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Standard Model
(an astonishing successful
theory,
based on few principles)
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v is a special particle in SM:

e It is the only fermion that does not carry electric charge
(like vy, g, H")

e There are only left-handed v’s (v, V1, Vor)

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

oAt

v’s oscillations experiments
% —> tiny neutrino masses (!)
left-handed okt — Beyond SM physics (!)
eutrino

neutrino
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Normal hierarchy (NH)
om?/107° eV? 7.34 7.20-7.51 7.05-7.69 6.92-7.90
Am? /1073 eV? 2485  2.453-2.514 2.419-2.547 2.2389-2.578
sin® 615/107! 3.05 2.92-3.19 2.78-3.32 2.65-3.47
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d/m 1.28 1.10-1.66 0.95-1.90  0-0.07 & 0.81-2.00
Inverted hierarchy (IH)
om?/107° eV? 7.34 7.20-7.51  7.05-7.69 6.92-7.91
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Towards an understanding
of the Universe

v ~.._‘.‘
-

Even though my friends and I are so small, |
T we can teach you the biggest things of all.

Neutrino masses,
mixing,
oscillations,
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Majorana fermions

Ettore Majorana
Teoria simmetrica dell'elettrone e del positrone
(A symmetric theory of electrons and positrons).
I1 Nuovo Cimento, 14: 171-184, 1937.) 171

v is its own
antiparticle

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 thﬂ,t thE

Inverse beta processes and neutrino and antineutrino are “mixed” particles,
nonconservation of lepton charge 1.€.,» @ symmetric and antisymmetric combination
Zhur. Eksptl'. i Teoret. Fiz.  ©f ] 5 v, and

34,247 (1958) v, of different combined parity.

= — b)
v < anti-v oscillation — @

thought massless back in 1979. 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 is 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. ’ ' ng
high energy scale (GUT?)  details of those terms, but I’ll swear they are there.”

INTERNATIONAL JOURNAL OF HIGH-ENERGY PHYSICS

OLUME UMBER OVEMBER 201

Steve Weinberg
v-mass generation
via d=5 eff. oper.
related to unknown
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OvpBpP experiments — a worldwide competition of ideas and underground physics technologies
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Isotope | Qzi(MeV) | N.A.
(%)

43Ca 4.268 0.187
6Ge 2.039 7.8
82Se 2.998 8.8
%Zr 3.356 2.8
100Mo 3.034 9.7
1opq 2.017 11.7
16Cd 2.813 7.5
124Sn 2.293 5.8
130Te 2.528 34.1
136X e 2.458 8.9
150Nd 3.371 5.6

10




Beyond the SM physics

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

mass mechanism: d=5
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Weinberg, 1979
9/25/2020

long range: d=7
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OVBB-decay Ov 33 decay:
(AZ) — (A Z+2) +e te (LNV at ~ GUT scale, exchange of three light v)

- 2
o\ L mgaga 4 |xr00012 ~ou Phase space factor
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/2 m.. : well understood
i
> 4
NME must be evaluated
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Constraint from cosmology Contrary, the constraint from

Y =m, + m, + m; Ovpp-decay (KLZ)
< 0.90 eV mBB < 0.036'0.156 eV 1()'—3 . 10I—2 1()'—1 10Y
<0.26 eV (Planck coll.)  implies mo [eV]

<0.12 eV 2 <0.12 eV



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

mass matrix due to chiral symmetry breaking via

PRD 103, 01 2021 :
03, 015007 (2021) the light-quark condensate.

The SM gauge-invariant effective operators Spontaneous breaking of

g éi o o chiral (y) symmetry
O = ;; LS Lz H {(Q”’H)a (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 )

e

Ma3 = GaB U A3 b

Confinement, Hadrons & nuclei
w2 Mass generation
— gt’lﬁ (% I
] A ~ afew TeV
. 0 .
GJap — Q:_f;g + Gap, U / \/5 = (H } we get the neutrino mass

o2 w = —(qq) 1/3 (Gq)" /3 0 —983 MeVvic in the sub-eV ballpark |



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

1 v — _
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(a) PRL 112, 142503 (2014). (b) PLB 453, 194 (1999).
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my [eV]
Neutrino spectrum (NH) !!!
(PRD 103, 015007 (2021))
2 meV <m, <7 meV
9 meV <m, <11 meV

S0 meV <m, <51 meV

Prediction for mg
9 meV < mg < 12 meV

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



Around 1637, Pierre de Fermat wrote
in the margin of a book that
the more general equation
‘a __i" X ) an + bn — cn
"% ?7//7 i 2 ' EEREE= had no solutions in positive integers if
i R [ 4.50F W s )
0.69¢ is an integer greater than 2.
x”+y":Z" .

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

PIERRE DE FERMAT 1601- 1665 o

) 100z 31504 v1 *=1

The proof was published by
After 358 years Andrew Wiles in 1995,

Some long-standing tasks of humanity ...

n-ton-class Ov[3f3 exp.

