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OUTLINE

• Introduction (neutrino properties)

• Kurie functions for b-decay of 3H and 187Re

• Detection of relic neutrinos on 3H, 187Re and 3He

• 0nbb-decay is a particle physics problem (LNV mechanisms)

• 0nbb-decay is a nuclear physics problem (Current status of NMEs)

• On the relation between 0nbb-decay and 2nbb-decay NMEs

• Co-existence of few mechanisms of the 0nbb-decay

• Neutrinoless double electron capture (resonant transition)

• (Partly) bosonic  n  and 2nbb-decay

• Analogues of the 0nbb-decay

• n magnetic moment

• Conclusion
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Detector at Savannah River

Nuclear reactor (1956) I have done

a terrible thing 

I invented a 

particle that 

cannot be

detected

W. Pauli

Pauli proposes existence of ”neutron” (with spin ½ and mass not more than 

0.01 mass of proton) in nucleus.  b-decay is then a three body decay with 

continues distribution of  energy among constituents.

4 December 1930

A letter to Tuebingen

We are happy

to inform you
(Pauli)‏

that we have 

definitely detected

n
Reines & Cowan

s  =

(1.1±0.3) 10-43 cm2

n p →n + e+-

3 events per hour

Signals due to:

i)  e+ annihilation, 

ii) n-capture

in agreement with 

Fermi theory of 

b-decay
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Flux on Earth of neutrinos from different sources

as a function of energy  

Sources of neutrinos

Below detection

threshold of 

current experiments 

Abundant 

but

challenging

detection

Analog of 

CMB

D. Vignaud and M. Spiro, Nucl. Phys.A 654 (1999) 350

The Sun is the most intense

detected source with a flux

on Earth of 6 1010 n/cm2s
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Fundamental properties of neutrinos

• 3 families of light (V-A) neutrinos: ne, nm, nt

• n are massive: we know mass squared differences

• relation between flavor states and mass states

(neutrino mixing)  only partially known

After 54 years we know

No answer yet

• Is there a CP violation in n sector? (leptogenesis)

• Are neutrinos stable?

• What is the magnetic moment of n? 

• Sterile neutrinos?

• Statistical properties of n? Fermionic or partly bosonic?

Like most people, physicists enjoy a good mystery. When 

you start investigating a mystery you rarely know where it is going

• Absolute n mass scale from the nbb-decay. (cosmology, 3H, 187Rh ?)

• n’s are their own antiparticles – Majorana.

Claim for evidence of the nbb-decay

H.V. Klapdor-Kleingrothaus et al.,NIM A 522, 371 (2004); PLB 586, 198 (2004)
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Neutrino oscillations  Massive neutrinos

Solar neutrinos

Atmospheric neutrinos

Accelerator neutrinos

Reactor neutrinos

1968

Dubna, 1957

KamLand …Homestake, Gallex, GNO, SNO…

SuperKamiokande…



10/26/2010 Fedor Simkovic 7

Lepton Universality

Lepton Family 

Number Violation

Total Lepton

Number Violation
NEW PHYSICS

massive neutrinos,  SUSY...

Standard Model



1937 Beginning of Majorana neutrino physics

Symmetric Theory of Electron and Positron

Nuovo Cim. 14 (1937) 171

Here is the beginning of Nonstandard Neutrino Properties

Ettore Majorana discoveres the possiility of existence of truly neutral fermions

Charged fermion (electron) + electromagnetic field

Neutral fermion (neutrino) + electromagnetic field

forbidden

allowed

Majorana condition
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Study of the nbb-decay is one of the highest priority issues

in particle and nuclear physics

ASPERA road map:

• Requirement for construction and operation of two double-beta decay experiments

with a European lead role or shared equally with non-European partners (GERDA,

COBRA, CUORE, SuperNEMO)

• We finally reiterate the importance of assessing  and reducing the uncertainty

in our knowledge of the corresponding nuclear matrix elements, experimentally

and theoretically.  

APS Joint Study on the Future of Neutrino Physics (physics/0411216)

We recommend, as a high priority, a phased program of sensitive searches

for neutrinoless double beta decay (first in the list of recommendations)

0nbb-decay:

 No |  Yes 
nn

US

Europe
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An accurate knowledge of the nuclear matrix elements, which is not available

at present, is however a pre-requisite for exploring neutrino properties. 

