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Unanswered questions in neutrino physics (2015):

 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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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
(A, 2) > (A, Z+2)+2e +2v vp )
(A,Z) > (4,Z —2)+2e" +2v 2vBB")

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,
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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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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 1t (Elliott et al.,
1987)% in view of its very long half-life

oy (" Mo) = (7.1£0.4) x 10" 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

) ~ (10" =10 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

(A,2) > (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).

10



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.

11



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
spectra of the two _,
emitted electrons

x10

aw/dT,,, 107y~ Mey ™)

~
I
|

12



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.

13



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

]
2v
[71/2 ] =G,,

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

.
Ov .
[71/2} =G,,

2

MZV

2 2

M| 1f(m,U,)

except for 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

> (m,c)T
A+ (T /4)

2

-1
Ov _
[71/2:| =G,,

MOV

f(m,U,)

14



For processes not allowed by the standard model one needs to
derive the function f(m,,U,,) (lecture 1).

For all processes one needs to calculate the NME (lecture 2)
and the PSF (lecture 3).

15



BRIEF THEORY OF 0vBp

E(MeV)
4 —
-
A - 76
;XN —> Z+2YN—2 +2e 33 A4S 43
5
0 -
76S€
. 349€y
Half-life for the process:
O -1 2 2
|:z'1/2ﬂﬂ(0+ — O+):| =G,, |M,, |f(mi’Uei)
" Beyond the standard model
[ \ (Particle physics)

Matrix elements

Phase-space factor (Nuclear physics)

(Atomic physics)
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TRANSITION OPERATOR

The transition operator 7(p) depends on the model of Ovpp decay.
Three scenarios have been considered 13,

1 2 3
p e p p ¢ p
¢ © ) ¢
V cav
Viight heavy v
light
n n
n n n n
Myjigne << 1MeV Myheayy > 1GeV

# M. Doi et al, Prog. Theor. Phys. 66, 1739 (1981); 69, 602 (1983).

1T.Tomoda, Rep. Prog. Phys. 54, 53 (1991).

$ F.Simkovic et al., Phys. Rev. C60, 055502 (1999).
17



The formulations of Doi, Tomoda and Simkovic, as well as
previous formulations by Furry, Primakoff and Rosen, and
Haxton and Stephenson, differ by factors of 2, by the number
of terms retained in the non-relativistic expansion of the
current and by their contribution.

The formulation currently adopted in most calculations is that
of SimkovicT.

TE. Simkovic et al., loc. cit.

18



To derive the expression for T(p) one starts from the weak
interaction Hamiltonian

H :&[Ey/ﬂ (1—7/5)1/@}]{‘;r +h.c.

J2

and the nucleon current $

. H
JT =¥’ [gy(qz)y“ —ig, ()L™ — g ("5 + 2p(d) 2(; %}‘P
p

_ P N

vector  weak-magnetism  axial vector induced pseudo-scalar

\ HOC/

q" = momentum transferred from hadrons to leptons

$ F. Simkovic et al., loc.cit.

[Tomoda ¥ also considered right-handed couplings]

1T. Tomoda, loc. cit. 19



From the weak interaction Hamiltonian, /#, and the weak
nucleon current, J* , one finds the transition operator, 7(p),
which can be written as (p =|])

T(p) — H(p)f(mi9Uei)

20



In momentum space and including higher order corrections
(HOC), H(p) can be written as 3

H(p)=Y 7/t [-h" (p)+h° (p)G,+G,. +h (p)S’,]

with

—

St =3(6-p)(6-5)-6,-5,

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

$ F. Simkovic et al., Phys. Rev. C60, 055502 (1999).
1T. Tomoda, Rep. Prog. Phys. 54, 53 (1991). 21



The Fermi (F), Gamow-Teller (GT) and Tensor (T) contributions
are given by

" (p) =y, (p)
K (p) =y, (P)+hip (P) + hpp () + By (D)
h'(p) =hyp(P) + hpp(p) + By (D)

The terms AP, PP, and MM are higher order corrections
(HOC) arising from weak magnetism (M) and induced
pseudoscalar terms (P) in the weak current.