) ) i If mgg <1 meY,
with discovery potential

TEORIA SIMMETRICA DELL'ELETTRONE What
ki DEL POSITRONE After KamLAND-Zen 800 After technology is
09 LEZE;D ? needed for
years HEXO years observation
of Ovpp?

NEXT
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1937 commmensus,. etc
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neutrino < antineutrino Second order process

Nuovo Cim. 14, oscillations with real intermediate neutrinos

322 (1937)
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2 2 QFT
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A connection of neutrino-antineutrino :
oscillation with OvBp-decay i
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|p2 — p3| — p1, it pr < |pa — p3 : region I, strongly
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$1,02 p1 — (p2+ p3), if pa+ p3 < pr : region III. )
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Oscillations of reactor antineutrinos to neutrinos
PoS (ICHEP2024) 138
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mps 2 W l_m ? events R7 ~ 10~ (mﬁﬁ)Q events
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Mixing of 3 active and 3 sterlle neutrlnos

Mixing of 6 Majorana neutrinos IVa - Z U’ i —I— —= Z U i’ ‘IJ@
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Time evolution of ﬂavor states
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IV, | « M, | Close to a restoration of 3 Dirac neutrinos
L,R D

: - : 1 ( 1 —1 )
Unitary mixing matrix =
introduced \@ 1 1
u=x -7-A4-3S8 Expansion of mixing matrix in X
1 a+XHUT -1 - XNV )
= ( i-xur q+xyi ) TOED
Full restoration of Dirac neutrinos (M ;=0)
Mdi-d,g(t‘i = 0) =U" (X = 0) M(ﬂwﬂﬁ — 0) UT(X = 0) Simplified QD-mixing scenario
U'U=1=VV 1 U U
mp; 0 O Uqp = E ( _Vr U )
Myine =U'MpV =] 0 my O

0 0 mg
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Oscillation probability for QD neutrinos (active-active)
(6x6 generalization of the PMNS matrix)

Uqgp = L ( o ) -’n'a.f =dm; +¢ (e>0)

N A A %
3 Dirac masses and 1 universal Majorana mass
Oscillation probabilities among splitting ¢
active neutrinos
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3 2 2
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P(ve

Quasi-Dirac neutrino oscillations at different distances
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0.85 e=0 — 4
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1 2 3 4 5 6 7 8 9 10



The survival probability of Quasi-Dirac neutrinos

electron antineutrinos and constraints on neutrino masses
€2 [2
4 4 9 4 4 2 4 9
P 55.(€#0) = B 5.(e=0) — Iz G136 + C13512M5 + 313’”13]
2712 2 2
L [ 4 2 2y, 2 Amg, L 2 2 2 2 Amg, L
———— |4 7,84, 05,2 M 5, COS + 4s59,c5.0552m5, coS :
4E2 13°12%12 21 2E 13~13%12 31 2E
Am3, L
2 2 9 2 392 1
+4 873C]3S19 2 M5, COS } + O(€"),
2F
Tritium B-decay Restriction from

R 22 2 2.2 2 2.2 2
mpg = \/m1612613 T M3C13875 + M3S13 + € Cosmology

v 3
— ?ng}) (1 n % (E/mg})) 2 L ) % Z M” — Z m;  Survival probabilities
| i=1

Daya-Bay data (30):

i1 with non-zero € are
the same 3v cases.

Ovpp-decay
mgg = |M
gs = | L} ee mgs S 30 meV  for NO
22 Qi 2 2 sy 2 b e i |
= ¢ |claCls + €7 ci3sTy + €7 1 forsimbovi < 1meV for IO



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

Dirac-Majorana \ —_— E

mass term Q=5,6,[L,T

Ur Na Va

small v masses due to see-saw mechanism

Light v mass ~ (mp/my\y) my
Heavy v mass = my \v

0 1T

My TNV

Different motivations for the LNV scale A

eV keV Fermi TeV
light sterile v hot DM LHC
106 GeV 10 GeV 10 GeV 103 GeV

Mixing of active-sterile
neutrinos

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

GUT Planck

1016 GeV 101° GeV



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

2
Faessler, Gonzales, Kovalenko, D A el ff
F.S., PRD 90 (2014) 096010] [ 1;3] = G g Z (U N"”‘H) mp M (mn, gy )
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(s 030 = W 2 fdxdy M (my = 0,657) = =M (g3)
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heavy v exchange
Particular cases
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Current Direct Searches
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The 0vpf-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, M.I. Krivoruchenko , F.S., PRD 98, 015003 (2018)

N . I:. T 1
[TFE] — J,F; \ CI, N 6x6 matrix: 15 angles, 10+5 CP phases 1 — [T S
- 3x3 matrix: 3 angles, 1+2 CP phases _

Effective LNV parameter (interpolating formula) 3

2 .-
m; (p*) M, =1

iy (o™ P M,
TN = ( Me 7 (p?) + M m) !

