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OUTLINE

|. Introduction

I1. The OvBB-decay is a particle physics problem
(QCSS scenario, sterile v, LR symmetric model, Quasi-Dirac v,
neutrino-antineutrino oscillations

I11. The OvpBf-decay is a nuclear physics problem
(status of NMEs calculation, contact term, g,, supporting nuclear
physics activities - 2yff#-decay, muon capture, DCE heavy ion
reactions )

V. The OvfBf-decay is an atomic physics problem
(electron exchange effect radiative corrections, atomic relaxation

time, atomic overlap factor, etc.)
V. Outlook
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Standard Model v Is a special particle in SM:
(an astonishing successful . |t is the only fermion that does not carry electric charge

theory, i o
based on few principles) (lkey, g, HY)

+ There are only left-handed v’s (v v, vy)

irrot

left-handed %
neutrino eutrino

UPER

JK
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* v-mass can not be generated with any renormalizable
coupling with the Higgs fields through SSB

v’s oscillations experiments
= tiny neutrino masses (!)
= Beyond SM physics (!)




After 94/68 years we know No answer yet

Fundamental V properties

« 3 families of light * Are v Dirac or

(V-A) neutrinos: Majorana?
Ver Vi Vo *Is there a CP violation
* v are massive: In v sector?

* Are neutrinos stable?
« What is the magnetic
moment of v?
o Sterile neutrinos?
« Statistical properties
of v? Fermionic or
partly bosonic?

we know mass

squared differences
e relation between

flavor states

and mass states

(neutrino mixing)

Currently main issue

Nature, Mass hierarchy, — _ (@
CP-properties, sterilev =~ —

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



Majorana fermions

Ettore Majorana
Teoria simmetrica dell'elettrone e del positrone
(A symmetric theory of electrons and positrons).
Il Nuovo Cimento, 14: 171-184, 1937.) 171

It follows from the above assumptions that in
vacuum a neutrino can be transformed into an an-
Bruno Pontecorvo tineutrino and vice versa. This means that the
Inverse beta processes and neutrino and antineutrino are “mixed” particles,
nonconservation of lepton charge 1.e., a symmetric and antisymmetric combination
Zhur. Eksptl'. i Teoret. Fiz.  ©°f ' E v+ and
34, 247 (1958) v, of different combined parity. (B’

v < anti-v oscillation

v IS Its own
antiparticle

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

thought massless back in 1979. Weinberg does not take credit for
predicting neutrino masses, but he thinks it’s the right interpre-
tation. What’s more, he says, the non-renormalisable interaction
: that produces the neutrino masses 1s probably also accompanied
v-mass generation with non-renormalisable interactions that produce proton decay
via d=5 eff. oper. and other things that haven’t been observed, such as violation of
related to unknown : baryon-number conservations. . ' ng
high energy scale (GUT?) details of those terms, but I'll swear they are there.”

nnn

Steve Weinberg




Neutrino Mass Term Majorana

Dirac 1
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Phys. Rev. 48, 512 (1935) . 50 J"|
i ] {2V o 30
Two-neutrino double-B decay — LN conserved BB v [ e H
(AZ) > (AZ2)+e +te+v, +v, e 13:%
Goepert-Mayer — 1935. 15t observation in 1987 9.50 ;_j; 1.10

dN/d (K, /Q)

9’ ©..
Nuovo Cim. 14, 322 (1937)  Phys. Rev. 56, 1184 (1939) | © \ Ovpp

Neutrinoless double-B decay — LN violated

1« (AZ) — (A,Z+2) + e + e (Furry 1937)
Not observed yet. Requires massive Majorana v’s




CANDLE
N.DEx Car
e —— £ | scintillating
High-pressure TPC $&e crystal

chamber o ”‘ — _
Ov B decay isotopes and experiments

CUORE

EXO, KamLAND-Zen

Candidates Q 4(MeV) N.A. (%) CUPID-0
ZnSe
BCa—STi 4.268 0.187 scintillating
crystal
%Ge—0Se 2.039 7.8
82Se—82Kr 2.998 8.8
%Zr—%Mo 3.356 2.8
100Mo—19Ru 3.034 9.7
110pq—110Cd 2.017 11.7
116Cd—116Sn 2.813 7.5
124Sn —124Te 2.293 5.8
130Te—130Xe 2.528 34.1
136X e—135Ba 2.458 8.9
150Nd—)1508m 3371 56 |_|qu|d Xe