22



The form factors ;%77 ( p) can be further factorized into

hFﬁTI ﬁFﬁTJ(

(p)=v(p) p)

where v(p) is called the neutrino “potential” and 4(p) is
given by

Term h(p)
- 2 .2
hXF/V 9’424 oy /94) a
(1+p22/M$,)
'}"LGT G4
AA (1+p2/M2 )4
e 2 2 1 2 m?
hAP gA [ 3 (1+p2/M2 )4 P2 +m2 ( Mi ):|
2
hSL g5 | == 1 ¢ (1 my )
PE A 3 (1+p2/Mi)2 p2+m2 ME‘L
i 2 |20y 1 se¥
MM 3 92 (1+p2/M‘2f)4 4m%
A L GT
hap —hap
T L. GT
hepp —hpp

17G7T
Shiin




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

Primitive (V-A)
) 1
& (P)=2g =
P 2
(HMﬁ] gV:I;M§=0.71(GeV/cz)
1 _ L2 2\?
e (=g, 8, =1260M =1.09(GeV / ¢*)
i
MA
Induced (HOC)

gu(P) = (1, — 1) (P°)

2
MA

g(p)=(2m,) g,(p") ()

T

24



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"j(p"dp’

The Jastrow function in configuration space is

f,(r)=1- ce™ (1 — brz)
with

a=1.10 fm2, b=0.68 fm2, c=1 MS soft
a=1.59 fm2,b=1.45fm?,¢c=0.92  Argonne hard
a=1.52 fm?, b=1.88 fm2, ¢c=0.46 CD Bonn hard

25



Finally, half-lives are usually calculated in the closure
approximation. This approximation is good for OvBf3 where the
momentum of the virtual neutrino 1s of the order of 100 MeV/c,
and the scale of the energy levels 1n the intermediate nucleus 1s
~0.1MeV.

/’ %
7 \\\
e & 5
O+ & A%y,
4 [RATRN
AN
A% N

T Ay

Wo (BB —%— 7
Qp=2.039061(7) MeV E,
I Ep !

26



F FUNCTION AND NEUTRINO POTENTIAL

Scenario 1: LIGHT NEUTRINO EXCHANGE

The function f for this scenario 1s

and the neutrino potential 1s

W(p) =2 ———

A=closure energy=1.12A"2(MeV)

27



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

28



The average light neutrino mass can be written as

i)

2 2 2 2 2 i,
<mv> = ‘Cl3clzm1 T C38,M,e 7" + S3se

¢, =cost,,

s, =sin6,,¢,, =[0,27]

m; +m; om>  om’
—L 2 4] - +

, ,+Am’
2 2 2

(mf,mjm?) =
A fit to oscillation experiments gives 3

sin® @, = 0.308,sin” 8, = 0.024,sin’ §,, = 0.455
Sm’> =7.54x10"eV?,Am* =2.43x10" el

Y F. Capozzi, G.L. Fogli, E. Lisi, A. Marrone, D. Montanino, and A. Palazzo,

Phys. Rev. D89, 093018 (2014).

29



Variation of the phases ¢, and ¢, from 0 to 2 gives the
values of <m, > consistent with oscillation experiments

L
0.1 E . . .
" ' Vissani-Strumia
]
9
i 0.01; plOt
g [ NORMAL
0-001§ f YF. Vissani, J. High
i Energy Phys. 06, 022
- | | | (1999).
104 0.001 0.01 0.1 1

lightest neutrino mass in eV

30



In addition there 1s a (model dependent) bound from cosmology

on the sum of the masses
Cosmological bound

> m, <0.6eV (2008)
Y m, <0230ey  (2015) Plank 2015 2008
; 68% confidence leve \ |
1. ey B e S _ S —
0.1} .
> :
g
— 0.01+
§ NORMAL
1'S. Matarrese for the Plank .
collaboration, Proc. X VI Int.
Workshop NEUTEL 2015, 00+ o001 ool ou !
Venice, Italy. lightest neutrino mass in eV
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Scenario 2: HEAVY NEUTRINO EXCHANGE

In recent years, scenario 2 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)

and neutrino “potential”

