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INTRODUCTION

Recent experiments’ indicate that there are three neutrino
species 1,2,3 with non-zero mass m, #0

These experiments have measured mass differences and

mixing angles
S 4e 5m122,Am123 0,,0,,0,

Unanswered questions (2015):

* What is the absolute mass scale?
 Are neutrinos Dirac or Majorana particles?
 How many neutrino species are there?

An answer to these questions can be obtained from neutrinoless
double-beta decay (DBD)
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1Y. Fukuda et al., Phys. Rev. Lett. 81, 1562 (1998).(Super-Kamiokande Coll.)
Q.R. Ahmad et al., Phys. Rev. Lett. 89, 011301 (2002). (SNO Collaboration)
K. Eguchi et al., Phys. Rev. Lett. 90, 021802 (2003).(KamLAND Collaboration)



DOUBLE BETA DECAY

Double beta decay 1s a process in which a nucleus (A,Z) decays
to another nucleus (A,Z%2) by emitting two electrons or
positrons, and, usually, other light particles:

(A, Z) > (A,Z £2)+2e" + anything

The processes where two neutrinos (or antineutrinos) are emitted
(A, 2) > (A, Z +2)+2e +2V v 5)

are predicted by the standard model. Indeed, the study of this

process was suggested by Maria Goeppert-Meyers in 1935,

shortly after the Fermi theory of beta decay appeared (1934).

It took however more than 50 years to observe 1t (Elliott ef
al., 1987 #) in view of its very long half-life

20 (" Mo) = (7.1£0.4)x10" yr

Y M. Goeppert-Meyer, Phys. Rev. 48, 512 (1935).
#S.R. Elliott, A.A. Hahn, and M.K. Moe, Phys. Rev. Lett. 59, 2020 (1987).



Now (2015) 2vBB- has been observed in 10 nuclei.

[The positron emitting and related processes 2vp™ ", 2vB EC,
2vECEC has been observed only in 1 nucleus (*'Ba).]

The measured half-lives are

) ~ (10" =10°") yr

The processes where no neutrinos are emitted
(A4,2) > (A, Z +2)+2e OvB f7)

OvBB-, OvB B ,0vB"EC,0vECEC, are forbidden by the standard
model, and, if observed, will provide evidence for physics
beyond the standard model, in particular will determine
whether or not the neutrino 1s a Majorana particle and will
measure 1ts mass.



Majoranas (1937) suggested that neutral particles could be
their own antiparticles and Racah' (1937) pointed out that
the neutron cannot be its own antiparticle since it has a
magnetic moment, while the neutrino could be such a
particle.

A major experimental effort started a few years ago to detect
neutrinoless DBD. All experiments so far have given
negative results, with the exception of Klapdor-
Kleingrothaus et al., 2004). This result has however been
very recently (2013) disproved.

Y E. Majorana, Nuovo Cimento 14, 171 (1937).
1 G. Racah, Nuovo Cimento 14, 322 (1937).



Neutrino less DBD remains therefore one of the most
fundamental problems in physics today. Its detection

will be crucial for understanding whatever physics is

beyond the standard model (SM) and 1s currently the

subject of many experiments.

In addition to the fact that the expected half-life 1s very long,
a major problem 1s the concomitance of the 2v process

~ .

T A Ly 1 T 1 1
&
2vpp 5o —TKr(0° ) ovBp

Summed energy
spectra of the two __,
emitted electrons

-~
I
|

OVRRM [ %10

dw/d7,,, 0107y Mev )
\\
N
,E

[
I
L

T (MeV)



In order to be able to extract the neutrino mass i1f DBD 1s
observed, or to put a limit on its value if 1t 1s not observed,
one needs a theory of OvpBp and of its concomitant process

2vpP.



For processes allowed by the standard model, the half-life
can be, to a good approximation, factorized in the form

2v 7! 2
[71/2] =G, |M,,
7 \
Phase space factor Matrix elements
(Atomic physics) PSF (Nuclear physics) NME

For processes not allowed by the standard model, the half-
life can be factorized as

2 2

[735]_1 =Gy, f(m,U,)

Phase space factor

1(\1/532112::61}1116;?8) Beyond the standard model
PSF Nl\/II)Ey (Particle physics)

MOV

(Atomic physics)



A special case 1s OvECEC, which is forbidden by energy and

momentum conservation, but can occur under resonance

conditions. In this case the inverse half-life is given by

A’ +(I'* /4) “~Resonance factor

|:2-10/;:|_1 = GOV MOV i f(miﬁUei)z (mec )r
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For all processes, one needs to calculate the phase space
factors (PSF), and the nuclear matrix elements (NME).



