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Double Beta Decay

DBD is the rarest known radioactive decay measured until now, by which an e-e nucleus transforms into
another e-e nucleus with the same mass but with its nuclear charge changed by two units.

It occurs whatever single B decay can not occur due to energetical reasons or it is highly forbidden by angular

momentum selection rules
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Double beta decay process
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Isotope

48Ca
76Ge
82Se
9Zr
100Mo
116Cd
128Te
130Te
136X e
150Nd
238y
235Ba(2vECEC)

100M0_100Ru(01)

150Nd_150$m(01)

Qpp[MeV] T [yr] [1]

4.272
2.039
2.995
3.350
3.034
2.814
0.866
2.527
2.458
3.371
1.450
2.619

1.903

2.630

4.40 x 101°(d)
1.65 x 1021(d)
9.20 x 10°(d)
2.30 x 10°(d)
7.10 x 1018(d)
2.87 x 101°(d)
2.00 x 1021(g)
6.90 x 102°(d&g)
2.19 x 1021(d)
8.20 x 1018(d)
2.00 x 1021(r)
~ 1.0 x 1021 (g)

6.70 x 102°(d)

1.20 x 102° (d)

Best lower limits on Ov@f T1/2:
3.3x1026 y (136Xe): KAMLAND-Zen
2.3x10%%y (76Ge): GERDA

1.5x10%5y (130Te) : CUORE

76Ge: GERDA, MAJORANA, LEGEND

82Se, 48Ca, 150 Nd: SuperNEMO

100Mo: AMoRE

130Te: CUORE->CUPID, SNO+

136Xe: KAMLAND-Zen, EX0-2000-> nEXO, NEXT, DARWIN

Best proposed sensitivity:

LEGEND-200 (started 2021) T~ 10%7 y; LEGEND-1000: T~ 1028y ;

CUPID T~ 1028 y;

mgg ~ a few tens [meV] (cover the IH domain)
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A measurement of the Ov[33 decay rate combined with neutrino oscillation data and a reliable
calculation of the NMEs, would yield insight into all three neutrino mass eigenstates.

Based on the present data one can extract limits for the neutrino mass scale.

—

» i [y 2 ; { —2 .
NH: my < Mo < Mg Am2,, + 313\/,-'3771%.”,(5 _

IH: mag << My < Moy

l.]u-h

|(m,,)| = \/Am r”(l — sin® 26y sin® ayy)’

1.5-1072 eV < |(m,)| <5.0-107% eV

<m,> = <mgg> = |Zm; Ug;? |?
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DBD potential to probe BSM physis

Double-beta decay study opens several different topics to investigate BSM physics.

Studies which include both Ov([3 & 2v[33 decay modes

- Check of lepton number conservation (AL = 2);
- Neutrino properties: Dirac or Majorana; limits on <m,.>
sterile v¢ — limits on <my>

neutrino mass hierarchy

- Constraining of different BSM scenarios for Ovpf3: Majoron existence, SUSY particles,
L-R theories, d of RH currents

- Check of some fundamental symmetries: CP, Lorentz invariance, Pauli principle
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Double-beta formulas

[TZ5]" = (I/In2) =G (Qup Z) x  gix |mec?M? 2vBp
[7110/1/2]'1 = (I'"/In2) = 3\ [G* (QBB' Z) x gf}{ X |M;8V|2 X <MN> ovBp
\) \) \)
atomic physics nuclear physics particle physics
PSF NME BSM
GZOV(E,, Z) phase space factors (PSFs) M@0V = nuclear matrix elements (NMEs)

<1;> = BSM parameter associated with the Ov33 mechanism; g, = axial-vector constant

T M%) = [MP|2 <m>% + [MP|? <mp>? + [MO]? <mp>? + [MP|? <ng>? + ...

Th. predictions for DBD decay rates rely heavily on accurate calculations of the phase space factors and nuclear matrix elements.

