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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

(A, Z) → (A, Z ± 2) + 2e∓ + 2 ῡ/!

(a)		and	 (d)	 are	stable	against	b decay,

but	unstable	against	b b decay:	b-b- &	b+b+
35	isotopes	decaying	b-b-

6	isotopes	decaying b+b+

Double	Beta	Decay	
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Decay	modes Channels																Transitions

2νββ	(ΔL	=	0)									2νβ-β			0νβ-β- 0+gs→ 0+gs

0νββ	(ΔL	=	2)									2νβ+β+ 0νβ+β+ 0+gs→ 0+1

2νECβ+ 0νECβ+												0+gs→	2+1s

2νECEC		0νECEC
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Isotope Qββ[MeV] T2ν [yr] [1]

48Ca 4.272 4.40	x	1019(d)

76Ge 2.039 1.65	x	1021(d)

82Se 2.995 9.20	x	1019(d)

96Zr 3.350 2.30	x	1019(d)

100Mo 3.034 7.10	x	1018(d)

116Cd 2.814 2.87	x	1019(d)

128Te 0.866 2.00	x	1021(g)

130Te 2.527 6.90	x	1020(d&g)

136Xe 2.458 2.19	x	1021(d)

150Nd 3.371 8.20	x	1018(d)

238U 1.450 2.00	x	1021(r)

235Ba(2νECEC) 2.619 ~	1.0	x	1021 (g)

100Mo-100Ru(01) 1.903 6.70	x	1020(d)

150Nd-150Sm(01) 2.630 1.20	x	1020 (d)

Best	lower	limits	on			0νββ T1/2:

3.3	x1026	y	(136Xe):	KAMLAND-Zen

2.3x1026	y		(76Ge):	GERDA	

1.5x1025 y	(130Te)	:	CUORE

76Ge:	GERDA,	MAJORANA,	LEGEND

82Se,	48Ca,	150	Nd:	SuperNEMO

100Mo:	AMoRE

130Te:	CUOREàCUPID,	SNO+

136Xe:	KAMLAND-Zen,	EXO-2000à nEXO,	NEXT,	DARWIN

Best	proposed	sensitivity:	
LEGEND-200	(started	2021)	T~	1027 y;	LEGEND-1000	:	T~	1028 y	;	
CUPID	T~	1028 y;		

mββ ~		a	few	tens	[meV] (cover	the	IH	domain)	
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Pontecorvo,	Maki,	Nakagawa,	Sakata	(PMNS)	

<mν>	=	<mββ>	=	|Σmj Uej 2 |2



A	measurement	of	the	0νββ 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.

NH:

IH:

<mν>	=	<mββ>	=	|Σmj Uej 2 |2
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Underground laboratories
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Double-beta	decay	study	opens	several	different	topics	to	investigate	BSM	physics.

Studies	which	include	both	0νββ &	2νββ decay	modes

- Check	of	lepton	number	conservation	(ΔL	=	2);	

- Neutrino	properties:	Dirac	or	Majorana;	limits	on	<mνe>
sterile	νs →	limits	on	<mN>
neutrino	mass	hierarchy	

- Constraining		of	different	BSM	scenarios	for	0νββ:	Majoron	existence,	SUSY	particles,	
L-R		theories,		Ǝ	of	RH	currents	

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

S.	Stoica,	CSSP25,	Sinaia,	June	27,	2025

DBD	potential	to	probe	BSM	physis



Double-beta		formulas

["#/%%& ]-1		=		(Г2ν/ln2)	=	G2ν (Qββ,	Z)				x							()*x			|+,-2M2ν 2νββ

["#/%/& ]-1		=	(Г0ν/ln2)	=	∑k	 [G0ν (Qββ,	Z)		x		()* x			|01
/&|2														x											<ηk>																																									0νββ

↓																																		↓																																				↓
atomic	physics										nuclear	physics										particle	physics

PSF																																	NME																								BSM	

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	

G(2,0)ν(E0,	Z)	phase	space	factors	(PSFs)																							M(2,0)ν =	nuclear	matrix	elements	(NMEs)

<ηl>		=	BSM	parameter	associated	with	the	0νββ mechanism;		gA =	axial-vector	constant

Σk M0νk	=	 |M0νν|2 <mν>2 +	|M0νN|2 <mN>2 +	|M0νλ|2 <ηλ>2 +	|M0νq|2 <ηq>2	 +	….	
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0nββ:	BSM	physics:	 any ∆L=2	process can contribute to 0nbb

Light	Majorana	neutrino,
only	SM	LH	

weak	interactions.
Decay	rate	~<mbb>2

Heavy	Majorana	neutrino
interacting	with	WR.

