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OvBp experiments — a worldwide competition of ideas and underground physics technologies
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OvBp-decay NME

The nuclear w. f. of
(AZ), (A,Z+1)", (A,Z+2) SEIE AV | Isospin, and spin-isospin symmetries
Many-body methods The OvBp nuclear transition operators (M¢=0, M, strongly suppressed):
of choice: (F, GT, and tensor type):

Al g [ EDFGCME | | - N =
models - IBM Riv. Nuovo Cim. 46, 619 (2023)
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physics —NSM+GCF | j !
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Impossible :5 [ A * ]
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Supporting nuclear physics experiments  ¥'B-decay, EC and 2vpp decay
(Measurements still not conclusive for Ov3 NME) v'pu-capture
— ~100 MeV V(' )
v (*He,t), (d,’He), transfer reactions
v'y-ray spectroscopy, yy-decay
v' A promising experimental tool:
Heavy-lon Double Charge-Exchange
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ISM, EDF : M» ¢ M%7y MPCT =M., —only 1+ QRPA: There is no proportionality between

2 ca & | @ | & MY - contribution OvpBp- and 2vpp-decay NMEs
F Ti e from many J=(!) (change of sign at GTR level)
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2vpp-decay NME Weak interaction Hamiltonian 95,y — &2 er(@)valer ()] jalz) + h.c.

V2

Phys. Atom. Nucl. 62 (1999) 585 t .
Hadron part  .J,,(p;, p2, k1, ks) = ] p—i(py k)T —i(pytha)z,

2vBp-decay amplitude of amplitude o
out <Pf|T(J(21) ], (x2))|Di >in dzida,
< f15®]i > =
. 2 2vBpB-decay
(—i)* [ G
9 \/i LPH(PM'PQ: k1, k?)'—’rgv(plapﬁa ki, ko)
—(p1 < p2) — (k1 <= k) + (p1 < p2) (k1 < ky)
T(J(x1) ] (z2)) = Julx1)(xg)  (two B —decays) ¢
+ O(m90 — w10) [y (@2), Ju(z1)] (2033 — decay) (A,Z)\‘ real
F.S., G. Pantis, Phys. Atom. Nucl. 62 (1999) 585
(A, Z+1) 0"
A sum over intermediate nuclear states represents (AZ+2)

a sum over all meson and y-exchange correlations
of two B-decaying nucleons inside nucleus

two subsequent B-decays



The two-nucleon B-decays in 2vBp-decay
are connected through strong and EM interactions

@ _ (=, (G_) . . al@1), ds(w2)] =
2 V2 P(z1)Ya(l +v5)n(21), P(22)Vall + ¥5)n(22)
/N[EL(Il)’WeL(f»Cl) er(Ta)yVer(w2)] X =0
c, d, e pion-exchange contributions
T [a(i’]) jﬁ(ﬂﬁg) e:rjp{ f%qtr+9111 J; d£1 das (and maylbr?:Iang)bag?azlrrgadsymcluded

Jo(z) = Ul (20, 0) jo(z) U(xo,0) %
Ut,tg) =T (FTp {—i /t strrem (4 L\ c)
[Ja(z), JS(U)] # 0 O +\\ ‘
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Jﬁjﬁﬂ (pl':p?: ‘l;"la kl) — _521 f{'f'ﬁ'épkéuk
x2md(Er — E; + pro + k1o + p2o + k2), k=1,2,3,

Due to 0*— 0* nuclear transition

Nuclear current (0, 7) = Y 7.7 (8aq + i94(F)100z)0(T — )
(impulse approx.) n

2vBp-decay NME In time

Integral representation time dependent axial current
oo . - _ : .
Moy = EL (El(pm—l-km—&)t 4 Ei(pzl:l—I-kzD &]t)ﬂ_quﬂ(t)dt d._,h‘(” _ EthAk(O)E—aHtj AF; _ ZT;— (Ei)k} - 1} 2} 3.
; ! n times
i a1 A0y = S Y THTE A, A0)]..]
1 AL(t) =€ e " = | H, .
Maa(t) =< oﬂi[Ak(ﬁ/z),Ak(—t/2)]|oj > #(2) +(0) ;} n! | o
Completeness: < A\ Jo(z)Js(2)|A > = Y < AJL(0,7)|n >< n|Js(0,7,)|A > x
2. [n><n|=1 n
o (B —En)T10 o= i(En—E)z20
_ _ _ - Standard form of 2vpp-decay NME
mE_ggratlon overtlmea\l:{jarla_IE e 5 . ’ Z < O}L|A(O)k|1: > 1&;4(0)“0? >
Tt dt = et gy = i Mer = . |
/D ¢ El—I*'I'%D c El—l*%{l—i'fjors n En_Ei‘\‘QA)