SuperNEMO
Se source foil

GERDA, MAJORANA
Ge crystal |

Amore
CaMoO, crystal
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2vBB-decay
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) 1 A 0, 12 ) - 100 oo 2vPB (gs. > gs.) -
Tih)  ~gs |MEr|" G& - Mo o 2vBB (gs. > 0)) :
( 1/2 .gA GT U]_ '_,"_| 04 :_ e 2vECEC (g-s-_}g-s-} ZSSU_:
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é—‘ - ]
- 03¢ e
HSD, higher states 5 - ]
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2vBp probes All 100 kg- and ton-class 0vBf experiments can also study a diverse
New Beyond SM Physics range of exotic phenomena, e.g. through spectral distortion in 2vB.
Future searches will probe the 2vB g with high statistics about 10°-10° events.

Common subjects:
Majoron(s) emission

(partly)bosonic neutrinos, z 1 — e o 2vBp
Lorentz invariance " [ " < S — OvM2
violation 808 L NN .\ T OvM3
= Y A e A N Y N ovM7
© - L LN\ . N\ e 2v-LIV
iects: 0.6 |-
Recent subjects: : 2v-Boson
Lepton-number conserving -
right-handed currents 04 I
(PRL 125 (2020) 17, 171801) i
Neutrino self-interactions 0.2
(PRD 102 (2020) 5, 051701) /A T SN
: . : 0 A N T N T T DA T N N T N A AN NN AN LT TN L1 a1
perereomatn %o o5 115z a5 3 3
: Energy (MeV)

energy end point
(PRD 103 (2021) 5, 055019; dl’

PLB 815 (2021) 136127) Torder C(Q —e —&)" [paiF(e)] [p&aF(&2)] Spectral index n




(' cos O ‘ _ § |
L= /2 [‘:1 +dsm)igdp,, + HN.?ETHJL# +@J§“JL“ —|—g”JR“} + h.c.

Consider either mixing of sterile v with active v,

or right-handed currents
Phys.Rev.D 103 (2021) 055019
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OvBp experiments — a worldwide competition of ideas and underground physics technologies

12 v L] 1 N 2% oy N wF N o Y

wf 2w : GERDA (7°Ge)

S 08} 4

s - T2 > 1.8 x 1025yrs

g oof i 1/2 Y GUORE (13°Te)

E osf 7 Phys.Rev.Lett.125(2020)252502 | -
o2 o\;ms‘ :‘- / T1/2 > 2.2 %X 10°yrs

Nature 604(2022)53

00 04 08 12 16 20 24 2.8

Summed B eneray (MeV) CU PI D'O (8258)

Tyj, > 2.4 X 10%4yrs
Phys.Rev.Lett.120(2018)232502  CUPID (1°°Mo)

1% > 1.5% 10%*yrs
Phys.Rev.Lett.126(2021)181802
NvDex, PandaXX,

v-r'v'
CDEX, CUPID-Chi
"33.&

. KamLAND-Zen (**°Xe)
JLNO ‘ﬁ- T1/2 > 2 3% 10%Pyrs

% Phys.Rev.Lett.130(2023)051801
. ¥

.

MAJORANA (7°Ge)

TYh > 8.3 X 10%°yrs

Phys.Rev.Lett.130(2023)062501
& iy L

SNO+

»

EX0-200 (**°Xe)

Loh > 35 X 10%yrs

Phys.Rev.Lett.123(2019)161802
2/1¢
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OvBp Is a particle physics problem

A MOST INTERESTING
ROBLEM

Y

; T,
N N e Ty

Fedor Simkovic
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Ovpp-decay

(AZ) = (AZ+2) te + e (LNV at ~#GUT scale, exchange of three light v)