j=1

2 i ( 9 111 2 fL 123’1{?;; =1
-+ )\. TJ —= -+ VJ 2 f' = TnyIn
J=1 o e ~ {p a —|_ M I P M LDU
Assumptions:
i) the see-saw structure p 6x6 matrix =
ii) mixing between different Up MNC} C 1
g UpMNS 4 3 angles, 1+2 CP phases, 1 see-saw par.
generations is neglected Upnins ’r ’r
, Upnins Upying = Upyins Upnins = 1
MR;; depends on m;M; ~ mj,
“Dirac” CP phase § ) ()., See-SaAW ¢ = mp
CP phases o, and o, P
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N = —3 (m,ﬂﬁ + (Mﬁ,ﬂ)z) See-saw scenario (?)
me ME@ — a
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OvpBB-decay NME status 2023(25)

The nuclear w. f. of

(A,Z), (A, Z+1)", (A,Z+2) ! Isospin, and spin-isospin symmetries
1\,/[a;1y-l;ody n;eth,ods The OvBp nuclear transition operators (M=0, M1 Strongly suppressed):
of choice: (F, GT, and tensor type):
I | I | | |
" EDF-GCM ®
All °F IBM Riv. Nuovo Cim. 46, 619 (2023)
models i
missing 7 QRPAL
essential ; [ NSMhEE J \ .
physics —NSM+GCF | )
" VS-IMSRG | v ¥ N v
o ° [ IMGCM 1 v .
Impossible 25 f A
toassign = 4 [ cC “ I = »

. EFT-B
rigorous |+ R

° ° 3 I I*
uncertainties

Differencies:

Many-body appr.
Size of the m.s. | |
residual int. 48, 766 825 100) 14 11604 13074 136y o 150\ 4

—_—
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L | L | L | |
*» 4
3
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Chiral effective-field theory approach — contact term  FRIL126,172002 (2021)

Assuming that the Ov3 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 1 o Ov Ov ms g, Ov QRPA Short-range
MY = —= M + My + M7 + 22— 22— M, Nucleus 5
gA gj—l Mgl) /MEIJ (%) M(S)l) /MEU (%)
5Ge 32 -73 15 — 42
Long-range Short-range
STHATS ° 525e 30— 70 15 — 41
B7r 29 — 69
Some questions: 10Mo0 49 —108
A correspondence of the standard and the chiral field ecq 26 — 61
theory formalisms. Is the contact term involved in the 1245n 36 — 81 17 — 46
standard mechanism (completeness ...)? 128Te 35 -77 17 — 46
What is the magnitude of the contact term NME? Can 130Te 34 —77 17 — 47
it be large? Justification with other phenomenology 136Xe 30—70 17 — 47

1c

needed — pion and heavy-ion DCX, etc.
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- ~100 MeV

v'B-decay, EC and 2v[[3 decay

v u-capture

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

Supporting nuclear physics experiments
(Measurements still not conclusive for Ov3[3 NME)
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Multipole
fd‘;f'olzipoi;t;lan Higher multiploles
of uLgnt and heavy are populated mostly due large v-
OvpfB-decay NMEs per ' g

i ‘ momenta transfer
normalized to unity



Understanding of the 2vp3B-decay NMEs is of crucial
importance for correct evaluation of the OvBp-decay NMEs

(‘412)_}(‘412—'_2)—'_2{ _|_2|-||_;f

Both 2vpf and 0OvfB operators connect the same states.
Both change two neutrons into two protons.

Explaining 2vpfB-decay is necessary but not sufficient

Let’s put credit approaches that allow
to reproduce 2vf@p-decay NMEs, in particular
without closure approximations

QRPA calculations at the forefront:

i) importance of pairing int.; ii) importance of isospin
and spin-isospin symmetry restoration (isoscalar and
isovector residual int.); iii) importance of relative
deformation of the initial and final nuclei

There is no reliable calculation of

the 2vpBp-decay NMEs yet Fedor Simk

Ty(f") = 6x 10 ¥
L Qg 278 ke 4°

Qs 4271 keV

Abundance
Wa - 0.1BTY%

For g.s.
of even-even

nuclei
T=T,

252.4
9

48
21 3C

Ti(3)=43.Th

Qs 485 keV {10%)

Q3 660 keV

(90%:)

T

T,=2

G+ 1212.9
g+ | |7 175.4

+ 1037.6
4+

v 1312.1

7 983.5

AR rps
22 Ti



2vpp-decay rate

—1 Me

2V 35 L
[TUQ 877 1In?2

(04)) (Gpm2)4 1 (0F)

, 1 3
A = g hﬂfﬁ’ + ME|? + imf;ff — M§|2] K (0F)

ME 5

¥
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K(1})
2=
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—gvgaRe { Mp* MLy + MEFME)
JA

K
+5 [ MEL + MER? + |M§TM§T|2} Mer =

o= (O3 IS 7 102005 11 S 7 11 07):
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EK — EEQ —I_EVQ T Eel _ELq

€L — Eel _|_EUQ T EEQ
2, — E;i —E; =0

) > -0

_ EVl

In the closure approximation,
by assuming

F.,

G]LL

1 E;—FE¢— me
P (0t) = / Zt.Ee, )pe, Ee,dEk,
B
E;,—
X FU'( Eey)pes EeydEe,
ei_Ef Eel Eeg
X ] E; E; A*dE,,
0
L(0F)
M = Ly
I ; 9 Tl
L(15)
M4 = LLN py
CT zﬂ: 9
K (J+) = 2
"  (2E,(J*)—E; — Ef) + ek
2
_|_
(QER(J—i_) - Ei - Ef) — €K
L (J’+) = 2
"  (2E,(Jt)—E;—Ef) +ep
2
_|_
(QER(J+) — Ei — Ef) — €],

Is the real closure value close?
Cancellation of contributions from higher
and lower lying states
of intermediate nucleus



Single State Dominance (Mo, 1%¢Cd,""¢Cd, '28Te ...)