A=(E;-E;)/2, stands for sum of lepton energies



Understanding of the 2vpBp-decay NMEs is of crucial { { o
Importance for correct evaluation of the OvBp-decay NMEs (A, Z) = (A, Z+2)+2¢ + 27,

Both 2vfBand Ovpp operators connect the same states.
Both change two neutrons into two protons. Ty(A7) > 6 x 108 y Ti(3") =43.7Th
Explaining 2vg-decay is necessary but not sufficient 0~ (g 278 keV 47 252.4
) L]
101 - 48
E T T T T T T .I ﬁ6I E mCa Qs 485 keV {10%)
ECEC 1 T=T,=4 219¢€
4 Qs 660 keV +o 1212.9
3 [QI:IE'?':-}? 6"
10%g - g+ | |7 1754
= : 55 4271 keV
= 1 Qap 421 7 1037.6
1071k . . . 4
) . é Abundance
. . ’ - Wla : 0.187%
- v 1312.1
10—2 1 1 1 1 1 | 1 1
20 30 40 50 60 70 80 90
Z
_ L - For g.s.
QRPA calculations at the forefront: i) importance of pairing of even-even v 983.5
Int.; ii) Importance of isospin and spin-isospin symmetry auclei
T:TZ T= Tz =2 %gTi

restoration (isoscalar and isovector residual int.); iii) importance
of relative deformation of the initial and final nuclei



M2v_ =0 The DBD Nuclear Matrix Elements M2Vor =
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 ! 'f,
O. Civitarese, A. Faessler, T. Tomoda, PLB 194 (1987) 11 6.0+ s

E. Bender, K. Muto, H.V. Klapdor, PLB 208 (1988) 53 38 years ago e

4.0

The isospin is known to be a good approximation o 20
in nuclei =
0
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 1.2 16 20
Is it an artifact of the QRPA? g'PP/qParr

6/18/2U25 Fe. .. _ . .



s.p. mean-field Conserves SU(4) symmetry

Study of
21/'3,3 NME H A1 (0. Mp) Ao (0. M) + Y Al ((Ms,0)Ay0(Ms. 0)) + 01 > Bl Eap
- - Mpr=-1,0,1 Ms=-1,0,1 a,b
within the = ’
schematic —gT= A} o(Ms,0) A1 0(Ms, 0) + (gpair — aT=1) A5 1(0,0) 40, (0.0, H Violates SU(4)
model ~ _ . symmetry
Opair- Strength of isovector like nucleon pairing
(L=0, $=0, T=1, M,=+1) 120 ;
Opp' -strength of isovector spin-0 pairing WE a0 (1,3,10) _ ::j;:: :
(L=0, S=0, T=1, M=0 (15,10) -
Oy - strength of isoscalar spin-1 pairing N 1710 we S
(L=0, $=1, T=0) % Wb s T —
Jph- Strength of particle-hole force > F ™ (158 O48 3
T F (0,6,8) (1,9,10) (0,6,8) 3
5 v R — i
Energies of excited states 88 (156 o
- (0.6,6 — ) 3
for the case of conserved SU(4) symmetry i ﬂm: (134 o
M-=0, M;7=0 (see SU(4) multiplets) 20f — 022 -
E | | | 3
: : 4 3 2
D. Stefanik, F.S., A. Faessler, PRC 91, 064311 (2015) Fedor Sir T,



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

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

of the SU(4) symmetry by the S e e
article-particle interaction of H 2

14 33 T=1

(‘Sg-pair + :ggph) (lﬂgpaﬂ + GQph,)

Mg and M1 do not depend on the mean-field part of H

144 /33 CE
4 - T=0 =
v L4 5 { Ypair — gpp _0'8§_ exact solution

jl I o = _ —_E = perturbation theory (1st order)
Sgpa-i’r' —— Qgph ( -I-Ug-pai?‘ -+ Qngh) -1.0 % — — — - perturbation theory (2nd order)

_1 :IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIllllllllllllhl:
'%).4 0.6 0.8 1 1.2 1.4 1.6 1.8
—|_ }

Results confirm the dependence of M and Mgy on
6/18/2025 Fedor Simk 0o and g,,""! by the QRPA



Single State Dominance ( 1Mo, 196Cd,6Cd, 128Te ...)

