by 2vBp half-life,
self-consistent treatment of src, restoration of isospin symmetry ...),
I1) More stringent limits on the Ovpp half-life



Il.c. The Ovpf-decay within L-R symmetric theories

(interpolating formula)
(D-M mass term, see-saw, V-A and V+A int., exchange of heavy neutrinos)

A. Babi¢, S. Kovalenko, MLI. Krivoruchenko , F.S., PRD 98, 015003 (2018)

2
[Tl[];;g] L ”5-\'_ C;.-N CHN — gfi'!. ‘_rlllr‘ri[\-'b’ GDH
3
Mixing of light and heavy neutrinos Ve, = 3 (Eﬂ,..jx{ﬂ, + Scj(NiH)C) :
j=1

U S -
“= ( T Vv ) VeR = Z ( (‘UJL T 1"}:_1'N:€H)

Effective LNV parameter within LRS model

2
Z (US M + SE GDE)a ﬂf )
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. M
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6x6 PMNS see-saw v-mixing matrix

(the most economical one) 6x6 neutrino mass matrix
‘ _ Basis
= . Vi, M
U= . AT yeyd = b b

6x6 matrix: 15 angles, 10+5 CP phases

3x3 matrix: 3angles, 1+2 CP phases 3x3 block matrices U, S, T, V are

generalization of PMINS matrix

Assumptions:
1) the see-saw structure
1) mixing between different generations is neglected

U = ( Upmns ¢ 1 ) Upnins f’{ltmzw - fff‘]fmxa Upmns =1
PMNS = rf
—¢ 1 Uppns
see-saw (=D Ny I i
parameter LNV 6x6 matrix: 3 angles, 1+2 CP phases, 1 see-saw par.
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6x6 PMNS see-saw v-mixing matrix Y — Uy (1
(the most economical one) N —C1 V

Uo = Upmns A. Babit, S. Kovalenko, M.I. Krivoruchenko , F.$., PRD 98, 015003 (2018)

Vo = Ubyvine =
“PMNS
—icx —id — 10y —1i0 — 10k
ClgCige (—312 Ca3 — C12 S13 S23 ( ) e ! (512 S93 — C12 S13 C23 ( ) e
— iy —id — iy —1id — i rr
S12 Cq3 € e (Cli Coz — 519 513 So3 ( ) e e (_Cli S99 — 512 513 Cog ( ) e L

T
S13 ¢ C13 Sa3 C13 Ca3

Assumption about heavy neutrino masses M; (by assuming see-saw)

Inverse mil; = mp
: 2 3 MR, depends on
roportional . (P”)a ; " ep
Sk Mg; = A m? (Us)e m; “Dirac” CP phase &
o =

. unlike “Majorana”
m; =~ (°M,; CP phases a, and a.,
uh = e Sz, e
A 35 — ': Z( D)e’ij

j=1

mj-

Proportional

Heavy Majorana mass MR g4 depends on the “Dirac” CP violating phase § 1



Mpgg" [eV]

Contribution from exchange of heavy neutrino to Ovpp-decay rate might be large

Inverse proportional Proportional
mif'.-f.,; —~ 'mi-. m; == CEJL
2 3 3 2
R (P?)a 12 1 7R 2 o (P7)a
My, = A — > (Uy)i m; ME, = NG DU
D=1 j=1 m;
Vy=Ul V, = Ul
0 — PMNS 0 — YPMNS
M; =m? /m; mp~5 MeV C=m;/M, (*~5x 107"
A=T77x10"" A=T77x10"1
1
1 l
—— NH
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0.1} H .
0.01 Iz
nr:% 0.01F =
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0.001 |
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10—4 ] ] I I ‘\\\
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[11. Resonant neutrinoless double electron capture
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Neutrinoless double electron capture

OVECEC considered in 1955 (resonance transitions)
R.G. Winter., (A, Z)—(A,Z-2)"HH

Phys. Rev. 1000, 142 (1955
y ( ) J. Bernabeu, A. DeRujula, C. Jarlskog,

Nucl. Phys. B 223, 15 (1983)