2 1

W(p)==——

T m,m,




Constraints on the average inverse heavy neutrino mass are
model dependent. V. Tello et al. 1 have recently (2011) worked
out constraints from lepton flavor violating processes and
(potentially LHC experiments). In this model

__M, m, M, m,
f_77 MV4VR k=;vy(V€kh) mkh _MV4VR <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

()=, 2] L

wr ) 1

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



If both light and heavy neutrino exchange contribute, the
half-lives are given by

2

MOV <mV> +M0Vh77
m

e

Ov -1 _ G
Tin | = Uy

The two contributions could add or subtract depending
on their relative phase.
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Scenario 3: MAJORON EMISSION

This scenario (OvBBM decay) was very much of interest a few
years ago (1980’s), it was not much studied since, but 1t has
become again of interest in very recent years.

Majorons were introduced as massless Nambu-Goldstone bosons
arising from a global B-L symmetry broken spontaneously in the
low-energy regime *5-1.

#Y. Chikashige, R.N. Mohapatra, and R.D. Peccei, Phys. Rev. Lett. 45, 1926 (1980).
¥ G.B. Gelmini and M. Roncadelli, Phys. Lett. B99, 411 (1981).
1 H.M. Georgi, S.L. Glashow, and S. Nussinov, Nucl. Phys. B193, 297 (1981). .



Although these older models are disfavored by precise
measurements of the width of the Z boson decay, several other
models have been proposed in which one or two Majorons are
emitted

(A,2) > (A, Z+2)+2e + g,
(A,Z2) > (A, Z+2)+2e +2y,

2 2
e é
0 0410
\){ \)(X
A" \\
% ="
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Different models are distinguished by the nature of the
emitted Majorons, 1.e. whether 1t i1s a Nambu-Goldstone
boson or not (NG), the leptonic charge of the emitted
Majorons (L), and the spectral index of the model, n.

Model Decay Mode NG boson L n
IB OvB8xo0 No 0 1
IC OvB8xo0 Yes 0 1
1D OvBBxoxo No 0 3
IE OvBBxoxo Yes 0 3
I1B OvBBxo No =2 1
IIC OvB8xo0 Yes -2 3
11D OvBBxoxo No -1 3
ITE OvBBxoXo0 Yes -1 7
ITF OvB8xo0 Gauge boson -2 3
"Bulk” OvB8xo Bulk field 0 2




The transition operator for this scenario can be written as %31

T(p)=H(p)(g)

effective Majoron coupling constant

AN

The inverse half-life is given by

-1
OvppsM _
[71/2 :| =Gy ‘MOV

2 <g>2

# M. Dol et al., loc.cit.
1T. Tomoda, loc. cit.

$ F. Simkovic et al., loc.cit. 38



Scenario 4: STERILE NEUTRINOS

In addition, another scenario is currently being considered,
namely the mixing of one, two or three additional “sterile”
neutrinos, 4, 5 and 6, with masses in the eV-GeV range.
Sterile neutrinos were introduced by Pontecorvo (1968) 1 as
neutrinos with no standard model interactions.

In very recent years several suggestions have been made
for sterile neutrinos in the eV range 2, in the keV range °, in
the MeV-GeV range ¢, and in the TeV range 9, in order to
account for various anomalies in neutrino physics.

1 B. Pontecorvo, Phys. Lett. B26, 630 (1968).

2 C. Guunt1 and M. Laveder, Phys. Rev. D82, 053005 (2010).
J. Barry, W. Rodejohann, and H. Zhang, J. High Energy Phys. 07 (2011) 91.
b T. Asaka and M. Shaposhnikov, Phys. Rev. B620, 17 (2005).
°T. Asaka, S. Eijima, and H. Ishida, J. High Energy Phys. 04 (2011) 11.
M. Shaposhnikov and I. Tkachev, Phys. Lett. B639, 414 (2006).
V. Tello et al., loc.cit.
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This scenario can be investigated by using a transition operator,
for a neutrino with mass my, as in scenario 1 and 2 but with

2 1
=T v(p) == -
/ m, ”\/p2+m]2v(\/p2+m]2v+/1)