There is a great interest for a reliable theoretical support for these experiments
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O0vfp: BSM physics: any AL=2 process can contribute to 0vff
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Calculation of the nuclear matrix elements

2VB6 mze — 5, (el (i liolor)
GT — &~ Ei + Q/2 + me — E;
‘ 2
OvpBp MY = M2 — (;‘;) MY — MY 76

a) pnQRPA (different versions)
b) interacting Shell model (ISM)
c) IBM-2

d) Generator coordinate method

e) Projected HFB

Origin of differences

Virtual - transition

(5]

many-body theory (correlations)

single-particle model space
effective NN interaction
Nuclear (input) parameters

g, R, <E>, nuclear form factors
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ShM calculations

Fast numerical code for computing the TBME

Horoi, Stoica, PRC81(2010); Neacsu, Stoica, Horoi, PRC 86(2012), Neacsu, Stoica, JPG 41(2014)

Mgv = Z TBTD(jpjp’~ jnjn’; Jn )(jpjp’; JJT ”T—l T—20(]y2 ”jnjn’; SO!JTT)

[ o

0 0 8v
M™ = Mgt — <_
8A

The most difficult is the computation of radial part of M% which contains v potentials

2
) MY + M3

ry’ 2R o0 /Q/ l
(nl|Hoy |1') H.(r) = _/ ji(qr) a9 7 dg
T Jo w -+ (E)

Ingredients, which may differ from one computation to another:

SRC Ui (r) = [1 4+ f(r) 1Y (r) f(r)=—c-e (1 — br?)
2

FNS GA(02)=8A<A2A3‘ 2) GV((IZ)=9V( A%/ )2
A+q “ A%_'_qz
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o0 o0
(””Ha (}r)|”///> — / ’.2 drv/nl(")v/n’l’ (’)[l + f(’)]z X / (/2 d(/va((/)Jn((/’)
0 0

n+n’

(nl|Hy (r)|n'l"y = Z Ajrraas(nl, 0’1" Ky (m)
s=0

This procedure reduces substantially the CPU time: ~ with a factor of 30 as compared
with our older ShM code from ref. PRC81 (2010)

Other ingredients: the effective NN interaction(GXPF1A, KB3, GN28, GN50, etc.)

Input parameters: R = rpAl/3 (ry = 1.1, or 1.2 fm), <Ex> = closure energy, g, = 1.0, 1.25,
1.264,1.272
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Table 1 . The NMEs obtained with inclusion of different nuclear effects. "b” denotes
the value obtained without any effect included, while “F”, H” *“S” and “total” indices
denote the M values obtained when FNS, HOC, SRC and all effects, are, respectively,
included. The set of the three values from the columns with SRC effects included refers
to the particular prescriptions: (a)=Jastrow with MS parameterization, (b)=CCM-
AV18 and (¢)=CCM-CD-Bonn type. The calculations are performed with g,=1.25,

ro = 1.2fm, Ay = 850MeV, Ay = 1086 MeV .

My Myp Myny Myp.in My,s My,sip Mysin M4y
(2)-0.731 0680 -0.542 -0.508

BCa -1.166 -0.959 -0.923 -0.773 (b)-1.023 -0.930 -0.800 -0.733
(¢)-1.153  -1.008 -0.914 -0.809

(a) 0.856  0.798 0.670  0.628

BCaq* 1351 1.116 1.102 0.928 (b) 1.188 1.082 0.962 0.884
(¢)1.337 1171  1.092  0.969

(a) 3.025 2.889 2.499 2.378

6CGe 4.168 3.615 3.497 3.066 (b) 3.807 3.557 3.187 2.979
(c) 4153  3.762 3489  3.177

(a)-2.779 -2.665  -2.275 2176

82G8e¢ -3.779 -3.305 -3.140 -2.780 (b)-3.467 -3.256 -2.876 -2.703
(c)-3.770  -3.438 -3.137 -2.878
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Study of the effect of different nuclear ingredients on NMEs Neacsu, Stoica, ].Phys.G 41 (2014)

- their overall effect is to decrease the NME values

- SRC inclusion: J-MS prescription decreases significantly the NME value as compared with softer CCM prescriptions.

