Renato Angelo Ricci

A life devoted to physics

—> Father of nuclear spectroscopy in Italy

Director, LNL (1968-1979)
Vice-President INFN (1980-82)
President, SIF (1981-1998)
President, EPS (1989-1991)



—» Many contributions to nuclear spectroscopy, especially of
11, nuclei, which helped establishing the shell-model as an
important tool to study medium-mass nuclei, and that has
returned to the forefront of nuclear spectroscopy in recent
years.

R.A. Ricci and P.R. Maurenzig, The 1f,, Problem in Nuclear
Spectroscopy, Rivista del Nuovo Cimento, Vol. 1, p. 291-354.

—> Many contributions to the history of Physics, especially
weak interactions.

S. Focardi and R.A. Ricci, The beta-decay and the
Fundamental Properties of Weak Interactions, Rivista del
Nuovo Cimento, Vol. 6, p. 1-40.



I met Renato 1n 1974 at the International Nuclear Physics
in Amsterdam, The Netherlands.

I was very close to him during the years 1987-1995 when I
was Chairman of the Advisory Committee of the Tandem
Accelerator at LNL, a facility that he realized and so to its
completion.

The first heavy-ion electrostatic accelerator in Italy
(16 MeV Tandem)!

I have enjoyed Renato’s friendship for over 40 years.

To Renato, Happy 90t birthday
To Claudine, Marco and Francoise, Best wishes
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Unanswered questions in neutrino physics (2017):

 What 1s the absolute mass scale of neutrinos?
e 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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HISTORICAL INTRODUCTION

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
(AZ)—> (AZ+2)+2e +27 vB B)
(AZ)—> (AZ-2)+2e"+2v vB ")

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

process was suggested by Maria Goeppert-Meyer? in 1935,
shortly after the Fermi theory of beta decay' appeared (1934).

1E. Fermi, Z. Phys. 88, 161 (1934).
Y M. Goeppert-Meyer, Phys. Rev. 48, 512 (1935).
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Versuch einer Theorie der g-8trahlen. IY).
Von E.Fermi in Rom.
Mit 3 Abbildungen. (Wingegangen am 16. Junuar 1934.)
Bine gquantitative Theorie des g-Zerfalls wird vorgesohlagen, in welcher man
die Existenz des Neutrinos annimmf, und die ¥mission der Elekironen und
Neutrinos aus einem Kern beim §-Zerfall mit siner hmlichen Methode behandelt,
wie die Emission eines Lichtquants aus einem angeregten Atom in der Sfrah-
lungstheorie. Formeln fiir die Lebensdauer und fir die Form des emittierten
kontinulerlichen §-Btrahlenspektrums werden abgeleitet und mit der Erfahrung
verglichen.
1. Grundannokmen der Theorie,

Bei dem Versueh, eine Theorie der Kernelektronen. sowie der 8-Emission
aufzubsuen, begegnet man bekannilich zwei Schwierigheiten. Die erste
ist durch das kontinuierliche f-Strahlenspektrum bedingt. Talls der Hr-
baltungssatz der Energie giltig bletben soll, muB man annehmen, daB ein
Bruchteil der beim f-Zerfall frei werdenden Energie unseren bisherigen
Beobachtungsmoglichkeiten entgeht. Naeh dem Vorschlag von W. Pauli
kann man 7 B. annehmen, dafB beim f§-Zerfall nicht nur sin Fiektrom,
sondern auch ein neues Teilchen, das sogensunte ,,Neutrino” (Masse von
der GréBenordnung oder kleiner als die Blektronenmasse; keine elektrische
Ladung) emittiert wird. In der vorliegenden Theorie werden wir dis Hypo-
these des Neutrinog zugrunde legen.