The answer to the question whether neutrinos are their own antiparticles

is of central importance, not only to our understanding of neutrinos, but

also to our understanding of the origin of mass. 

Absolute n

mass scale
Normal or inverted

Hierarchy of n masses
CP-violating phases
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Mass matrix of light neutrinos

Effective mass of 

Majorana neutrinos

Flavor

eigenstates

Mass

eigenstates

nbb-decay

Majorana condition

Large off

diagonal elements !
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n-masses in flavor basis: Inverted hierarchy

ee

em et

mm mt tt

Gozdz,Kaminski, F.Š, Faessler, Acta Phys. Pol.  37 (2006) 2203
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n-masses in flavor basis: Normal hierarchy

ee

em et

mm mt tt

Gozdz,Kaminski, F.Š, Faessler, Acta Phys. Pol.  37 (2006) 2203
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Neutrinos mass spectrum

0νbb-decay

Tritium decay Cosmology

We need 3mass-eigenstates

 to explain 2 different  m2:

|:m
2

2 – m
1

2| = m2

sol
 ~ 3 10-5 eV2

 |:m
3

2 – m
2

2| = m2

atm
 ~ 2 10-3 eV2

 

Absolute mass scale of neutrinos
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The single b-decay,

absolute n mass scale

and relic n 



Tritium beta decay: 3H → 3He + e- + n
e

Q=M
H 

- M
He

– m
e 

= 1858 keV Troitsk

Mainz

1934 – Fermi pointed out that shape of electron spectrum

in bdecay near the endpoint might be sensitive to neutrino mass

First measured by Hanna and Pontecorvo with estimation

mn ~ 1 keV [Phys. Rev. 75, 983 (1940)] 

-
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Karlsruhe TRItium Neutrino experiment

(KATRIN)

No neutrino mass signal 

KATRIN sensitivity

m
b

= 0.35 eV (5s) 

m
b

= 0.30 eV (3s)

Evidence for neutrino mass signal 

KATRIN discovery potential:
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Relativistic approach to 3H decay

 [ 2222max

2

1
nmMmM

M
E fei

f

e 

nmMME fie max

F.Š., R. Dvornický, A. Faessler,

PRC 77 (2008) 055502

Standard approach

• non-relativistic nuclear w.f.

• nuclear recoil neglected

• phase space analysis

Relativistic EPT approach

• Analogy with n-decay

(3H,3He)  ↔  (n,p)

• nuclear recoil of 3.4 eV by Ee
max

• relevant only phase space

Numerics: 

Practically the same dependence

of Kurie function on mn for Ee≈ Ee
max
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Rhenium b-decay

• Beta emitter of g.s.→g.s. transition with lowest known Q value (2.47 keV)

• Relative high half-live (T1/2=4.35 x 1010 y) ~ age of the Universe  

• Natural abundance 63%

eeOsRe n~187187  

first unique forbidden b-decay 
  2J2/12/5 

The entire energy is measured in the detector 

except the neutrino including the molecular & 

atomic excitations

MIBETA (AgReO4, 10*(250-350) mg Milano/Como)

MANU (Re metalic crystals,  1.5 mg, Genova)

mn
 = -141±211±90 eV2

mn    = 15.6 eV (90% c.l.)

M.Sisti et al., NIMA 520 (2004) 125

Microcalorimeter Arrays for a Rhenium

Experiment (MARE)

MARE II: 5000 – 50 000 detectors (MIBETA 10)

Expected sensitivity mn    = 0.2 eV 
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Spectrum of emitted electrons in rhenium b-decay
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In agreement with 

Arnaboldi et al.: PRL 96, 042503 (2006)

Electron p3/2 decay 

channel clearly dominates
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Kurie plots for rhenium (MARE) and tritium (KATRIN) b-decay
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Relic neutrinos

The neutrino capture via the bdecaying nucleus might be a tool to detect 

cosmological neutrinos

The density of relic n: <>=56 cm-3

Temperature

Mean momentum
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• Neutrinos of CνB are non-relativistic and weakly-clustered

• If they are heavy enough, such that their velocities become less than

the escape velocity of a massive object, the RNs fall into the potencial

wells of the latter – and are clustered today

• Massive neutrinos, mν ∼ 1 eV, will be gravitationally clustered on 

the scale of ∼Mpc (~3×1019km), that is on the scale of galaxy clusters 

• Overdensities of the order of  103−104

Gravitational  clustering of relic neutrinos

R. Lazauskas, P. Vogel, C. Volpe, J. Phys. G: Nucl. Part. Phys. 35 (2008)
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Detection of relic neutrinos by KATRIN experiment

