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Facts about neutrinos Facts about neutrinos (after 70 years) (after 70 years) 
----We know for some time that:We know for some time that:
•• There exist three distinct families of left handed There exist three distinct families of left handed 
neutrinos: (neutrinos: (νν00))LL =(=(ννee,,ννμμ,,ννττ))LL

•• These neutrinos are distinct from the associated These neutrinos are distinct from the associated 
antineutrinosantineutrinos

•• How these neutrinos interactHow these neutrinos interact
---- We have learned from neutrino oscillations that:We have learned from neutrino oscillations that:
•• the neutrinos are massive. We know the two mass the neutrinos are massive. We know the two mass 

squared differences.squared differences.
•• The neutrinos  are admixed. We know the two mixing The neutrinos  are admixed. We know the two mixing 

angles quite well and we have a good idea about the angles quite well and we have a good idea about the 
third.third.
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Issues involving neutrinos Issues involving neutrinos (after 70 years)(after 70 years)

----We do not know:We do not know:
•• The absolute scale of their mass The absolute scale of their mass 
•• The value of the CP violating phase.The value of the CP violating phase.
•• The nature of the mass eigenstates, i.e The nature of the mass eigenstates, i.e 

whether they are of Majorana type whether they are of Majorana type 
(particle=antiparticle ) or Dirac type (particle (particle=antiparticle ) or Dirac type (particle 
#antiparticle)#antiparticle)
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ΜΜain needed experiments for ain needed experiments for νν’’ss
•• To determine the absolute mass scale:To determine the absolute mass scale:
----Decay experiments: Decay experiments: Sensitivity 0.1 eV (KATRIN)Sensitivity 0.1 eV (KATRIN)
----Astrophysical and cosmological observations: Astrophysical and cosmological observations: 

Sensitivity sub eVSensitivity sub eV
----Neutrinoless  (0Neutrinoless  (0νν)) ββββ-- decay :decay : Sensitivity meVSensitivity meV
•• To determine the CP violating phase :To determine the CP violating phase : Neutrino Neutrino 

oscillations involving both neutrinos and oscillations involving both neutrinos and 
antineutrinos antineutrinos 

•• To settle the controversy of Dirac vs Majorana :To settle the controversy of Dirac vs Majorana :
Neutrinoless double beta decayNeutrinoless double beta decay
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Experiments: Use Neutrino as probesExperiments: Use Neutrino as probes
•• Since the interactions of neutrinos are well Since the interactions of neutrinos are well 

known and weak we can use neutrinos as known and weak we can use neutrinos as 
probes to  study other systems:probes to  study other systems:

•• The interior of stars (even our Sun, this way)The interior of stars (even our Sun, this way)
•• The interior of the Earth (geoneutrinos)The interior of the Earth (geoneutrinos)
•• Detect supernovae and study the process of Detect supernovae and study the process of 

collapsing starscollapsing stars
•• Very distant objects, otherwise obscured, e.g.  Very distant objects, otherwise obscured, e.g.  

EM probes maybe distorted on the wayEM probes maybe distorted on the way
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Neutrino featuresNeutrino features

•• Two types of neutrinosTwo types of neutrinos
•• i) Those produced in weak interactions        i) Those produced in weak interactions        

((νν00))LL =(=(ννee,,ννμμ,,ννττ))LL

•• ii) the eigenstates of the world ii) the eigenstates of the world ΗΗamiltonianamiltonian
ννLL =(=(νν11,,νν22,,νν33))L L with masses with masses ((mm11,m,m22,m,m33))
respectively.respectively.