Eine weilere Schwierigkeit fitr die Theorie der Kernelektronen besteht
darin, daf die jeizigen relativistischen Theorien der Jelehten Teilchen
{Blektronen oder Neutrinos) nicht imstande sind, In einwandfreior Weise
zu erklaren, wie golehe Teilchen in Bahnen von Kerndimensionen gebunden
werden kénnen.

Es gcheint deswegen zweckmifliger, mit Heisenberg?) anzunebmen,
daf ein Kern nur sus schweren Teilchen, Protonen und Neutromen, be-
steht. Um trotzdem die Moglichkeit der §-Emission zu verstehen, wollen
wir versuchen, eine Theorie der Emission leichter Teilchen aus einem Kern
in Analogia zur Theorie der Emission eines Lichtquants aus einem an-
geregten Atom beim ‘gewBhnlichen StrahbuagsprozeB aufzubanen. In der
Strahlungstheorie ist die totale Anzahl der Lichtquanten keine Konstante:
Tichtquanten enistehen, wenn sie von eimem Atom emittiert werden,
und verschwinden, wenn sie absorbiert werden. In Analogie hierzu wollen
wir der f§-Strahlentheorie folgende Annahmen zugrande legen:

4} Vgl. die vorlinfige Mitteilung: La Ricerca Seientifice 2, Heft 12, 1933,
*) W.Heisenberg, ZS. f. Phys. 77, 1, 1988,

1L*

Versuch einer Theorie der f-Strahlen, I. 1

wir von verbotenen B-Ubergiingen. Man mub natérlich nicht srwarten, dal
die verbotenen Ubergtinge fiberhaupt nicht vorkommen, da (32) nur eine
Niherungsformel ist. Wir werden in Ziffer 9 etwas itber diesen Typ von
Ubergiingen sprechen.

7. Die Masse des Neutrinos.
Durch die Ubergangswehrscheinlichkeit (32) ist die Form des kenti-
nuierlichen B-Spekirums bestimmi. Wir wollen zuerst diskutioren, wie
dicse Form von der Buhemssse y des

Abhiingigkeit der Form der Energie-
verteilungskurve von w ist am meiston
ausgeprigh in dor Nihe des Endpunktes
der Verteilungskurve. Ist I, die Grenzenergie der B-Strablen, so sieht
man ohne Schwierigheit, da8 die Verteilungskurve fir Energien E in der
Nihe von B, bis anf einen von E unabhingigen Faktor sich wie

Weubrinos abhingt, nm von einem Ver- gl

gleieh mit den empiriscken Kurven diess

Konstante zu bestimmen. Die Masse u .&"’

ist in dem F¥aktor p2/v, enthaiten. Die P H\Q
[

i

Yig. 1.

T;_” 5 (#o + BB VE, —Ef + u (B, —B)  (36)
verhalt. ’

In der Fig. | ist das Ende der Verteilungskurve fiir 4 = 0 und fir cinen
kleinen und einen groBen Wert von u gezeichnet. Die groSte Ahnlickkeit
mit den empirischen Kurven seigh die theoretische Kurve fir p = 0.

Wir kommen also zu dem Schiuf, daf die Ruhemasse des Neuvtrinos
entweder Null oder jedenfalls sehr Jein in bezug anf die Masse des Elck-
trons ist!). In den folgenden Rechnungen werden wir die einfachste Hypo-
these u = € einfithren. B¢ wird dann (80}

Vg == & Klf = Pgt;, Pg= I " (37)

K, W-—H,
o

Die Ungleichungen (88), (34) werden jotat:
Ho W, WZ=me (36
TUnd die Ubergangswahrscheinlichkeis (82) nimmt die Form an:

8 g

2
P, = i [ J. vh, dv | o (W—H)2 (89)

') In einer kirglich erschienenen Notiz komamt F. Perrin, C. R. 197, 1625,
1933, mit qualitativen Uberlegungen wu demselben SchiuB.
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Double Beta-Disintegration

M. Goerpert-Maver, The Johns Hopkins Indversity
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From the Fermi theory of B-disintegration the probability of simullaneons emission of two
electrons (and two neutrinos) has been calculated. The result is that this process ogcurs sulfi-
ciently rarely to allow a hall-life of over 101" years for a nucleus, even if its isohar of atomic

VOLUME

rumber different by 2 were more stabie by 20 times the electron mass.

