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   1. Double beta decays and neutrinos
in

nuclear physics



Neutrino study by ββ  in nuclear micro lab.

• 1. Nuclei  are excellent micro-lab’s /microscope to study
•      fundamental  properties of  ν & weak interactions.
• 2. Microscopes with enlargement by 107 for 0νββ decays with
         ν-exchange between 2 n in nuclei and filtering power agaist
       huge single β BG’s which are energetically forbidden.
       low-E collider (Jullian ) with ultra luminosity (10-13 cm  1030 )

• 3. Nuclear response Μ0ν, which is sensitive to nuclear structures, is
crucial to design DBD exps, extract ν mass.

ν
ββ



 2νββ  ΔL=0  T2ν = G2ν |M2ν|2           M2ν =M(τστσ) Res.
 0νββ  ΔL=2   T0ν = G0n |M0ν|2  |<m>| 2  , RHC, SUSY, Maoron.

•          ββ is the most sensitive and realistic way to study
•    1. Majorana nature of ν, ν = anti-ν
•    2. Majorana ν mass scale and spectrum in the range
•　　 of 50-5 meV suggested by recent ν studies.
•

ν & Weak interactions in ββ decays
DBD theories  B. Kayser, S. Petcov W. Rodejokann



• Effective masses and ββ experiments
 QD  100~200 meV

NEMO3  CUORITINO

Future 1  100 meV

IH:  Future  II   25 meV

NH: Future IIII   2 meV

QD:  Cosmological  200 ~ 300 meV
　       Σm < 680 meV  Hannerstad
            Single β ~ 200 meV　Drexlin

KKDC　440meV

θ13
2

Phase +/-  ~ 2   IH/NH    ~ 10



2. Double beta decay experiments 

DBD experiments  E. Fiorini

Present DBD exps  X. Sarazin

Future  DBD exps  A. Guiliani

Individual  9   future  projects



Mass sensitivity mν by ββ
       T0ν = G |Mον|2 |mν|2 ,     G ~Z2 Qββ

5  .
         N0ν   > 2 [ NBG]1/2        95% CL

• Sn = G (M 0ν )2

• NBG ~ N(2νββ) + RI  per ton of nββ

• mν ~  16 Sn
-1/2 (nββ /B )-1/4  (A/100)1/2

•  Sn   / 10-24 per y (ev)2        B = BG per nββ = 1 ton,  ε ~ 0.6 ,  t = 5 y

• Present experiments  ~ a few 100 meV by  nββ /B
• Next  exps with  a few 10 meV,

• nββ /B  has to be increased by an order 4, each orders 2

• Large detector with nββ ~ tons to get at least a few
signals.

• Centrifugal separation & laser separation
• Small BG and/or good resolution to get B ~ 0.5 – 2



• BG/t y and nββ required for IH mν 30 meV

 ε ~ 0.6 efficiency, t = 5 y  2σ CL
• M0ν = 2.5   for all except  1.25 for Ca Nd with deformation change

                                       mν                          B / y t     nββ ton

•  76Ge          42  (B /nββ  )1/4                    0.5            2
                           130Te              31 (B’ /nββ  )1/4                1 *           1     TeO2

• 48Ca                 23  (B /nββ  )1/4                  4.2            1
• 82Se                 21  (B /nββ  )1/4                   4.2            1
• 100Mo         18  (B /nββ  )1/4                 7.7            1
         136Xe          22 (B /nββ  )1/4                 3.5            1
• 150Ne              18 (B /nββ  )1/4               7.7            1

• Signal is among  many RI BGs and M0ν is sensitive to
nuclear structures.  Need  3 ~ 4 experiments with different

ββ nuclides and different methods .



A. Calorimetric detector
76Ge (GERDA, MAJORANA),
130Te(CUORITINO  CUORE); 　100Mo and others
High E resolution,  E < 2.6 MeV.    Mostly RI BG
    mν ~ 40~30/ (B /nββ  )1/4

    nββ ~ 0.1 t,      B ~ 1/ t y ,    80~50 meV
                2 t          0.3 / t y      26~15 meV

A. SSSC :Signal Selection by Spatial Correlation rejects β−γ, α .
B. SSTC :Signal Selection by Tim Correlation  rejects most β−α.

s

T

ββ

β/γ
 α β α



A. Calorimetric detector II
48Ca (CANDLES)
      Signal rate:  A ~ 0.2 %  laser :  ton scale
       BG rate  Q=4.3 MeV > Most RI,
       BG  2νββ

136Xe (EXO)
      Q =2.4 MeV < Most RI
      No RI BG by Ba tagging,
      BG  2νββ  :  good σ ~ 2 %  by ion and scintillation reads

150Nd (SNO+)
      Q = 3.368   50 meV
      M0ν is reduced ?? by change of deformation
      1k ton  detector with 0.1% of 56% enriched 150Nd