. e =
-1 mas % 2 33
0V — L ov v Phase space factor . .
(Tl’";g) M gi MG well understood Cl3C12€" " 1 + C3812€ 1 + S137723
|
NME must be evaluated
using tools of nuclear theory 10°E
-1 |
Constraint from cosmology : :
2 =mg+m,+mg >
)
<0.90 eV '_'a 10'2 disfavored —
< 0.26 eV (Planck coll.) A by :
< 012 eV E cosmology
1 |
Contrary, the constraint from 10 -
Ovpp-decay (KLZ) -
Mgs < 0.036-0.156 eV Al I L
) i 10 3 3 2 1 0
|mp||es 10 10 10 10 10

Y <0.12eV



OvBp governed by
exotic mechanisms

dy - . u

> e

uy

mgg mech.
strongly
suppressed

Any 0OvBp mech. generates
a small correction to v-mass

y y
V- 'Wl COVB B] |W' v
Schechter, Valle: PRD 1982

Light v-mass mechanism can be strongly suppressed: mgs <1 meV

It is not possible to discover OvBp with 10-100 ton-class experiment
It should be a subject of theory to justify it
There might be a dominance of other Ovp mechanisms

| Illlllll | llllllll | IIIIIIII |

0
10 E
— 1L N
> 10 = ~current limit =
&I —:u
- i
K
e 10 E
10° All allowed by -
some sort of =
mechanism. -
1 -4 | lllllll lI | | lllllll i gy lI
8.0001 0001 001 0.1 :
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Beyond the SM physics

c=ry) +AZ

Amplitude for
(A,Z)—(A,Z+2)+2e
can be divided into:

mass mechanism: d=5

Weinberg, 1979
2/19/2024

055) — ng Z c(ﬁ)

long range: d=7

+

Oo x LLLe“H

Os o< LLQA°H
Oy x LLOu H

Og ox Le“u“d“H

Babu, Leung: 2001
de Gouvea, Jenkins: 2007

short range: d=9 (d=11)

d u
e

o, €

d u

Os o< LLQA“HHHT
O¢ o< LLQu°HHTH
O7 x LQeECQHHHT
Og o< LLLe“Le”

O10 < LLLe Qd"
O11 < LLQAQd°

Valle



Quark Condensate Seesaw Mechanism
for Neutrino Mass This operator contributes to the Majorana-neutrino

mass matrix due to chiral symmetry breaking via

PRD 103, 015007 (2021). the light-quark condensate.

The SM gauge-invariant effective operators Spontaneous breaking of

" éi o o chiral (y) symmetry
O = E; LS Ly H {(QUHL (dr Q)}
Potential energy surface

7 of the vacuum

After the EWSB and ChSB one arrives
at the Majorana mass matrix of
active neutrinos

Yoichiro Nambu

Chiral order
parameter

<§q> Quarks & gluons =y

L

Meag = fapl F >

Confinement, Hadrons & nuclei
w3 Mass generation
— gt’.kﬁ (% I
) A ~ afew TeV
, D -
Jop = Gag+9as V/V2 V2 = (H°) we get the neutrino mass

2/1! E— <Qq> lz'q <§q> 1/3 ~ —983 MeVvic In the sub-eV ballpark =



The genuine QCSS scenario
(predicts NH and v-mass spectrum)

. gaﬁ <C_]C]) L gaﬁ

v
maﬁ o

V2IN T2

(a) PRL 112, 142503 (2014).

(&)

(b) PLB 453, 194 (1999).

| [eV]

Vv
ee

|m

- KamLAND-Zen

mo [eV]

Neutrino spectrum (NH) !
2 meV <m, <7 meV
9 meV <m,< 11 meV
50 meV <m,< 51 meV

Prediction for mg
9 meV <m,< 12 meV

Prediction for cosmology ()
62 meV <m; +m, +m; < 69 meV



Majorana neutrino mass eigenstate N
with arbitrary mass my mixed with 3 active neutrinos (U,y)

Dominant contribution of N

.
L | - 2 . s eff
[TI;.E] — Y ga Z (UEN‘"”?‘{) mp M (i, 1)
N
General case light v exchange
1 R 1
A _If O/ . ett [ dﬁ dE d3 1 770v _ off o 10
(MmN, g8 ) = e 278 2 rdy M™(my = 0,9%) = g M (g5)
SRS v 1 ] M o e
VP2 +myi(Vp? + my?+ E, — Ef_z—bﬂ) M™ (myn — 00,9y ) = Tz N (%)

