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What	Can	We	Learn?	

• Dirac	or	Majorana?

• Absolute	Mass	Scale

• Mass	Hierarchy?
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The connection between the measured half-life and the effective Majorana mass of the 
electron neutrino, :--, is expressed by the following approximation [1,2]: 
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In equation (4), R78(S7, T) includes couplings and a phase space factor, Y4 and Y: are 

the axial vector and vector coupling constants, and W978 and W;<
78 are the Fermi and Gamow-

Teller nuclear matrix elements. Accordingly, the accuracy with which :--
(./ can be determined 

from the measured half-life depends on the accuracy of the theoretical nuclear matrix elements.  
While the MAJORANA DEMONSTRATOR, GERDA and CUORE designs do not enable a 

comprehensive probe of the inverted mass hierarchy, the ton-scale  experiment LEGEND-
1000, and the upgraded CUORE enriched in 100Mo (CUPID), are designed to achieve the 
requisite sensitivity. The R&D proposed herein is intended to enhance the quality of both 
LEGEND-1000 and CUPID and to contribute to reducing costs. 
 
III. USC HISTORY IN NEUTRINO-LESS DOUBLE-BETA DECAY 
 

The PI and his colleagues Creswick and Rosenfeld have a long history with -decay 
experiments starting with the Battelle-Carolina experiment that placed new bounds on  in 
1983 and again in 1986 [17]. In 1990, the background was lowered enough to observe 
decay of 76Ge with a detector of natural abundance Ge [18]. In collaboration with ITEP Moscow, 
our collaboration confirmed the first observation of the decay of 76Ge with a small 
detector of Ge enriched to 86% in 76Ge [19]. This was the second direct laboratory 
measurement of decay. The PI and colleagues formed the IGEX collaboration including 
Battelle Northwest (now PNNL), ITEP, INR Moscow and the University of Zaragoza, and led the 
effort to fabricate the first intrinsic Ge detectors from Ge enriched in 76Ge for the IGEX-I and 
IGEX-II experiments [20]. Later, the three large IGEX detectors became part of the GERDA 
Phase-I experiment at Laboratori Nazionali del Gran Sasso (LNGS). In 1998, the PI and three 
colleagues created the MAJORANA Project. In the same year, our group joined Professor Ettore 
Fiorini of the University of Milan to create the collaboration that designed and built CUORE [21]. 
 The construction of the full CUORE experiment was completed in 2017 and has been 
operating in LNGS. In 2022, the CUORE Collaboration published its results from one tonne-year 
of exposure in Nature [22]. The PI had level-2 leadership roles in both CUORE and MAJORANA. 
Fourteen USC students have completed their PhD research related to these decay 
experiments.   
 
IV. THE MAJORANA DEMONSTRATOR SEARCH FOR NEUTRINO-LESS DOUBLE-BETA 
DECAY  
 The MAJORANA DEMONSTRATOR was an array of isotopically enriched as well as natural 
abundance Ge detectors. There are 35 point-contact detectors with a mass of 29.7 kg enriched 
to 88% in 76Ge and 23 detectors with a mass of 14.4 kg of natural Ge [23]. Both types are 
distributed in two modules. Figure 1 shows both modules in the complex shield designed by 
Vincente Guiseppe while he was at the University of South Carolina.  
 The PI was also a Level-2 Manager in MAJORANA responsible for reducing to metal the 
enriched GeO2 imported from Russia, zone refining it to a resistivity of at least 47 Ohm-cm, and 
finally zone refining all scrap Ge from crystal pulling and detector fabrication. He built a team 
that set up a facility in the city of Oak Ridge,Tennessee, near AMATEC/Ortec to facilitate rapid 
exchange of material. In addition, a shallow underground storage facility in the nearby Cherokee 
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Neutrino	Oscillation	
Flavor	neutrino	is	the	mixing	between	mass	eigenstates	
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|𝑣. > is	a	neutrino	with	definite	mass	𝑚. i = 1, 2, 𝑜𝑡	3

The	asterisk	(*)	represents	a	complex	conjugate



Most	Recent	Neutrino	Parameters	
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Sum	of	Masses	Versus	the	Minimum	Mass	
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however, the mass scale of the light neutrinos cannot be directly determined from the data. 
Thus, on the one hand, the adverse implication of the results from NOVA are likely overblown; 
on the other hand, exotic physics of heavy particle exchange might render the NOVA results 
irrelevant. In any case, the primary impetus to the search for decay, i.e., testing the 
conservation of lepton number as well as determining the Dirac or Majorana character of the 
neutrinos, remains compelling.  
 