BRIEF THEORY OF OvpBf
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The transition operator 7(p) depends on the model of Ov[3p decay.
Three scenarios have been considered 3.

1 2 3
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1T.Tomoda, Rep. Prog. Phys. 54, 53 (1991).
$ F.Simkovic et al., Phys. Rev. C60, 055502 (1999).

In this presentation, only scenarios 1 and 2 will be discussed.



From the weak interaction Hamiltonian, H”, and the weak
nucleon current, J*, one find the transition operator, 7(p), which

can be written as (p =|g| )
T(p)=H(p)f(m,U,)

In momentum space and including higher order corrections
(HOC), H(p) can be written as ?

H(p)=Y rit.[-h" (p)+h" (p)G G, +h (p)SL,]

[The general formulation of Tomoda Y includes more terms,
nine 1n all, 3GT, 3F, 1T, one pseudoscalar (P) and one recoil
(R). This formulation is no longer used but it will have to be
revisited if a very accurate description of Ovf 1s needed.]

S F. Simkovic et al., Phys. Rev. C60, 055502 (1999). Y T. Tomoda, Rep. Prog. Phys. 54, 53 (1991).



The form factors  4"¢""(p) are given by:
W (p) = v(p)h™ " (p)

Where called v(p) is called neutrino “potential”, and 4(p) is
listed by Simkovic et al.

The finite nucleon size (FNS) 1s taken into account by taking
the coupling constants, g,, and g,, momentum dependent

gV(pz):gV 2
2
[1+192J gV:I;M5=0.71(GeV/C2)

—1.25:M%=1. 2)?
g.,(p)=g,——— 4 5M; 09(G6V/C )



Short range correlations (SRC) are taken into account by
convoluting the “potential” v(p) with the Jastrow function j(p)
parametrized in various forms (Miller-Spencer, MS/
Argonne/CD Bonn) or by other methods (UCOM)

u(p) = [v(p—p")i(p")dp'

The Jastrow function 1n configuration space 1s

f(r)=1- ce ™™ (1 — brz)
with
a=1.10 fm2, b=0.68 fm2 , c=1 MS

a=1.59 fm2, b=1.45 fm?2,¢c=0.92  Argonne
a=1.52 fm2,b=1.88 fm=,c=0.46 CD Bonn



Scenario 1: LIGHT NEUTRINO EXCHANGE

Dependence on the average neutrino mass

<mv>: Z (Uek)zmk

k=ligth

Fourier transform of the neutrino “potential”

v(p)=—

2 1

~

ﬂp(p+A)

N

A=closure energy=1.12A2(MeV)

Long-range interaction



In the last few years atmospheric, solar, reactor and
accelerator neutrino oscillation experiments have provided
information on light neutrino mass differences and their
mixings. Two possibilities, normal and inverted hierarchy, are
consistent with experiment.
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The average light neutrino mass can be written as

. , .
2+ s me'”

< >_ 2 2. L 22
m, )= |C3C M T Cj385,M,€

¢; =cosf,,s, =sin6,,p,, =[0,27]

2 2 2 2
() = O O

A fit to oscillation experiments gives $

sin® @, =0.312,sin” 8, = 0.016,sin” 8, = 0.466
om* =7.67x107eV?* Am* =2.39x107 el

$ G.L. Fogli et al., Phys. Rev. D75, 053001(2007); D78, 033010 (2008).

[A recent result from Daya Bay, Phys. Rev. Lett. 108, 171803 (2012)
gives sin?0,,=0.024+0.005, which slightly modifies the fit.]



Variation of the phases ¢, and ¢, from 0 to 2w gives the
values of <m > consistent with oscillation experiments
(constraints on the neutrino masses)
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Phys. 06, 022

1073 0.001 0.01 0.1 1 (1999)

lightest neutrino mass in eV




Scenario 2: HEAVY NEUTRINO EXCHANGE

In recent years, scenario 2, in which neutrino masses

are generated by mixing with three additional heavy V,i5Vi25Vis
neutrinos, has again become of interest. The transition

operator for this scenario 1s the same as for 1, but with

Th(p) = Hh(p)f(mih’Ueih)
Dependence on average heavy neutrino mass

S = <,%> ()= 3 (Ua) -

v k=heavy mkh

Fourier transform of heavy neutrino “potential”

2 1

v(p)=——
(p) pall IR

4 e

Short-range interaction




Constraints on the average inverse heavy neutrino mass are
model dependent.