Assuming MF=1, 

MGT=3 and 

n=<n> the capture 

rate

KATRIN will use ~50 mg of 3H

Even considering effect of clustering of n n/<n> ~ 103-104 :  

Nn
capt(KATRIN) < 1 y-1
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Production rate for 1kg of 3He

25

Heavy relic neutrino detection using nh capture on 3He 
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5 2.3 104

10 9.4 104

v

v
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

Capture rate per atom

nh+ 3He → 3H- + e+
Mixing of neutrinos

Signatures in experiment:

ion 3H-, annihilation of e+
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The capture rate

The strength

T1/2=4.35  1010 y 

200 larger as for 3HMARE: 760 g of AgReO4 bolometers 

Detection of relic neutrinos by MARE experiment

Ratio of capture and decay rates 

50 smaller as for 3H
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The double b-decay
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Observed for 10 isotopes: 48Ca, 76Ge, 82Se, 96Zr,100Mo.
116Cd. 128Te, 130Te, 150Nd, 238U, T1/2 ≈1018-1024 years

SM forbidden ,not observed yet: T1/2 ( 76Ge)>1025 years

1967: 130Te, Kirsten et al, Takaoka et al, (geochemical)

1987: 82Se,  Moe et al. (direct observation)

2006: 100Mo, NEMO 3 coll. ~ 300 00 events



1934 Fermi theory of beta decay

Fermi 4-fermion contact interaction, Lagrangian

of interaction (in analogy with electrodynamics):

G
F

= Fermi coupling constant = (1.16637±0.000001) 10-5 GeV-2

n

p

e -

n
e

nn

pp

e -

n
e

e -e -

n
e

n
e

Fermi, Z. Physik 88 (1934) 161

Eugene Wigner

Maria-Goeppert Mayer

1935

Q-value about 10 MeV

T1/2 ≈ 1017 years
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History of Double Beta Decay I

The early period (1935-1957)

• 1935 Goepper-Mayer 
suggested the 2νββ-decay

• 1937 Dirac            or 

Majorana

• 1939 Furry proposed the

0νββ-decay

• till 1957 Observation of 0νββ

more favored (phase space)

Period of scepticism (1957-1970)

• 1957 Wu, weak interaction 
violates parity, Majorana or

Dirac – open question

Declined interest to 0νββ-decay  

• 1968 Pontecorvo proposed 

π- → π++ 2e- , superweak int.

Period of GUT (1970-1998)

• 1975 Primakoff and Rosen –

Right handed current mech.

• 1981  Doi, Kotani, Takasugi

ν-mech. within gauge theories

• 1981 Wolfenstein: cancellation

mech. possible
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History of Double Beta Decay II

• 1982 Scheckter-Valle theorem

The observation of 0νββ-decay 

implies the existence of 
Majorana mass term

• 1986 Vogel, Zirnbauer –
quenching mech. of 2νββ-
decay 

• 1987 Elliott, Hahn, Moe -first 
detection of 2νββ-decay (82Se)

• 1987 Mohapatra, Vergados, R-

parity breaking SUSY mech.

• 1997 Feassler, Kovalenko, 
Simkovic, dominance of pion-
exchange SUSY mech.

• 1997 Kovalenko, Hirsch, 
Klapdor,

leptoquark mech.

Period of massive ν (1998→20??)

•1998- neutrino oscillations (SK,

SNO, Kamland) convin. evid.

• 2001 Klapdor-Kleingrothaus, 

Dietz, Krivosheina, first claim

for observation of the 0νββ-decay

• Many works on neutrino mass

pattern, absolute mass scale, CP

phases, extra dim. mech.

• Many works on future large

(tons) 0νββ-decay experiments

Quo vadis 0νββ-decay?