1. INTRODUCTION

N a table showing the existing atomic nuclei
it is observed that many groups of isobars
accur, the term isobar referring to nuclei of the
same atomic weight but different atomic number.
It is unreasonable to assume that all isobars have
exactly the same energy; one of them therefore
will have the Jowest energy, the others are un-
stable. The question arises why the unstable
nuclei are in reality metastable, that is, why, in
geclogic time, they have not all been transformed
into the most stable isobar by consecutive A-dis-
integrations,

The explanation has been given by Heisen-
berg' and lies in the fact that the energies of
nuclei of fixed atomic weight, plotted against
atomic number, do not lic oo one smooth curve,
but, because of the peculiar stability of the
a-particle are distributed alternately on two
smooth curves, displaced by an approximately
constant amount against each other (the mini-
mum of each curve is therefore at, roughly, the
same atomic number). For even atomic weight
the nuclei of even atomic number lie an the lower
curve, those with odd atomic number on the
higher one. One g-disintegration then brings a
nucieus from a point on the lower curve into
one of the upper curve, or vice gersa. The nuclei
on the upper curve are all of them unstable.
But it may happen that 2 nucleus on the lower
curve, in the neighborhood of the minimum,
even though it is not the most stable one, cannot
emit a single 8-particle, since the resuliant isobar,
whose energy lies on the upper curve, has higher
energy. This necleus would then he metastable,
since it cannot go over into a more stalle one by
consecutive emission of two electrons. This
explanation is borne out by the fact that almost

!'W. Helsenberg, Zeits. {. Physik 78, 156 (1932).

only isobars of even difference in atomic number
oceur.

A metastabic isobar can, however, change into
a more stable one by simultancous emission of
two electrons. It is generally assumed that the
frequency of such a process is very small. In
this paper the propability of a disintegration
of that kind has been calculated.

The only method to attack processes involving
the emission of electrons from nuclei is that of
Fermi? which associates with the emission of an
electron that of a neutrino, a-chargeless particle
of negligible mass. Thereby it is possible to ex-
plain the continuous g-spectrum and yet to
have the emergy nonserved in each individual
process by adjusting the momentum of the
neutrino. In this theory the treatmemt of a
B-disintegration is very similar to that of the
emission of light by an excited atom.

A disintegration with the simultaneous emis-
sion of two electrons and two neutrinos will then
be in strong analogy to the Raman eflect, or,
even more closely, to the simuitaneous emission
of two light quanta,® and can be calculated in
essentially the same manner, namely, from the
second-order terms in the perturbation theory,
The process will appear as the simultancous oc-
currence of two transitions, each of which does
not fulfill the law of conservation of energy
separately.

The following investigation is a calculation of
the second-order perturbation, due to the inter-
action potential introduced by Fermi between
neutrons, protons, electrons and neutrinos. As
far as possible the notation used is that of
Fermi. ¥or a more detailed discussion and justi-
fication of this mathematical form and the as-
sumptions involved reference must be made to
Fermi'< paper.

'y, Zeits, . Physik 88, 161 (1934),
“VI l;ocppmb\hyer, Ann, d. Phystk (V) 9, 273 (1931),
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It took however more than 50 years to observe it (Elliott et al.,
1987)% in view of its very long half-life

775 (("Mo) =(7.1£0.4)x10" yr

Now (2015) 2vp-B- has been observed in 10 nuclei’ .

[The positron emitting and related processes 2vp 3, 2vB'EC,
2vECEC has been observed only in 1 nucleus (13°Ba).]