HSD, higher levels
contribute to the decay

II \\ SSD, 1* level
1 ,/‘ 100c Y ', dominates in the decay
1’ \\ (Abad et al., 1984,
0+ 'I/ \ Ann. Fis. A 80, 9)
\
|

~ M (1H) MY (1+ Mi (1) MZ (1
M GT — Z m ( ) m ( ) f m ( ) m ( )
Em — E; + e+ 110 Em — FE; + €20 + Vg

Isotope f.s. T,,(SSD)[y] T,,(exp.)|yl]
2vpp-

_ MMt MMt 21\-1}'(1+)A-If (11)
SSD E,—FE,+eqo+vie FEi —E;+exn+uvo E,—-E;,+ A
f common approx.
M5y = Msr(vig < va) Gt e © Bpihn
~ (Ez—Ef)/QE A
Domin, Kovalenko, F.S., Semenov, NPA 753, 337 (2005) Fedor Simkovic

00Mo 0,  7.310%  7.0710'8
0, 4.2 10% 6.1 10%°
necd  0,, 1110  2.6310"
28Te 0, 1.110%  2.4910*
EC/EC
06Cd  0,, >4.410%  >4.7102
130Ba  0,, 5.0102 2210
5‘ E-E.~-0.343 MeV
4 ?iSMO 4.0566 445 |
r—13_
3
=
i i
% 13622 71 |
0f 11305 50 |
1_
2L 05395 65 |
0 e 5




Study of
differential
characteristics

E;-E; = 0 or neg. =
sensitivity
to lepton energies
in energy
Denominators

= SSD and HSD
offer different
differential
characteristics

F.S., Smotliak, Semenov
J. Phys. G, 27, 2233, 2001
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1 1.5 2
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Semi-empirical Z 100 (Tﬁfz)‘l = |M Zu}ﬁ Q2
formula el ) |
fOl‘ ZVBB'decay 50 ﬂﬂf?y—ph _ (_f) ( N ) (Tf)g
(g-s- to g.s.) Ny 1 —5</B oo
0
7 50
4 2v—ph _ & T5
0.10 + y (N>
MQI/—ph
0.05 }+
]h J J |1l.|l.|J l.lnllh.lbhh.lbl.nh.
i ..,l.l-l.l.l |
0.00 e

o0
100

Apy = A% N2 NZF2 NZH2 .

PRC 111, 024307 (2025)



N

53

(0, — P)*
o;

There is no reliable

calculation of the 2vff-decay NMEs yet

PRC 111, 024307 (2025)

=1
ﬂf?u—th ﬂqu—ph

Nucleus QRPA QRPA IBM IBM IBM NSM NSM PHFB FSQP ET M?2v—exp SEF  SSD
Fitted

Ca — 0.016 0.069 0.024 0.045 -  0.039 — — —  0.0314+0.0030 0.022 —
(el - 0.063 0.083 0.018 0.085 -  0.007 - 0.083 0.085 0.0087 =0.0010 0.105 =
82Ge - 0.058 0.072 0.024 0.063 0.099 0.105 - 0.103 0.156 0.0828 +0.0005 0.081 =
A - 0.133 0.058 0.0564 0.034 - = 0.002  0.072 —  0.0770£0.0040 0.063 =
1900\ o 0.105 0.251 0.197 0.157 0.045 — - 0.164 0.154 0.179 0.2019+0.0016 0.199 0.174
1160q 0.112 0.049 0.080 0.069 0.031 - - = 0.088 0.137 0.1142 £0.0027 0.120 0.148
130 0.057 0.053 0.035 0.010 0.038 0.027 0.036 0.059 0.027 0.034 0.0265+0.0003 0.028 -
D € 0.036 0.030 0.056 0.022 0.032 0.024 0.021 = = —  0.0174£0.0002 0.016 -
150Nq - -~ 0.077 0.054 0.017 0.069 - 0.048 - —  0.05274+0.0019 0.032 0.023
23877 - -~ = - 0.023 - = - - —  0.0550+0.0110 0.026 =
Y2/N 5170 2100 2845 2828 1773 470 686 3442 480 4774 — 30 233
Predicted

HUpq 0.167 — — 0.022 0.041 - — - 0.233 0.211 < 2.61 0.147 —
124Gy 0.023 = = —  0.034 0.037 - = = = — 0.029 -
125 0.051 0.063 0.022 0.018 0.044 0.013 0.049 0.058 0.030 0.050 0.0366 =+ 0.0007 0.047 0.015
P ye 0.063 = = — - —~ - -~ - — < 1.25 0.033 -




