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Introduction
v-oscillations and vmasses

* The OvpBp-decay scenarios due neutrinos exchange
(simpliest, sterile v, LR-symmetric model, interpolating
formula)
DBD NMEs — Current status
(deformed QRPA versus ISM, role of SU(4) symmetry ... )
Is there a proportionality between 0vBf3- and 2vfS3-decay NMES?
New modes of the double-beta decay with emission of a single
electron from an atom
Conclusion
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AT 59 eele Fundamental V properties No answer yet
we know

« 3 families of light * Are v Dirac or

o Majorana?
(\\’/_'i") n\(’eutrmos. eIs there a CP violation
R 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?

_\ L fi el |
W) e e\ 2=

Currently main issue

oy

Nature, Mass hierarchy,

Mﬂlﬂﬂﬂ”ﬂk\ v CP-properties, sterile v

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




Beyond the Standard model physics
(EFT scenario)

et
left-handed %
neutrino eutrino

6/29/2018 Beyond the SM physics 4



SA S.M. Bilenky,
Minimal SM + EFT Phys.Part.Nucl.Lett. 12 (2015) 453-461
The absence of the right-handed neutrino fields in the Standard Model
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.

eff 1 lep lep
£l = oy (11: 10) Vi, (BF(F)°)
U U
: X xX
m; = E_‘i (yi?*])a 1= 11 21 3 AZ 1015 GeV : :
: HO. lHO
Heavy Majorana leptons N. (N.=N¢)) I N :
1 A
singlet of SU(2), xU(1)y group U,y YT U,

Yukawa lepton number violating int.

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



I. The simplest 0vBfB-decay scenario
(SM + EFT scenario)

galtis -1 mpap ° 1| W all 2 Uiz
(1) =|=—=] g4 M) G
' me
(AZ) — (AZ+2) + e + ¢
transition GV (Ey, Z) Qs Abund. |1 1|2
L A=const (even) _ X 10Hy [l\I(‘\r] ((]/E)
) BONd — 159Sm 26.9 3.667 6 ?
E 181, —y 487 8.04 4.271 0.2 ?
E 9% 7. _y 961/, 7 37 3.350 3 ?
Z H6Cd — 11689n 6.24 2.802 7 ?
2 B Xe — Y RBa 5.92 2.479 9 ?
s 000 fo — 1 Ry 574 3.034 10 ?
£ 130Te — 130 Xe 5.55 2.533 34 ?
i 2Se — ¥ Kr 3.53 2.995 9 ?
Ge — Se 0.79 2.040 8 /
| | |
2 0 41 42 The NME: s for Ovp[-decay must be evaluated

using tools of nuclear theory



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

unquenched g,
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NH: m; < ms <ms m3 >~ VAm?2 IH: ma < my < ms my =g = VAM

mi1 K Vom2. mo >~ Vom? ms <K V A'?’?;I-Q

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



I1. The sterile v mechanism of the 0vgf3-decay
(D-M mass term, V-A SM int.)
Interpolating formula

SN § Mixing of
-\ T (}r.\ (}. I/(_} . g .
active-sterile
Qa=s,e,[L,T :
neutrinos

Dirac-Majorana

mass term Light v mass = (mp/m; ) Mp

Heavy v mass ~ m,
) T,
Mp TNy

small v masees due to see-saw
mechanism
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Possible lepton number violating scale - my

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

10° How heavy are the heavy Majorana

eV neutrinos?

%;01\6/ to unify strong, weak & electromagnetic forces?
e

Conventional (Type-one) Seesaw Picture: close to the GUT scale

103 ﬂ TeV Seesaw ldea: driven by testability at LHC
GeV

to solve the unnatural gauge hierarchy problem?
10 m Hot dark mattter
GeV



L eft-handed neutrinos: Majorana neutrino mass eigenstate N
with arbitrary mass my