DEC transitions, abundance, danghter nuclear excitation, atomic vacancies
and figure of ment of some isotopes [10]

o ) Transition Z-natural Wuclear excitation Atomic vacancles Figure of merit
Atom mixing amphtude Z-2Z-2 abundancein % E* (in MeV),J" H,H’ Q0 E (in keV)
AM 138e = 13Ge 0.87 1.204 (27) IS(P), 25(P) 2413
2.839(27) . 19
T IR +
TKr —38e 0.36 2864 (%) 15,18 10
E=E*+Ey+Ey., 'Pd '3 Ru x 107 647 15,15 ML
WeCd - "6Pd 1.25 2,741 (7T) 15,15 ~8+ 10
N=T%+ I‘H + r’”,, s —'2Cd 1.01 1.871 (07 15,15 -3 410
2502 (7) 15,15 5
130, _, 130 .
v Ba = '5a Xe 0.11 2.544 (7) 1S, 25(P) ot
Decay rate !:iﬁd__izgsm {0.20 ﬁ“:'ll 18, 25 444
I Er "G Dy 0.14 1783 (2 18, 28 1 +6
1 {.ﬂM:}:" I Er - 18Dy 1.56 00" 28,25 9+5
— - 1.355 (1 15, 25 !
- = I, HEYh — " Er 0.14 1191{'3 ) 2. 25 + 4
T ':Q_Fj-l_._lr:' ._p.{-::l 5 B
- - 4
: 0(0") 1S, 1S 2
180y _, 180
74 W~ T HE 013 0.093 (27) IS, 38 e
2vECEC-background )
HeHg TP 0.15 0,689 (27) IS, 28 26+ 9

depends strongly
on Q-value
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\ Oscillations of atoms

e D " F.S., M. Krivoruchenkao,
Phys.Part.Nucl.Lett. 6 (2009) 485.

(A,7) Vu  (AZ42) Yy (A,7)
ny, P, n,
€y
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PHYSICS OF ELEMENTARY PARTICLES

AND ATOMIC NUCLEL THEORY

Mixing of Neutral Atoms and Lepton Number Oscillations™

F. Simkovic®® and M. 1. Krivoruchenkor
4 Joint Institute for Nuclear Research, Dubna
b Department of Nuclear Physics and Biophysics, Comenius University, Bratislava, Slovakia
e-mail: fedor simbovic@ fmph.uniba.sk
¢ Institute for Theoretical and Experimental Physics, Moscow
e-mail: mikhail krivoruchenko @ itep.ru
Received November 7, 2008

Abstract—We discuss oscillations of two neutral atoms which proceed with the violation of lepton number.
One of the neutral atoms is stable. the other one represents a quasistationary state subjected to electromagnetic
deexcitation. The system of neutral atoms exhibits oscillations similar to those of the system of neutral kaons
and neutron—antineutron oscillations in the nuclear medium. The underlying mechanism is a transition of two
protons and two bound electrons to two neutrons p + p + ¢, + €, — n+ n. A signature of the oscillations
might be an electromagnetic deexcitation of the involved unstable nucleus and atomic shell with the electron

3/5/2019 holes. A resonant enhancement of the neutrinoless double electron capture takes place when the atomic masses
tend to be degenerate. Qualitative estimates show that in searches for lepton number violation oscillations of
atoms might be a possible alternative to the conventional mechanism of the neutrinoless double f decay process
with emission of two electrons.
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Different types of Oscillations (Effective Hamiltonian)

jrKoRKo  _ ( M — 3T My =Ty Oscillation of K, -anti{K}
o My, =17 M =3l (strangeness)

. ( cOS 93 — sin fas ) ( E5 — éFq 0 ) ( cosflos  sin fog )
eff — -

Sin fhg oS Bog 0 Ey — 3T —sin ey  cos oy

Oscillations of v,-v,. (lepton flavor)

mn
Hf*ff

_— ( M VBNV ) Oscillation of n-anti{n}
VBNV M —iT

(baryon number)

Oscillation of Atoms (O0A)
(total lepton number)

In analogy with oscillations of ,
n-anti{n} (baryon number violation)

Simko' - .
"I Eull width of unstable atom/nucleus



Oscillations of atoms
F.S., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.

2x2 Hamiltonian matrix in the lepton in the lepton number basis

M v M;, M; = tens of GeV
Fo I" < tens of eV
Eigenvalues M;+ My \/ o M= My
AL = = — =T+ 4/V?2 =~ + —T')?
' 2 4 + 2 M 4 )

For M; = M; the result od A. Gal hep-ph/9907334 Eqs. (11,12) is recovered

V is significantly smaller than T" and M,-M;>0. In lowest order in V
we get

; 1[.-*"2
/\ I = ﬂf‘i -+ Af‘rf — §FLNV AJI (ﬂfi - ﬂff)g + %FE (:I'I*’f :I"If)
1 7 1_;2
A = M;—=-T—-—AM+ =T\ nv Uinv . r
F 2 2 YT M= Mp)E+ I
3/5/2019 Fedor Si _

I'| v — Width for resonant OvECIéC



Resonant neutrinoless double electron capture
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107 g |