Particular cases heavy v exchange

[Tﬁfz]_l = Gﬂpgi X

’mg

‘ﬂ,{"{"’ EH)‘E for my < pp

2
<”l >?HP‘ ‘ 1“”% (Qiﬁ)‘ for mx > PF or Simkovic



Sterilev 1 ULELLL LR RLLL B r //
(Uem mN) ; Current Direct Searches y
-2
10 R
Constraints
from ,»,/'
Direct —4 .
Searches 10
are less N
Stringent <
as those = 10°°
from
Oovpp
1078
|
10-10 J \ \|LLP
PRD 90 (2014) 096010 1 llllld 1 lllld 1 Illld 1 llld [l lll|||d | |||"|J |‘|“|\|‘||IJ | ||||||J Iillxll;lld L 11l
PRD 102 (2020) 095016
(2020) 1079 106 10-3 1 103 106

Direct search limits:
sterile-neutrino.orq




The Ovpp-decay within L-R symmetric theories
(D-M mass term, see-saw, V-A and V+A int., exchange of heavy neutrinos)

v -1 _ A A2 2
r S (1/2) —G{}u-*wv|mﬁﬂ‘

E/{ — r _ AA2 ee|2 ee|2
r v Mixing of 3 light = Gou My(Imif[™ A+ |my15)

and 3 heavy neutrinos:

15 angles + 15 phases 1t

The most economical: S=T=_ 1
(€ - see-saw parameter) % 0.10¢

The mixing for heavy neutrinos, £ !

(VEVg= Upyns With U = Upys ) E%

follows from the unitarity = 0.01L

of the whole 6x6 matrix U 5 My, =7 TeV ‘ﬁi"‘w"Futu e ton—scale

PRD 98, 015003 (2018) | PN = 500 GeV experiments
Ve =V,"
10 0001 0010 0100 1

2/19/2024 |
PRL 126, 051801 (2021) my,. in (eV)



Six Quasi-Dirac neutrinos and OvBp-decay M), - 3x3 complex matrix (18 real numb.)
Symmetry 12, 1310 (2020). M| - 3x3 symmetric matrix (12 real numb.)

_ _ (42 parameters)
Dirac-Majorana mass term

1 L I/"c o :\. J’rL .ﬂi{j’j
_ T C L M = IM_gl «|Mp |
Lm =5 (7L v ) M ( T ) ML Mg —
6 eigenvalues:
YT M U= M 3 Dirac masses m; , ;, 3 Majorana mass splitting ¢, ,
Diagonalization: 6x6 unitary mixing matrix .”!-,_i‘ = 4+m.: + €;
(15 mixing angles plus 15 phases) z 0t K
U=X - A-5 UT 0
Product of 3 unitary matrices. A= ( 0 1 ) ’T
A and S mix exclusively active v _ 1 X O(X?
and sterile neutrino flavors, each S = I 0 o X 1 + O(. )
given by 3 angles and 3 phases. —\ 0o vt

X given by 9 angles and 9 phases,

2/19/2024 Fedor Simkovic small parameters.
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Quasi-Dirac neutrino oscillations at different distances

£=0—__

m3=0.01 eV, €=0.0001 eV —
m3=0.01 eV, €=0.0002 eV —

~15km, 10

m1=0.01 eV, €=0.0001 eV —

m1=0.01 eV, €=0.0002 eV — |

£=0—_-

3 4 5 6 7 8 09

10

1

| M """"" W 180 km, 10

|

Qz




The survival Quasi-Dirac v a simplified scenario 1 ( U U )
probability of electron (limits on neutrino masses) R U A 7
antineutrinos = -’rr'.z.f =dm; +¢ (e>0)
Py, 5. (€ #0) = Py 5. (e = 0) — T Ci3ClaMi =+ Cl3812M5 + 5133
jéj [4 Cl3579C9 M5, COS AEIE,IL + 45%4C14CT, M3, COS AZ?E:IL
+4 57401257, 5M 55 COS A?;%?L} + O(e"),
Tritium B-decay Restriction from