M2V, , =0 The DBD Nuclear Matrix Elements M%erq=0
and the SU(4) symmetry restoration)

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

] 1 i I T 1 1 1 I 'f,
O. Civitarese, A. Faessler, T. Tomoda, PLLB 194 (1987) 11 6.0+ 38 Vi
E. Bender, K. Muto, H.V. Klapdor, PLB 208 (1988) 53 years ago »
4.0
The isospin is known to be a good approximation o 20
in nuclei =
O
In heavy nuclei the SU(4) symmetry is strongly 20
broken by the spin-orbit splitting.
_..4.0 -
What is beyond this behavior? 0 0.4 0.8 |.2 | 6 20
Is it an artifact of the QRPA? g'PP/qParr

9/235/2U20 Fe.  _ _
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21/ | 5 (theory versus experiment)
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Experimental

QRPA(Simkovic et al.); 3 /N = 2100
QRPA(Pirinen-Suhonen); ¥ /N = 5170
ISM(Caurier, et ol.); v* /N = GG
ISM(Patel, et al.); v3/N = 470
IEM(Barea, ef al.); v* /N = 1773
IBM|MNomura):y* /N = 2845
PHFB(Rath. ef al.); x* /N = 3442
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| |
K LF =y
e PGe "5e
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s.p. mean-field Conserves SU(4) symmetry

Study of
2vpL NME H

AL 10, M7)Ag 1 (0. MT) + Y AI_O(MS.O)ALO(J[S.O)) +0pn Y Bl Fap
within the

Mr=-1,0,1 Ms=-1,0,1 a,b

schematic _4T= Al o(Ms,0)A10(Ms, 0) + (gpair — 97 AS 1(0,0) 40,1 (0,07, Hy Violates SU(4)
model . 9 symmetry
pair- Strength of isovector like nucleon pairing
(L=0, S=0, T=1, M,=+1) - onre
- —— :| .
T=1_ ° . _ o o = 1 ,1“ Y E
T strength of isovector spin-0 pairing 00 (0410 (1,3,10) oar)
(L=0, S=0, T=1, M =0 : (1,5,10) i
T=0 . . . . SOF  (0.6,10) 06100 3
Sop -strength of isoscalar spin-1 pairing — Ok 1710 -
—0 =1 T= - (028 :
(L=0, S=1, T=0) % 60 Eg’i’;‘" (138 ——— (0810)
g,n- Strength of particle-hole force E 49 (15.8) 048 3
~ 40 £ 0.6.8) (1,9,10) (0,6,8) =
= F T —_— (0,10,10) 3
70! E (0,10,10) (1,7,8) — (0,2,6) 3
M 20F (0,4,6) (13,6) —_— (0,4,6) 3
Energies of excited states ;::? (L5.6) 53%2;
0 :_ EAL ] — e _:
for the case of conserved SU(4) symmetry = s (134) s
M;=0, M =0 (see SU(4) multiplets) 20 | | —— @ E
4 2

o

D. Stefanik, F.S., A. Faessler, PRC 91, 064311 (2015) Fedor Sir



Mt up to the second
order of perturbation theory due to
the violation of the SU(4) symmetry by

Mg and Mgy are the particle-particle interaction of H
governed by a weak violation

of the SU(4) symmetry by the OB Errrrrrrr T T e
article-particle interaction of H -

A4 /33 T=1
,.1“_(21; _ 13 F

(‘Sg-pair + :ggph) (lﬂgpaﬂ + GQph,)

My and M, do not depend on the mean-field part of H

----- perturbation theory (1st order)

144 /33 E
4 T T:{] =

nlirﬁy . lh]:_l &) { gPﬂiT' o gpp _0'8§_ exact solution
LW E

GT — Sgpa-i’r' —— Qgph (1[]9?&1'?, -+ Qngh) —1.05— — — — - perturbation theory (’l_’nd order) | | | \ E
:IIIIIIIII|I||||||||||||||||||IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII—
2 _1'%).4 0.6 0.8 1 1.2 1.4 1.6 1.8
. T=0
+ — Ipr - Epp fgpair
(lﬂgpai?- + 2093:-?1 Qpair + bgph)

Results confirm the dependence of My and M, on
9/25/2026 Eador ok g, . and g, " by the QRPA



By assuming a fixed violation of the SU(4)
symmetry by particle-particle int.
Mgy decreases by increase of isospin
of the ground state

Results confirm dependence
of My and M,
ong, ™ and g by the QRPA
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~ T ry 00F .
> 4b Theel 3 eori o
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Improved description of  Both 2vf$ and Ovpp operators connect the same states.
the OvBB—decay rate Both change two neutrons into two protons.