The measured half-lives are

2 ~ (10" =107 yr

3 S. R. Elliott, A.A. Hahn, and M.K. Moe, Phys. Rev. Lett. 59 (1987) 2020.

1 A review of all observed 2vBp decays is given in:
A.S. Barabash, Nucl. Phys. A935, 52 (2015).



The processes where no neutrinos are emitted

(AZ)—> (A Z+2)+2e OvB p7)

OvB B, and 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 i1s a Majorana particle
and will measure 1ts (average) mass.



Majorana’ (1937) suggested that neutral particles could be their
own antiparticles and Racah’ (1937) pointed out that the
neutron cannot be 1ts own antiparticle since it has a magnetic
moment, while the neutrino could be such a particle.

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



E. Majorana, Nuovo
Cimento 14, 171 (1937).

TEORIA SIMMETRICA DELL ELETTRONE
E DEL POSITRONE

Nota di ETTORE MAJORANA

Sante. - §i dimosire lo possibilitd di pervenire o ung piena simmetriava-
#ione formale della teoris guaniistica deilelettrone e del positrone fa-
cendo use di un nuove processo di quaniizzazione. I1 significato delle
equazions @i DIRAC we risulta alquanto modifieato ¢ non wi & pitt luogo
& parlarve di stati di engrgia negoliva; %l o presumere per ogni alifo
tipo @i particelle, particolurmente noutre, Vesistenza di « antiparticelle »
corrispondenti ai « vuotin di energic negative.

L’interpretazione dei cosidetti « stati di energia negativa » pro-
posta da Dirac () conduee, eome & ben noto, a una descrizione so-
stanzialmente simmetrica degli elettron! e dei positroni. La sostan-
ziale simmetria del formalismo consiste precisamente in questo, che
fin dove & possibile applicare la teoria girando le difficolty di eon-
vergenza, essa fornisee realmente risnltati del tutto simmetriei Tut-
tavia gli artifici suggeriti per dare alla teoria una forms simmetrica
che &i aecordi con il suo contenuto, non sono del tutte soddisfacenti;
sia perchd si parte sempre da una impostazione asimmetrica, sia
perché la simmetrizzazione viene in segwito ottenutz mediante tali
procedimenti (come la cancellazione di eostanti infinite) che possi-
bilmente dovrebbero evitarsi. Percid abbiamo tentato una nuova via
che econduce piti direttamente alla meta.

Per quanto riguarda gli elettroni e i positroni, da essa si pad
veramente attendere soltanto un progresso formale; ma e sembra
importante, per le possibili estensioni analogiche, che venga a o8-
dere la nozicne stessa di stato di energia negativa. Vedremo infatti
che & perfettamente possibile costruire, nella maniera pill naturale,
una tearia delle particelle neutre elementari senza stati negativi.

(1) P. A. M. Dirac, « Proe. Camb, Phil, Sce. », B0, 150, 1924. V. anche W.
HEISEVRERG, ¢ Z8. £. Phys. s, 90, 209, 1934.



SULLA SIMMETRIA TRA PARTICELLE
E ANTIPARTICELLE

Nota di GrurLio Racay

‘Burte. - Si mostra che la simmetria tro particelle e antiparticelle porta
aleune modificazioni formali nella teorie & Fermr sulla radivattiviid B,
¢ che Videntila fisica tra neuirini ed antineutrini porta dircttamente alla
teoria di B, MatorANa.