II. NEUTRINO PHYSICS AND NEUTRINO-LESS DOUBLE-BETA DECAY 
 

Neutrino oscillation data strongly imply that there are three neutrino mass eigenstates 
that mix to produce three neutrino flavor eigenstates, as shown in equation (1): 
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In equation (1), **+ 	≡ 	 cos 5*+ , +*+ 	≡ 	 sin 5*+, where the 5*+ are the angles of a 3-

dimensional rotation matrix, and 9 is a CP-violating phase. In the case of Majorana neutrinos, 
this matrix is multiplied by a diagonal matrix of Majorana phases (1, ,(,!, ,(,"). The effective 
Majorana mass of the electron neutrino, :--, can then be written as follows:       
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In equation (2) the CP phases are ±1 for CP conservation in the lepton sector. Unlike 
,(), the Majorana phases ,(,#,! do not appear in neutrino oscillation amplitudes and hence have 
no effect on neutrino oscillations. The oscillation experiments have constrained the mixing 
angles and have yielded the differences in the squares of the eigenstate masses >:(
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as follows: 
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In equation (3) we have assumed CP conservation for simplicity. The Particle Data 

Group give: 9:4
% ≈ 2.6 × 10'&,I%, 9:3% = 7.5 × 10'5,I%, *$&% = 0.9784 and +$%% = 0.297. Let us 

set :& = 0, and choose the + sign in equation (3) to estimate the resulting sensitivity of :--
(./ to 

the measured value of 9:4
%. The result is: :--

(./ ≅ *$&% P9:4
% ≈ 50	:,I. An experiment with less 

sensitivity will probe only a small corner of the inverted mass hierarchy. 
If we consider the possibility :& > 0, then the value of +$& acquires some importance. 

The T2K experiment [12], MINOS [13], Daya Bay [14], and Double Chooz [15] all reported 
values showing that  should not be neglected. The Daya Bay results yielded 

, while Double Chooz reported a value of 
. Including  in an analysis of decay data 

introduces complications. In a recent theoretical treatment, however, Bilenky makes the analysis 
straightforward, even when 5$& is included [16]. 
 

€ 

θ13

Proposal Tracking Number: 280291       Award Number: N/A

Page Number: 8

 3 

The connection between the measured half-life and the effective Majorana mass of the 
electron neutrino, :--, is expressed by the following approximation [1,2]: 
 

																													>Q$/%78 ?
'$ = R78(S7, T) U

:--
:!

U
%
VW978 − X

Y4
Y:
Z
%
W;<
78V

%
																																														(4) 

 
In equation (4), R78(S7, T) includes couplings and a phase space factor, Y4 and Y: are 

the axial vector and vector coupling constants, and W978 and W;<
78 are the Fermi and Gamow-

Teller nuclear matrix elements. Accordingly, the accuracy with which :--
(./ can be determined 

from the measured half-life depends on the accuracy of the theoretical nuclear matrix elements.  
While the MAJORANA DEMONSTRATOR, GERDA and CUORE designs do not enable a 

comprehensive probe of the inverted mass hierarchy, the ton-scale  experiment LEGEND-
1000, and the upgraded CUORE enriched in 100Mo (CUPID), are designed to achieve the 
requisite sensitivity. The R&D proposed herein is intended to enhance the quality of both 
LEGEND-1000 and CUPID and to contribute to reducing costs. 
 