•• There exists a unitary transformation U There exists a unitary transformation U 
(mixing matrix) connecting the two:(mixing matrix) connecting the two:
((νν00))LL ==UUPMNS PMNS (3x3 matrix)(3x3 matrix)ννL  L  ------> > ννeLeL ==ΣΣjj UUejej ννjLjL
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Parameterization of the Mixing Parameterization of the Mixing 
Matrix U=UMatrix U=UPMNS PMNS (c(cijij=cos=cosθθijij,, ssijij=sin=sinθθijij))

J.D. Vergados NDM12 Nara J.D. Vergados NDM12 Nara 
Japan, June 9Japan, June 9 77



Neutrino Oscillations Can DetermineNeutrino Oscillations Can Determine
•• The absolute value of the two possible massThe absolute value of the two possible mass2 2 

differences , e.g,differences , e.g,
∆∆mm22

1212=|m=|m22
22 --mm22

11|= |= ∆∆mm22
SUN SUN 

,                                  ,                                  

∆∆mm22
3131=|m=|m22

33 --mm22
11|= |= ∆∆mm22

ATMATM

•• All three mixing angles All three mixing angles θθijij

•• The CP violating phase The CP violating phase δδ using both neutrinos and using both neutrinos and 
antineutrinosantineutrinos

•• The signs of The signs of ∆∆mm22
ijij (in principle)(in principle)
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Table I: Table I: Best fit values from Best fit values from νν oscillation oscillation 
datadata (solar, atmospheric, reactor (KamLAND (solar, atmospheric, reactor (KamLAND 
and CHOOZE) and K2K and CHOOZE) and K2K experiments)experiments)
Schwetz&Tortola & Valle arXiv: 0808.2016(hepSchwetz&Tortola & Valle arXiv: 0808.2016(hep--ph) (also Pascoli & Petcov arXiv0711.4993 (hepph) (also Pascoli & Petcov arXiv0711.4993 (hep--ph)ph)
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Issues not settled by Neutrino Issues not settled by Neutrino 
Oscillations:Oscillations:

•• Whether the neutrinos  are Majorana or Dirac Whether the neutrinos  are Majorana or Dirac 
particlesparticles

•• The scale of neutrino massesThe scale of neutrino masses
•• (Not yet) the sign of                  (Not yet) the sign of                  

∆∆mm2 2 =m=m22
33 --mm22

22 or or ∆∆mm2 2 =m=m22
33 --mm22

11 , (m, (m22> m> m11))
Thus the following scenarios emerge:Thus the following scenarios emerge:

•• Normal hierarchy: Normal hierarchy: ∆∆mm22 >0>0 or mor m22
33 >m>m22

22

•• Inverted hierarchy:Inverted hierarchy: ∆∆mm2 2 <0<0 or mor m22
33 <m<m22

11

•• The DegenerateThe Degenerate : : ∆∆mm22<<<<mm22
ιι , , ιι=1,2,3=1,2,3
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The Mass HierarchiesThe Mass Hierarchies
-- Flavor ContentFlavor Content
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I: Neutrino mass scale in I: Neutrino mass scale in ββ decaydecay
Mass in the two Mass in the two 
scenariosscenarios

Spectrum of triton beta decaySpectrum of triton beta decay
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ββ--καταστροφήκαταστροφή τριτίουτριτίου:<m:<mνν>>≤≤2.3eV2.3eV
Mass in the two scenariosMass in the two scenarios
NN--H (NH (N--S, upper)S, upper) &&
II--HH (N(N--S) lowerS) lower))

Measured mass as a Measured mass as a 
function of mfunction of m00
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II:Cosmological boundII:Cosmological bound ((CMB, etc)CMB, etc)::mmνν≤≤ 0.71 0.71 
PhotPhotοοmetric  red shift surveymetric  red shift survey:: mmνν ≤≤0.28 0.28 eVeV
Mass  in the two scenariosMass  in the two scenarios
NN--H (NH (N--S, upper)S, upper) &&
II--HH (N(N--S), lowerS), lower))

Extracted mass as a Extracted mass as a 
function of function of mm00
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III: Neutrino mass in double beta decay:III: Neutrino mass in double beta decay:
Ordinary Beta Decay of A(N,Z) is ForbiddenOrdinary Beta Decay of A(N,Z) is Forbidden
Double Beta Decay of A(N,Z) is allowedDouble Beta Decay of A(N,Z) is allowed
a fempto (10a fempto (10--1515 m) laboratory!m) laboratory!
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Searching for an Old Lepton Violating Process: Searching for an Old Lepton Violating Process: 
About 20 nuclei are About 20 nuclei are stable against beta decaystable against beta decay
But not against double beta decayBut not against double beta decay
•• N(A,Z)N(A,Z) N(A,Z+2)+eN(A,Z+2)+e-- +e+e-- +2 anti+2 anti--ννee’’ss ((22νν ββββ--decay);decay);