Nella prima parte del presente lavoro si pone in rilieve una certa
arbitrarietd che ancora sussiste nella trasformazione delle antofun-
zioni di Dirac associata 1 un eambiamento di assi nello spazio-tempo,
¢ s1 mostra come si possa eliminare questa arbitrarietd aggiungendo
al postulato ded’invarianza relativistica quello della simmetria tra
particelle e antiparticelle. 8i perviena cosi ad una legge di trasfor-
maziore che differisee in alcuni casi da quella generalmente ammes-
sa ('), e ad nna consezuente modificazione dell’interazione proposta
da FerMr nella sua teoria del ragei 6 (%), Gl effetti di tale modif-
cazione non seno verificabili sperimentalmente, perché tendomo a
zero ¢on la massa del nentrino, ma hanno una certa importanza teo-
riea, perché eliminano una dissimmetria che era stata rilevata da
Koxorrssgr e UnLeNpEok (%),

Nella seconda parte si considera 1'ipotesi (che dovrd essere 1
giorno verificata sperimentalmente) che nel caso particolare dei neu-
trini non si abbia una semplies simmetria, ma addiritiura vna iden-
titd fisica tra neutrini ed antineutrini, e si mostra come questa ipo-
tesi pertl automaticamente al formalismo di B. MaJorana {9, S
tende eosi evidente il eonfenuto fisico assolutamente nuovo della teo-
ria di BE. MaJsogawa, e si indiea come ’esperienza potri decidere dells
sua valldita,

(') W. PauLl, « Handbuch der Physik », vol, XXIV/1, pp. 220-224.

(*) B. Ferni, ¢ Nuovo Cimenios, 11, 1, 1934,

() E. J. Konorisskl ¢ G. E. UHLENBECK, « Phys. Rev.», 48, 7, 1935.
(*) E. MaJorana, « Nuove Cimentoy, 14, 171, 1837.

328 G. HACAH

Da un punte di vista piu fisieo pessinmo rigssumere queste con-
siderazioni dicendo che la teoria di F. MaJorAna equivaie a identifi-
earve le particelle con le antiparticelle, e che se tale identificazione
pud farsi per i neutrini, essa non sembra possibile per i neutroni, per-
chd Dantineutrone dovrebhe differive dal neutrone e per il sexno del
momento magnetieo e per la capacitd di trasformarsi per processo B
in antiprotone aunziché in protope. Riecordando Dipotesi di Wicg (%)
sull’erigine del momento magnetico del weutrone, si vede che lo due
difficoltd non sono indipendenti.

Desidero ringraziare il prof. W. PavLr per interessanti ¢ pro-
fiene discussioni sugli arpomenti di gquesta nota.
Firense, Istituto Fisico di Areetri, Luglio 7337-XF,

('} G. C. WicK, ¢ Rend, Lincei», 21, 170, 1035,

G. Racah, Nuovo Cimento 14,
322 (1937).



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



Neutrino less DBD remains therefore one of the most
fundamental problems in physics today. Its detection
will be crucial for understanding whatever physics i1s
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 is the concomitance of the 2v process

& T | Y T - T =
b
2vBB Moo Tke(0)  gupp

-
i

Summed energy o

spectra of the two _,
emitted electrons

aw/dT,,, 107y~ Mey ™)

~
I
|




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

2v[3P.



DOUBLE BETA DECAY

A A T - 76
7 X N ZizYN¢2 +2e" + anythlng 13 AS,3

Half-life for processes not allowed 1458y,
by the standard model:
v, + ! 2 2
70707 > 07) | =Gy, [M,,['|f(m,U,)]
4 = T Beyond the standard model
{ (Particle physics)

Matrix elements
Phase-space factor (Nuclear physics)
(Atomic physics)



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

-
2v _

[71/2:| =G,,
Pk

Phase-space factor Matrix elements
(Atomic Physics) PSF (Nuclear Physics) NME

2

M

2v
~—

~—_



A special case 1s OvECEC, which 1s forbidden by energy and
momentum conservation, but can occur under resonance
conditions. In this case the inverse half-life is given by

2

i (m,c*)IC
A’ +(I'* /4) “~Resonance factor

-1
[710/;:| =Gy, My, [ | T(m;,Ug)
/ ~ —_

Prefactor Matrix elements  Beyond the SM
(Atomic Physics) (Nuclear Physics) (Particle Physics)
PF NME

Degeneracy fres g,
A= |Q - B, - E| — parameter >f> ~~~~~~ o
r=r, +T (Atomic and i Q
f Nuclear
Two-hole width Physics) — o

(Atomic Physics)



For all processes and to extract physics beyond the standard
model one needs to calculate the phase space factors (PSF)
and the nuclear matrix elements (NME).