- however, NME values calculated with inclusion of only SRC by J-MS prescription, are close (within 10%) to the values

calculated with SRC by CCM prescriptions and with the inclusion of other nuclear ingredients (FNS+HOC)-> a kind a
compensation effect

- inclusion of HOC is important = correction up to ~ 20%

- tensor component: contribution of (4-9)% (has to be taken with correct sign)

- dependence of NN interactions: up to 17%

- dependence on input nuclear parameters:
axial vector coupling constant g, quenched/un-quenched - the largest uncertainty
nuclear radius; R = ryAl/3 (rp=1.1fm or 1.2fm) ~ 7%
nuclear form factors (A,, Ay) ~ 8%;

average energy used in closer approx. <E> - negligible
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NME computation - a long standing problem

Traditional methods give differences between NME values of up to 3-5 times and it’s hard to compare and assess the
correctness of the results, because it is difficult to distinguish between errors/uncertainties due to different input
parameters and shortcomings of the methods. Uncertainties in the NME values are further amplified, since they enter at the
power of two in the inverse DBD lifetime formula.

» they each use phenomenological interactions that are not appropriate for other methods, and they each make ad-hoc
assumptions

about the short-range correlation effects on the transition.

Goal: to compute Ovpp NME with minimal model dependence and quantified theoretical uncertainty

= [t is expected that chiral EFT combined with Lattice-QCD to specify the form of the decay operator determining the
constants that multiply particular terms in the operator and ab-initio calculations to produce reliable NME with quantified
uncertainties.

Current situation

There are NME calculations with modern no-core nuclear methods only for the lightest DBD isotopes 48Ca, 7Ge and 82Se.
Also, calculations with EFT combined with lattice QCD still face difficulties to provide the form of decay operator.
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Statistical model (Horoi, Neacsu, Stoica, PRC2022;PRC2023; Horoi, Neacsu, Universe 2024)

to analyse the stability and distribution of the 0vff NME calculated with ISM for 136Xe, 48Ca and 48Se.
Goal: investigate the stability of the NME values against small random changes of the TBME (£10%)).
The calculations are performed using 3 independent effective Hamiltonians appropriate for each isotope.
(i) distribution of the NME values;

(ii) correlations of Ov NME with other observables (accessible experimentally): 2vS0, GT transitions, excited states,

occupancies, B(E2); in total 24 observables

(iii) the theoretical ranges for each observables;

(iv) the shape of different distributions for each observables and starting Hamiltonians;

(iv) the weighted contributions from different starting Hamiltonians to the "optimal” distribution of the Ovf3 NME;
(v) an "optimal” value of the Ov NME and its predicted probable range (theoretical error).

NME(136Xe): (1.55-2.65) at 90\% CL with 1.95 mean value
NME(*8Ca):  (0.45 - 0.65) at 90\% CL with 0.68 mean value
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Findings

Correlations of OvB NME

with 2vf NME: well correlated (R ~ 0.9)

with energy of excited 2*, 4", 6* states: correlated (R ~ 0.7)

resonable correlations with neutron occupation probabilities in the daughter nucleus and with B(E2) transitions

with GT strengths less correlated
Conclusion: reliable experimental data would be useful in reducing the uncertainties in the NME calculation

Based on this we also proposed a Hamiltonian built on the three model Hamiltonians used in our analysis, entering
with different weights to be used in the 0vff NME calculation



1. Phase space for 2vf- - for 0*ys — 0*5s and 0*4—0%

drzy 4 2 GZV
, 1 + K,, cos H,,
2(c0s0) A Mo, ( 2y €08 6) Ky, = 2
G2V
GQV CV / d61/ dEg/ dwl
0 Q=M(A,Z)-M(A,Z-2)
XF(ZfEl)F(Zf 62) El(El —|—2)(61+1) 62(E2+2)(62+1) L |
Xw%(Q_fl EQ_W’l) ((AN) <LN>2+(KN><LN>) (L) = €1 +ws + (En) — Er +62+w1+<EN>—EI

9677
w3 ((Kn)? + (Ly)? + (KyXLy)).