Explaining 2vpp-decay is necessary but not sufficient

(a way to fix g, i)
E, — (EL + Ef)/2

PRC 97, 034315 (2018) MEE = m, Z M, |
’ [En — (Ei + Ef)/2)? — ek,
EK.L —
Taylor expansion E” o (E _|_ Ef)/? g = (Eﬂg —|_ Eil:-"g - Er 1 Em ) /2
€, = (Em + Eu; o Erg, o Evl)/Q
€KL e (_Q Q)
We get B 272
—1 eff\4 2w o v MM
[T75] " = (94)" [Mor | [GE" + En G Mér_s Ve = Zﬂ’f"‘(m)En(1+) — (Ei+ Ey)/2
. ) 631 = ' A m3
+(£31)°G% + (‘(531)2 + &,1) G MGT 1 M2y =Y M, (0%) Te .

1 2 2 Qv 551 ﬂ/f 1'2:/ _ Z ﬂ{ O-I- ]‘6 mg
—|—§€315.5104‘2 + 553155106 ofr ETE T n (Eﬂ(lJr)_(Et._i_Ef)/Q)S

T

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) 47



&5 tell us about

The running sum of the 2vpBp—-decay NMEs importance of HSD: £, ~0
* 9137

(QRPA)

higher lying states
1 M2 of int. nucl. €,5~1 (large)
12w _ 1
Mgr—, = Z*"""r” 3T e GT—3 Possible because of a large cancellation
n (E + E f / 2 AT
1 ME¢ GT—1 of contributions through lower and
A f{?f;. , = Z M, e . M2y higher-lying states of (A,Z+1) nucleus
0 SN E, — (B + Ef)/2) 2 GT—5 QO e
' 15— as2v C
Mér— osk : o s 1
I A ChER
R 04F ) ]
— =3 - ]
— 55 ] ?ﬂuﬁ 03F L A }‘

B | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1 | 1 1 1
- 0 | 1 1
. 0 48 4 76 8 82 12 96_ 16 100 ”'3' 116 24 130 28 136 32
- Ca Ge Se Zr Cd Te Xe

&5 can be determined phenomenologically from the shape

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




KamLAND-Zen Exp. . §13<0.26 (136 Xe) KamLAND-Zen Coll. (+J. Menendez, F.S.),

Phys.Rev.Lett. 122, 192501 (2019)

€5 can be determined phenomenologically

from the shape of energy : - —- QRPA (CD-Bonn)
distributions of emitted electrons . — — QRPA (Argonne)
s shell model (GCN)
m  shell model (MC)

The g,° can be deterimed with measured
half-life, ratio of NMEs &;, and calculated NME,
dominated by transitions through
low lying states of the intermediate nucleus.

(gf)i 1 €75
‘iﬁ' (“1 '3‘ \/TEFQ Lﬂp va + g%%G%p)

M3 have to be calculated

II|IIII|IIII|I-.
by nuclear theory - ISM 0.2, 0.005 0.01 0.015 0.02 0.025 0.03

2v

M GT-3

PandaX-4T data (37.8 kg y): &,;=0.591%41 ;. (1°¢ Xe) arXiv:ZSI;?)Zg:;( [gl(l)ill.-,exl,(Z(lZS)



CUPID-Mo Exp. : §,,=0.45%0.03 (stat) £0.05 (syst) (' Mo)

Phys.Rev.Lett. 131, 162501 (2023) 12— Statistical
700 [
L Data 10_ Stat 68% c.i.
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2 500 ‘ MOdeI 'al : ——— Stat+ Systematic
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CUORE Exp. (*'Te) £, = 0.01+031

—0.01 It does not make sense(!?)
arXive: 2503.24137 [nucl-ex] €51 = 1.46703 We are confused ...
_ +0.05 +0.07 20
Tl;’z = (9 3275 p4stat. 00783/'813-) X 10" yr ——  Fit mode
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The role of the width of the states of the intermediate nucleus
(E,~>E +T./2)

1 R3 11 13
2v 813 . ff\4 R1 |2 2\ 12 Mg Mt Mgr
T = @ ME [+ enn®) G amn = o G = 1 o = 1
o GT GT GT
+ (Errs1 + Err11€1R31) G5 —
1 : :
2 2 2 2 3 2
+3 (&rr31% + €rp3”) (Gas + GY) o
12;— —
M, D. -
TRl __ . n+’n — 10F
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n n n 2 8 3
, 2 a2 = F
:'urg% = 4??12 Z ﬂann (Dﬂ 31_‘;}/4) — .5:_ A=16
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M,T, /2 i et
:'l[é]—r = Me Z (DQ :_;2/4) 23— - — Z=136 A
s ax= MDL/2(3D2 — T2/4) S TR N N TR T
ML, = 4m? SR = L
G = 4m} Z (D2 + T2/ E [MeV]

D, =FE, — (E'E + B f) / 2 Fedors We found that &, and ;;, are negligibly small
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Effect of the electron p,,-wave state in 2vpB-decay (preliminary)
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2vpp probes All 100 kg- and ton-class OvBp experiments can also study a diverse

New Beyond SM Physics range of exotic phenomena, e.g. through spectral distortion in 2vf.
Future searches will probe the 2vf B with high statistics about 10°-10° events.