_ 2 2
it = \/mlcucld + M3ciss1y + M3sis + € Cosmology

1
_ ?né) (1 4 ; (E/mg})) ) Z ‘Mm
OvBp-decay
mpg = UWL] mss S 30 meV  for NO

_ 2t 2 213
= € |‘?12€13 + M ciysty + e ql%‘jors'mko"'c < 1meV for IO

Daya-Bay data (30):

E m;  Survival probabilities
with non-zero ¢ are
the same 3v cases.



neutrino < antineutrinos Second order process

oscillations with real intermediate neutrinos
(Ovpp with real neutrinos)

S+D =l +5+5+D

Nuovo Cim. 14,
322 (1937)

S — SI—FKI—FI/&; s —}E_ﬁ, I7I5—|—D —> Df—|—f§

_ _ Oscillation probability
Amplitude proportional to v—mass Qb = >
P (B, L) = |(vsl7a
177 = J4(P5. Py) T5(Ph. Pp) o (B L) = 1l7e) 2
3
v(Py; /\a)’m(l — s)m Y u(Ps; Ag)

_ —zmﬂL/(QE )
o Z Uﬁj‘ E
Replacement: =1

Particular process:
+ + +
U = U, T +p—>u e +n
Uﬁm — 'U,Hm

Neutrino oscillations as a single Feynman diagram
J. Phys G 51, 035202 (2024)

I P S A L 2 | o
2/19/2024 Lorr = V72 Gs ( V2 ) m. E, A LQ (gV +394) Pk

Production rate

=




A connection of neutrino-antineutrino
oscillation with OvBp-decay

mLzoee — mBB 10—15_ NO
S L
2 E,?, 10—2_
FT _ -
Pa' (Bu, L =0) = |{vel7e)|” Uigr| &
= 1 I
_ (me ")’ (mﬁﬁ)
S BB 107
] ) | | IIIIIII| | IIIIIII| | II| | IIIIIII| I I
mpgg = |;f5'1€2w1 + Pzﬁzwj + P3| 107 -5 4 -3 2 1
5 o 5 o ) 10 10 10 10 . 10
P1 = C19Ci3M1, P2 = S19C13M2, P3 = S131N3 mlighte? (eV ml3l3 can be
P2 = ps| = p1; it o1 <p2 — ps : region 1, strongly
min mgg = { 0, if [p2 — p3| < p1 < p2+p3  : region I, \suppressed

P12 p1 — (p2 + p3), if pa+ p3 < pr : region III. (?)




Dependence of mb,, on Myjgpees and L/E

2
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<
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1
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OvBp is a nuclear physics problem

'
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OvpBp-decay NME

The nuclear w. f. of
(A2), (A,Z+1)", (A, Z+2) status 2023 | 1sospin, and spin-isospin symmetries
Many-body methods The OvBp nuclear transition operators (M¢,=0, M, Strongly suppressed):
of choice: (F, GT, and tensor type):

All g [ EDFGCM ® | | ' ' I
models B IBM Riv. Nuovo Cim. 46, 619 (2023) 5
missing 7 GRPA -
essential s NSM 1T = J ' . B
ohysics —NSM+GCF | i -

C VS-IMSRG | v ¥ N v :

: o ° [ IM-GCM 1 v -
Impossible .5 | A ¢ 1
toassign = 4  ° . | : x S
rigorous [ =T |+ | .
uncertainties 3 o b : .
- v ) ]

b * “I * ‘ ‘ ‘ | . -

Differencies: | " I
Many-body appr. ' [ i. -
Sizeofthems. ~ f | 3! | | | | | ]

| |
Residual int. 4803 TGGe 8289 1OOM0 1160d 130Te 136Xe 150Nd



Chiral effective-field theory approach — contact term ~ PRL126, 172002 (2021)

Assuming that the OvpBp process is mediated by a light-Majorana-neutrino exchange, a systematic analysis in
chiral effective field theory shows that already at leading order a contact operator is required to ensure
renormalizability of the amplitude for nn -> pp + ee process. Without the strong 'S, short range interaction
(which appears universally in all nuclear potentials) there would be no need of contact term.