107 | 2
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10 V|

1075 :

152 164
Gd Er 180

Nucleus (n2jl), (n2jl), E, E, Ec Ty (keV) A (keV) e (y)  TEEE (v)
92Gd 110 210 46.83 774 034 23x 1072 —-0.83+0.18 4.7 x 10%® 4.8 x 10%°
110 211 46.83 7.31 032 23x102% —-1.274+0.18 4.2 x 1030 1.1 x 10?2
110 310 46.83 1.72 0.11 32x102% —7.07+0.18 9.4 x 103t 1.1 x 10?2
S DY 210 210 9.05 9.05 022 86x103 —6.8240.12 7.5 x 103 8.4 x 10%
210 211 0.05 858 0.23 83x1073% —-7.2840.12 4.2 x 103 4.6 x 10*
210 310 9.05 205 0.11 1.8x107? —13.92+0.12 3.5 x 10% 3.9 x 10%
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. Resonance enhancement of neutrinoless double electron capture
A COmpaI"ISOn M.I. Krivoruchenko, F. S., D. Frekers, and A. Faessler,

Nucl. Phys. A 859, 140-171 (2011)

(AZ) > (AZ+2) +e +e e+te + (A2 = (AZ2)"

Perturbation theory

1 Mg |? fm Ov
7o =, G (o, Z) | M
2vpBp-decay background .
can be a problem .
Uncertainty in NMEs .
factor ~2, 3 .
0*—0*,2* transitions .

Large Q-value

76Ge’ 8286, 100|\/|O’ 130Te’ 136Xe
Many exp. in construction,
potential for observation in the
case of inverted hierarchy (2020)

oo . .Jor Simkovic

]_—.ll.vf;'t‘:”’!:'t’.'“ ( J r) —

Breit-Wigner form

Vsl

2vee-decay strongly suppressed
NMEs need to be calculated
0*—>0+*,0 -, 1*, 1 transitions
Small Q-value

Q-value needs to be measured
at least with 100 eV accuracy
152Gd, looking for additional
small experiments yet

o1



V. Double beta decay NMEs
(there is a progress, but not easy task)

3/5/2019 Fedor Simkovic
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Ovpp-decay NME (light v mass) — status 2017

J. Engel, J. Menendez, Rept. Prog. Phys. 80, 046301 (2017)

8
~ | \meoF A . unquenched g
7F R-EDF =
- QRPA Jy : AR ]
6 - QRPATU L J‘ T A 4 E
n QRPACH + L A i
é> 5:_ e IBM-2 :T: AN A B
- SM Mi u T _'
2 4 B SMSt-MTk @ E ]; i
- VMC ¥ L | B ]
3 - | . ] _]
- ® B Jo o "]
o[ . r A
B - T T i
- + )
1 K -
- * - ]
N E .l | L1 | | I | i
6 12 48 76 82 96 100 116 124 130 136 150
A
mean field meth. ISM IBM QRPA
Large model space yes no yes yes
Constr. Interm. States no yes no yes
Nucl. Correlations limited all restricted restricted



B—3 QRPA-Bonn

E a ™™ Heavy v: OvBB NMEs -status 2017
55() g B—+H1 ISM-Argonne

B—a IBM-Argonne

5()() & B—H PHFB-Bonn
3—FE£] PHEB-Argonne

43(:&?6(}& Siseﬁﬁzrlmmﬂllﬂpdl IE-CdIEr-tSHIESTe 13{}TE 136XE ISGNCI



Suppression of the Ovpp-decay NMEs
due to different deformation of initial and final nuclel

I I .

0.4 ™ g2 o 02 04 ~

B davghter

Systematic study of the deformation
effect on the 2vpp-decay NME within
deformed QRPA

Alvarez,Sarriguren, Moya,Pacearescu,
Faessler, F.S., Phys. Rev. C 70 (2004) 321

The suppression of the NME depends
on the relative deformation
of initial and final nuclei

F.S., Pacearescu, Faessler, NPA 733 (2004) 321

1.0 T [T T[T A T T T[T
: BCS overlap
[ e 6 . T6 _
- = imitial: Ge, final:" Se .
- 100 100 ]
08F =" mtial: Mo, final: " Ru 3
noF e 130 130 ]
~ F == mitial: " Te, final: " Xe
St 136 136
k= *=" mitial: ~ Xe, final: * Ba
7 06F
< F
S 04F
2
02F
0_0 IIIII
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OvBp-decay NMEs within deformed QRPA with partial restoration
of isospin symmetry (light neutrino exchange)