V. Tello et al., Phys. Rev. Lett. 106, 151801 (2011) have
recently worked out constraints from lepton flavor violating
processes and (potentially LHC experiments). In this model

_MV4V Z (Vekh)z m, =MV4V m,

f = 77 T 4 — 4

My reavy my, My, <mvh>
M, =80.41+0.10GeV
M,, =3.5TeV

n=lepton violating parameter.

Constraints on 1} can then be converted into constraints on
the average heavy neutrino mass as

|
My ) 1
()=, 42| 1




NUCLEAR MATRIX ELEMENTS (NME)

The NME can be written as:

MOV — giM(OV)

2
Ov) _ 2 7(0v) 8y (0v) (0v)
M =MGT —(—j M.+ M

84

Several methods have been used to evaluate M, :
QRPA (Quasiparticle Random Phase Approximation)
ISM (Shell Model)

IBM-2 (Interacting Boson Model)

EDF (Density Functional Theory)



Most recent (2015) results for OvB-B- (light neutrino exchange)
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IBM-2 *: J. Barea, J. Kotila, and F. Iachello, Phys. Rev. C 91, 034304 (2015).

QRPA-Tu *: F. Simkovic, V. Rodin, A. Faessler, and P. Vogel, Phys. Rev. C 87, 045501
(2013).

ISM: J. Menendez, A. Poves, E. Caurier, and F. Nowacki, Nucl. Phys. A 818, 139 (2009).

* With isospin restoration and Argonne SRC



Most recent (2015) results for Ovp-- (heavy neutrino exchange)
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* With 1sospin restoration and Argonne SRC



SENSITIVITY ANALYSIS (IBM-2)

Estimated sensitivity to input parameter changes:

1. Single-particle energies - 10%
2. Strength of surface delta interaction 5%
3. Oscillator parameter 5%
4. Closure energy 5%

Estimated sensitivity to model assumptions:
1. Truncation to S, D space 1% (spherical)-10% (deformed)

2. Isospin purity 1%(GT)-1%(F)-1%(T)
Estimated sensitivity to operator assumptions:

1. Form of the operator 5%

2. Finite nuclear size (FNS) 2%

3. Short range correlations (SRC)# 10%
Total: 44% (addition) or 16% (quadrature).

9 This point has been emphasized by J. Suhonen and O. Civitarese, Phys. Lett. B668, 277 (2008).

¥ New experiments are being done to check the single particle levels in Ge, Se and Te,
J.P. Schiffer et al., Phys. Rev. Lett. 100, 112501 (2008).

# This point is discussed in many articles, for example, M. Kortelainen and J. Suhonen, Phys. Rev. C
75, 051303 (R) (2007).



RECENT IBM-2 RESULTS WITH ERROR
FOR OvBB (2015)

Decay Light neutrino exchange Heavy neutrino exchange

48 (‘a.

1. 7’(28)

47(13)
104(29)
83(23)
99(28)
164(46)
154(43)
110(31)
79(22)
101(28)
92(26)
91(26)
73(20)
103(29)
116(32)
113(32)
155(43)
104(29)
159(45)
189(53)

°Ge > Se
4.68+0.75

GERDA

13077, _ 130y,
3.70x+0.59

CUORE

136 y, 136 g,
3.05£0.59

EXO
KamLAND-Zen



MATRIX ELEMENTS TO EXCITED STATES

In some cases, the matrix

elements to the first excited 0° N

state are large. Although the 4,
kinematical factor hinders the 0 o

decay to the excited state, large BGe, S~
matrix elements offer the PN
possibility of a direct detection, S,

by looking at the y-ray de-

exciting the 0 level. \

[On the contrary, matrix elements to 0 1122 llps
the excited 2" state are zero in ) 05632
lowest order since with two leptons : 12.3ps
in the final state we cannot form " ’
angular momentum 2.] Sey,




IBM-2 RESULTS
LIGHT NEUTRINO EXCHANGE
TO FIRST EXCITED 0" STATE

S

s - [® IBM-2 :
T ® ; | m/oQRPA RCM/BEM]
s ; e ISM 1

Neutron number



PHASE SPACE FACTORS (PSF)

PSF were calculated in the 1980’s by Doi et al. *. Also, a
calculation of phase-space factors is reported in the book of
Boehm and Vogel 3. These calculations use an approximate
expression for the electron wave functions at the nucleus.