~/

A=closure energy

When the mass my is intermediate, and especially when it 1s
of the order of the Fermi momentum, p~100MeV/c, the
factorization of t! into PSF, NME and F function is not
possible and physics beyond the standard model is entangled
with nuclear physics. In this case the half-life can be written as

2

(2] =G |2, (U) My ()7
e 40




These formulas apply for a single additional neutrino with mass my

The product fv(p)
m, 2 1
m, 7 \/p2 +m]2\,\/p2 +mi + A

(p) =

has the limits:

2 1
m, — 0 fv=mN -
m, ﬂp(p—l—A)
m,2 1 2 1

my, »>o  fr=—t——p=—

as 1n scenarios 1 and 2.
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BRIEF THEORY OF 0OvB*B* AND OvECp*

These processes are:

(A,Z) —> (A9Z _2) + 2€+
(4, 2)+e = (4,Z-2)+e"
The theory for these processes Es ot

is 1dentical to that of OvB3- Co
with half lives still given by

106
46 Pd

2

|7 (m,U,)

[Tlo/; Il =G,, |M,,

but with PSF appropriate for the process, G”” G/ *°



BRIEF THEORY OF OvECEC

The process

(A4, Z)+2e —> (4,7 -2)

o i =~ ’;‘———————————————----_____:‘ 7 O+
; AZ
cannot 1n general occur ( A%)HH s (A, 2)

because of energy and
momentum conservation.

If however the energy of the initial state matches precisely the
energy of the final state the process can occur and 1s termed
resonant double electron capture or ROVECEC

43




For this process the half-life can be factorized as

) (mec2 ) I

A +T72/4

|/ (m,U,)

-1
ECECT™' _ ~ECEC|j sOv
[71/2 } =Gy, ‘M ECEC

Here A 1s the degeneracy parameter

A= ‘Q _ Bzh - L ‘
Energy of the
and I" 1s the two-hole width two-holes in the
in the daughter atom daughter atom

Calculation of this process heavily relies on atomic physics
and on nuclear physics
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BRIEF THEORY OF 2vff3

The theory of 2v[33 1s more complicated than that of Ovpf3
because 1n general the closure approximation may not be good
and the separation between PSF and NME may not be good.

One needs | ,,Q:M’:EEEEEEEEEE\ Eo;
therefore to RO N RNy G MY
caleulate Ollgg — ST \\g{:\;\?ﬁ,03:2.07248(27) MeV
NME and PSF S\
for each \
individual S NN
state and sum 035=3.03440(17) MeV 21
over them. i

194 Rusg




To apply this procedure, one needs to calculate states in the
intermediate odd-odd nucleus and then

Py _ <O} r'o 1]+V><1]+V o Oj>

o %(Qﬁﬂ+2mecz)+E1]+v_El

o (05 | ox )0 J"]o; )
1

(O +2mec2)+E0]+v - FE,

This calculation 1s daunting and has been done only 1n a
selected number of cases
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The separation between PSF and NME can be done in two cases:

(1) Closure approximation (CA)
(1) Single state dominance (SSD)

In both cases the inverse half-life can be written as

2v -1 _ G
Tin| =Ly

) 2
m,c M 5,

For these cases, the calculation of the NME in IBM-2 is done in

the same way as for OvpB[3, except that the neutrino potential 1s

v, (p) =

o(p)

2

which 1s the Fourier-Bessel transform of V(r)=1.

Most calculation that attempt a simultaneous calculation of Ovf33

and 2v[3 are done in this way to avoid possible sources of

systematic or accidental errors.
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SUMMARY

All processes light-neutrino exchange, heavy-neutrino
exchange, 2v decay, Majoron emission, sterile-neutrino
exchange, ...., can then calculated simultaneously by just
changing the neutrino potential.

Light-neutrino Heavy-neutrino 2v
2 1 2 1 o
WP =i up)=2 v(p) =22
7 p(p+ A T m,m,
e e 3 e vV e Vv

Long-range  Short-range Constant
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Majoron

Long-range

Sterile

2 1

v(p)=— -
”\/p2+m]2v\/p2+m]2v + A

Intermediate-range

49