A (GrlVual)* R
H,, = 92;7 a f de f de, f doy f (€1, )6 + mo)pi(& + mo)pax

A‘z (G v, )4 0 0—¢€ O-€—-&
Gy, = FVud f delf dezf dw f\ (€1, &)(€1 + me)pi(€ + me)pax

e e AT VN e Vi
f==2R( e+ ATY)

1 =go1(a)g-1(e2) : fir = filer) fi(e2),
wiws < (2<KN> +2(Ly)* + 5<KN><LN>) fTh=g-1(e)fi(e2) s 171 = file)gi(e2)

for 0%y — 0*; formulas are similar but with Q=M(A,Z)-M(A,Z-2)-E,, S. Stoica, CSSPZ5, Sinaia, june 27, 2025



2. PSFs for 2vf B for 0%, — 2%
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Fig. 1 — Profile of the realistic proton density p. for 1509 m (thick line) compared with that given with
the constant density approximation (dot-dashed line).
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(d k+1

prre

) g — (Be — V(r) +me) fu= 0,

d k-1
(% I ) [+ (Be =V (r) —me)ge=0,

The system of differential equations Eq. (18) is solved
in the DHF'S potential,

VDHFS(T) - Vnuc (T) + I/el(r) + ‘/cx('r) (23)

which is a sum of the nuclear, electronic and exchange
potentials.

For the nuclear potential, V,,.(r), it is considered the
electrostatic interaction of an electron at distance r with
a spherical nucleus filled with protons following a Fermi
distribution [31]

- Po
o 1_+_6(1‘—Rn)/z’

pp(T) (24)

where R, = 1.07AY3 fm, z = 0.546 fm, and py must
be determined from normalization. Thus, the nuclear
potential is

Vaue(r) = —af pp(rl),ldr'. (25)

lr —r

| o $Y6&Y ()*+1'%,-196*.1)/(,*0.%-+1,111.9%/.9%!"1(,)0.%/,%)%1*,-%,-1%
1,02%(%("038&%%

Va(r) = Q/Mdr'.

=

The exchange potential, V. (7), describes the exchange energy between the electrons
in the atomic cloud. One can use the Slater approximation, where the exchange
potential is of local type and is proportional to the charge density of the atomic
cloud to the 1/3 power,

1/3
V() = —3a (2) 7

s

‘/eilater(,r) T < TLatter,
Vex(r) =
Z—N+1
—a(fﬂ - Vnuc(r) - V;:l(f") T 2 TLatter-
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dl’ dl’ / /
= X [l - nT(Ee)] nT(Ee) | <wEes wns> i} <¢Eeﬁ wnﬁ>
e Ak . (Vhs|¥ns) i (Vnp|tonp)
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6"+9.'(7)%')0""8#)%1#)9.&-$)#:+-%.'();. %1) Y% 1#) 0-/#)<' Yot (%.-"))

Standard calculations (true DHFS)  Our calculations (modified DHFS)

[Vne): Voue(r) + Ve(r) + Vex(r) [¥,) and [V, ):
[VE.s): Vaue(r) + Va(r) Vaue(r) + Va(r) + VSater(r)
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V(r) = Vaue(r) + Va(r) + Vo2 (r),

{gn(Ee, r)} Cexp(—ily) )/ Ectine sin(per — €3 + nln(2per) + Ay)
r—00

fx(Ee,T) Per &% cos(per — €5 + nln(2per) + Ay)