Common subjects: o SR o
2.5

Majoron(s) emission 2w36-SM (n = 5)

(partly)bosonic neutrinos,

Lorentz invariance ~ 20 0vBBx (n=1)
violation < 0vBBx (n = 2)
=T 15
Recent subjects: § : mrmrees OvBBx(x) (n = 3)
Lepton-number conserving = 10" ——— 2uBB-LIVv (n=4)
right-handed currents o=

(PRL 125 (2020) 17, 171801) 2vf33-bosonic v (n = 6,

- . . 0.5
Neutrino self-interactions 0vBBxx (n=T)
(PRD 102 (2020) 5, 051701) ;
Sterile neutrino and light 0.05 B
fermion searches through 0.0 1.0 1.2 1.4
energy end point (Eey + Eey — 2me) [Qpp
(PRD 103 (2021) 5, 055019; dr

=C(Q — &1 —&)" [preiF(e1)] [p2&2F(e2)] Spectral index n

PLB 815 (2021) 136127) deydey
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Experimental limit, lim 77 /> (year)
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Eur. Phys. J. C 85, 174 (2025)

150Sm (keV) Present work Previous results ZVﬁB-decay
334.0 27 > 2.42 x 1020 [28] to 27 state
334.0 2] > 7.3 x 101 > 1.26 x 1023 [28]° (First observation)
740.5 07 1.037035 x 10 See Table |
740.5 07 > 7.1 x 101 > 1.36 x 10> [28]°
1046.1 25 > 6.0 x 102" > 8.0 x 1079 [52] —~ —
1193.8 2 > 5.1 x 102 > 5.4 x 1020 [52] ~AC7269,7 B 7273
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S 500+ 21485 703.1
28A¢ 701.7 l‘ol\d 2" 1046.1
_ ) 7122
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[Jung et al. (GSI), 1992] observed beta decay of 122Dy®¢* ions with Electron
Production (EP) in K or L shells: T/, = 47 d

Double Beta Decay
Bound-state double-beta decay OVEPB~ (2vEPS ™) with EP in available s, /, or with emission of
p1/, subshell of daughter 2+ ion: a single electron
92X — 25 +ep +e 4+ (Vo + V)
Z Z+2 b e e
B O _ — o=
EP ol 297 B
Ze~ ; — 2vEPG™
Ay ® Ly 0.8F VEPE™
Z+2 7, 2 :
) = 06! i
Ve = 7
— 04 ]
2vEPP can be detected 02 : Supressed ~ 1073 ]
Half-life predictions ]
are independent 0.0t b e
Value of 2vB NME

E —m, [MeV]



Is there a proportionality between OvBp- and 2vpp-decay NMEs?
Known

fit
krom ®ratio

measured EmJ_IIIIIII||||||||||||||||||||||||||||||||||||||||||||||||||J_ EmJ_I||||||||||||||||||||||||||||||||||||||||.III|IIIIIII
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150 — 3

decay - . - .
half-life 100 E = E
A~ = = = =

& SEE . [ 4

l:]'I" | | | | |||||||||]: :fl IF
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‘-""'2 250 £ IBM 3 250F :

" 200 E O 3 200F =
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7 S0E = on 3 S0F =
2 ot e o E
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model 100 &- ER > mE O 3
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9/25/2026 Fedor Simkovic



ISM, EDF : M%» &¢ M%¢1.q MPGT = M, —only 1*  QRPA: There is no proportionality between

- | | | @ MY - contribution 0Ovpp- and 2vpp-decay NMEs
1.2 Ca & (a) .
: T e from many J*(!) (change of sign at GTR level)
-~ 1 Cr —
+5 - KB3G O B ]
r 08ITGXPFIB O = .
= [ EDF ¥ : Region of GT resonance
+% 06— 3 —
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8 o4l ¥ — 15
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0.2 |— -~ ]
. ; ) e
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1.2 — e — — ]
B ¥ Mo A
- se % !Gﬂs'i’i ] 05 e
= 1 — Sn % ¥ ] . Te i
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Q 04 om - 05 =
s = - i i
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MO\!B]} 0+ _ 0+ B _
( gs,l - gs,f) SU(4) Symmetry '1‘5{] [ B B |5 I B 1|[} L PR R R S 2|0 I R 2|5 1 [ o

ISM: N. Shimizu, J. Menendez, K. Yako,

PRL 120, 142502 (2018) QRPA: F.S., R. Hodak, A. Faessler, P. Vogel,

PRC 83, 015502 (2011)



A connection between closure 2vB[ and 0vBB GT NMEs

F.S., R. Hod4k, A. Faessler, P. Vogel, PRC 83, 015502 (2011)

Going to relative
coordinates:

(b L
‘lurlf N—1 T

r- relative distance
of two decaying nucleons

MZ

L-*"v
[P,
/ ﬂr

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

JI CIEEH'(T) dr
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I=F GT and/
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L)

m > - < 17 m|rTF|0] > mkovic

v—and N- exchange
potential (x 2, (1)

(r)

r [fm] 59

Neutrino potential prefers short distances



in between the initial and final nuclei

in 1sosp

The role of the difference

T=0)
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M2 = / c2 (r)dr M- = Closure 2vf38 GT NME
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Restriction on the energy range
of intermediate states
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J-PARC 3-50 GeV p,
vV, L

Measurement of GT strength via pu-capture
wpt (AZ) — (A,Z-1) +v,

Contradicting QRPA results:
* Strong quenching (g, ~ 0.6)
PRC 100, 014619 (2019)
*Weak quenching (g, = 1.1)
PRC 74, 024326 (2006)

PRC 79, 054323 (2009)

PRC 102, 034301 (2020).