PSF have been recently recalculated ™ with exact Dirac
electron wave functions and including screening by the electron
cloud.

These new PSF are available from jenni.kotila@yale.edu
and are on the webpage nucleartheory.yale.edu

* M. Doi, T. Kotani, N. Nishiura, K. Okuda and E. Takasugi, Prog. Theor. Phys. 66 (1981) 1739.
Y F. Bohm and P. Vogel, Physics of massive neutrinos, Cambridge University Press, 1987.

**J. Kotila and F. Tachello, Phys. Rev. C 85, 034316 (2012).


mailto:jenni.kotila@yale.edu

The wave functions are obtained by solving numerically 1 the

Dirac equation with potential
[ Z, ] >R

r

V(r): 2 (0(1")
_Zd(.%—(r/R) L <R

2R

The function ¢(r) is obtained numerically % by solving the
Thomas-Fermi equation

d2(0:¢3/2 c=r/h
2
A b=0.885a,7;"
with boundary conditions o(0)=1 (o) = Zi
(final nucleus positive ion ’
with charge +2)

1F. Salvat, J.M. Fernadez-Varea, and W. Williamson Jr., Comp. Phys. Comm. 90 (1995) 151.
¥ S. Esposito, Am. J. Phys. 70 (2002) 852. Method of solution suggested by Ettore Majorana.



Comparison between approximate 5 and exact + screening 1
phase space factors

500 _ B Boehm & Vogel
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S F. B6hm and P. Vogel, loc. cit.
7. Kotila and F. Tachello, Phys. Rev. C 85, 034316 (2012).



By combining PSF and NME one can obtain the expected
half-lives for all neutrino-less processes

Ovp [~
ovpB™ "/ OvB EC
ROVECEC



EXPECTED HALF-LIVES (2015) OvB-p-

(m,)=1.0eV

g, =1.269
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Mass number
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LIMITS ON NEUTRINO MASSES

By using

2

f(m, U

MOV

ov -1 _ G
z-1/2 - Moy

and the experimental limits on t,,, , one can set limits on
the neutrino masses.



LIGHT

NEUTRINO

MASS

Decay 71/2(1024}’1") Tl/z P:rp(yr) (my) (eV)

BCa—*8Ti 1.33 > 5.8 x 10%? < 4.8

Ge—Se 1.95 > 1.9 x 10%° < 0.32

1.2 x 10%°2 0.40

> 1.6 x 10*°" < 0.35
> 2.1 x 10%°¢ < 0.30

8286 Kr 0.71 > 3.6 x 10%° <14

967r—%Mo 0.61 > 9.2 x 10* < 8.1

100N [0—1°Ru 0.36 > 1.1 x 10% < 0.57

Hopq—119¢d 1.27

H6Ccq—1168n 0.63 > 1.7 x 10 <19

124G 124 1.09

128 198 Y 10.19 > 1.5 x 10%* <26

130Te— 130X e 0.52 > 2.8 x 10* <0.43

139% e—121Ba, 10.23

136X o136 B, 0.74 > 1.9 x 10%° < 0.20
> 1.6 x 10%°¢ < 0.22

H8Nd—118Sm 1.87

150N q— 1508 0.22 > 1.8 x 102 < 3.5

154gm 4 194Gd 4.19

lﬁDGd—)lGUDy {]63

198pt 198 Hg 2.77

23228277 0.44

B 28py 0.13

g, =1.269

+— Best Iimit

(

mv> <0.2eV

@ H.V. Klapdor-Kleingrothaus et al.,

(2004).

Phys. Lett. B 586, 198

b C. E. Aalseth et al. (IGEX collaboration), Phys. Rev. D 65,

092007 (2002).

¢ M. Agostini et al. (GERDA Collaboration), Phys. Rev. Lett.
111, 122503 (2013).
d A. Gando et al. (KamLAND-Zen collaboration), Phys. Rev.
Lett. 110, 062502 (2013)
¢ M. Auger et al. (EXO collaboration) Phys. Rev. Lett. 109,

032505 (2012).