A, = A, + d, is the overall phase shift 0, is the inner phase shift
Vir(r) =V(r) —aZx/r

/I

Ag=v— (’7& — £ — 1)5 + argr(’)’n - 7;77) - SZoo,K,ﬂ-

v =arg [aZo(Fe + me) — i(K + Ye)Pe) 5

Ve = \/"52 - (aZoo)Q,
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drl’ r A
— = —(1+ Kcos# K=-F
d(cosf) 2 (1+ K cosb), d
d?A? / (dE.. dE.,)
2v € €
K7 (Eey, Eey) = — d2r2v / (dE. dE.,) 7%(2%) increase in K2”(K°")

In conclusion, we have investigated the impact of phase shifts on the kinematics of 33-
decay in '°“Mo, considering both Or and 2v modes. Our analysis of the angular correlation
distributions, a and k, revealed a striking feature: when electron phase shifts are included,
electrons are most likely emitted in the same direction if one has an energy below 2 keV.
While a similar observation was previously reported in [195], our study provides a more
detailed examination of the implications for electron emission patterns.

Through a systematic review of the previously reported K?¥ values, we demonstrated
that incorporating phase shifts influences the results, irrespective of the approximations
employed in factorizing the 2v33-decay rate or accounting for atomic screening effects.
Specifically, we found that properly accounting for phase shifts increases the angular
correlation coefficient, K, by 7% in the 2r mode and 2% in the Or mode.
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Using this enhanced model, we updated the phase-space values for all atoms undergoing
the 2vECEC process. For lighter atoms, we observed minimal differences relative to earlier
models that assumed simplified atomic screening and restricted captures to the K and L,
orbitals. This similarity arises from a cancellation effect, where the decay rate reduction
caused by more precise screening is balanced by the increase resulting from higher-orbital
captures. However, for medium and heavy atoms, our model predicted a nearly linear
increase in the decay rate with atomic number, reaching enhancements of approximately
10% in the decay rates for the heaviest cases.

Additionally, we provided detailed capture fractions for the dominant partial channels
and examined low Q-value 2vECEC transitions in 1°2Gd, 1%4Er, and 242Cm, where the
K K capture is energetically forbidden. Finally, we demonstrated that the effective nuclear
matrix elements for 2VECEC processes exhibit ranges comparable to those of 2v33-decays.



Summary of uncertainties in the PSFs due to input parameters.

Souee OGRS GRS
Q-value (5-7T)x6Q/Q

(En) 0.07 x6(En)/(EN)
Nuclear radius 0.2 x6R/R
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e neutrino flavor oscillations
Double-Chooz, MiniBooNE, IceCube, MINOS, SuperKamiokande

e neutrino velocity
e the spectra of 3 and 2v33 decays (countershaded operators)

Troitsk, Mainz, KATRIN, NEMO-3, EXO-200, CUPID-0, GERDA, CUORE, AURORA
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We derived the formalism of 2v33 decay with LIV effects:

d|—2u A2u

SME _r2u 1+ I’:‘, cos O n2u — ~_SME )
d(cosb2) 2 SME[ SMe 12] ’ MET e
rgll\,AE v ASME v
—gA |M2 | GSME’ = 8a |M2 | HSME’
In2 In2

G? A2GE |Vial*md 1 [ETET™ E—Ep—e
SG% - 9677 In2 mll deie1py dezeapo

e e

E,—Ef—=,—5, w?
X / dwiw3a(e1, £2) [(KN)2 + (Ln)* + <KN><LN>] { .(3; } ’
. 4a ;w1

H2v A2G:_|vd|4 m 1 E,—Er—m, E—Er—=,
— u =
sH> [ 9677 In2 m}! / d€1€1p1/ dezeapo

e e

E,—Efr—e,—¢, 2 2 5 w2
X dwiw3 b(e1, £2) [—(KN)2 + —(Ln)* + —(KN>(LN>] .(3;
. 3 3 3 43 ;w1