HSD, higher levels
4 v contribute to the decay
/ \\
/
/ \
! 1+ Y
! v SSD, 1+ level
! ,/‘ 100T¢ Y ', dominates in the decay
/0 \ (Abad et al., 1984,
o+ Y Ann. Fis. A 80, 9)
\
|
100\
v Z M (1Y) M1 (1) M (1Y) M1 (1)
GT:
m Em = Ei + €10 + g Em T Ei + €20 + N

ﬂ..[f(ﬁ)ﬂ-fff(ﬁ) z\-'f_f(1+)*?\'j((1+)

—

Isotope f.s. T, (SSD)[y] Ty,(exp.)ly]

2M}'(1+)M?‘ (11)

E,—FE +ewo+ro Ei—E;+ex+ v F, —FE;,+ A\

SSD
f common approx.

JIGT = ﬂrﬁf&T(b’lg — L*'gﬂ) €10+ Vg =

Domin, Kovalenko, F.S., Semenov, NPA 753, 337 (2005) Fedor Simkovic

2vp B~
0Mo  0,, 7.3101  7.07 1018
0, 42102 6110
wscd 0y, 11100 2,63 101
2Te 0, 11105 249 10*
EC/EC
06cd 0y, >44102%  >4.7 102
WBa 0, 50102  2210%
" E.-E=-0.343 MeV
4 ?iSMO 4.0566 4£
r— 3_
2
-
L 2. 1.8652 6%_
T B
1_
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., Smotlik, Semenov
J. Phys. G, 27, 2233, 2001

L5

I3

2v~p—decay

+

0

+
—= 0
Z=. g

—— HSD
— SSD

100M o —s L0OR L

0.5 1

1.5 2 2.5

E—m,cz [MeV]

P(¢)

2vEC/B*—decay

E-m,c* (MeV)

1.5



Semi-empirical Z 100 (T#) " = |M*]" G*
formula s, o §
for 2vpp-decay 50 Af2-rh ( Zf ) ( Apn ) T,y
(g.s. to g.s.) Ny 1—B</P> )
0
: 7\ 30
0.10 N2 (N) T
MQI/—ph
0.05
]h J J |JJ.|I.|J odssblpdisblob
| o] l
0.00 ’
0
o0
100
Apn = A2 AZ N2 NI N 150 PRC 111, 024307 (2025)




N

53

(0, — P)*
o;

There is no reliable

calculation of the 2 vg#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 -




Improved description of Both 2vp and OvBp operators connect the same states.
the OvB[S—decay rate Both change two neutrons into two protons.
(a way to fix g, &) Explaining 2vpp-decay is necessary but not sufficient

E, — (E;+ Ey)/2

PRC 97, 034315 (2018) 41{5,?1-'5 = Z M,
’ [En — (B + Ef)/[2]? — e
EK,L =
Taylor eXpanS|On E” o (E _|_ Ef)/? g = (Eﬂg + Eil:-"g - Erl - Eu1)/2
€, = (Eru + Eu.z - Er;. - EFI)/Q
€ € (_Q Q)
We get B 272
—1 eff\4 2w 2w v e
[TI/Z] — ( IMGT 1| [GU + 531(;2 J[{_,j . ﬂ/fg;T—l - Zﬁfn(0+)En(1+) B (Et i Ef)/2
: ‘ 5:31 = ! 3
2 ~2u _ 2 21 ﬂ/f o + 4 mg
+(&31)°Go + | =(&31)" + &1 | G GT-1 M%._, = M,(0
(&31)° G2 <3(55|) § 1) 4 1[(2_; 1 M%. ; ( )(En(1+) — BB

—|—§§31551G42 + 553155106 Gy Mar—s — " (E,(1%) — (Ei + Ef)/2)°

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) 23



The running sum of the 2vpp—decay NMES

(QRPA)
L M2y,
M2, . = M, W G1T'-3
G g (Eu o (Ei + Ef)/? J-:% o IIEU
A GT—1
M%. .= M, . 2
S L By g~ Mt
' 5 o 2;
Mér
— I=1
— =3
— I=5
o .
15 20

€, tell us about HSD: &,,=0
Importance of
higher lying states 5151 (large) |
of int. nucl. P053|ble_ bec_ause of a large cancellatic
of contributions through lower and
higher-lying states of (A,Z+1) nucleu:
0.6 [ I LI I AL B
} m QRPA -
0.5+ ® SSDH
A ChER ]
041 N a
L L i
-~ o -
N 031 AE. }—
i A ]
02 E - N
01F = ]
i F Y
0{;II — glllulI|l|6lll”|(}lll’>|:tlll’3‘|8|||32
4sCa4 76Ge szse %Zr 100 m.C d mTe 136Xe

€15 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. : €,,<0.26 (3¢ Xe)

€,5 can be determined phenomenologically
from the shape of energy
distributions of emitted electrons

The g,° can be deterimed with measured

half-life, ratio of NMEs &;, and calculated NME, « «
L
o0 0.7

dominated by transitions through
low lying states of the intermediate nucleus.