HEAVY NEUTRINO MASS g,=1.269

Decay 7175 (10%yr) T/ eap¥T) [/(107°) (my,)(GeV)
18Ca—18Ti 0.72 > 5.8 x 10%? <0.36 ~>11.9
6Ge—T6Se 1.51 > 1.9 x 10% <0.028 =148
1.2 x 10252 0.035 118
> 1.6 x 10%°P <0.031 =136
> 2.1 x 10%%¢ <0.027 =156
8286 582Ky 0.55 > 3.6 x 10?3 <0.12 >34
967r96NMo 0.19 > 0.2 x 1021 <0.46 =9.15
100\ fo—199Ru 0.09 > 1.1 x 10% <0.028 ~146
10pq110Cq 0.33
16— 116Gy 0.19 > 1.7 % 10%3 <0.11 =>39.5
124G 4124 0.67
128Te128Xe 6.43 > 1.5 x 10% <0.21 =20.2
130Te— 130X e 0.32 > 2.8 x 10%4 <0.034 =123
134 ¥ o 1348, 8.57
136 o3 136 By 0.50 > 1.9 x 1025 =<0.016 =257 €——
> 1.6 x 10%%¢ <0.018 =236
H8Nd—148Gm 0.36 . :
150Nd—150Sm 0.05 > 1.8 x 10%? <0.16 ~>26.3 BGSt hmlt
1545m—154Gd 1.00
160Gd—169Dy 0.17
198p¢_, 198 g 0.48
232Th 232 0.11
238y 238py 0.03
* H.V. Klapdor-Kleingrothaus et al., Phys. Lett. B 586, 198
(2004).
b C. E. Aalseth et al. (IGEX collaboration), Phys. Rev. D 65,
o 21 Aot % i (GERDA Collaboration), Phys. Rev. Lett 3.5
. ostim e% al. ollaboration), 1¥s. v, eLt.
111,g122503 (2013). Y <mvh> > 257 —— | GeV
d A. Gando et al. (KamLAND-Zen collaboration), Phys. Rev.
Lett. 110, 062502 (2013) WR
¢ M. Auger et al. (EXO collaboration) Phys. Rev. Lett. 109,

032505 (2012).



Summary of current (2015) limits on the neutrino mass from Ov-f3-
(light neutrino exchange) with g,=1.269, IBM-2 NME, and KI PSF:

L NEMO-3
— CUOQRICINO
0.1}
x H.V. Klapdor-
> Kleingrothaus et al.,
o Phys. Lett. B586,
= P 198 (2004).
£
0.001}
1074

102 0.001 0.01 0.1 1

lightest neutrino mass in eV



RENORMALIZATION OF g,

Results 1n the previous slides are obtained with g,=1.269.

It is well-known from single B-decay/EC 1and from 2vf3f that g, is
renormalized in models of nucle1. Two reasons:

(1) Limited model space

(i1) Omission of non-nucleonic degrees of freedom (A, N7,...)

For each model (ISM/QRPA/IBM-2) one can define an
effective g, ¢ by writing

2
e g,e

Mz’f:[ Aﬁj M,,
&4

€ g ,€
MB?ECZL Aﬂ]Mﬂ/Ec
84

The value of g, .4 In each nucleus can then be obtained by

comparing the calculated and measured half-lives for §/EC and
for 2v[3P.

YJ. Fujita and K. Ikeda, Nucl. Phys. 67, 145 (1965).
D.H. Wilkinson, Nucl. Phys. A225, 365 (1974).



Values of |M,, 1| obtained from experimental half-lives 1

0.25
mCA
Mo
; ® SSD
0.2}
¢ i
*Mo—Ru(og)
__ o015}
Cy
”Ecﬁ G cd
= ol 5
\SG Zr
X ¥
Nd
Te 8
0.05} ¢
a - %Te §Nd-Sm(0?)
8 Xe

O Il I Il 2 't Il 2 Il 2 I
40 60 80 100 120 140 160 180 200 220 240
Mass number

1 From a compilation by A.S. Barabash, Phys. Rev. C 81, 035501 (2010).
For 13¢Xe, N. Ackerman et al. (EXO Collaboration), Phys. Rev. Lett. 107,
212501 (2011).