® functions dependent on the emitted electron wave functions

@ proper separation of the NMEs and the PSFs
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+6 other 233 decay nuclei
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@ relativistic interaction: electron + finite nucleus
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IHISO6& (HHI+, .. (&()#0. 1#,2)#,3, -



We proposed two novel approaches to investigate LIV in DBD based on single

electron spectrum
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FIG. 5. The angular correlation spectrum plotted for the current limits of Zf,?. The same conventions as in Fig. 3 are used.
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2w .(3)
KenE = Kaa + €LV X 3

kg = —0.6676 — 4.285 x 300

In experiments with tracking system for electrons, x2” is measured with

0 1
dr& dl'2" Ne—N—- 1
A% = — = - MN=_ 2 2
(/—1 dx o A dx ) / Ny + N- 2"

where x = cos 61, and N_(N.) are the 2v3[3 events with 6;, smaller (larger)
than 90°.

@ With N =5 x 10° events at NEMO-3 and 3%, = —0.6676 + 0.0027(stat)
a(()f) can be constrained at |aof | <1.04 x 1073 MeV at 90% C.L.

@ In future experiments as SuperNEMO, with N =5 x 10® events, we expect
33)| < 3.3 x 1075 MeV at 90% C.L.

@ Our predictions have been used in the CUPID-1T and GERDA
collaborations, and are included in the upcoming LIV investigations,
including MOJORANA and LEGEND collaborations.

O. Nitescu, S. Ghinescu, M. Mirea and S. Stoica, Phys. Rev. D 103, L031701 (2021) SR8 A+ Y (&0, 1, 2)4.3
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Table 2: Phase space factors for 2y~ transitions from ground state to ground state, the first excited 0, and first 2 state, obtained in the Closure approximation. Empty
entries correspond to energetically forbidden processes. Phase space factors G and H are displayed in units of 107>!y~!

0—- 0" 0— O; 0—-2*

Nucleus GZV HZV K2v G2v HZV KZV G2v HZV K2v

48Ca  16207.803 —12171.508 —-0.751 0.378 —-0.145 -0.382 4471.099 —848.860 -0.190
6Ge 51.367 -26.211 -0.510 0.077 -0.021 -0.275 0.474 —-0.053 -0.112
82Se 1703.390 —1076.661 -0.632 4.927 -2.025 -0.411 84.549 —12.430 -0.147
%7y 7344.851 —4842.339 —0.659 192.116 —-100.777 -0.525 888.929 —140.397 -0.158
10Mo  3519.529  —2200.878 —-0.625 65.173 -30.924 -0.474 692.494 —-106.839 —-0.154
110pq 147.752 -72.519 —-0.491 0.005 -8.261 x 107* —0.156 0.560 —-0.056 -0.101
16Cqd  2950.509 —1755.142 —-0.595 0.969 —-0.284 -0.293 2.565 -0.277 -0.108
1248 606.976 -318914 —-0.525 0.024 —-0.004 -0.178 11.016 -1.286 -0.117
128T¢ 0.305 -0.074 -0.241 1.213 x 106 -3.696 x 10~% —0.030
30Te  1644.294 -912.986 —-0.555 0.087 -0.018 -0.205 97.711 -12.712 -0.130
136Xe  1540.899 —-839.188 —-0.545 0.410 —-0.100 -0.243 10.950 -1.229 -0.112
Nd  352.242 —-161.655 —-0.459 0.012 -0.002 -0.132 2.356 -0.226 —-0.096
ISONd  39005.948 —24946.947 —0.640 4654.989 -2609.112 -0.560 37344512 -6204.262 -0.166
1348 m 13.462 —-4.380 —-0.325 0.035 —-0.005 -0.150 0.263 -0.021 —-0.080
1600Gd  213.151 —-89.631 -0.421 0.008 -8.755x 10~* —-0.113 28.466 -3.105 —-0.109
198 py 17.958 —-4.742 —-0.264 0.002 —-7.306 x 107> —0.040
232Th 12.696 —-2.540 —-0.200 4.736 x 1073 —4.436 x 1077 —0.009 0.082 —-0.004 —-0.047
38y 166.352 -45.327 -0.272 6.166 x 10~ -1.394 x 107> —-0.023 4.738 -0.321 —-0.068
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Table 3: Phase space factors for OvB~ transitions from ground state to ground state and the first excited 0*, obtained
in the Closure approximation. Empty entries correspond to energetically forbidden processes. Phase space factors G and
H are displayed in units of 10~ y~!