NUCLEAR MATRIX ELEMENTS (NME)

NME can be written as:

M, = ;M

2
(Ov) _ (Ov) gV (Ov) (Ov)
M) =M —(g—j M @) 4 M
A

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

IBM-2 (Interacting Boson Model)

DFT (Density Functional Theory)



Calculations of NME in IBM-2 for all processes have been
completed (2015) and are available upon request.
A list of references 1s given in Appendix A.

For Ov processes two scenarios have been considered:
(1) Emission and re-absorption of a light (my;,,, <1MeV) neutrino.
(11) Emission and re-absorption of a heavy (my,,, >>1GeV) neutrino.

1 2
P e P p . p
e
Viight Vheavy
n n n n
oM | < lkeV 1GeV | f 1
m, Myjight c M, ey > 1Ge =M -
Long range Short range



Scenario 1: LIGHT NEUTRINO EXCHANGE

Dependence on the average neutrino mass

_(m) (m)= Y U,rm

m k=ligth

Fourier transform of the neutrino “potential”

v(p) = Ed _ A=closure energy=1.12A2(MeV)
T p( p+ A)




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.

7 NORMAL INVERTED
Vi
Am? —
Am? ——
S = 2
\ 4 V3




The average light neutrino mass can be written as

) 2 2 i 2 i
<mv> = ‘Clsc1zm1 + C13812m26'¢2 + 313m3e|(p3

c; =cosf,,s; =sinb;,¢,, =[0,27]

ij?

2 2 2 2
m:-+m om om
() =T O L

2 2 2

A fit to oscillation experiments gives 3

sin® @, =0.312,sin” 8, = 0.016,sin” 8, = 0.466
om’ =7.67x10"eV°,Am’> =2.39x10eV"

$ 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 2 gives the
values of <m > consistent with oscillation experiments
(constraints on the neutrino masses)

L

01f . . .
> ' Vissani-Strumia
]
= lot 1
; 0.01; P
g [ NORMAL

0.001 | , 1F. Vissani,

J. High Energy
| Phys. 06, 022
100+ o001 ool 0.1 1 (1999)

lightest neutrino mass in eV




Scenario 2: HEAVY NEUTRINO EXCHANGE

Dependence on the average neutrino mass

-1
(m,

)

2

k=heavy

1
(U eky, )2 m_kh

Fourier transform of the neutrino “potential”




Constraints on the average inverse heavy neutrino mass are
model dependent. V. Tello et al. T have recently (2011) worked
out constraints from lepton flavor violating processes and
(potentially LHC experiments). In this model

- I\/I\f, _ I\/I\:, m,
f=n \:/R kzévy(vekh) My, ) MVL\L/R <mvh>

2mp

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

4
—m | Mw | 1
<th> mp(MWRj 7

1V. Tello, M. Nemevsek, F. Nesti, G. Senjanovi¢, and F. Vissani, Phys. Rev.
Lett. 106, 151801 (2011).




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-B- (heavy neutrino exchange)
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* With 1sospin restoration and Argonne SRC



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 8. 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.
3 F. Bohm and P. Vogel, Physics of massive neutrinos, Cambridge University Press, 1987.

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



QUENCHING OF g,

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

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

(1) Limited model space

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

1J. Fujita and K. Ikeda, Nucl. Phys. 67, 145 (1965).
D.H. Wilkinson, Nucl. Phys. A225, 365 (1974).