(non exotic, observed in many systems)(non exotic, observed in many systems)
•• N(A,Z)N(A,Z) N(A,Z+2)+eN(A,Z+2)+e-- +e+e-- (0(0νν ββββ--decay)  Qdecay)  Q
•• N(A,Z)N(A,Z) N(A,ZN(A,Z--2)+e2)+e+ + +e+e++ QQ--4m4mee cc22

(double positron emission)(double positron emission)
•• ee--

b b + + N(A,Z) N(A,Z) N(A,ZN(A,Z--2)+e2)+e++ QQ--2m2mee cc22

(electron positron conversion)(electron positron conversion)
•• ee--

b b + e+ e--
bb ++N(A,Z) N(A,Z) N(A,ZN(A,Z--2)+2 X2)+2 X--rays   Qrays   Q

((Double electron capture  Vergados (1982);Double electron capture  Vergados (1982); Sujkowski Sujkowski 
and S. Wycech 2004and S. Wycech 2004 Simkovic et al 2009, many Simkovic et al 2009, many 
groups 2011groups 2011 ))
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Measure the sum of the energies of the two Measure the sum of the energies of the two 
electrons. electrons. 00νν ββββ is a discreet line at the end is a discreet line at the end 
point.point. 22νν ββββ has a continuous spectrum.has a continuous spectrum. A A 
need for good energy resolution.need for good energy resolution.
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Main issues in Main issues in 00νν ββββ-- decay decay 
•• The possible mechanisms : Particle Physics IssuesThe possible mechanisms : Particle Physics Issues
----The neutrino mass mechanismThe neutrino mass mechanism
----Other mechanisms contributing  to 0Other mechanisms contributing  to 0νν ββββ-- decay and decay and 

affecting the neutrino mass extractionaffecting the neutrino mass extraction
•• Nuclear Physics issues:Nuclear Physics issues:
----The effective transition operator associated with each The effective transition operator associated with each 

mechanismmechanism
----Methods of Calculating the Nuclear MEMethods of Calculating the Nuclear ME
•• How can these  mechanisms be disentangled to How can these  mechanisms be disentangled to 

reliably extract the scale of neutrino mass?                  reliably extract the scale of neutrino mass?                  

1818



Diagrammatic Representation of 0Diagrammatic Representation of 0νν--ββββ decay decay 
(Light neutrino:Amplitude proportional to neutrino mass)(Light neutrino:Amplitude proportional to neutrino mass)

Quark LevelQuark Level Nuclear LevelNuclear Level
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lowerlower neutrino massneutrino mass bound from 0bound from 0νν ββββ--decaydecay:     :     
|<|<mmνν>>|| (JDV, Ejiri,Simkovic,(JDV, Ejiri,Simkovic, arXiv:1205.0649arXiv:1205.0649))

ΜΜass in the two scenariosass in the two scenarios
NN--H (NH (N--S, upper)S, upper) &&
II--HH ((ΙΙ--S) lowerS) lower))

Extracted mass as a Extracted mass as a 
function of function of mm00

J.D. Vergados NDM12 Nara J.D. Vergados NDM12 Nara 
Japan, June 9Japan, June 9 2020
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00νν Double Beta decayDouble Beta decay lifetimelifetime
For light neutrino nuclear and particle physics separate!For light neutrino nuclear and particle physics separate!