Model	extended	to	include
right-handed	current

interactions.

Light		Majorana
neutrinos.	Model	extended
to	include	right-handed	WR.
Mixing	extended	between
the	left	and	right-handed
neutrinos.This	is	the	mode
where	the	rate	~l2 or	h2

Supersymmetry	
with	R-parity	
violation.	Many	
new	particles
invoked.	
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Calculation	of	the	nuclear	matrix	elements

2νββ

0νββ

a)	pnQRPA (different	versions)
b)	interacting	Shell	model	(ISM)
c)	IBM-2
d)	Generator	coordinate	method	
e)	Projected	HFB	

Origin	of	differences
• many-body	theory	(correlations)
• single-particle	model	space
• effective	NN	interaction
• Nuclear	(input)	parameters	

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

The	most	difficult	is	the	computation	of	radial	part	of	M0ν which	contains	ν potentials		

Ingredients,	which	may	differ	from	one	computation	to	another:

SRC

FNS

S.	Stoica,	TESNAT,	Antalya,,	April	20-22,	2018

Fast	numerical	code	for	computing	the	TBME
Horoi,	Stoica,	PRC81(2010);	Neacsu,	Stoica,	Horoi,	PRC	86(2012),	Neacsu,	Stoica,	JPG	41(2014)
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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	=	r0A1/3 (r0 =	1.1,	or	1.2	fm),	<EN>	=	closure	energy,	gA =	1.0,	1.25,	
1.264,	1.272

S.	Stoica,	TESNAT,	Antalya,,	April	20-22,	2018
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Study	of	the	effect	of	different	nuclear	ingredients	on	NMEs			Neacsu,	Stoica,	J.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)à a	kind	a	
compensation	effect
- inclusion	of	HOC	is	important		à 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	gA quenched/un-quenched	– the	largest	uncertainty
nuclear	radius;	R	=	r0A1/3 (r0=1.1fm	or	1.2fm)	~	7%		
nuclear	form	factors	(LA,		LV)	~	8%;	
average	energy	used	in	closer	approx.	<E>	- negligible

S.	Stoica,	TESNAT,	Antalya,,	April	20-22,	2018
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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	0νββ	NME	with	minimal	model	dependence	and	quantified	theoretical	uncertainty	

§ It	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,	76Ge	and	82Se.	
Also,	calculations	with	EFT	combined	with	lattice	QCD	still	face		difficulties	to	provide	the	form	of	decay	operator.

S.	Stoica,	CSSP25,	Sinaia,	June	27,	2025



Statistical	model		(Horoi ,	Neacsu,	Stoica,	PRC2022;PRC2023;	Horoi,	Neacsu,	Universe	2024)
to	analyse	the	stability	and	distribution	of	the	0νββ	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	0νββ	NME	with	other	observables	(accessible	experimentally):	2νββ,	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	0νββ	NME;	
(v)	an	”optimal”	value	of	the	0νββ	NME	and	its	predicted	probable	range	(theoretical	error).

NME(136Xe): (1.55	- 2.65)	at	90\%	CL with	1.95	mean	value

NME(48Ca): (0.45	- 0.65)	at	90\%	CL with	0.68	mean	value

S.	Stoica,	CSSP25,	Sinaia,	June	27,	2025



Findings

Correlations	of	0νββ	NME	

- with	2νββ	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	 0νββ	NME	calculation



1.	Phase	space	for	2νβ- β- for	0+gs	 →	0+gs			and	0+gs→0+1	

Q=M(A,Z)−M(A,Z−2)

for	0+gs	 →	0+1 formulas	are	similar	but	with	Q=M(A,Z)−M(A,Z−2)−E0+ S.	Stoica,	CSSP25,	Sinaia,	June	27,	2025



2.	PSFs	for	2νβ-β- for	0+gs	 →	2+1

3.	PSFs	for	2νβ+β+:	the	formulas	remain	valid	as	for	double	electron	decay,	but	with		Q=M(A,Z)−M(A,Z−2)−4me	

4.	PSFs	for	2νECβ+ for	0+gs	 →	0+gs			and	0+gs →0+1	

probability	of	an	electron	from	shell	x	
to	be	localized	within	the	nucleus
gx and	fx are	the	large	and	small	components	
of	the	captured	electron	radial	w.f.

5.	PSFs	for	2νECEC for	0+gs	 →	0+gs			and	0+gs →	0+1

Q=M(A,Z)−M(A,Z−2)	

The	total	energy	of	the	captured	electron	from	shell	x	is	given	
by	ϵx =	me −	|tx|,	where		tx <0	is	the	biding	energy

S.	Stoica,	CSSP25,	Sinaia,	June	27,	2025
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