Majorana period  (2???→)

• 2??? Observation of 0νββ-decay

• 2??? …
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The double beta decay process can be observed due to nuclear pairing

interaction that favors energetically the even-even nuclei over the

odd-odd nuclei 

The NMEs for nbb-decay must be evaluated

using tools of nuclear theory
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Inverted hierarchy

Bilenky, Faessler, Šimkovic, PRD 70 (2004) 033003

Normal hierarchy

Neutrino mass spectrum

And perspectives of the 0nbb-decay search

What is the absolute mass scale of neutrinos: Limits from cosmology,

tritium beta decay, neutrinoless double beta decay

What are the Majorana CP phases? ...
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If (or when) the nbb decay

is observed two theoretical problems

must be resolved

1) What is the mechanism of the decay, i.e.,

what kind of virtual particle is exchanged

between the affected  nucleons (quarks).

2) How to relate the observed decay rate to

the fundamental parameters, i.e., 

what is the value of the corresponding

nuclear matrix elements.

S.R. Elliott, P. Vogel,

Ann.Rev.Nucl.Part.Sci. 52, 115 (2002)



10/26/2010 Fedor Simkovic 35

The nbb-decay is 

a particle physics problem

Two basic categories are

long-range

(exchange of light Majorana n) 

and 

short-range 

(exchange of heavy n, squarks, gluinos …) 

contributions to the nbb-decay

The nbb-decay mechanisms
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Light n-exchange nbbdecay mechanism

Majorana condition

Majorana particle

propagator

Weak b-decay

Hamiltonian

Neutrino mixing

S.M. Bilenky, S. Petcov, Rev. Mod. Phys. 59, 671 (1987)
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S-matrix term

Contraction of n-fields

Effective mass of 

Majorana neutrinos
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0nbb-decay matrix element

Use of completness 1=Sn|n><n|

After integration

over time variables
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Approximations and simplifications

1) Non-relativistic impulse approx.

for nuclear current

2) Long-wave approximation for 

lepton wave functions

3) Closure approximation 

Hadron part is

symmetric

contribute

nbb-decay matrix element
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Nuclear matrix elements

Neutrino exchange potential

Differential nbb-decay rate 

Full nbb-decay rate 
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Left-right symmetric models SO(10)

-2 10-4  z  .3 10-3 (superallowed bdecay) 

M1=81 GeV, M2>715 GeV,   (M1/M2)
2 < 10-2

W1
± = cos z  WL

± + sin z WR
±

W2
± = -sin z  WL

± + cos z WR
±

Two-charged 

vector bosons

Parameters

See-saw scenario

m1=mD
2/MR«mD     m2≈MR

n1=nL-mD/MR (nR)c   nnR+mD/MR (nL)c

Assumption MR » mD Eigenvalues and eigenvectors

large largesmall small

+
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Mechanisms

quark level nucleon level
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Heavy neutrino in nbb-decay
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Minimal Supersymmetric Standard Model
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R-parity Breaking MSSM
(neutralino is not dark matter candidate)

R-parity breaking terms

In superpotential

Neutrino-Neutralino mixing matrix (see-saw structure)

Radiative corrections to neutrino mass

Gozdz, Kaminski, Šimkovic, PRD 70 (2004) 095005
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gluino/neutralino exchange R-parity breaking 

SUSY mechanism of the nbbdecay

quark-level diagrams

exchange of 

squarks,

neutralinos

and

gluinos

d+d → u + u + e- + e-

l’111)
2 mechanism
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Faessler, Kovalenko, Šimkovic

PRL 78 (1998) 183

Wodecki, Kaminski, Šimkovic,

PRD 60 (1999) 11507

Hadron-level diagrams

1968 Pontecorvo proposed π- → π++ 2e- , superweak int.

We identified with R-parity breaking SUSYmechanism
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Limit on R-parity breaking parameter l´111
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Squark mixing SUSY mechanism

Mixing between scalar superpartners  

of the left- and right-handed fermions

L R

A. Faessler,

Th. Gutsche,

S. Kovalenko, 

F.Š.,

PRD 77, 113012 (2008)

Hirsch,

Klapdor-Kleingrothaus, 

Kovalenko

PLB 372 (1996) 181
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Effective SUSY n-e Lagrangian

Hirsch,Klapdor-Kleingrothaus, Kovalenko

PLB 372 (1996) 181

Paes, Hirsch, Klapdor-Kleingrothaus, 

PLB 459 (1999) 450

Neutrino 

vertex

R-parity violating SUSY vertex

LN-violating parameter
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Limits on R-breaking parameters

Pion modeA. Faessler, 

Th. Gutsche,

S. Kovalenko, 

F.Š.,

PRD 77, 113012 (2008)

n mode



10/26/2010 Fedor Simkovic 52

In double beta decay two neutrons bound in the ground state of an initial

even-even nucleus are simultaneously transformed into two protons that

are bound in the ground state or excited (0+, 2+) states of the final nucleus

It is necessary to evaluate, with a sufficient accuracy, 

wave functions of both nuclei, and evaluate the matrix element of the

nbb-decay operator connecting them 

This can not be done exactly, some approximation and/or truncation

is always needed. Moreover, there is no other analogues observable

that can be used to judge directly the quality of the result.