A Measurement of A Measurement of 
Lifetime Lifetime involves the involves the 
detection of the two detection of the two 
produced electrons produced electrons 
It is a Very hard taskIt is a Very hard task

•• Very Low counting rateVery Low counting rate
•• Terrible Backgrounds Terrible Backgrounds 

1. 1. MM00νββνββ Is the nuclear ME . It should Is the nuclear ME . It should 
be as large as possible. It is also be as large as possible. It is also 
very hard to calculate:very hard to calculate:

•• The nuclei involved have The nuclei involved have 
complicated structurecomplicated structure

•• One encounters cancellationsOne encounters cancellations
2. G2. G0101: Kinematical well known : Kinematical well known 

function. It should be as large as function. It should be as large as 
possible. Q as large as possiblepossible. Q as large as possible

3.  3.  ηηνν: Fundamental Particle Physics: Fundamental Particle Physics
•• ΤΤo be extracted from the data ! o be extracted from the data ! 

Still elusive after 70 yearsStill elusive after 70 years
J.D. Vergados NDM12 Nara J.D. Vergados NDM12 Nara 
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The nuclear ME The nuclear ME for various modelsfor various models. Note the . Note the 
convergence of the valuesconvergence of the values (J.D.V, Ejiri, Simkovic,(J.D.V, Ejiri, Simkovic, arXiv:1205.0649arXiv:1205.0649 ))
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A compilation of A compilation of extracted neutrino mass extracted neutrino mass 
|<|<mmνν>>|| (modulo the indicated NME),(modulo the indicated NME),
by JDV, Ejiri and Simkovic, rop in pressby JDV, Ejiri and Simkovic, rop in press
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Lepton Number NonLepton Number Non--ConservationConservation
•• Implies thatImplies that 00νν--ββββ decay occursdecay occurs at some levelat some level
•• There are There are many mechanismsmany mechanisms which may lead to which may lead to 00νν--ββββ decay . decay . 

Such as Such as 
--Mass MechanismMass Mechanism (the usual Left(the usual Left--handed light neutrinos)handed light neutrinos)

-- Mass mechanism Mass mechanism for heavy neutrinos (left and/or right handed for heavy neutrinos (left and/or right handed 
contribution)contribution)
--Other heavy intermediate particles (SUSY ROther heavy intermediate particles (SUSY R--parity violating)parity violating)
--Interference between left and right handed leptonic current Interference between left and right handed leptonic current 

Light neutrino mass independent contributionLight neutrino mass independent contribution
•• Regardless of the dominant mechanism,                           Regardless of the dominant mechanism,                           

the observation of the observation of 00νν--ββββ decay will implydecay will imply
--The neutrinos are Majorana particlesThe neutrinos are Majorana particles
--The neutrinos are massive and non degenerateThe neutrinos are massive and non degenerate

•• In our days, however, we demand much more!In our days, however, we demand much more!
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-- But, how can one extract the neutrino But, how can one extract the neutrino 
mass scale from the data?mass scale from the data?
The nuisance of many mechanismsThe nuisance of many mechanisms

•• The analysis of the data is moreThe analysis of the data is more complicated since , as complicated since , as 
we have mentioned, there exist we have mentioned, there exist many mechanisms many mechanisms 
that can interferethat can interfere

•• Suppose that Suppose that the nuclear ME are reliable,the nuclear ME are reliable, the the 
experiments get even experiments get even below  50 meVbelow  50 meV and we do not and we do not 
see 0see 0νν ββββ--decaydecay. . Can we rule out the inverted Can we rule out the inverted 
hierarchy scenario?hierarchy scenario?
No, if observed only in one nucleus. There could be No, if observed only in one nucleus. There could be 
cancellations!cancellations!
Perhaps yes, if observed in many targetsPerhaps yes, if observed in many targets
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II: Extracting <mII: Extracting <mνν> from the life time > from the life time 
in the presence of many mechanisms:in the presence of many mechanisms:
Crucial ingredient: The dependence ofCrucial ingredient: The dependence of
the nuclear Matrix Elements on the targetthe nuclear Matrix Elements on the target
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Left handed contributions only: XLeft handed contributions only: XLL

•• ηηνν= <= <mmνν >>/m/mee, , ΩΩνν : T: The usual nuclear MEhe usual nuclear ME
•• ηηNN , , ΩΩNN : : Heavy neutrino (Left handed currents)Heavy neutrino (Left handed currents)
•• ηηSUSYSUSY , , ΩΩSUSYSUSY ::Supersymmetric contribution Supersymmetric contribution 