Ov L o Ov P m2 g, Ov QRPA Short-range
gA gj—l M[S]U /MI‘?U (%) M(S)l) /MEU (%)
76
Long-range Short-range o Ge  32-73 15 —42
Se 30—-70 15 —41
B7r 29 — 69
Some questions: 100Mo0 49 -108
A correspondence of the standard and the chiral field ecd 2661
theory formalisms. Is the contact term involved in the 1245 36 — 31 17 — 46
standard mechanism (completeness ...)? 128Te 35-77 17 — 46
What is the magnitude of the contact term NME? Can B0Te  34-77 17 — 47
it be large? Justification with other phenomenology 136Xe 30— 70 17 — 47

needed — pion and heavy-ion DCX, etc.




Supporting nuclear physics experiments v/ B-decay, EC and 2vBp decay
(Measurements still not conclusive for OvBg NME) v p-capture
100 MeV v'(n*, '), single charge exchange
v (®He,t), (d,’He), transfer reactions
v'y-ray spectroscopy, yy-decay
v' A promising experimental tool:
Heavy-lon Double Charge-Exchange

Multipole
decomposition 020 T e
of lightand heavy . Ed Se

Ovfp-decay NMEs > . ¢t i E
normalized to unity : T :

0.05F —+ -

0.00

0.5 —+ -

3 Zonk + ]
Higher multiploles 05 e -
are populated mostly due large v- 000k - ]

0123456738 91011 012 34567891011

momenta transfer Fedor Simkovic T ]



Improved description of Both 2vBp and OvBp operators connect the same states.
the OvBB—decay rate Both change two neutrons into two protons.
: off Explaining 2vpp-decay is necessary but not sufficient
(a way to fix g,©")

E, — (E;+ Ey)/2

PRC 97, 034315 (2018). Ar.rﬂf;‘ff;‘if = m. Z M, .
’ En — (Ei + Ey)/2]* — el
SK,L
Taylor expansion E, — (£; + Ej)/2 x = (Ee,+Ep, = Be, = By /2
¢, = (Bey+E,—FE.,— Evl)/2
CK.L € (_% %) .1:{2:; M 1
Ve = 2 M, B B2
We get 4 m?

M =S M,
o Z (B — (B; + Ey)/2)°

~1 2 1
T.ij’f ~ '|uru3"y . (3211 + 62;}(‘211
|: :| ( ) ‘ ' ‘ |£Eu ( T2 ) o _ ﬁr.{(ﬁj 3
H ﬂf(‘“‘l —1
The g, can be deterimed with measured half-life and ratio o Mg

of NMEs and calculated NME dominated by transitions through o Mm .
low lying states of the intermediate nucleus (ISM) 32



The running sum of the 2vpp—decay NMES

(QRPA)
1
ME, =) M, 2v

M, lfz;} -3
M, fz;} —1
1‘{ l.?;} —5
M, fz;j.’ —1

0.1f

€, tell us about HSD: &;,=0
Importance of
higher lying states 5151 (large) _
of int. nucl. Possible due to a large cancellation
of contributions through lower and
higher lying states of (A,Z+1).
0.6 [ L RN L
} B QRPA
05+ ® SSDH
A ChER ]
041 N a
L ® -
531}303— - }—

1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
0 48 4 76, 8 82 12 96_ 16 100 "0 116 24 130 28 136_ 32
Se Zr

Ca Ge

Cd Te Xe

€,5 can be determined phenomenologically from the shape

of energy distributions of emitted electrons
F.S., Smotlak, Semenov, J. Phys. G, 27, 2233, 2001



KamLAND-Zen Exp. : &,5,<0.26 (3¢ Xe)