            B  Spectroscopic  detectors
ELEGANT- MOON
NEMOIII - Super NEMO
DCBA

 E12-Θ12  identify mν term
 Detector = source
   Select ββ nuclide by
   Qββ, Z, Enrichment, 2νββ

Small RI-BG :E(RI) < Qββ
 β/α,γ separation

 Major BG : 2νββ tail in ονββ window.  E-resolution !
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E resolution and 
mass sensitivity / 5 ty

σ  ~   3 ~ 2 % realistic 
σ  ~   1.5 %     realistic challenge
　　　~Statistics resolution of PL 
 

82Se t2ν/t0ν = 105

t0ν ~ 1025  
220 meV M~4
σ = 2.1 ~ 3 %

82Se  M=3,   5 y t 



MOON / ELEGANT 1990　　Super NEMO / NEMO 3

4 units 120 kg

Fig.2.2.1 The schematic view of MOON-1 detector is shown. 6 plastic scintillators and 3 
100Mo foils are used. 100Mo is 142 g. Each 100Mo foils are interleaved with two plastic 

scintillators. Aluminized Mylar films are used to support 100Mo foil and to suppress the 

cross talk of photon between plastic scintillator layers. 56 squared PMTs are attached to 

a plastic scintillator. Silicon coolie is used as the optical connection between plastic 

scintillator and PMTs.

100Mo, 142 g Plastic scintillator, 6 Layers

56 Squared PMT

9-units  of 100 modules  20 kg　

                  Detector      modules   Source kg   V m3/t
MOON      Multi-layer     100           180           0.5K 
S-NEMO      Single             20           100           11K



        Ground and excited 0+ states

1.S/(BG2ν)1/2 ~ T0ν/(T2ν)1/2

  ~ Q5/(Q10)1/2 ~ no Q-dep.
       if M are similar ?
2. E(gr) = Eββ(gr): 3 MeV

    E(ex) = Eββ(ex) + Eγγ
    Same E, smaller RI BG

3. T0ν(gr) / T0ν(ex) depends on
   deformation, mixing of two 0+ states,  0ν mechanisms.

                     Isotope  　Q(gs)     Q(ex)      G(gs)    G(ex)

•                             82Se      2.992      1.517      1.9        0.23
                                    100Mo     3.034      1.903      3.2        0.77
                        150Nd      3.368      2.628     13.4    ~ 3.0
 *   150Sm 1.255 MeV excited state is deformed as 150Nd  gs.

Level and decay scheme of 100Mo

• 100Tc         

100Mo

100Mo

1+   -0.168 pp, Be !

0+ 1.293

0+ 1.904

2+ 2.594

0+ 3.034

""

!, "      

"



Normal hierarchy NH with 2-4 meV
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n   t y   !! isotopes ton year

       Y0ν  > 1.6 for ονββ with 1σ CL,  M=3,  ε = 0.5 ,  BG<<1

A:  82Se     5 t - 10 y    BG(2νββ) ~ 0.015   for σ = 1.3 % & E cut.
                 Bi ~ 0.007 / t y  with  1.25 m Bq / t  and good position R.
B. 76Ge    30 t - 10 y     BG << 0.003,     BG  ~ 0.3 / t y  at present

100Mo  
    82Se   
   76Ge



3. Nuclear matrix elements of 
double beta decays

Shell model:   A. Poves
QRPA:   O. Civitarese  V. Rodin
Bosonic ν  in  2νββ:  F. Simkovic



1.Effective coupling constant and model space
     M0ν  sensitive to model space, gA, short-range

correlation, GR(J), etc.

• geff/g = M(exp)/M(P: cal).
         Coupling with GR,  higher shells,
         non-nucleon deg. gA and others
       geff/g ~ 0. 3 for τσY1 modes with
           J = 2- （2d5/2-2p1/2, 1g9/2-1f5/2)

 2. Non-nucleonic degree of freedom
     Δ isober where ν exchange between
           2 d-quarks in Δ
     π  exchange current contribution
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Nuclear Responses (M0ν) for ββ

Charge exchange reactions, transfer reactions, ECCharge exchange reactions, transfer reactions, EC
provide nuclear structure information relevant to Mprovide nuclear structure information relevant to M0ν0ν

RCNP Osaka, MSU, KVI, TRIUMF, UW,RCNP Osaka, MSU, KVI, TRIUMF, UW,

H.Ejiri, Phys. Rep. 338  ’00  265 



 Nuclear probes
RCNP Osaka High ΔE
τ− σ response at low and

high 1+ 2- states

1+ τσ

2- τσ

Freckers



 Photon probes

Τ,Τz=6,6

Τ,Τz=5,5

Τ,Tz=5,4

Τ,Τz=4,4
ββ

γ

β

Τ=ΙΑS

H. Ejiri PR 38 ‘78

Real photons  with multi MeV
Energy spectra with peak at the max e
Pol. for E1-M1 vector axial vector
IAS/GR interference gives the phase.