Effective axial vector coupling constant in nuclei from 2vpf 1

g,=1.269 |
1.2 O from experimental 7, (ISM) O ga=1254"12 A
- W/A from experimental 7,,, (IBM-2 E;?’(SSD) @ g,=1254"018
1.0+ 1
=
().8_
< 06 ]
0.4/
Ca Ge Se Zr Mo Cd Te Xe Nd
0.2 i
0'0_ L L 1 1 L 1 L | I I I | I I L L L L L 1 L I L ]
40 60 80 100 120 140 160
Mass number
- IBM-2_() 6 i
One obtains g, . 0.6-0.5. | g™ 21269401
The extracted values can be parametrized as
A similar analysis can be done for the ISM @M 10694700
. A,ﬁ‘ - L
for which g, _SM~0.8-0.7. :

1J. Barea, J. Kotila and F. Iachello, Phys. Rev. C 87, 014315 (2013).



A ofp> Nas been extracted also from single f/EC in QRPA, very
recently by Suhonen and Civitarese (QRPA-Jy), g, %" ~ 0.8-

0.4 %> and a few years ago by Faessler et al. (QRPA-TH) ~ 0.7 "

[In some earlier (1989) QRPA papers? , it is claimed that no
renormalization of g, 1s needed. However, this claim is based on

results where the renormalization of g, 1s transferred to a
renormalization of the free parameter g, used in the calculation
and adjusted to the experimental 2vB[ half-life.]

3 J. Suhonen and O. Civitarese, Phys. Lett. B 725, 153 (2013).
* A. Faessler, G.L. Fogli, E. Lisi, V. Rodin, A.M. Rotunno, and F. Simkovic,

J. Phys. G: Nucl. Part. Phys. 35, 075104 (2008).

1 K. Muto, E. Bender, H.V. Klapdor, Z. Phys. A334, 177 (1989); 187 (1989),
as quoted by M. Hirsch (2014).



IMPACT OF THE RENORMALIZATION

The axial vector coupling constant, g,, appears to the second
power in the NME
M,, =g:M""
MZV = gflM(zV) 2
MO — MéOV) _(&j MO 4 aron
T F T

84

and hence to the fourth power in the half-life!

Therefore, the results of the previous slides should be multiplied
by 6-34 to have realistic estimates of expected half-lives. [See

also, H. Robertson Y, and S. Dell’Oro, S. Marcocci, F. Vissani®.]

1 R.G.H. Robertson, Modern Phys. Lett. A 28, 1350021 (2013).
#S. Dell’Oro, S. Marcocci, and F. Vissani, Phys. Rev. D90, 033005 (2014).



The question of whether or not g, 1in Ovpp 1s renormalized as much as
in 2vPP 1s of much debate. In 2vpP only the 17 (GT) multipole
contributes. In Ovpp all multipoles 17, 0%, 2-, 1- ... contribute. Some
of these could be unquenched. However, even in Ovpp, 1°
intermediate states dominate. Hence, our current understanding 1s
that g, 1s renormalized in Ovp[3 as much as 1n 2v[3f3.

This problem is currently being addressed from various sides.
Experimentally by measuring the matrix elements to and from the
intermediate odd-odd nucleus in 2vp decay 5. Theoretically, by
using effective field theory (EFT) to estimate the effect of non-
nucleonic degrees of freedom (two-body currents) .

S P. Puppe et al., Phys. Rev. C 86, 044603 (2012).
1J. Menendez, D. Gazit, and A. Schwenk, Phys. Rev. Lett. 107, 062501 (2011).



Another question 1s whether or not the vector coupling
constant, gy, 1s renormalized in nuclei.

Because of CVC, the mechanism (i1) omission of non-
nucleonic degrees of freedom cannot contribute.
However, the mechanism (1), limited model space, can
contribute, and, if so, the ratio g,/g, may remain the same
as the non-renormalized ratio 1/1.269.

No experimental information 1s available, but is could be
obtained by measuring with (*He,t) and (d,?He) reactions
the F matrix elements to and from the intermediate odd-odd
nucleus.

Also some novel experimental information could be

obtained by double charge exchange reactions with heavy
ions, (1%0,!8Ne) and (*°Ne,?°0) 1.

1F. Cappuzzello, C. Agodi, et al., proposal NUMEN at LNS.