III. USC HISTORY IN NEUTRINO-LESS DOUBLE-BETA DECAY 
 

The PI and his colleagues Creswick and Rosenfeld have a long history with -decay 
experiments starting with the Battelle-Carolina experiment that placed new bounds on  in 
1983 and again in 1986 [17]. In 1990, the background was lowered enough to observe 
decay of 76Ge with a detector of natural abundance Ge [18]. In collaboration with ITEP Moscow, 
our collaboration confirmed the first observation of the decay of 76Ge with a small 
detector of Ge enriched to 86% in 76Ge [19]. This was the second direct laboratory 
measurement of decay. The PI and colleagues formed the IGEX collaboration including 
Battelle Northwest (now PNNL), ITEP, INR Moscow and the University of Zaragoza, and led the 
effort to fabricate the first intrinsic Ge detectors from Ge enriched in 76Ge for the IGEX-I and 
IGEX-II experiments [20]. Later, the three large IGEX detectors became part of the GERDA 
Phase-I experiment at Laboratori Nazionali del Gran Sasso (LNGS). In 1998, the PI and three 
colleagues created the MAJORANA Project. In the same year, our group joined Professor Ettore 
Fiorini of the University of Milan to create the collaboration that designed and built CUORE [21]. 
 The construction of the full CUORE experiment was completed in 2017 and has been 
operating in LNGS. In 2022, the CUORE Collaboration published its results from one tonne-year 
of exposure in Nature [22]. The PI had level-2 leadership roles in both CUORE and MAJORANA. 
Fourteen USC students have completed their PhD research related to these decay 
experiments.   
 
IV. THE MAJORANA DEMONSTRATOR SEARCH FOR NEUTRINO-LESS DOUBLE-BETA 
DECAY  
 The MAJORANA DEMONSTRATOR was an array of isotopically enriched as well as natural 
abundance Ge detectors. There are 35 point-contact detectors with a mass of 29.7 kg enriched 
to 88% in 76Ge and 23 detectors with a mass of 14.4 kg of natural Ge [23]. Both types are 
distributed in two modules. Figure 1 shows both modules in the complex shield designed by 
Vincente Guiseppe while he was at the University of South Carolina.  
 The PI was also a Level-2 Manager in MAJORANA responsible for reducing to metal the 
enriched GeO2 imported from Russia, zone refining it to a resistivity of at least 47 Ohm-cm, and 
finally zone refining all scrap Ge from crystal pulling and detector fabrication. He built a team 
that set up a facility in the city of Oak Ridge,Tennessee, near AMATEC/Ortec to facilitate rapid 
exchange of material. In addition, a shallow underground storage facility in the nearby Cherokee 

Proposal Tracking Number: 280291       Award Number: N/A

Page Number: 9

|𝑚ff| = |∑ 𝑚.
�
. 𝑈f.

A |=	|𝑚?𝑐?AA 𝑐?/A |𝑒A.) + |𝑚A𝑠?AA 𝑐?/A |+|𝑚/𝑠?/A |𝑒A.f



Upper	Bound	and	Lower	Bound	

experimental data [8]. So �m2
31 < 0 leads us to m3 < m1 . m2, and the relative length of OC becomes

maximal when the three neutrino masses are nearly degenerate (i.e., m3 . m1 . m2). In the latter case

we are simply left with AB : OA : OC ⇠ |Ue1|2 : |Ue2|2 : |Ue3|2 ⇠ 30 : 15 : 1, and thus it is impossible

to satisfy either AB + OC 6 OA or |AB � OC| 6 OA. In other words, only AB � OC > OA can

be satisfied in the inverted neutrino mass ordering, and this observation keeps valid no matter whether

m3 is vanishing or close to the value of m1, or in between. We arrive at two conclusions about hmiee
in Fig. 1: (1) when m1 < m2 < m3 holds, the possibilities illustrated in Fig. 1(a), (b) and (c) are all

allowed, and they correspond to the values of m1 which are small (m1 ⌧ m2 ⌧ m3), medium and large

(m1 . m2 . m3), respectively; (2) when m3 < m1 < m2 holds, only the possibility shown in Fig. 1(c)

is allowed, excluding |hmiee| = 0 in this case.

The geometric language has helped us to understand some salient features of hmiee. We proceed to

discuss the maximum and minimum of |hmiee| in an analytical way. Eq. (3) can be rewritten as
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the inverted mass ordering. With the help of the intuitive coupling-rod diagram of hmiee in Fig. 1, we

can obtain the maximum or minimum of |hmiee| in two di↵erent cases:

• m1 < m2 < m3. In this case the maximum of |hmiee| = BC can be achieved in Fig. 1(a) when

both B and C are located on the horizontal axis and their distance is maximal (i.e., ⇢ = � = 0).
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The minimum of |hmiee| is a bit subtle as it must arise from the maximal cancellation among its

three complex components [10]. Given �m2
31 > 0, |hmiee|min = 0 comes out if

J
O and

J
A in

Fig. 1 touch or intersect. When
J
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But when
J