ORIGIN OF QUENCHING OF g, IN DBD

N A N
n TV p <« Quenching factor d, = 0.7
.
v=v . (A means excited states of
" W the nucleon)
— |y
LA
N ' N
. Quenching factor e =0.7
N , N «— (nuclear model dependent)
n w P (NEX means excited states of
V=7 | ¢ the nucleus not included
" b explicitly)
N N Maximal quenching:

NEX Q=0,0 =0.5



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

2
I\/|2ef/f :(gAﬁﬁ j MZV
9a

e Oae
Mﬂf/fEC :( S ffjMﬁ/Ec
A

The value of g, .« In each nucleus can then be obtained by
comparing the calculated and measured half-lives for B/EC and

for 2v[3f3.



Values of |M, ¢! obtained from experimental half-lives 1
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1 From a compilation by A.S. Barabash, Phys. Rev. C 81, 035501 (2010).
For 136Xe, N. Ackerman et al. (EXO Collaboration), Phys. Rev. Lett. 107,
212501 (2011).



Effective axial vector coupling constant in nuclei from 2vpf 1

Free 1.4,

value =~

One obtains g, .4°M2~0.6-0.5.

1.2]

| I:J from experlmental T1 n (ISM)
O ghri=1.2694%
M/A from experimental 71, (IBM-2 CA/SSD)

= ggB;V‘ff =1.269A718

60 80 100 120 140

Mass number

The extracted values can be parametrized as

A similar analysis can be done for the ISM ISM
for which g, .¢">M~0.8-0.7.

gAeff

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

160

g2 — 1269 A"

=1.269A %"



4 o> Nas been extracted also from single B/EC in QRPA, very
recently by Suhonen and Civitarese (QRPA-Jy), g, 2% ~ 0.8-
0.4 % and a few years ago by Faessler et al. (QRPA-Ti) ~ 0.7 7.

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

results where the renormalization of g, is 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).
1K. Muto, E. Bender, H.V. Klapdor, Z. Phys. A334, 177 (1989); 187 (1989).



IMPACT OF THE RENORMALIZATION

The axial vector coupling constant, g,, appears to the second
power 1n the NME
My, = gf\M o
M,, =giM "

2
ov) _ (0ov) gV (0v) (0v)
M© =M —[g—] M@ 4 M
A

and hence to the fourth power 1n 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, 1n Ov3f3 1s renormalized as much as
in 2vpp 1s of much debate. In 2vBB only the 17 (GT) multipole
contributes. In Ov all multipoles 17, 2-,...; 07, 1- ... contribute.
Some of these could be unquenched. However, even in OvBf3, 17
intermediate states dominate. Hence, our current understanding 1s
that g, 1s renormalized in Ovp3 as much as in 2v[3f3.

This problem 1s currently being addressed from various sides.
Experimentally by measuring the matrix elements to and from the
intermediate odd-odd nucleus in 2vpp decay 3. Theoretically, by
using effective field theory (EFT) to estimate the effect of non-
nucleonic degrees of freedom (two-body currents) Y.

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

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



CONCLUSIONS

Major progress has been made in the last few years to narrow
down predictions of OvBf decay to realistic values in all nuclei of
interest.

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

| NEMO-3 x H.V. Klapdor—
— CUORICINO == .
= GERDA == Kleingrothaus et al.,
amLAND-Zen
8 Phys. Lett. B586,
198 (2004).
> INVERTED
'/_E\ 0.01
E
B NORMAL
0.001
U ior: 0.001 ~ 001 0.1 i

lightest neutrino mass in eV



With g,=1.269:

For light neutrino exchange, only the degenerate region can be
tested 1n the immediate future. The current best limit (with
g,=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 et al. ¥, 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 . Free value
A — A4 .
g, = 1 «——  Quark value
e ~0.18
a=1 269 A " 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.

« g,=0.5 (m)<l13eV
o ga=1 (m,)<0.3eV
T gA=1,269 <mv><0.2€V

0.1

[ INVERTED

> ..
& | Limits from
'% 001, - EXO in 13¢Xe
£ | decay

0.001 | f

10_l‘t)*4 0.601 0.61 011 1

lightest neutrino mass in eV



If g, 1s renomalized to ~0.8-0.5, even the
exploration of the inverted hierarchy will require
a multiton large neutrino infrastructure.