CONCLUSIONS

Major progress has been made in the last two years to narrow

down predictions of OvB[3 decay to realistic values in a// nuclei of
interest.

Current (2015) limits on the neutrino mass from Ovp-3- (light
neutrino exchange) with g,=1.269, IBM-2 NME, and KI PSF

| NEMO-3 . . . X HV Klapdor-
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oal | PhyS. Lett. B586,
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With g,=1.269:

For light neutrino exchange, only the degenerate region can be
tested 1n the immediate future. The current best limit (with
g2,=1.269) 1s from EXO/KamLAND-Zen, m <0.20 eV.
Exploration of the inverted region >1 ton

Exploration of the normal region >>1 ton

For heavy neutrino exchange, the limit 1s model dependent. In

the model of Tello ez al. 9, the current best limit from
EXO/KamLAND-Zen is m,;>257 GeV(3.5/My)* .

1V. Tello, M. Nemevsek, F. Nesti, O. Senjanovic, and F. Vissani, Phys. Rev. Lett.
106, 151801 (2011).



The major remaining question is the value of g,.

Three scenarios are’$ :

g =1.269 . Freevalue
A = AL .
g, = 1 «——  Quark value
o ~0.18
g4=1 2694 " Maximal quenching

1J. Barea, J. Kotila, and F. Iachello, Phys. Rev. C 87, 014315 (2013).

3 S. Dell’Oro, S. Marcocci, and F. Vissani, Phys. Rev. D90, 033005 (2014).



If g, 1s renormalized to ~0.8-0.5, all estimates for half-lives
should be increased by a factor of ~6-34 and limits on the
average neutrino mass should be increased by a factor ~2.5-6,
making 1t impossible to reach in the foreseeable future even the
inverted region.
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Possibilities to escape this negative conclusion are:

(1) The neutrino masses are degenerate and large. 2015 2008
This possibility will be in v
tension with the Wi 4

0.1

cosmological bound on the
sum of the neutrino masses

Zml. <0.6elV (2008) NORMAL

INVERTED

0.01

[{m2,)] in eV

10— 0.001 0.01 0.1

3 m, <0.230eV (2015) Planck 1

lightest neutrino mass in eV

Y M. White for the Planck collaboration, private communication.



(2) Both mechanisms, light and heavy, contribute simultaneously,
are of the same order of magnitude, and interfere constructively.

m+M 7

[Tlo/‘z/ﬂﬂ (O+ N O+)] — GOV M " Ov,heavy < >
e mvh

Ov,light

This possibility requires a fine tuning which 1s quite unlikely.



(3) Other scenarios (Majoron emission, ...) and/or new
mechanisms (sterile neutrinos, ...) must be considered.

v sterile




Scenario 3: MAJORON EMISSION

The inverse half-life for this scenario (Ovpp¢ decay) is given
by

M

2 <g>2
/

effective Majoron coupling constant

R )77 Ov

(07 07)] =G

NME are the same as for scenario 1 and 2.
PSF are being recalculated at the present time.

This scenario was suggested by H.M. Georgi, S.L. Glashow, and S.
Nussinov, Nucl. Phys. B193, 297 (1981).



Scenario 4: STERILE NEUTRINOS

Another scenario 1s currently being discussed, namely the
mixing of two or three additional “sterile” neutrinos, 4, 5
and 6, with masses in the keV-GeV range.

[ The question on whether or not ““sterile” neutrinos exist 1s
an active areas of research at the present time with

experiments planned at FERMILAB and CERN-LHC.]

NME for this scenario can be calculated by using a
transition operator as in scenario 1 and 2 but with

2
mv[

1

= v(p)=— -
/ m ”\/p2+m§,(\/p2+mfl+/1)

al

Effective mass of the sterile neutrinos




NME 1n IBM-2 for this scenario are being calculated at the
present time.

PSF are the same as in scenario 1 and 2 and are therefore
already available.

Possible values of the sterile neutrino masses in the range keV-GeV have
been suggested by T. Asaka and M. Shaposhnikov, Phys. Lett. B620, 17
(2005) and T. Asaka, S. Blanchet, and M. Shaposhnikov, Phys. Lett.
B631, 151 (2005).



Note added:
Scenario 4b: LIGHT STERILE NEUTRINOS

Very recently (2015) C. Giunti 1 and M. Laveder have
suggested sterile neutrinos, 4b,..., with masses in the eV
range to account for the reactor anomaly in oscillation
experiments.