O is contained in
J

A as shown in Fig. 1(c), |hmiee|
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• m3 < m1 < m2. In this case hmiee is uniquely described by Fig. 1(c), and its maximum or

minimum can be obtained when both B and C are located on the horizontal axis and their

distance is maximal (i.e., ⇢ = � = 0) or minimal (i.e., ⇢ = ⇡ and � = 0). The expressions of

|hmiee|max and |hmiee|min are the same as Eqs. (7) and (9), but the sign of �m2
31 is now negative.
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the inverted mass ordering. With the help of the intuitive coupling-rod diagram of hmiee in Fig. 1, we

can obtain the maximum or minimum of |hmiee| in two di↵erent cases:

• m1 < m2 < m3. In this case the maximum of |hmiee| = BC can be achieved in Fig. 1(a) when

both B and C are located on the horizontal axis and their distance is maximal (i.e., ⇢ = � = 0).

Namely, |hmiee|max = OA + AB + OC, or equivalently

|hmiee|max = m2 sin
2 ✓12 cos

2 ✓13

"
1 +

s
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s

1 � �m2
21

m2
2

+
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31
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2

tan2 ✓13
sin2 ✓12

#
. (7)

The minimum of |hmiee| is a bit subtle as it must arise from the maximal cancellation among its

three complex components [10]. Given �m2
31 > 0, |hmiee|min = 0 comes out if

J
O and

J
A in

Fig. 1 touch or intersect. When
J

O and
J

A are external to each other as shown in Fig. 1(a),

|hmiee|
(a)
min = OA � AB � OC, or equivalently

|hmiee|
(a)
min = m2 sin

2 ✓12 cos
2 ✓13

"
1 �

s

1 � �m2
21
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2

cot2 ✓12 �

s

1 � �m2
21
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2

+
�m2

31
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2

tan2 ✓13
sin2 ✓12

#
. (8)

But when
J

O is contained in
J

A as shown in Fig. 1(c), |hmiee|
(c)
min = AB � OA � OC; namely,

|hmiee|
(c)
min = m2 sin

2 ✓12 cos
2 ✓13

"s

1 � �m2
21

m2
2

cot2 ✓12 � 1 �

s

1 � �m2
21

m2
2

+
�m2

31

m2
2

tan2 ✓13
sin2 ✓12

#
. (9)

• m3 < m1 < m2. In this case hmiee is uniquely described by Fig. 1(c), and its maximum or

minimum can be obtained when both B and C are located on the horizontal axis and their

distance is maximal (i.e., ⇢ = � = 0) or minimal (i.e., ⇢ = ⇡ and � = 0). The expressions of

|hmiee|max and |hmiee|min are the same as Eqs. (7) and (9), but the sign of �m2
31 is now negative.
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For	the	case	of	IH,		𝑚/ < 𝑚? < 𝑚A,	(1)	and	(3)	are	used	for	the	upper	and	lower	
bounds	

(1)

(2)

(3)



Impact	on	Neutrinoless Double	Beta	Decay	

Remarks:
o The	planned	ton-scale	
experiment	will	fully	
access	the	region	of	IH

o ~100	ton-scale	will	access	
NH	region	
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Probable	Region	in	the	NH	

Remarks:
In	the	case	of	NH,	
the	probable	region	
is	quite	narrow	
between	
3×10Ss < 𝑚o <
2×10S/



Non-Zero	Minimum	Neutrino	Mass	
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Remarks:
In	the	case	of	NH,	
the	sum	of	masses	
lies	within	0.0585	
to	0.061
The	corresponding	
m1 is	non-zero	



Impact	on	the	Sensitivity	for	Half-life	Measurements	
Remarks:
o Ton-scale	experiments	
can	fully	access	the	region	
of	IH

o 100	ton-scale	
experiments	can	fully	
access	NH	region	

o The	chance	for	the	half-
life	beyond	~1031 years	is	
small	
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Sensitivity	for	Future	Ge-based	Experiments	

Exposure (ton-years)
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Effective	Mass	Versus	Exposure	
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Summary

•Planned	ton-scale	experiment	will	fully	explore	IH	
– 10	meV
•Future	100-ton	experiments	are	required	to	probe	
NH	– 1	meV
•Required	Background	Index	– 1	event	per	kton
per	year	in	the	region	of	interest	

•The	minimum	neutrino	mass	is	non-zero	