••XXLL== ηηνν ΩΩνν+ + ηηΝΝ ΩΩΝΝ ++ ηηSUSYSUSY ΩΩSUSY SUSY 

J.D. Vergados NDM12 Nara J.D. Vergados NDM12 Nara 
Japan, June 9Japan, June 9 2727



J.D. Vergados NDM12 Nara J.D. Vergados NDM12 Nara 
Japan, June 9Japan, June 9

Ia: The seeIa: The see--saw mechanism;saw mechanism;
The mixing matrix is more complicatedThe mixing matrix is more complicated

••
••
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The week electron neutrino states have The week electron neutrino states have 
six components: 3 light and 3 heavysix components: 3 light and 3 heavy
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IIa: Mass terms: light & heavy IIa: Mass terms: light & heavy 
neutrinosneutrinos
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IIb: SUSY Contributions (interference with IIb: SUSY Contributions (interference with 
left handed neutrinosleft handed neutrinos))::ηηsusysusy==ηηλλ’’=(=(λλ’’111111)) 22ηηSPTSPT
Light mediator Light mediator 
Like Like λλ term  in term  in 
connection with connection with 
right handed right handed 
currentscurrents

Heavy Intermediate particlesHeavy Intermediate particles
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Nuclear ME for various Mechanisms Nuclear ME for various Mechanisms 
in SQRPA in SQRPA (J.D.V, Ejiri, Simkovic,(J.D.V, Ejiri, Simkovic, arXiv:1205.0649arXiv:1205.0649))
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Extraction of lepton violating parameters for Extraction of lepton violating parameters for 
one mechanism one mechanism (J.D.V, Ejiri, Simcovic,(J.D.V, Ejiri, Simcovic, arXiv:1205.0649arXiv:1205.0649
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IIa) IIa) Extracting <mExtracting <mνν> in the presence > in the presence 
of interference in Xof interference in XLL:: Crucial ingredient Crucial ingredient 
The nuclear Matrix ElementsThe nuclear Matrix Elements
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PPresent approach : Given data from three resent approach : Given data from three 
targets and the nuclear matrix elementstargets and the nuclear matrix elements
One can solve the system of One can solve the system of 
equations to extract the LPV (lepton equations to extract the LPV (lepton 
violating parameters) and henceviolating parameters) and hence the the 
neutrino mass.neutrino mass.a) LVP: relatively reala) LVP: relatively real
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Input: Nuclear matrix elements and Input: Nuclear matrix elements and 
phase space factors:phase space factors:
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Two Mechanisms: light and heavy neutrinoTwo Mechanisms: light and heavy neutrino
Targets Ge (TTargets Ge (T1/21/2=2.23=2.23--0.310.31

+0.44+0.44 x10x102525y) and y) and 
Te (variable).Te (variable). FaesslerFaessler--SimkovicSimkovic--Vergados: PRD,82 (2010)Vergados: PRD,82 (2010)
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Three Mechanisms: light and heavy Three Mechanisms: light and heavy νν and SUSYand SUSY
Targets Ge (TTargets Ge (T1/21/2=2.23=2.23--0.310.31

+0.44+0.44 x10x102525y) and Te (fixed y) and Te (fixed ξξTeTe=1 =1 lower, lower, 
variable upper), Mo (fixed variable upper), Mo (fixed ξξMoMo=1=1 upper, variable lower). FSVupper, variable lower). FSV
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IIc) Lepton violating parameters IIc) Lepton violating parameters ηηνν
& & ηηλλ’’ not relatively real not relatively real (phase (phase αα))
TuebingenTuebingen--TriesteTrieste--bratislavabratislava--
Ioannina:arXiv:1103.2434 (hepIoannina:arXiv:1103.2434 (hep--ph) ph) 