0— 0" 0— 03

Nucleus Goy H Oy K()y G()y H Ov KOv
*Ca 25.089 —-23.283 —0.928 0.309 -0.219  -0.709
5Ge 2.417 -1.964  -0.812 0.203 -0.124 -0.612
82Se 10.390 -9.150  -0.881 0980 -0.729  -0.744
7r 21.114 -18912  -0.896 4.733 -3.908 —-0.826
100Mo 16.259 —-14.317 —0.881 3.242 -2.575 -0.794
HOpq 4.938 -3.979  -0.806 0.135 -0.062  -0.457
H6cd 17.062 —14.798 —-0.867 0.793 -0.511 —-0.644
1248n 0.348 -7.760  —-0.830 0.250 -0.124  -0.498
128Te 0.615 —-0.361 —0.587

130Te 14.591 -12.371 —(0.848 0.404 -0.218 -0.539
136Xe 14959 -12.603 —0.842 0.726  -0.428 -0.590
48Nd 10.400 —-8.231 -0.791 0.332 —-0.142 -0.428
15ONd 64.501 -57.554  -0.892 27.846 —23.753 —-0.853
154Sm 3394 2326  —0.685 0.505 -0.234  -0.462
160Gd 90.894 -7.580 -0.766 0.369 -0.146  -0.396
198 pt 8.010  —5.065 —-0.632

232Th 14.685 -8.284  -0.564 0.823 -0.109  -0.133
238y 35.595 -23.241 —-0.653 1.590 -0.303 -0.191
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PSF for 37 3™ decay mode

Nucleus Q5+5+ ngﬁJr (10729 yr=1) Gg:6+ (10720 yr=1)
(MeV) | Thiswork | [6] | [29,30] | This work | [6] | [29, 30] 1"#$%&'%()*"&+,)"-%..

BKr | 0.8023 9159 9770 | 13600 2432 | 250 | 293 /0123

%Ru | 0.6706 | 942.3 1040 | 1080 80.98 | 845 | 90.7

106cqd | 0.7314 1794 2000 | 1970 91.75 926 | 102

124%e | 0.8203 4261 4850 | 4770 107.8 114 123

130Ba | 0.5748 | 91.54 110 | 479 2382 | 257 21

136Ce | 03345 | 0205 | 0.267 | 0.559 2.13 242 | 3.55

Table 4: Phase space factors for 2vB*B" transitions from ground state to ground state and the first excited 2*. Empty
entries correspond to energetically forbidden processes. Phase space factors G and H are displayed in units of 107>%y~!

0— 07 0— 27

Nucleus sz sz sz sz sz KQV
BKr  10390.408 -4243.852  —0.408 1.011 x 1077 —-4.945 x 107 —0.049
%°Ru 1098.971  —-418.459  -0.381

%%Cd  2116.006 -859.621  —0.406 2.042 x 1077 -1.207 x 107* -0.059
124Xe  4624.026 -2029.146  —0.439 5.367 x 107® -3.199 x 10~ -0.060
130Ba 127.431 -46.786  —-0.367 1.815x 1071 -3.943 x 10721 -0.022
136Ce 0.299 -0.080  —0.266
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