= Small basis nuclear structure Momentum

calculations (NSM, IBM) are transfer
disfavored. = | q~80 MeV
S 1.5 T
T £
Monument = -
Exp. & = i
& 0.5
= ¥ 0
. *iiii*i
0 I
S ¥ W - , , 0 10 20 30 40 50 60 70
‘: R b A . : P Excitation energy MeV

I. Hashim H. Ejiri, MXG16, PR C 97 2018
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x (&4 ) | Cr —5 + CorBacr + CrBer
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BkK(f}Uk) —

A
Muon capture | M, | Y rrePurog

rates
evaluated
within
QRPA

F.S,R. Dvornicky,
P. Vogel,
PRC 102, 034301 (2020).

“MM;(

2]

0.06
0.05
0.04
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* New formalism
(derivation
as for Ovpp-decay)
 No factorization
of muon w.f.

dse, and NME
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FIG. 1. The radial dependence of the bound muon wave func-
tions g_y(r)and f_(r) for 6Se, 'Ry, and P®Ba.
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Muon capture rates evaluated within QRPA
In agreement with soft quenching (g, ~ 1.1) E
E T . : >
- v v . -
— B ¢ [} E ¢ ¢ * = =.
oIS .- o E
c 3 3 CT
Ne - B N S “"“i/ -
S 8F a] Sac AT E o
= | ral % 2
T : s
5 + = oxp. E : ; _ =
4 E_ / o exp_ (na[_] é 0123 45678 91011 012 34567891011 :':
- ¢ phen. = =~
5 i_ 12/ theor (gA=l.2l7l, Ims) % x5 I : :
; A A theor. (2,=1.00, Ims) g & Ef’f;: : A=136:§ ;
0F = i_i-g ‘,, n‘:
481 T 82 96, 100p 10 116G 1247 128, 1305 1345 1360 1500 'g[_ 312: : : H”
e ook | " =
Monument - 76Se (Phys.Rev.C 113 (2026) 6): N | | SO ; ;
T =135.1 ns 5252‘_;’;; E3 ; =
Our result - 7°Se (PRC 102, 034301 (2020)): S oo 2
t=134.5ns (g, = 1,27) = i
t=192.1ns (g, =1,00) ok :
9/25/2 _ _ 0123 4 Sf 7 8 91011 01234 5_6 7 8 91011
T=254.1ns (g, =0.80) ] J

PRC 102, 034301 (2020).



Double GT Giant resonances

/
Heavy-ion DCE / (exhausts a major part of
as surrogate Processes v ‘ I ‘ sum-rule strength)

! v
Of BB-decay Bﬁ—déc ay Exin grand-daughter nucleus
(180,200)
v’ Induced by strong interaction
v'Sequential nucleon transfer mechanism 4t : (0200) ] 117Sn € ®5;70)]118Sn s
order: Kinematical matching & _ SCE
v"Meson exchange mechanism 1% or 29 order % 6 > A Blo-p
v Possibility to go in both directions L X - &R W p
v'Low cross section 2 i > B n-n
Tiny amount of 1151h G 1 (°F2F) | 1171 a
DGT strenght for ‘
low lying states ™ T ym
——————————————————— 6 «’;l/ . *’91/ 0
RIKEN z = SR z
Sum rule almost = = =
exhausted by RENP 114Cq < (?'Ne,2Ne) 115Cd < (*°Ne,2'Ne )i gly
DGT Giant Mode, S |

still not observed

INFN-LN (*®Ne,*’Ne)



The 139Te(?°Ne,?°0)139Xe DCE reaction

L& 130 <1200 ]
N e X 3l Te(™Ne°0)Xe | 002
NUMEN 8 F 242f 00°<6 <95° 0°<0 <6° |[“- 3
10003 F ab lab 1 ©
_= -0 — 500
it . B I Z
ierc | ™ Sl g ool :
EHSTEUNURE B - — 400
S0 > B 3 I ]
\ 600 — 3 , .
- 40 5 0 5 o —] 300
128T e 130T e - E, (MeV) .
400 — . B
or Resolution —] 200
N - ~500 keV FWHM -
200 — — 100
g.s. — g.8. transition can be isolated - N
Absolute cross section measured ) A S N EVRPRPEIN IITITIT ST [
-10 -5 0 5 10 15 20 25

E, (MeV)

Absolute .
u Cross section

95% limit (nb)

State (MeV) Counts coss section
(nb)

g.s. (0Y) +2* (536 keV) 5 13 [3--18]

Analysis of cross-section sensitivity < 0.1 nb
in the Region Of Interest
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