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

2
WO 4 - 2 v ! O eff
[Thz] =G"ga > (UEN””N) myp M (mw, g%y )
General case N
1 1
A Ov - _eff 3 3 3 Rl ) eff — AgOv ¢ eff
M (my, g3') = - 2?1*292 Z[d rd’yd’p M (my —0,6%) -mpmeiu"’ (9%")
0F|.Jm JH 0F 1
>'<E’ pr(x—y) : < F | ( )|n><n| p, )| I }E — ﬁr‘fﬂy(!flx . DO}QEH) _ 11!{]1}'( )
VPE+my?(Vp? + my?+ E, — 757E) my
Particular cases
Ty fz] = (" gy x (m,) = Z UZmx
mz,._.my eﬁﬁ o X
M (g3") for my < pg 1 U2,
2 <—> - Z -
(ymy|” [M2(g5)|" for mn > pi e R
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5 «4 _ C-fl]ugi II{JDH(giH:]‘
TU'E-J -1 — A = |11 ANgOw ¢ _eff
g pZ ) + m3, PP = mym. }fﬁqﬂy(gjﬁ) ~ 200 MeV
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Faessler, Gonzales, Kovalenko, F. S., PRD 90 (2014) 096010]



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



I11. The 0vBB-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., arXiv:1804.04218[hep-ph], accepted in PRD
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Mixing of light and heavy neutrinos v, = Z ({;ﬁﬂ% + S.(NiR) ) 1
j=1
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U= ( T Vv ) Vep = Z( (LFJL ‘4 1—-’|_,ZJ-E'\.T:,-H)

Effective LNV parameter within LRS model
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Effective neutrino momentum o M

In the mass mechanism of the Ovpp-decay P = Mipiite AJrov
14

Practically no dependence on A
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6x6 PMNS see-saw v-mixing matrix
(the most economical one) 6X6 neutrino mass matrix

oG Basis v
E/{ _ | ke r I 11 _ / I J D
( v ) (L, (Ngr)°) M (Mﬂ Mp )

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

The see-saw structure is assumed and

L mixing between different generations is neglected
. UI—‘MNS C 1 Upnins Z-’{]fu[xﬁ — M]T}}.,[},’H Upnins = 1
Upvns = r7i
—C1 'PMNS
see-saw ¢ = Mo - | n
parameter LNV 6x6 matrix: 3 angles, 1+2 CP phases, 1 see-saw par.

A. Babi¢, S. Kovalenko, MLI. Krivoruchenko , F.S., arXiv:1804.04218[hep-ph], accepted in PRD



6x6 PMNS see-saw v-mixing matrix Y — Uy (1
(the most economical one) N —C1 V

Uo = Upmins Lost of meaning
“Dirac” and “Majorana”

CP violating phases
Vo = Upynsg = =L

—icx —1id — 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)

m; M, =~ mi,
Inverse proportional 2 3
iy = A S e m
mp o /

m; == Czjlllr,
Proportional 3 ),
My = AC (U3 <m}f
7=1 )

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



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
0.1 —
0.1} H .
0.01 Iz
nr:% 0.01F =
=
0.001 |
NGO\ 0.001 | -
10—4 ] ] I I ‘\\\
10~ 0.001 0.01 0.1 1074 ' ‘ '
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: See-saw
iy = — (fmgg + (MJ%)E) scenario

J
i

Normal spectrum
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mip [MeV]
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006 O
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7 P
) i

Inverted spectrum

N
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000 002 004 006 008 010
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A. Babi¢, S. Kovalenko, MLI. Krivoruchenko , F.S., arXiv:1804.04218[hep-ph], accepted in PRD



V. The OvpB-decay within L-R symmetric theories

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

Effective B-decay Hamiltonian left- and right-handed lept. currents
H = f/;g |:ijJLp + X ijJHp ij = E"fﬂ(l - ’}f’ﬁ)yaL
0T+ A G T, +hel. ji = (14 75)ven
Mixing of vector bosons W, and Wx n = —tan(, Yy =71,
( W, ) _ ( cosC  sin( ) ( Wy ) A = (M, /My,)*
Wg —sin( cos( Wy
The Ovpp-decay half-life
O 2
) = 122 = g4 |Mar|’ {C’ |mi€| <A> - W, -W,, exch.
+Cn 35| (A)cosiy + Chy M3 (1) cos s

m.r i~ m.r i

<n> - W -Wg mixing
—+ C}L}u "::/\::"2 + Cr;r; .f:”:ﬁ,.g + C}LT;{)‘} "i”} COS ('l/jl - -[{[;2) }