D. Fang, A. Faessler, F.S., PRC 97, 045503 (2018)

TE—T 1 1 T T T T 2
g Argonne src¢ —u [SM g
6E m—a spherical QRPA 3
- =—a deformed QRPA 3
SE E
= 3 Agreement

~  _4F 4 by a chance?
S~k E
2 - 6Ge 150N :
' ‘
- 82 130 .
2E Se Te E
LE E
E 136Xe g
oE—! | | | | | | | | | | I

48(:& TﬁGE SESE Qﬁzr I{J'DMDllﬂpdllﬁCdlldSnllﬂTel30T6136XEIS{}Nd



Ovpp-decay NMEs within deformed QRPA with partial restoration

of isospin symmetry (heavy neutrino exchange, Argonne src)
D. Fang, A. Faessler, F.S., PRC 97, 045503 (2018)
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Ab Initio Nuclear Structure
(Often starts with chiral effective-field theory)

Nucleons, pions sufficient below chiral symmetry breaking scale.
Expansion of operators in power of Q/A,. Q=m, or typical nucleon momentum.

2N Force 3N Force 4N Force
A. Schwenk (Darmstadt U.) Lo
P Navratil (TRIUMPH) (/v 0 X
J. Engel (North Caroline U.) |
J. Menendez (Tokyo U.) >< L
NLO -

(Q;’*"\\)Q [{ """"

Calculation for the

hypothetical OvBf decay
of 19He: NNLO + ’ +]
10He N 1OBe + e+ e- I(U)"‘x\l3 R

masses, spectra VAR
N°LO | ll

3/5/2019 " R +... +...




Supporting nuclear physics experiments
(2vpp-decay ChER, pion and heavy ion DCX, nucleon transfer reactions etc)

© C%Ca * Ca
L
B Arl® ArAr

Bo+%Ca 5 BF LK S5 BN+ Y g5

H. Lenske group
Theory of heavy ion DCX and

Heavy ion DCX: Connection to DBD NMEs
NUMEN (LNC-INFN),

HIDCX (RCNP/RIKEN)
/"r Double GT Giant resonances
(exhausts a major part of
/ | I ‘ sum-rule strength)
v

pp-decay E:in grand-daughter nucleus >



Understanding of the 2vgB-decay NMEs is of crucial
importance for correct evaluation of the 0vBB-decay NMES

(A, Z) = (A, Z +2) +2¢ + 27,

Both 2vBf and OvfS operators connect the same states.
Both change two neutrons into two protons.

Explaining 2vB#-decay is necessary but not sufficient

There is no reliable calculation of the 2vg#-decay NMEs

Calculation via intermediate nuclear states: QRPA (sensitivity to pp-int.)
ISM (quenching, truncation of model space, spin-orbit partners)

Calculation via closure NME: IBM, PHFB

No calculation: EDF
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M% o M2V4r : ISM, EDF
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ISM: N. Shimizu, J. Menendez, K. Yako, Fedor Simkovic
PRL 120, 142502 (2018)

M DGT—= M2v

. SSD_ChER
“8Ca 0.22
°Ge 0.52
ST 0.22
100Mo 0.35

116Cd 0.35 0.30
128Te 0.41

EDF: 0.6 — 1.2
ISM:  0.1— 0.7
IBM: 1.6 4.4
QRPA: [0.1— [0.7]

IBM: J. Barea, J. Kotila, F. lachello,
PRC 91, 034304 (2015)

QRPA: F.S., R. Hodék, A. Faessler, P. Vogel,
PRC 83, 015502 (2011)

MPGT — only 1+
MO - contribution
from many J*(!)



QRPA: There is no proportionality between Ovpp-decay and 2vBp-decay NMEs

F.S., R. Hodak, A. Faessler, P. Vogel, PRC 83, 015502 (2011)
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Going to

relative F.S., R. Hodak, A. Faessler, P. Vogel,
coordinates: PRC 83, 015502 (2011)
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r- relative distance of two decaying nucleons

A connection between closure 2y and OV,B,B GT NMEs
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Neutrino potential prefers short distances
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Closure 21,’3’3 GT NME The only non-zero contribution

from J7=1*
Il ‘Ift’_]}'?j —el —
UL}H —cl = / Cél} —JT ( Ydr Y < 07Tt d I, m > - < JTm|rtE|0F >
JT.m
Y <O0f|rra|1 T, m > < 17, m|T a0 >
1.6||||||||||||||||||||||||||||| ||||||||||||‘|”|!|||||||||||||||||||||||||
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QRPA: Bump = - Tail => M2V, = 0 Close to restoration of the SU(4) symmetry
of residual Hamiltonian
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What is the origin QRPA
of this peak?
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QRPA - SU(4) prametrization