&, can be determined phenomenologically 1.2 .—. QRPA (CD-Bonn)
from the shape of energy 1.1 — — QRPA (Argonne)
distributions of emitted electrons L0 ¢ shell model (GCN)
' m  shell model (MC)
The g, can be deterimed with measured 09
half-life, ratio of NMEs &,, and calculated NME, {0-3
dominated by transitions through “600.7
low lying states of the intermediate nucleus. 0.6
0.5
eff 2 1 ‘giv 04
(g"'l ) M2 T —exrp ((12u 2u
G1—3 \/ 1/2 G +£ G ) 0.3
| | | | | | | | | | | | | =
0.2 0.005 0.01 0.015 0.02 0.025 0.03
sz
MgT.3 have to be calculated GT-3

by nuclear theory - ISM

KamLAND-Zen Coll. (+J. Menendez, E.S.),
2/19/2024 Fedor Simkovic Phys.Rev.Lett. 122, 192501 (2019)



CUPID-Mo Exp. : &,3=0.45+0.03 (stat) £0.05 (syst) (*°° Mo)

CUPID-Mo Coll. (+FE.S.), Phys.Rev.Lett. 131, 162501 (2023) 120 Statistical
700 B
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Energy [keV] =< 0.9 ;— —— Argonne V18
_ +0.02 + 18 0.8E- — SSD
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0.5E L N T .
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£, /€., = 0.364-0.368 (QRPA), 0.367 (SSD), 0.349 (ISM)

2/19/2024 0,8 (PNQRPA) = 1.0 +0.1(stat)+0.2(syst)
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ISM, EDF: M% &« M*Vgr Assumption exploited by the EFT-p  M°°T—only 1*

. Ov _ I I
2FE ca o | @ | . ~ approach for the calculation of M? - contribution '
B . T
Eome OvBp NMEs from many J*(!)
- n r T
+& [ KBIG O - -
r O8IGXPFIB O ]
-~ [ EDF % " 1 ISM versus QRPA
il 2 E PRC 83, 015502 (2011)
sl -;[ ] L L™ L B L EL BN L IR
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12 Ge @ (b) %
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DE 04— om 'v —
0.2 :— A- % X \ 13 |5 I llD | lls ’_>|0 2'5 30
Tk e (x p E_ [MeV]
C | | | X | ) i
’ i 2 — +— QRPA — no proportionality between M% and M2,
Ov + + .
M>(0gs 1 — Ogsy) (modest quenching of g, )
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Measurement of GT strength via p-capture J-PARC 3-50 GeV p, v, 1
l'l'-b+ (A,Z) — (A,Z—l) + VP y Vo —

Contradicting results: W e
 Strong quenching (g, ~ 0.6)
PRC 100, 014619 (2019)

«  Weak quenching (g, ~ 1.1)
PRC 74, 024326 (2006)

PRC 79, 054323 (2009)

I. Hashim H. Ejiri, MXG16, PR C 97 2018

Momentum transfer g~80 MeV
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=5 T{.
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= i
& 0.5
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= Small basis nuclear structure - 'I'-I--I--I-'I"I'.I.__
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. Fedor ¢
disfavored. —d Excitation energy MeV



Muon capture rates evaluated within QRPA R R -
In agreement with soft quenching (g, = 1.1) ‘ z o
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Double GT Giant resonances

/
Heavy-ion DCE / (exhausts a major part of
as Su rrogate processes J ‘ | ‘ sum-rule strength)

. >
Of BB-decay ﬁﬁ—décay Exin grand-daughter nucleus
v Induced by strong interaction Co0)
v'Sequential nucleon transfer mechanism 4th : (©020) | 1/Sn € (o:®0)] 118Sn S
order: Kinematical matching : SCE
v’ Meson exchange mechanism 15t or 2" order (Y o X o Blo-p
v'Possibility to go in both directions SR U . B b
v'Low cross section < DB n-n
Tiny amount of 11510 £ PEZF) | 1 (F2F) | 117|n §
DGT strenght for _ .
low lying states ] ™ ™
------------------- N < S K =
RIKEN 2 4@% = 4339% =
Sum rule almost L
eXhaUSt_ed by RENP 114Cq < (?'Ne,2Ne) 115Cd < (*°Ne,2'Ne )i gly
DGT Giant Mode, Future: |
still not observed INEN-LN (®Ne,”Ne)
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130Xe

129

128Te

130Te

g.s. — g.S. transition can be isolated
Absolute cross section measured

Y Y

The 130Tg(?°Ne,2°0)130Xe DCE reaction
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Atomic effects in B-decay

/(electron exchange effect)

E) =f(QTe+ T2)+ (1 — £)(2Tp + T5) = ns(Ee) + np(E-
x{le” E} n ) ( )( i ) T?( ) T?;()

dl dl
=

dE. dE.