6/29/2018 D. Stefanik, R. Dvornicky, F.S., P. Vogel, PRC 92, 055502 (2015)
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j=1
3
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J=1

Effective LNV parameters
due to RHC

,/\} = Zl—” ”
{:”} — H‘Z[U fj
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Method ga sre M NMEs for

By OGe 52Ge gy 100N\ 10pq

[SM-StMa __1.25 __UCOM 085 281 264 unquenched value
ISM-CMU  1.27  Argonne  0.80  3.37  3.19 of da

CD-Bonn  0.88 3.57 3.39 .
IBM 1.27  Argonne  1.75 468 3.73 283 422  4.05 J.D.Vergados, H. Ejiri, , F.S.,

2.83
QRPA-TBC 1.27 Argonne 054 516 464 272 540 576  Int.J. Mod. Phys. E25, 1630007(2016)

CD-Bonn 0.59 5.57 5.02

5 96 585  6.26
QRPA-Jy 1.26  CD-Bonn 526 3.73  3.14 390  6.52 .
dQRPA-NC 1.25  without 5.09 Mean fleld approaChes
PHFB 1.25  Argonne 984 582 7.2 (PHFB, NREDF, REDF)
CD-Bonn 2.98 6.07 7.42
NREDF 1.25 UCOM 237 460 422 565 508 = Large NMEs
1.25  without 294  6.13 540 647  6.58
Tean value 1.34 455 4.02 378 557  6.12 |nteracting Shell Model
variance 0.81 1.20 0.91 2.49 0.58

1.78
; = f (ISM-StMa, ISM-CMU)
A Sre ]

T6Cq 1298, 2Te 130T 10X  10Nq = small NMEs

ISM-StMa  1.25 UCOM 2.62 2.65  2.19

ISM-CMU  1.27  Argonne 2.00 1.79  1.63 Quasiparticle Random
CD-Bonn 2.15 1.93 1.76 - .

IBM 127  Argonne 310 319 410 3.70 305  2.67 Phase Approximation

QRPA-TBC 1.27 Argonne  4.04 256 456 389 218 (QRPA-TBC, QRPA-Jy,
CD-Bonn 434 291 508 437 246  3.37

QRPA-Jy 126 CD-Bonn 426 530 4.92 4.00 291 dQRPQ'NC)

dQRPA-NC 1.25 without 137 155  2.71 = Intermediate NMEs

PHEB 1.27  Argonne 3.90  3.81 2.58
CD-Bonn 4.08  3.98 2.68 .

NREDF 125 UCOM 472 481 411 513 420 1.7l Interacting Boson Model

125  without 552  4.33 198 432 5.60 (IBM)
131 307 431 342 250 301
079 101 023 167 110  1.34 => Close to QRPA results

Mean value

variance




unquenched g,
OvBp NMEs -status 2017

Ov
\%
Lhn
IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

48Ca TﬁGe SZSB 96Zr lmM\D1mpdl16Cd12451’1128T61BﬂTeBﬁXﬂlSGN{]

J.D.Vergados, H. Ejiri, , F.S., Int. J. Mod. Phys. E25, 1630007(2016)