¢ SU(4) assumption

v-ex
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2v-exp
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2vpp—decay within the QRPA

(restoration of the SU(4) symmetry — M2V, =0)

free

F.S., A. Smetana, P. Vogel, PRC 98, 064325 (2018)

gy = qx g =0.901
ghee = 1.269, ¢=0.710
Nucleus d, — dl d— df, Gon * G Mg Mgy xq MY
(MeV~Y  [MeV!  [MeV ]
BCa - 1.069 - 0.982 1.028 0.745 -0.003 0.037 0.046
6Ge 0.922  0.960 1.053 1.085 1.021 0.733 0.003 0.076 0.136
%2Se 0.861 0.921 1.063 1.108 1.016 0.737 0.001 0.070 0.100
W7y 0.910 0.984 0.752  0.938 0.961 0.739 0.001 0.161 0.097
1000\ 1.000 1.021 0.926 0.953 0.985 0.799 -0.001 0.304 0.251
H6Cd 0.998 - 0.934 0.890 0.892 0.877 -0.000 0.059 0.136
128 s 0.816 0.857 0.889 0.918 0.965 0.741 0.017 0.075 0.052
130T 0.847 0.922 0.971 1.011 0.963 0.737 0.016 0.064 0.037
136X e 0.782 (.885 - 0.926 0.910 0.685 0.014 0.039 0.022
3/5/2019 Fedor Simkovic 70



Fermi, Gamow-Teller and tensor
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The DBD Nuclear Matrix Elements

2v — —
M¥ea and the SU(4) symmetry M*er. =0
D. Stefanik, F.S., A. Faessler, PRC 91, 064311 (2015)

Suppression of the Two Neutrino Double Beta Decay by Nuclear Structure Effects
P. Vogel, M.R. Zirnbauer, PRL (1986) 3148

O. Civitarese, A. Faessler, T. Tomoda,

PLB 194 (1987) 11 Lo g
E. Bender, K. Muto, H.V. Klapdor, ' |
PLB 208 (1988) 53

The 1sospin is known to be a
good approximation in nuclei

In heavy nuclei the SU(4) symmetry

i 1 L 1 Il | { |
IS Str_ongly l_erk_en_ 0 0.4 0.8 l.2 1.6 2.0
by the spin-orbit splitting. g'PP/qPalr
3/5/2019 Fedor Simkovic 12

What is beyond this behavior? Is it an artifact of the QRPA?



s.p. mean-field

— YOpair
Mr=-1,0,1
Ho

+(gpair — 95" Y Al o(Mi5,0)A1,0(Ms.0) + (gpair — 971 A5 1(0,0)401(0,0).  H, violates SU(4)
Me=— 10! , symmetry

Hj

Conserves SU(4) symmetry

AL1(0,M7)Ag 1 (0. M7) + Y A} ((Ms,0)A1 (M
Ms=-1,0.1

+ Gph Z El:bEa,b
a,b

-

Opair- Strength of isovector like nucleon pairing (L=0, S=0, T=1, M;=11)
Oop' - strength of isovector spin-0 pairing (L=0, S=0, T=1, M;=0
0,p' O-strength of isoscalar spin-1 pairing (L=0, S=1, T=0)

dpn- Strength of particle-hole force

48 % (gpa-i’r' — ggp:l)

Mg and Mg do not depend on the ﬂ_[f_“ — _

mean-field part of H and are (59pair + 39ph) (109pair + 6gph)

governed by a weak violation B P

of the SU(4) symmetry by the V2 144\/; { (Ipair — gi;“)
particle-particle interactionof H <" ™ 54 . 1+ 9g., | (10gpair + 20g,1)

4 Qgph (.gpaé*r" - ggp:1)
3/5/2019 (10gpair + 20gpn) (10gpair + 6gpn )



E . [MeV]

Energies of excited states for the case of conserved SU(4) symmetry
Mg=0, M5;=0 (see SU(4) multiplets)
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Mg up to the second order of perturbation theory due
to violation of the SU(4) symmetry by the particle-particle interaction of H
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— — — - perturbation theory (2nd order)
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V. Quenching of g,
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Quenching In nuclear matter: gef, = q gfree,,
(from theory: T,,°¥ up 50 x larger)

N e ¢ e
p W;%'Ve p%

Ve
n n
o 5 Gr-L = D - O
L = (\/E [H"* “(1— )] [ﬁ"}"“(l - *';f-'”)yf,] L= \/g [ Y (gv — gay )”] [ (1=~ ]