Overlap of (A, Z) bound and (A, Z+1) continuum e-states

e:/ <ﬁ;|’Ee ‘1';5n5> g,,’,,_l(R)

5 — Tns - E .I g
Z <'E_.i':f‘,f75 rl,.i'i"ns> gil(Ee: R)

(ns)’ (ns)’

2
B g (Ee. R)
5

g% (Ee,R) + f2(E:, R)
Transition L A Am

allowed 0 01 0

first-forbidden 1 012 1

second-forbidden 2 123 O

third-forbidden 3 234 1

fourth-forbidden 4 345 0
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Orthogonalization of bound and continuum states

Old results: without orthogonalization
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Electron exchange effect

residuals
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The relaxation time of the atomic orbits can be
very long (who knows?).

OvBp decay happens quickly in picoseconds, % .
x -
causing the atomic structure to be unable - 120
B -
to respond to the nuclear charge change. © 100(—
s -
The daughter atom becomes a double-ionized (o) L
| : | £ 80— 2.5e — K
lon, surrounded by atomic electrons from = - Ge _ 7S A E, =9.75 keV
: D 60— 2°€ w22\ E =8.97 keV
the mother atom. It is reasonable to assume o L E,=8.
E |—
that the release of the atomic binding § 40 ‘_48 o
energy after the Ovpp decay may not come :20Ca 2
. L _ 20— AE, = 4.76 keV
within the detection time window for the energy -
= = o —llIIIJLllllllllllJlllLlllll
deposition from the two ejected beta particles. 0—%p o5 30 35 40 45

Atomic Number (2)

NPA 1032, 122623 (2023)
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Overlap in electron shells in double beta decay
(assuming no problem with a relaxation of atomic orbits)

The p and double-f§ decay channels, which are not accompanied by excitation of the electron shells, are
suppressed due to the nonorthogonality of the electron wave functions of the parent and daughter atoms. The
effect is sensitive to the contribution of the outer electron shells. Since valence electrons participate in
chemical bonding and collectivize in metals, the decay rates of the unstable nuclides are modified when they
are embedded in a host material. Core electrons are less affected by the environment, and their overlap
amplitudes are more stable.

Overlap 3, Ge (4) 36Kr (8) 12 Mo (6)
amplitude [Ar]3d 04574 p? [Ar]3d V4574 p® [Kr]4d>5s'  |¢'s excellent that OvBp has been
studied using various isotopes
K 6.2-1073 0.89 0.56 - :
Z e 'O . In different environments.
K §ore shells 0.26 0.90 0.58
s> Te (6) 54Xe (8) 67Ho (3)
, [Kr]4d 95525 p* [Kr]4d V5525 p [Xeld £ 11652
owy—1 _ |Mgg - 2 4 ov|2 ~ov
(Tp) = || E@F g [M¥]F G 4 104 0.22 0.53
0.069 0.36 0.64

211912024

Fe

Eur. Phys. J. A56, 16 (2020)




PIERRE DE FERMAT 1501165° iy R Around 1637, Pierre de Fermat wrote
S o s g h, ¢ in the margin of a book that
NG '§ the more general equation
PAARAT Y a"+hb"=c"
oA AT o 2 ' had no solutions in positive integers if n
— IS an integer greater than 2.

n'a pas de solution pour des entiers n> 2
TVve LAVERGNE

The proof was published by
After 398 years Andrew Wiles in 1995.

Some long-standing tasks of humanity ...

n-ton-class Ovpp exp.

: : : If Mpe <1 meV,
with discovery potential PB

RS R st e what
After KamLAND-Zen 800 v S
85 LISCN;(E);\LID ? needed for
NS e e
NEXT
& CUPID
Y etc

vietata

1 9 3 7 © Erasmo Recami & M.M.
Ogni rip i totale o iale &



THANKYQU! §

Time flies when

you are having fun.

Albert Einstein
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