These light sterile neutrinos can be treated as in scenario 1.

1 C. Giunti, XVI International Workshop on Neutrino Telescopes,
Venice, Italy, March 4, 2015.



No matter what the mechanism of neutrinoless DBD 1is, its
observation will answer the questions posed at the
beginning of the presentation:

« What is the absolute neutrino mass scale?
 Are neutrinos Dirac or Majorana particles?

« How many neutrino species are there?







APPENDIX A: EVALUATION OF MATRIX
ELEMENTS IN IBM-2 1

All matrix elements, F, GT and T, can be calculated at once
using the compact expression:

A — ZT [Z(Sl 2(52):| V(r, )C(i)(an')

51 252

A=0,s,=s,=0(F)

A=0,s,=s,=1(GT)

A=2,8,=s,=lT)
In second quantized form:

y® = ZZZ( 1)’ \/1+( ) s \/1+(—1)Jaj J

]1]2 AVA

XGS(iz)(jljzj'l ]"2;‘])|:(7Z'j.1 ><7z';2 )( ) ‘(17/'1 ><|7j,2 )(J)}

/ O\

Creates a pair of protons Annihilates a pair of neutrons
with angular momentum J with angular momentum J
1J. Barea and F. Iachello, Phys. Rev. C79, 044301 (2009).




The fermion operator V' 1s then mapped onto the boson space by using:

(j 7Z') = A_(j)s!

(7! xa!) > B.(j,j)d!
i Y T JsJ T,M

ssz) ZZ s(li) VNAPAL )Afr(jl)Av(jvl)S;; ‘S,

__Z Z \/1+51J2 \/1+ J' JzG;/Slz)(.]lJZJ 1 J'232)B, (] ,J2)B,(J'5 ] 2)dT 1

Jl]2 AR

The coefficients A, B are obtained by means of the so-called OAI
mapping procedure 3

Matrix elements of the mapped operators are then evaluated
with realistic wave functions of the 1nitial and final nuclei1
taken from the literature. They fit all experimental data for
excitation energies, B(E2) values and quadrupole moments,
B(M1) values and magnetic moments, etc., very well.

3T. Otsuka, A. Arima and F. Iachello, Nucl. Phys. A309, 1 (1978).



APPENDIX B: DETAILS OF THE IBM-2 CALCULATION

The fermion operator V 1s mapped onto the boson space by using:
(1xa!)" > 4,())s!

(2] x7l)" > B,(j. /L,

V2 e ——ZZ G (' J1:0) A4, (G)AG')sh -5,

A

__Z > \/1+ i \/1+5j'1j'2 G Gidd ' J'52)B, (5 72)B,(J' 7 ') d,

]1]2 J1Ji"

The coefficients A, B are obtained by equating fermionic matrix
elements in the Generalized Seniority (GS) basis with bosonic
matrix elements, the so-called OAI mapping procedure .

The basis (s') 2 (D")2]0)

1
J*y

O
2 ()

St = Za

1s constructed with operators:

1
D= 35, (<))

1T. Otsuka, A. Arima and F. Iachello, Nucl. Phys. A309, 1 (1978).



The structure coefficients a;, ;- are obtained by diagonalizing the
surface delta interaction (SDI). The strength of the interaction, A, 1s
chosen as to reproduce the 0-2 separation in the two-particle system.

The fermion matrix elements are calculated using the commutator
method of Frank and Van Isacker and Lipas et al. 1-5.

T A. Frank and P. Van Isacker, Phys. Rev. C26, 1661 (1982).
3 P.O. Lipas, M. Koskinen, H. Harter, R. Nojarov, and A. Faessler, Nucl. Phys. A508, 509 (1990).

Expansion to next to leading order (NLO)

(2} %22 b B.(j)(dL), +C.G st (sid,)” + D, st (did, )

Effect small <5%. Will be neglected :
henceforth. "

Realistic IBM-2 wave functions are :
taken from the literature. They fit all 0
experimental data for excitation

energies, B(E2) values and quadrupole
moments, B(M1) values and magnetic
moments, etc., very well.

AA BB BC CB CC BD DB CD DC DD



APPENDIX C: SUMMARY OF MATRIX ELEMENTS-ALL

..........................
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