CVC hypothesis Quenching of g,
gy =1 at the quark level g, =1 at the quark level
gy =1 at the nucleon level gfree,, =1.27 at the nucleon level
gy =1 inside nuclei g¢'f, = ? inside nuclei

ISM: (g¢'f, )* = 0.66 (“®Ca), 0.66 ("°Ge), 0.30 ("®Se), 0.20 (*3°Te) and 0.11 (*36Xe)

IBM: (g°, )* =~ (1.269 A™*18)4 = 0.063 |

77
QRPA: (g&", )* = 0.30 and 0.50 for %Mo and !¢Cd



0,4 = (1.269)%=2.6 Quenching of g, (from exp.: T,,°V up 2.5 x larger)

(geff )4 _ 1.0  Strength of GT trans. (approx. given by Ikeda sum rule =3(N-2))
has to be quenched to reproduce experiment

25_IIIIIIIII|II\IIIIII‘IIIIII\II|III\IIIII|\IIIIII\I|IIII\IIII|IIIIIIIII|IIIIIIIII|IIIIIIIIIIIIIII\II
76 -
_ _::’ZE; €= _ - standard QRPA
SB _SB - 3(N-Z) =36 905_ exp. via (p,n) reaction I
CF exp. via (SHe,t)reaction
(“J_ E
virtual \_/(4Jtran5|t|on 2 =
— 1) —— Ay 150 =
; rfs‘) a4 -
. = r
> [S*JJ '@(_J -
—_ 10 —
— (1) + 2 F
> (1" ~ g
07 - — Si_ E
76Ge hBB\ _.« 0 -
"CAs 765, E g
. . {) LLLILIlll IIIIII\II|-III\IIIII|_\IIIIII\I|IIII\IIII|IIIIIIIII|IIIIIIIII|I_IIIIIIII|1IIIII\II_
Pau“ block|n 0 2 + 6 8 10 12 14 16 18 20
ey E [MeV]
Cross-section for charge exchange reaction:
2 k
; K 2 .4 |2
. [ ] h'“ﬁ] » Nd |Voe|® [<f 10T
qg=0! '
largest at 100 - 200 MeV/A




Faessler, Fogli, Lisi, Rodin, Rotunno, F. S, J. Phys. G 35, 075104 (2008).

(g%, )* = 0.30 and 0.50 for 1Mo and '6Cd, respectively (The QRPA prediction).
ge', was treated as a completely free parameter alongside Jpp (Used to renormalize
particl-particle interaction) by performing calculations within the QRPA and
RQRPA. It was found that a least-squares fit of g, and g,,,, where possible,

to the pB-decay rate and p+/EC rate of the J = 1* ground state in the intermediate
nuclei involved in double-beta decay in addition to the 2v@p rates of the initial
nuclei, leads to an effective g¢, of about 0.7 or 0.8.

(9pps 9a) allowed regions

1EI\IIIIII|II\I [ \I\I\I\I‘I\I\\I E|III\IIIE 1:;1
0ok — 1o i e
- : ......... 20- : 43 1§S
o - —— 30 |
0.8 = E logff(EC)4.40+[7
0.7 ;100 E logft(f7) = 4.60 + 0.01
= M - 12(2)M0

O.6EI\|III|I||I\| e il d &
1 0 0.2 0.4 0.6 0.8 1 tizgl = (7.1 + 0.4) x 1018y 122Ru
§| FTTTTT ||| I L T [ |||§ I ||§

Ofs
< N T~ -1 Extended calculation also for neighbor
] S — 1 isotopes performed by

0.7 F'Cg = 3 F.F. Depisch and J. Suhonen, PRC 94, 055501 (2016)

:I\IIIIII|II\I L1 \I\I\I\I‘I\I\\I |II§I\III:
002 04 06 08 1 R Dependence of g, on A

Tpp was not established.




Quenching of g, -1BM (T,,,°” suppressed up to factor 50)

(g8, )* = (1.269 A018)4 = 0.063 (The Interacting Boson Model). This is an
incredible result. The quenching of the axial-vector coupling within the IBM-2

Is more like 60%o.

It has been determined
by theoretical prediction
for the 2vpp-decay half-
lives, which were based
on within closure
approximation
calculated
Corresponding NMEs,
with the measured
half-lives.

3/5/2019

From F. lachello

1.4 T T T T T T T T T T T T T T
[ O from experimental 71, (ISM)
1.2 O gipetr=1.26947"1
H/A from experlmental 712 (IBM— 2CA/SSD)
1.0 ® o M ?=1.26947°
= 0.8)
© I
= L
%0 0.61
0.4:—
0.2:—
40 60 80 100 120 140 160

Mass number
J. Barea, J. Kotila, F. lachello, PRC 87, 014315 (2013).