The nbb-decay is 

a nuclear physics problem
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TThe nbb-decay NME (light n exchange mech.)

Neutrino potential (about 1/r12)

Form-factors:

finite nucleon

size

The nbb-decay half-life NME= sum of Fermi, Gamow-Teller

and tensor contributions

Induced pseudoscalar

coupling

(pion exchange)

Jastrow f.

s.r.c.

J =

0+,1+,2+...

0-,1-,2-...
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Nuclear Structure

Ab initio methods

Standard shell model

Monte 

Carlo Shell 

Model

With newer methods and powerful 

computers, the future of nuclear 

structure theory is bright!

• Exact methods exist up to A=4

• Computationally exact methods

for A up to 16

• Approximate many-body methods

for A up to 60

• Mostly mean-field pictures

for A greater than 60 or so
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Many-body Hamiltonian

• Start with the many-body Hamiltonian

• Introduce a mean-field U to yield basis

• The mean field determines the shell structure

• In effect, nuclear-structure calculations rely on perturbation theory



 

H 


p i
2

2m
i

  VNN


r i 


r j 

i j



0s N=0

0d1s N=2

0f1p N=4

1p N=1



 

H 


p i
2

2m
 U ri 

 

 
 

 

 
 

i

  VNN


r i 


r j 

i j

  U ri 
i



Residual interaction

The success of any nuclear structure calculation depends on 

the choice of the mean-field basis and the residual interaction! 
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Goeppert-Mayer and Haxel,

Jensen, and Suess proposed

the independent-particle

shell model to explain

the magic numbers

Origin of the shell model

2

40

20

70

112

8

168

M.G. Mayer and J.H.D. Jensen, Elementary Theory of Nuclear 

Shell Structure,p. 58, Wiley, New York, 1955

Harmonic 

oscillator with 

spin-orbit is a 

reasonable 

approximation 

to the nuclear 

mean field
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Nuclear Shell Model

Define a valence space

Derive an effective interaction H Y  E Y → Heff Yeff = E Yeff

Build and diagonalize Hamiltonian matrix (1010)

Transition operator < Yeff | Oeff | Yeff>

Phenomenological input: Energies of states, systematics of B(E2) and GT trans.

48Ca → 48Ti

76Ge → 76Se

76Se42 in the valence

6 protons and 14 neutronsSmall calculations

 

H  eaaa

aa

a

 
ja jb;JT V jc jd ;JT

A

1 dab 1 dcd 
aa

  ab

[ 
JT

 ˜ a c  ˜ a d[ 
JT[ 

00

00

abcd



In NSM a limited valence space is used but all configurations  of valence 

nucleons are included. Describes well properties of low-lying  nuclear 

states. Technically difficult, thus only few nbb-decay calculations
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H = H0 + gph Vph + gpp Vpp

Quasiparticle Random Phase Approximation (QRPA)

21 lev.

12 lev.

quasiparticle

mean field
Residual interaction

• Large model space (up 23 s.p.l, 
150Nd – 60  active prot. and 90 neut.)

• Spin-orbit partners included

• Possibility to describe all 

multipolarities of the intermed. nucl.

J =±1, J=0…9)

In QRPA a large valence space is used, but only a class of configurations

is included. Describe collective states, but not details of dominantly

few particle states. Relative simple, thus more 0nbb-decay calculations
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Projected Hartree-Fock-Bogoliubov  Model

Only quadrupole interaction, 

GT interaction is missing
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The nbb-decay NMEs (Status:2010)

Nobody is perfect:

LSSM (small m.s., negative parity states)

PHFB (GT force neglected)

IBM (Hamiltonian truncated)

(R)QRPA (g.s. correlations not accurate enough) 

Differences:

i) mean field;

ii) residual int.; 

iii) size of the m.s.

iv) many-body appr.
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Constraining the mean field with 

proton, neutron removing 

transfer reaction

Schiffer et al., PRL 100, 112501 (2008)