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



Ovpp NMEs -status 2017

B— ISM
B—u QRPA
B—= IBM
B— EDF
REDF

43(:3 TE-CTE SESE EIE-Zr I{I}MDIlDPdlIE-Cd124SHIESTEIBGTEI?~6XEISDN{1



Nucl. Exp. I Exp. II Theor. I Theor. II
P P
- +Ca, 0.00 0.101 0.00 0.00
Nuclear deformation ST 4017 0260 001 000
BGe +0.09 0.26 0.16 0.14
T {/‘) 6Se —+0.16 0.31 -0.24 -0.24
_ o wp
- 2 82Ge -+0.10 0.19 0.13 0.15
D ZT,: 2y 0.20 0.12 0.07
= = %7y 0.081 0.22 0.22
Exp. | (nuclear reorientation method) ®Mo 1007 017 017 008
Exp.ll (based on measured E2 trans.) .
- Mo +0.14 0.23 0.25 024
Theor. | (Rel_. mean field theory) 10Ry 1014 022 0.19 016
Theor. Il (Microsc.-Macrosc. Model of )
” = H6Cd  +0.11 0.19 -0.26 -0.24
Moeller and Nix) 185y 4004 011 0.00 0.00
= = : ] 128 e -+0.01 0.14 -0.00 0.00
Till now, in the QRPA-like calculations  ***Xe 0.18 0.16 0.14
of the OvpB-decay NME HO0Te 4003 0.12 0.03 0.00
spherical symetry was assumed Xe 017 013 -0.11
}35Xe 0.09 0.00 0.00
The effect of deformation on NME “'Ba 012 0.00 0.00
has to be considered ONd 4037 028 0.22 0.24
150Sm  +0.23 0.19 0.18 021

6/29/2018

Fedor Simkovic
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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
EuE
2
02F
0_0 IIIII
-04 0 0.2 -0.1 0.0 0.1 02 03 04



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 71 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



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



Effective neutrino momentum o M

: : P) = MmpMe—F—
In the mass mechanism of the OvBp-decay L PEE A rov I
14

2507 " Practically no dependence on A

200:— ;
| } ¢

= I
= POr ! 5
= 100}
B UCOM src
50 - ¢ Argonne src

® CD-Bonnsrc

0 I | | | | | | |
ISM ISM IBM QRPA QRPA PHFB CDFT

StMa CMU TBC Jy

A. Babi¢, S. Kovalenko, M.I. Krivoruchenko , F.S., arXiv:1804.04218[hep-ph], accepted in PRD



Ovpp-decay NMEs within deformed QRPA with partial restoration
of isospin symmetry (heavy neutrino exchange)

450 | | | ] | | | ] | |
Argonne src B—a [SM
400 B— spherical QRPA
B—E [SM-Bonn
350
300
> Z 250

136X @

-2

=

e
IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII

0 | | | | | | | | | | | |
43(:&76(}& Slseﬁﬁzrlmmﬂllﬂpdl IE-CdIELISHIESTE 13{}Te 136XE ISGNd



Reproduction of exact solutions of Lipkin model
by nonlinear higher random-phase approximation
J. Terasaki, A. Smetana, F. S., M.I. Krivoruchenko, Int. J. Mod. Phys. E 26, 1750062 (2017)

Useful for test of theory Lipkin model

often used. [U,)
H.J. Lipkin et al., N.P. Level index Energy
62, 188 (1965) 1 ef2

Hamiltonian

00000000
H=clJ,+ g (73 + JE) 0 —&/2

m=1, N
The nonlinear phonon operator ' _
_ i . Algebra :Jﬂ’* Ji]=Jy
Gl = Y (XL T VLT, oy -] ==
[=1 _J_|,_._, J_] —_ QJ;;
(odd-order subspace)
RPA ground state

T o= o+ Y (XETE + YT,
=1 (3”@[‘;} — U 33

(even-order subspace)



Eigen states, wave functions, total energies, excitation energies
and phonon-creation operators obtained for N=2 by the nonlinear

higher RPA.
Eigenstate Wave function Total energy
Vv V Efo—€ 72 1)\ .
GI‘DLII‘Ld |1D|:]."I - R-EEE{JE] [E-.[JE]_EJ (1 o %Jﬁ-) |1:"|:]."l _ET{}
Odd-order excited QY| Wy) = Z5J+|vo) 0
Even-order excited QT Wy) = —1(1+ E}ﬂJr—JE) |Ya) E2
v 2ETy (Efp+e)
Eigenstate Excitation energy Phonon-creation operator
Ground 0
q o _ N . ~ ;
Odd-order excited Efy =T+ V2 Q?T =1 (1— vV E{+edy + \/Efy — EJ_)
Even-order excited E$, = 2EY, Q7 = |1—| (%’— + E‘f;r—ﬁr + E”’E_—Ji)

J. Terasaki, A. Smetana, F. S., M.I. Krivoruchenko, arXiv:1701.08368 [nucl-th] 34
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Is there a proportionality between
Ovpf- and 2vpB-decay NMES?