Improved description of the OvpBp—-decay rate
(and novel approach of fixing g, ")

Let perform VKL E, - (Ei + Ef)/2
Taylor expansion Mei' = me) M, E, — (E; + Ef)/2)2 — =%,
:h-'f‘ € = (E _I_-E _Erl _Evl)/Q Q Q
o (E£_|_ Ef)/? €, = (Er:1+Evz_Eez_Evl)/2 CK.L c (_E E)
We get
J .T'l:fff —1 -U'jy 2 1 (wiv E:J(wiv
[ 1/2 :| - ( ) ‘ 3 ‘ |£Ev ( U )
IZ;; Zﬂj’ 1
GI-1 TL(ETL_(E+Ef)/2
. 4 m3 M2
M2 =S M, - ~ o= L
R T R T B v

The g,°f can be deterimed with measured half-life and ratio
of NMEs and calculated NME dominated by transitions through
low lying states of the intermediate nucleus (ISM?)



The running sum of the 2vpp-decay NMEs (QRPA)
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Normalized to unity
different partial energy distributions
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&5 tell us about importance of higher lying states of int. nucl.
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€,5 can be determined phenomenologically
from the shape of energy
distributions of emitted electrons

HSD: &,5=0

Simkovic, Smotlak, Semenov
J. Phys. G, 27, 2233, 2001

HSD mechanism
2 SSD mechanism

lOOMO




Solution: measurement of £ and calculation of Mg

Mgr.; have 4 2 1 €2
to be calculated (94) = 1— —
o A2 H—ffp 12 2w 12
by nuclear ‘—Uf:{f' 3 ‘ \/ 1/2 Y+ {5GYY)

theory - ISM
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1.2
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L1 b — - QRPA (CD-Bonn)
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arXiv: 1901.03871 [hep-ex]
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V1. New modes of the double beta decay

Fedor Simkovic
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Double Beta Decay with emission of a single electron

A. Babi¢, MLIL. Krivoruchenko, F.S., PRC 98, 065501 (2018)

[Jung et al. (GSI), 1992] observed beta decay of 122Dy®¢* ions with Electron
Production (EP) in K or L shells: T/, = 47 d

Bound-state double-beta decay OVEPS™ (2vEPSB ™) with EP in available s, /, or
p1/, subshell of daughter 2+ ion:

X— 5 +ep +te” + [V, +7,)

8-

EP
Ze”

Z+2

<
o

=~

Search for possible manifestation in single-electron spectra... 87



600 - Z B,(Z,A) [a.u.] i

500 - n
[ Min = 3
r /
400 / R /

Phase space factors

300 - M = 6 ¢
OvEPB~ and 2vEPB~ phase-space factors: 200 // //
100 *
L - Z
Gx m2 - 0 —2,6 40 s s0 100
OVEPR __ B ™e Z
G 2.0 =5 B,(Z,A)F(Z+2,E)Ep
N=MNmin
4 me+Q me+Q—E
2vEP — 74 s
G2VEPB(Z 0) = 87‘[677’1 5 Z B,(Z,A) J dEF(Z+ 2,E)Ep f dw; wi w35
N=Nmin 0

Single-electron spectra for 32Se (Q = 2.998 MeV):

Bound- and free-electron Relativistic electron wave functions
Fermi functions: in central field:
Bo(Z,A) = fir_1(R) + g5 +1(R) | S Qe (7)
F(Z,E) = f2,(R,E) + g31 (R, E) Vieul) = g, () O ()

k=(1—-)DEj+1)=+1,+2,..
3/5/2019 Fedor Simkovic j=l+1/2] K= —j, e, +j 38



Pir) [au.]

CALCULATION: GRASPZ2K

Stationary N-particle Dirac eq. with separable central atomic Hamiltonian
la.u.]:

Z—ivi-ac+ﬁcz —;-l-V(T'i) Y=FEY
i=1 t
o1 [P G
WUy - (i)

Multiconfiguration Dirac—Hartree—Fock package GRASP2K:
Fit of non-convergent orbitals: fZ_;, g% ., (R) = aZ"
Fit of orbitals beyond n = 9: f;2_,, g2 . ;(R) = cn?