76Ge → 76Se

Adjusted WS mean field

Reduction of NME within the SRQRPA

F.Š., A. Faessler, P. Vogel, PRC 79, 015502 (2009)
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Realistic 

NN-interactions

used in 

the QRPA

calculations

Brueckner 

G-matrices

from Tuebingen

(H. Muether group)

Bethe-Goldstone

equation
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The value of  the 0nbb-decay NME calculated 

with consistent treatment of s.r.c. is increased

F.Š., Faessler, Muether, Rodin, Stauf, PRC 79, 055501 (2009)
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There is a need for supporting experiments

Nuclear matrix elements:

• Mean field                        p and  n removing transfer reactions

• b and b strengths         Charge-changing reactions and muon

capture

• deformation                    Exp. to remeasure deformetion needed

• 2nbb-decay                      Double beta decay experiments
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On the relation between 

0nbb-decay and 2nbb-decay (GT) NMEs
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nbb-decay NMEs

Differencies among 2nbb-decay NMEs: up to factor 10

Why the spread of the

2nbb NMEs is large

and of the nbb NMEs

is small?

Are both type of NMEs

related?

Why 2nbb of 
136Xe has been

not observed yet?

Do this affect the

value of nbb NME
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A sum over 

intermediate nuclear states

represents a sum 

over all 

meson and gamma exchange

correlations of two 

beta decaying 

nucleons
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Integral representation of MGT

Completeness:

Sn |n><n|=1
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The cross sections of (t,3He) and (d,2He) reactions

give B(GT±) for b and b, product of the amplitudes 

(B(GT)1/2) entering the numerator of  M2n
GT

Closure 2nbb-decay

NME

SSD hypothesis

Grewe, …Frekers at al, PRC 78, 044301 (2008)
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Neutrino potential

A connection between closure 

2nbb and 0nbb GT NMEs

Going to relative coordinates:

r- relative distance

of two nucleons

Neutrino potential prefer short distances
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Neutrino potential

with Taylor expansion

Phenomenological estimation of M0n
GT

A: Phenomen.

prediction:

Too large

( ~  factor 2)

B: Need to be

calculated

Not

negligable

There is no proportionality between M0n
GT and M2n

GT-cl
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Closure 2nbb GT NME

The only non-zero contribution

from J=1+

=
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M0n
GT depends weakly on gA/gpp

and QRPA approach unlike M2n
GT

Nucleon Nuclear physics Nucleon Nuclear physics

76G

e

76Ge

Different QRPA-like approches Dependence on axial-vector coupling

F.Š.,
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Co-existence of few mechanisms

of the 0nbb-decay

It may happen that in year 201? (or 2???) the 0nbb-decay

will be detected for 2-3 or more isotopes …
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Dominance of light n mass mechanism of the 0nbb-decay

Faessler, Fogli, Lisi, Rodin, Rotunno, F.Š., PRD 79, 053001 (2009) 

H.V. Klapdor, I. Krivosheina, 

Mod. Phys. Lett. A 21, 1547 (2006) 
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Co-existence of 2, 3  or more mechanisms of the 0nbb-decay

ξTe < 1.2

ξMo < 

2.6

It is well-known that there exist many mechanisms that may contribute to the 0nbb

Let consider 3 mechanisms: i) light n-mass mechanism, ii) heavy n-mass mechanism,

iii) R-parity breaking SUSY mechanism with gluino exchange and CP conservation

We introduce

Claim of evidence:
Klapdor-Kleingrothaus, Krivosheina,

Mod. Phys. A 21, 1547 (2009) 

ξ=0, non-observation (T2→∞)

ξ=1, solution for single active mech. 

is reproduced
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2 active  mechanisms

of the nbb-decay:

Light and heavy

n-mass mechanism 

CP-conservation assumed

Non-observation

for 130Te● Single solution

for light n-mass mech.