Fedor Simkovic
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Understanding of the 2vgS-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 2vBf-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

6/29/2018 Fedor Simkovic 36
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M® o M?V4r : 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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Neutrino potential prefers short distances



QRPA: Bump = - Tail => M2V, = 0 Close to restoration of the SU(4) symmetry
of residual Hamiltonian

ISM: Tail=0 (?!)=>M?»»0 L4 “ca
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PRL 120, 142502 (2018)
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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 >
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Y <O0f|rra|1 T, m > < 17, m|T a0 >
1.6||||||||||||||||||||||||||||| ||||||||||||‘|”|!|||||||||||||||||||||||||
1.4 J=0
up to J=1
1.2 up to J=2
1.0 up to J=3
-T'_' up to J=4 Many
= 08 up to J=5 multipole
B = 06 up to J=6 contributions
= upto =7 not included
~ 04 up to J=8 _O _ -
> E 0.2 up to J=13 within the ISM
-]
O : due to

— truncation of
the model space
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What is the origin QRPA
of this peak?
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The DBD Nuclear Matrix Elements

2v — —
M¥ . 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
6/29/2018 Fedor Simkovic 45

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)
6/29/2018 (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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exact solution
----- perturbation theory (1st order)

— — — - perturbation theory (2nd order)
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D. Stefanik, F.S., A. Faessler, PRC 91, 064311 (2015)
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Quenching of g,
(A novel method to determine g ¢,
In details in presentation of R. Dvornicky)

F.S., R. Dvornicky, D. Stefanik, PRC 97, 034315 (2018)
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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 |

50
QRPA: (g&", )* = 0.30 and 0.50 for %Mo and !¢Cd



0,4 = (1.269)%=2.6 Quenching of g, (from exp.: T,,°* 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
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(“J_ E
virtual \_/(4Jtran5|t|on 2 =
— 1) —— Ay 150 =
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> [S*JJ '@(_J -
—_ 10 —
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07 - — Si_ E
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"CAs 765, E g
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Pau“ block|n 0 2 + 6 8 10 12 14 16 18 20
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Cross-section for charge exchange reaction:
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; K 2 .4 |2
. [ ] h'“ﬁ] » Nd |Voe|® [<f 10T
qg=0! '
largest at 100 - 200 MeV/A




Improved description of the OvpBB—decay rate

E, — (E;+ E;)/2
MEE = m Y M, n_ Vvt S
a1 MMe E, — (E:i + Ef)/2]2 — &2

2
=K, L

: SK.L Q Q
Let perform Taylor expansion — B+ E))j2 ki c (_E E)
We get |
[.Tll{xf f:| —1 ( ) ‘ ‘lllrly . ‘2 1 ((wiu + 62:;(3211)
1/2 — e 2|2 2
M = XM, :
’ (En_ (E +Ef)/2
21 4 m‘f‘ 1y ‘EI'I
Mer_3 = ZM’H _ SN 3 123 = oL
T (En_ (E5+Ef)/2) ﬂff-'_f —1

The g,° 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 2vBp-decay NMEs
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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
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HSD: &,5=0

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

HSD mechanism
2 SSD mechanism
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Solution: NEMOB/Supernemo measurement of £ and calculation of Mgt4

B 2
(E [41) _ |§ 7
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0.214
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New modes of the double beta decay

Fedor Simkovic
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Double Beta Decay with emission of a single electron
A. Babi¢, MLI. Krivoruchenko, F.S., arXiv:1805.07815 [hep-ph]

[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... 58



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,..
6/29/2018 Fedor Simkovic j=l+1/2] K= —J, s +j 9



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 - ° ..
N —_ s, | ... .. o
— I, 100F------------- ..’"‘ -----------------
— lpl: | @ [
- ° ® GRASP2K
NG 10¢
mt @ Zc 0= 2
— 3d,,
J— -I.\;. —
— Lpormmmoes & 00 o8 oo
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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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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 ¢ .:
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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
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Instead of Conclusions LHC
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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