25¢ 1000 T .
| _ | B,(Z,A) [a.u.] o« %
T v T n - ° ..
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— I, 100F------------- ..’"‘ -----------------
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- ° ® GRASP2K
NG 10¢
mt @ Zc 0= 2
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OvEPB™ Single-Electron Spectrum (32Se)

OvB~B~ and OVEPB~ single-electron spectra 1/T°VPPdr/dE vs. electron
kinetic energy E — m, for ®Se (Q = 2.996 MeV)
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03"
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02!
0.1: x 104
Eszse
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E—m, [MeV]



OvEPS ™ Half-Lives

Ovp~p~ and OVEPS™ half-lives Tlo)}zﬁ £ and Tlo;}zEPB estimated for ("

isotopes with known NME |M°V35 |, assuming unquenched g, = 1.269 and
|m33| = 50 meV

S d by about 104 —
1036 f_ Upressea ny aoou ° OVﬁ ﬁ
10 : * OvEPS™
E PY o L 4 o ® PS . [ P .E
o

= 10} .
27 | ® o °
0 v ¢ ¢ ® * ° * o ¢ .:

1024 | | | | | | | | | | | | |

48Ca 76G€‘ 82Se 96ZI’ IOOMOI'IOPd'IIGCd124Sn 128T€‘ 130T€134X€136X€‘150Nd



1/T"dI'/dE

2vEPB~ Single-Electron Spectrum (°’Se)

2vB~B~ and 2vEPB~ single-electron spectra 1/I'dIl'/dE vs.
electron Kinetic energy E — m, for 32Se (Q = 2.996 MeV)
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2vEP~ Half-Lives predictions
(independent on g,and value of NME)

2vB~B~ and 2vEPS™ half-lives T)FF and T,2)""F

B~ [~ isotopes observed experimentally, assuming unquenched

calculated for

S d by about 103 o
1030 _ Upresse y abou ° 2Vﬁ ﬁ
1027 | ° o 2vVvEPS
% 1024 ;_. g o @ o o ]
b~ o
1021 ¢ . « °
:. ° [ o
. @ @
1018

4868_ 76(|}e 82|Se 96|ZI. lOOll\/IOl'16|Cdl28lTe130|Te'136|Xe'150|1\Id23§|3U



dN/dE (a.u.)

Looking for a new physics with differential characteristics

1F 288
- OvM2
08 [ OvM3
[ OovM7
0.6 L 2v-LIV
i 2v-Boson
0.4 [
02 F
0 /o "“ :" - ' I B i
0 0.5 1 1.5 2 2.5 3 3.5
Energy (MeV)

Spectral index n

dl’
3/5/2019 deydey

=C(Q — g — &))" [plb‘]F(Sl)] [P232F(82)] 94



VIII. Instead of Conclusion LHC
c physics

Neutrino
physics

£ 9o

Progress
N
nuclear
structure
calculations
IS
highly
required

We are at the beginning of the Beyond Standard Model Road...

The future of neutrino physics is bright
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Infroduction to v-physics
Theory of v-masses and mixing
v-oscilfation phenomenology
v-oscillation experiment:
Solar v-expenments
Atmospheric v-experimenis
Accelerafor v-expenmenits
Reacfor v-experimenis
Specitra of v's from reactor
Light sterile neutrinos:
theory
expenments
Heavy sterile neutrinos
Measurement of v-mass
viG-decay experimeants
va-decay nuclear matnx elements
Coherent scaftering of neutrinos
v-nucheus interactions
Leptogenesis
v-felescopes
v-properfies from cosmology
Dark maiter experniments
Physics of gravitational waves
Everything about Higgs boson

Stafistics for v-expenmenis

Samoil Bilenky (JINR Dubna)
Alexel Smimov (MPI Heidelberg)

Boris Kayser (Fermilab)

Oleg Smirmov (JINR Dubna)

Juan Pablo Yanez (Univ. of Alberta)

Maury Goodman (Argonne National Laboratory)
Yifang Wang (IHEF)

Anna Hayes (Los Alamos National Lab)

Carlo Giunti {INFN Torino)

YWyacheslav Egorov (JINR Dubna)
Dmitry Gorbunov (INR RAS Moscow)
Kathrin Valerius (KIT in Karlsruhe)
Andrea Giuliani {CSNSM in Paris)
Javier Menendez (Univ. of Tokyo)

Henry Wong {Academia Sinica, Taipei)
Jan Sobczyk (Wroclaw University)
Pascuale DiBari (Univ. of Southampton)
Mathan Whitehorn (Univ. of California)
Richard Battye (University of Manchester)
Micolao Fomengo (INFM Torino)

Imre Bartos (Univ.of Florida)

Guenakh Mitselmakher (Univ. of Florida)
Thomas Schwetz (KIT in Karlsruhe)
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