4 sets of two linear eq. 2 different solutions

Non-observation of

the 0nbb-decay for some

isotopes might be 

in agreement with 

non- zero mbb

●
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3 active  mechanisms

of the nbb-decay 

assuming evidence 

current limits 
ξTe < 1.2

ξMo < 

2.6
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Oscillations of atoms

The nECEC is a problem

of particle, nuclear  and atomic physics
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J. Bernabeu, A. DeRujula, C. Jarlskog, 

Nucl. Phys. B 223, 15 (1983)

Neutrinoless double electron capture

(resonance transitions)

(A,Z)→(A,Z-2)*HH’

Atom mixing amplitude 

M

Decay rate

2nECEC-background

depends strongly 

on Q-value
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eb + eb+ (A,Z) → (A,Z-2) + g
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Modes of the nECEC-decay:

eb + eb+ (A,Z) → (A,Z-2) +    g

+   2g

 e+e-

 M

Neutrinoless double electron capture
(perturbation theory approach)

Theoretically, not well understood yet:

• which mechanism is important?

• which transition is important?
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In comparison with the 0nbb-decay disfavoured due:

• process in the 3-rd (4th) order in electroweak theory

• bound electron wave functions

favoured: resonant enhancement ?

Sn

Experimental activities (112Sn)

T1/2 > 9.2 1019 years

A.S. Barabash et al., 

NPA 807 (2008) 269
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Experimental 

activities (74Se)

A.S. Barabash et al., 

NPA 785 (2007) 371

Muenster and Bratislava

groups exp. in Bratislava

Frekers et al., to be submitted
T   8 years

7Se
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Different types of Oscillations (Effective Hamiltonian)

Oscillations of nl-nl’

(lepton flavor)

Oscillation of n-anti{n}

(baryon number)

Oscillation of Atoms (OoA)

(total lepton number)

Eigenvalues Full width of unstable atom/nucleus

Oscillation of K0-anti{K0}

(strangeness)

F.Š., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.
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Oscillations of atoms

In analogy with oscillations of

n-anti{n} (baryon number violation)

Oscillation of atoms

(lepton number violation)

F.Š., M. Krivoruchenko, Phys.Part.Nucl.Lett. 6 (2009) 485.

Oscillations of stable atoms (=0)

Oscillations of unstable atoms (≠0)

Double electron capture 

(resonant enhancement)
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Light n-exchange potential for the nEEC

b-decay Hamiltonian n-mixing decay

Potential
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nEEC potential - approximations

Non-relativistic impulse approximation for nucleon current

Closure approximation

Factorization of atomic and nuclear part

Similar form as for nbb-decay
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Capture of s1/2 and p1/2 atomic electrons is prefered 

J=0+,0-,1+,1-
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Widths of atomic excited states (2 holes)
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Repulsion coulombic energy of two holes
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Normalized nECEC half-lives
For  comparison  

nbb-half-life

184
76Os→ 184

74W
* (0.02%

180
74W→ 184

72Hf  (0.13%

106
48Cd→ 106

46Pd  (1.25% All masses/energies in keV

Half-lives in years

Tmin
1/2: Mi=Mf (full degeneracy)

= 3 
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130
56Ba→ 130

54Xe  (0.11%
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Data analysis of most likely

resonant transitions

10 chance of 100 for T1/2< 1024 y

100 100 < 1025 y

Half-life of a particular isotope

Number of transitions n

with half –life

Ta
1/2 < T1/2
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Q-value measurements

Klaus Blaum “LAUNCH09 (Nov. 09)”

Accuracy below 300 eV is not a problem

Is it possible to manipulate atomic mass difference?

Magnetic field of 10 T would be not enough …
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Statistical properties of n

and

nbb-decay
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2nbb-decay: fermionic (f) or bosonic (b) n

Sign difference!!!

Lepton energies!!!

Dolgov, Smirnov, PLB 621, 1 (2005)
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2nbb-decay of 76Ge

0+
g.s.→ 0+

g.s.

HSD

bosonic fermionic

Barabash, Dolgov, Smirnov, 

F.Š, R. Dvornický, NPB 783, 90 (2007) 
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Definnition of 

mixed state 

with commutation

Relations

Amplitude for 2nbb

Decay rate

Partly bosonic neutrino requires knowing NME or log ft values for HSD or 
SSD 

( calculations coming up soon )

Mixed statistics for neutrinos
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Mixed n excluded for sin2c < 0.6

100Mo → 100Ru (SSD)
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Analogues of neutrinoless double beta decay

m  AZ → (A,Z-2) + e+

m + (A,Z) → (A,Z-2) + m+

e  e → W + W

K →   m  m

mbb
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Muon-positron conversion

Domin, Kovalenko, Faessler, Šimkovic,

PRD 70, 065501 (2004)
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Inverse nbb-decay: e- e- → W-W-