Possibilities to escape this negative conclusion are:
(1) Neutrino masses are degenerate and large.

2015 2008
: s : : Y

This possibility will be in Con
tension with the R
cosmological bound on the o
sum of the neutrino masses 2 oo

3 m, <0.6eV (2008) o

Z I’ni <0.230eV (20 1 5) Plaan ﬂ L 0.001 0.01 0.1 1

i 6 8 % Conﬁdence level lightest neutrino mass in eV

'S. Matarrese for the Planck collaboration, Proc. XVI
Int. Workshop NEUTEL 2015, in press.



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

+ +\1— mv m
[Tﬁgﬂﬂ(o —07)] ' = G,, MOV,Iight<rn_>+ M :

Ov,heavy
m
Vh

e

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



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

c .
Majoron means a massless
v neutral boson
v
n
4

P ¢ p Sterile means no standard
e model interactions ®

v sterile

SB. Pontecorvo, Sov. Phys. JETP 26 (1968) 984



No matter what the mechanism of neutrinoless DBD is,
its observation will answer the fundamental questions:

 What 1s the absolute neutrino mass scale?
e Are neutrinos Dirac or Majorana particles?

 How many neutrino species are there?
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APPENDIX B
Scenario 3: MAJORON EMISSION

The inverse half-life for this scenario (Ovpp¢ decay) is given by
v + + 2 2
[rgfw (0" >0 )] =G,,,|M,, | (g)

"/

effective Majoron coupling constant
NME are the same as for scenario 1 and 2.
PSF have been recalculated recently.

Best limit 1 with IBM-2 NME, KBI PSF and g,=1.269
from EXO/KamLAND-Zen

Ovep

(97)<6.2x10°

11J. Kotila, J. Barea and F. Iachello, in preparation (2015).

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 additional “sterile” neutrinos.
[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 sterile neutrinos of arbitrary mass can be calculated
by using a transition operator as in scenario 1 and 2 but with

LY v(p) == :
m, 7ot (Jp?ml + A
/'

Effective mass of the sterile neutrinos

IBM-2 NME for this scenario have just been calculated (April 2015).
PSF are the same as in scenarios 1 and 2.



Several types of sterile neutrinos have been suggested.
Scenario 4a: HEAVY STERILE NEUTRINOS

Sterile neutrinos with masses m, > leV

Possible values of the sterile neutrino, 4a,5a, 6a,..., masses in the keV-
GeV range 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).

Scenario 4b: LIGHT STERILE NEUTRINOS

Sterile neutrinos with masses m, ~1eV

Very recently C. Giunti and M. Laveder have suggested sterile
neutrinos, 4b,..., with masses in the eV range to account for the reactor
anomaly 1n oscillation experiments, G. Giunti, XVI International
Workshop on Neutrino Telescopes, Venice, Italy, March 4, 2015.



HYPOTHETICAL NEUTRINO SPECTRUM

logm 4
3h .
2h Unknown heavy neutrinos
1TeV - — 1h
1GeV — 6a .
54 Unknown heavy sterile
IMeV — 4a
lkeV — — : :
62]3 Unknown light sterile
eV — 4b
i — 32 Known neutrinos
meV — "



CONTRIBUTIONS OF HYPOTHETICAL NEUTRINOS ALL

[Tl/fﬁ 0" — O+)} =G,,g,M

Epiujm +mpz e'b + pZUe, m, +mpz
k=

Known neutrinos Unknown light sterile

B+m

Unknown heavy sterile

Unknown heavy neutrinos

The values of M and B in IBM-2 have been just calculated 1

1J. Barea, J. Kotila and F. Iachello, paper in preparation (2015).