• Need three targets
• Lepton violating parameters are severely 

constrained
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1) Complex case:1) Complex case: Extraction of |Extraction of |ηηνν| (solid) and | (solid) and 
||ηηλλ’’| (dashed) from the data on three targets.| (dashed) from the data on three targets.
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2) Complex case:2) Complex case: Extraction of |Extraction of |ηηνν| (solid) and | (solid) and 
||ηηλλ’’| (dashed) from the data on three targets| (dashed) from the data on three targets
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3) Complex case:3) Complex case: Extraction of |Extraction of |ηηνν| (solid) and | (solid) and 
||ηηλλ’’| (dashed) from the data on three targets| (dashed) from the data on three targets
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ΙΙΙΙΙΙ: : Mass term in right handed currentsMass term in right handed currents
(nuclear ME similar) (nuclear ME similar) 

Heavy RHeavy R BosonBoson : : κκ Mixing L and R Bosons: Mixing L and R Bosons: εε
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Assume: All 4 LVP, relatively real.Assume: All 4 LVP, relatively real.
Data from at least four targetsData from at least four targets
Solve the 4 non linear equations:Solve the 4 non linear equations:
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1) Extraction of 1) Extraction of ηηνν ((solid) and solid) and ηηRR (dashed): Ge(dashed): Ge--
Mo. Mo. The space outside the vertical bars is The space outside the vertical bars is 
excludedexcluded
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2) Extraction of 2) Extraction of ηηνν ((solid) and solid) and ηηRR (dashed): Ge(dashed): Ge--
Te. Te. The space outside the vertical bars is The space outside the vertical bars is 
excludedexcluded
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3) Extraction of 3) Extraction of ηηνν ((solid) and solid) and ηηRR (dashed): Mo(dashed): Mo--
Te. Te. The space outside the vertical bars is The space outside the vertical bars is 
excludedexcluded
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4) Extraction of 4) Extraction of ηηνν ((solid) and solid) and ηηRR (dashed): Te(dashed): Te--
Mo. Mo. The space outside the vertical bars is The space outside the vertical bars is 
excludedexcluded
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5) Extraction of 5) Extraction of ηηνν ((solid) and solid) and ηηRR (dashed): Te(dashed): Te--
Mo. Mo. The space outside the vertical bars is The space outside the vertical bars is 
excluded. excluded. The minimum value of TThe minimum value of T1/21/2 (Te) was assumed.(Te) was assumed.
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ConclusionsConclusions
•• 00νν--ββββ decay is a very important process.decay is a very important process.
•• It is still elusive It is still elusive 70 years after first proposed 70 years after first proposed 
•• If observed it will demonstrateIf observed it will demonstrate
--That That the neutrinos are Majorana particlesthe neutrinos are Majorana particles
--That That there exist lepton number violating process there exist lepton number violating process (as it must (as it must 
have been the case in the first stages of the universe)have been the case in the first stages of the universe)

•• This exciting observation will not by itself establish the absolThis exciting observation will not by itself establish the absolute ute 
scale of neutrino mass. It will not solve the neutrino hierarchyscale of neutrino mass. It will not solve the neutrino hierarchy
problemproblem

•• Only its observation in a variety of targets, employing differenOnly its observation in a variety of targets, employing different t 
methods and techniques, may do so!methods and techniques, may do so!

•• Provided that all nuclear ME can be accurately calculated.Provided that all nuclear ME can be accurately calculated.
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Encourage searching for all Lepton Violating Encourage searching for all Lepton Violating 
Process Process and exploit each oneand exploit each one’’s special features: s special features: 

•• N(A,Z)N(A,Z) N(A,Z+2)+eN(A,Z+2)+e-- +e+e-- (0(0νν ββββ--decay)  Qdecay)  Q
•• N(A,Z)N(A,Z) N(A,ZN(A,Z--2)+e2)+e+ + +e+e++ QQ--4m4mee cc22