Small neutrino masses

Heavy neutrino masses

Not observable at any

future collider

The hoped-for luminosity at

a √s=1 TeV NLC is 80 fb-1

Belanger et al. PRD 53 (1996) 6292

The same LNV parameters 

as in nbbdecay:

|mbb|<0.55 eV

|N|  10-7
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K-meson neutrinoless double muon decay

K+→  mm

E865 experiment

at BNL:

R < 2.0 10-9

Dib,Gribanov, Kovalenko, Schmidt,

PLB 493 (2000) 82

The decay width of 

sterile neutrino play

important role

(mj→mj+ink

nk→e+ m 
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Dirac and Majorana 

n Magnetic Moment

• Dirac: can have both diagonal and non-diagonal element

• Majorana: cannot have diagonal elememts,

means spin flip causes flavor changing.

Flavor changing MM Flavor unchanging MM

Dirac

Majorana

☺
☺

☺
× L= 2
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ni nj

l

W
g

ni nj

l

W

g

n magnetic moment in non-minimal SM (+ RH n)

SU(3)strong x SU(2)weak x Uem

Left-handed Right-handed

neL       uL

eL         dL

neL       uL

eL         dL

neL       uL

eL         dL

eR  uR dR neR

mR  cR sR nmR

tR  tR bR ntR

added
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Measuring n magnetic moment

The most restrictive constraint come 

from astrophysics:

From cooling rate of globular cluster

stars 
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n scattering experiments

e

e

en

en

en
e

e en

Weak Interactions

Z
W

e

e

en

en

+
Magnetic Moment

g

Sensitivity to electron recoil energy

Reactor n (Rovno, Bugey, Irvine, 

Krasnoyarsk), solar n
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Neutrino Magnetic Moment

(status)

• Fundamental property of the neutrino

• Sizable magnetic moment (near current limits) 

indication of new physics

• Different beyond the SM theories predict different 

sizes for neutrino magnetic moment

Astrophysics Standard model

Majorana magnetic moment 

in

R-parity breaking MSSM?

g
g

e
e

e
e

nn

nn

plasma
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R-parity Breaking MSSMR-parity breaking terms

in superpotential

Radiative corrections to neutrino mass

Transitional magnetic moment of Majorana neutrinos

nL nL
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m
 1/2

 = gaugino mass parameter

m
0
(M

2
)

       
= scalar mass parameter 

            for squarks and sleptons

 A
0
 = Common Yukawa coupling

          (A
b
-bottom sector

            A
t
-top sector)

tan b = <H
1
>/<H

2
>

m  Higgsino mass parameter

Minimal Supergravity Model (mSUGRA)

SUSY model with two Higgs fields in the framework of unification

All SUSY masses are unified at 

the grand unified scale

GUT constrained low  energy 

spectrum found by solving RGE

• finite Yukawa coupling at GUT scale

• requirements for masses at low energies

•FCNC phenomenology (b→sg processes)
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Magnetic moment and n mass

Loop integrals

Magneticmagnetic moment 

expressed with 

elements of n mass matrix 
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mbb

Phenomenological n mass matrix

Majorana magnetic moment

Best

fit values
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Assuming mass of the lightest n

is negligible

Inverted hierarchy

Normal hierarchy

Upper limits on Mab from

the measured nbb-decay

of 76Ge

Assuming arbitrary phases and best fit n oscaillation data
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Transitional magnetic moment of Majorana n
N

o
rm

a
l 

h
ie

ra
rc

h
y

In
v
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te

d
 h

ie
ra

rc
h

y

R-parity violation SUSY,

masses generated via lepton-slepton loops

Gozdz,Kaminski, F.Š, Faessler, Phys. Rev. D 74, 055007 (2006)

m0=m1/2=150 GeV, A0=100 GeV

tan b9
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SUSY parameter space

will be fixed 

at colliders?!

Squark-gluino

production

cross-section is

large

neutralino-pair

production

LC (500-800 GeV, e-,e+)

LHC (14 TeV, pp)

Tevatron (2 TeV, p anti-p)

LHC experiments will provide a

crucial test for SUSY. The LHC will

be powerfull enough to produce many

SUSY particles. Mass reach of squark

and gluino search is 2 TeV.
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We have to communicate more with neutrinos.

We have no end of fun with neutrino physics.

Neutrino physics is Babylonian
Mathematics is Egyptian