€15

(g

2
) ‘flf‘ff"_f q‘\/ 12;2—6-’53'? GEI"-I-«E qu)

MgT.3 have to be calculated
by nuclear theory - ISM

6/18/2025
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KamLAND-Zen Coll. (+J. Menendez, F.S.),

Phys.Rev.Lett. 122, 192501 (2019)
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CUPID-Mo Exp. : &,3=0.45+0.03 (stat) £0.05 (syst) (*°° Mo)

Phys.Rev.Lett. 131, 162501 (2023) 1o Statistca
700 [
L Data 10_ Stat 68% c.i.
600 —
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£, /€., = 0.364-0.368 (QRPA), 0.367 (SSD), 0.349 (ISM)

6/18/2025 0,8 (DNQRPA) = 1.0 +0.1(stat)+0.2(syst)
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3,1

0,5 (ISM) = 1.11 +£0.03(stat)+0.05(syst)



CUORE Exp. (*"Te) 31 =0, 01+8 31 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.,+1T/2)

1 R3 I 13
2v 813 . ff\4 R1 |2 2\ 12 Mg Mg Mg
{TW ] = (9?4) |MGT| [(1 + {rr11 )Goy ERR31 = MRT §TR11 = MRT §rr31 = MH];
o GT GT GT
+ (Errs1 + Err11€1R31) G5 —
1 : :
2 2 2 2 o =
+3 (&rr31% + €rp3”) (Gas + GY) al:
12;— .
M, D. -
TRl __ . n+’n — 10
M:a7 = me Z (D2 + T2/4) % 10E
n n n 2 8 3
v 2 2 —_—
ﬂ,{g% — 4??12 Z M, Dy (D, BF;”/4) ~ 6F — A=I6
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M,T, /2 i et
:'l[é]—r = Me Z (DQ :_;2/4) 23— - — Z=136 A
, 3\~ M,T,/2(3D% — T2 /4) I I T S
ML = 4m? — -
& = 4m? Z (D2 + T2/ E [MeV]

D, =FE,— (E;,+ E;)/2 redors We found that &,5,, and & ., are negligibly small
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Effect of the electron p,,-wave state in 2vBp-decay (preliminary)
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2vpBp probes All 100 kg- and ton-class Ovpp 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: Fo o o
Majoron(s) emission 250
(partly)bosonic neutrinos,

2v38-SM (n = 5)

Lorentz invariance —~ 200 Ovhbx (n=1)
violation = i 0vBBY (n = 2)
SER Y
Recent subjects: S T 0vBBx(x) (n = 3)
Lepton-number conserving  «; © 1.0} ——— WBBLIV v (n = 4)
right-handed currents > | |
(PRL 125 (2020) 17, 171801) 2vf33-bosonic v (n = 6,
. . . 0.5
Neutrino self-interactions 0vBBxy (n=T)
(PRD 102 (2020) 5, 051701) 7
Sterile neutrino and light 0.0% e I R R
fermion searches through 0.0 1.0 1.2 1.4
SNE ML) end pOint (Ee1 + Fe, — Qme) /Qﬁﬁ

(PRD 103 (2021) 5, 055019; al’

PLB 815 (2021) 136127) doides C(Q —e — )" [praitF(&1)] [p2&2F(£2)] Spectral index n
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L= /2 [‘:1 +dsm)Jzdp,, + HN.?ETHJL# +@J}¥”JLH +g“JRJ + 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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2vPp probe — sterile neutrino search my= 0.5 MeV and 1.5 MeV/ sin?6= 0.01

CUPID-Mo
Eur. Phys. J. C 84, 925 (2024) 0.16 - —— GERDA
== CUPID-Mo w Syst. [Improved model]
- 0.14 === CUPID-Mo wo Syst. [Improved model]
— ——— CUPID-Mo w Syst. [SSD]
é 0.12 - ~ == CUPID-Mo wo Syst. [SSD]
i S
mixed with g 0.107
active v N
= 0.08 1
= 0.06 1
=
7
. Pure sterile v 0.041
contr.
0.02 1
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A MOST INTERESTING
PROBLEM

LY

you are having fun.

Albert instein
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