(double positron emission)(double positron emission)
•• ee--

b b + + N(A,Z) N(A,Z) N(A,ZN(A,Z--2)+e2)+e++ QQ--2m2mee cc22

(electron positron conversion)(electron positron conversion)
•• Pay attention to the special signatures of:Pay attention to the special signatures of:

ee--
b b + e+ e--

bb ++N(A,Z) N(A,Z) N(A,ZN(A,Z--2)+2 X2)+2 X--rays   Qrays   Q
((Double electron capture  Vergados (1982);Double electron capture  Vergados (1982); Sujkowski Sujkowski 

and Wycech 2004, Simkovic et al 2009, many groups and Wycech 2004, Simkovic et al 2009, many groups 
20112011 ))
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Are  experimenters optimists or Are  experimenters optimists or 
Don Quixotes ?Don Quixotes ?
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Nuclear  theorists are powerful calculators. Nuclear  theorists are powerful calculators. 
Are they really problem solvers?Are they really problem solvers?
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Was it a fair deal? After the factWas it a fair deal? After the fact
the nuclear  theorists know the math!the nuclear  theorists know the math!

•• Mullah did not know how to sum infinite Mullah did not know how to sum infinite 
series, butseries, but
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••THE ENDTHE END
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This is not the end of the 0This is not the end of the 0νν--ββββ story!story!

•• In the presence of In the presence of rightright--handed currentshanded currents
•• Light Majorana neutrino contribution Light Majorana neutrino contribution 

independent of mass: (independent of mass: (λλ , , ηη).).
•• Fortunately this Fortunately this may be disentangledmay be disentangled from from 

the mass term the mass term due to different kinematicsdue to different kinematics
(e.g. NEMO experiment).(e.g. NEMO experiment).

•• One now can get constraints in a One now can get constraints in a 
multidimensional spacemultidimensional space..
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IVIV) Light neutrino: Left) Light neutrino: Left--right right 
interference <interference <--> > Different KinematcsDifferent Kinematcs
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Must measure tracks, e.g. NEMO Must measure tracks, e.g. NEMO 
1) The single electron spectrum 1) The single electron spectrum 

λλ--term onlyterm only MassMass--term onlyterm only
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2) The single electron spectrum 2) The single electron spectrum 
(no visible difference) (no visible difference) 
ηη--term onlyterm only Mass term onlyMass term only
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Angular correlation of the two electrons Angular correlation of the two electrons 
ddΓΓ//ddξξ==ΓΓ0 0 (1(1--αα((εε11,,εε22))ξξ), ), ξξ==coscosθθ12 12 

λλ--term onlyterm only MassMass--term onlyterm only
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Angular correlation of the two electrons Angular correlation of the two electrons 
ddΓΓ//ddξξ==ΓΓ0 0 (1(1--αα((εε11,,εε22))ξξ), ), ξξ==coscosθθ12 12 

ηη--term only term only Mass term onlyMass term only
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Double beta decay isotopes are Double beta decay isotopes are 
rarerare-->>Enriched Isotopes.Enriched Isotopes.
Available now :Available now :
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22νββνββ -- decay:decay: Second order weak Second order weak 
interaction allowed by the laws of physics, interaction allowed by the laws of physics, 
just too slowjust too slow
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Available Experimental   Techniques Available Experimental   Techniques 
for detecting for detecting 00νββνββ –– decaydecay..
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Formidable radioactivity background for Formidable radioactivity background for 
Q<3MeV. For Cosmic Rays Q<3MeV. For Cosmic Rays 
underground (e.g. GRAN SASSO, Italy)underground (e.g. GRAN SASSO, Italy)
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Current and Future ExperimentsCurrent and Future Experiments
((K Zuber, Acta Phys. Pol.B 37 (2006) 1905 ;H Ejiri, J. Phys. Soc.K Zuber, Acta Phys. Pol.B 37 (2006) 1905 ;H Ejiri, J. Phys. Soc. Japan 74 (2005)20012)Japan 74 (2005)20012)
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Geographic Distribution of ExperimentsGeographic Distribution of Experiments
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00νββνββ––decay:decay: Exotic, it violates lepton Exotic, it violates lepton 
number conservation. number conservation. Not yet observed.Not yet observed.
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Step 1: the transition operator as aStep 1: the transition operator as a
product of two nuclear currentsproduct of two nuclear currents
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In coordinate space one gets the In coordinate space one gets the 
potentialspotentials
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• They are approximately Coulombic, since the intermediate MajoranThey are approximately Coulombic, since the intermediate Majorana neutrino a neutrino 
is is almost masslessalmost massless

• The inclusion of form factor reduces the |MThe inclusion of form factor reduces the |M00νββνββ||22 by 30%by 30%
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Step2: Step2: The role of short range correlationsThe role of short range correlations
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Short Range Correlations (SRC)Short Range Correlations (SRC)
Tuebingen GroupTuebingen Group

Menendez , Poves, Caurier & Menendez , Poves, Caurier & 
NowachiNowachi
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SRC and FNS (finite nucleon Size)SRC and FNS (finite nucleon Size)
for A=76 for A=76 (Tuebingen Group)(Tuebingen Group)
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Step 3: b) The Quasi Particle Random Step 3: b) The Quasi Particle Random 
Phase Approximation (QRPA) Phase Approximation (QRPA) 
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•• Unlimited number of single particle states (in practice Unlimited number of single particle states (in practice 
around 20)around 20)

•• Very limited number of configurations (only 2 Very limited number of configurations (only 2 
quasiparticles)quasiparticles)

•• An effective interaction as in ISM but with the An effective interaction as in ISM but with the 
additional three global parameters:additional three global parameters:

--ggpairpair: multiplying the pairing part of the interaction, for : multiplying the pairing part of the interaction, for 
both protons and neutrons (Standard in BCS both protons and neutrons (Standard in BCS 
approach)approach)

--ggphph: Multiplying the particle hole block: Multiplying the particle hole block
--ggpppp: Multiplying the particle : Multiplying the particle --particle blockparticle block
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The Tuebingen07 ME including the The Tuebingen07 ME including the 
uncertainty fromuncertainty from Experimental  2Experimental  2νν

J.D. Vergados NDM12 Nara J.D. Vergados NDM12 Nara 
Japan, June 9Japan, June 9 7575



The Matrix elements with UCOM SRCThe Matrix elements with UCOM SRC
TU07: Rodin, Faessler, Simkovic&Vogel; JY07:Suhonen&KortelinenTU07: Rodin, Faessler, Simkovic&Vogel; JY07:Suhonen&Kortelinen
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The Matrix elements with Jastrow SRCThe Matrix elements with Jastrow SRC
TU07: Rodin, Faessler, Simkovic&Vogel; JY07:Suhonen&KortelinenTU07: Rodin, Faessler, Simkovic&Vogel; JY07:Suhonen&Kortelinen
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Step 3: a) The Interacting Shell Step 3: a) The Interacting Shell 
Model: Diagonalize huge matricesModel: Diagonalize huge matrices
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Step 3: a) The Interacting Shell Model:Step 3: a) The Interacting Shell Model:
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A powerful problem solverA powerful problem solver
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Was it a fair deal?Was it a fair deal?

•• Mullah did not know how to sum infinite Mullah did not know how to sum infinite 
series, butseries, but
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Diagrammatic Representation of 0Diagrammatic Representation of 0νν--ββββ decay decay 
(mass term only)(mass term only)

Quark LevelQuark Level Nuclear LevelNuclear Level
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Effective neutrino mass <mEffective neutrino mass <mνν>>
encountered in encountered in 00νν ββββ--decaydecay
[[αα==αα22--αα11, , ββ==αα33--αα11+2+2δδ13 13 , , 
αα11 , , αα2 , 2 , αα33 Majorana phasesMajorana phases]]
Mass scale: Mass scale: mm1 1 (normal);(normal); mm3 3 (inverted)(inverted)
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Measure the sum of the energies of the two Measure the sum of the energies of the two 
electrons.electrons. 00νν ββββ is a discreet line at the end is a discreet line at the end 
point.point. 22νν ββββ has a continuous spectrum.has a continuous spectrum. A A 
need for good energy resolution.need for good energy resolution.
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