Neutrino probes

   SNS  Stopped π+     p + Hg   n π+

  π+  µ+ +νµ　　　　µ+ e+ + νe + anti-νµIntense ( ~1015/sec) ν’s with large
detectors(10 tons)  for σ ~ 10-41-42 cm2

                                                Y. Efremenco

p 6 1015      ν 7 1014

3 GeV-p p n

p 1.2 1015      ν 3 1014



4. Concluding remarks



Concluding remarks
1. DBD with 0.5 - 5 t y are unique and realistic  for the  Majorana ν

and absolute ν -masses in QD-IH. Laser separation is interesting.
2. DBD exps with different methods, different ββ isotopes and/or

states are indispensable. Calorimetric detectors made of  ββ nuclei
and  spectroscopic (two-β identifying) detectors with non-detector
ββ source are complementary and necessary.

3. Nuclear theories for M0ν are crucial to design DBD exps, select
best ββ nuclides, and to get ν-masses. Nuclear experiments with
nuclear, photon and even ν probes provide  information on
nuclear structures　relevant to 0νββ.

4. DBD detectors are used for solar-ν (ΜΟΟΝ), DM etc.

5. Internationally coordinated approaches on DBD exps. and
   DBD nuclear particle theories are strongly encouraged.



          INTERNATIONAL STATEMENT ON
      NEUTRINOLESS DOUBLE-BETA DECAY

       Avignone F,   Barabash A,  Ejiri H,  Elliott S,    Fiorini E,

    Haxton W, Gratta  G,  Jullian S,  Kochetov O,  Minakata H,

      Lalanne D,  Morales A,  Morales J,  Petcov S,  Suhonen J.
             http://www.rcnp.osaka-u.ac.jp/~ejiri/DBD-Lett

1. Fundamental ν properties  studied by DBD: (1)Majorana nature
& ΔL ≠0, the ν  mass spectrum & mass scale, possibly CP. DBD
is realistic for studying  these fundamental ν properties.

2. 2. Next-generation DBD exps with <m>  ~ 25 meV discover non-
zero effective ν mass if  ν’s are Majorana and the QD or IH.

3. Form an international DBD network in order to endorse a3. Form an international DBD network in order to endorse a
coordinated approach to  executing next-generation DBD probescoordinated approach to  executing next-generation DBD probes

 MAJORANA/GERDA, MOON/SuperNEMO , etc are encouraged



Neutrino Nuclear Responses in ββ NNR-05  
Durham, UK, May-2005 (K. Zuber)

CAST-Spring-8, JP, Dec-2005 (H. Ejiri)
Open Letter

... We, the undersigned, have met to endorse a
coordinated approach to provide experimental

information relevant to DBD matrix elements, which
are of vital importance for new generation DBD.

The present and planned experiments
at RCNP, KVI, MSU  and others

provide unique opportunities for the experimental
studies of the ββ matrix elements.

H.Ejiri,  D. Freckers, M. Harakeh, K. Zuber, R. Zegers, others.



Thank you for your attention





 Mβ  from IAS γ

Τ,Τz=5,5Τ,Τz=6,6T,Tz=6,6

Τ,Τz=5,5

Τ,Tz=5,4

Τ,Τz=4,4ββ

γ

β

Τ=ΙΑS

IAS-GR interference gives 
       Mβ and sign

H. Ejiri PRL 21 ’68, H. Ejiri PR 38 ‘78 



Position sensitive detector

PL 1200-1200-15 mm for

   Energy 0.5 -2.5 MeV with σ ~ 2.1 % at Q.

Drift/MWPC chamber 1160-1160-8 mm.

  Position ΔX ~ 1mm, ΔY ~ 50 mm by charge ratio.

  Angular distribution by the total charge

ββ source 1000-1000 mm  20 mg/cm2

One module ββ source 1m-1m 20 mg/cm2 = 0.2 kg
                     PL+2DF    1.2 m – 1.2 m  2.5 cm 

One unit  150 modules, 30 kg,  1.2m – 1.2m – 4m,  3.3 t 
   

4 units 120 kg

9-units 270 kg



Future experiments

SNO++

                    Transition amplitude ; A(0νββ) = mν SN SD

              SN = G M0ν Qββ
5/2     Nucl. Sensitivity  Large M 0ν Qββ

       SD = [Nββ / NBG]1/4   Detector Sensitivity Nββ ton NBG ~1/t y

                    Detector : not ββ source, one multi-pourpose detector



GeM Photons :GeV-MeV Laser Electron photons

•  GeM LEPS  Spring-8 are unique probes
• Real photons in a wide energy range  of multi GeV – MeV
• Energy spectra with peak at the max energy.
• Polarizations ~ 100 %  for E1-M1 vector axialvector



　    MOON ββ experiments
Ground and excited + states

S/(N)1/2 ~ T0ν/(T2ν)1/2 ~ Q5/(Q10)1/2 const
E(GR) =E(ex) = Eββ(ex) + Eγγ

　Isotope  　Q(gs)     Q(ex)    Q(ex)      G(gs)    G(ex)
G(ex)

•    82Se      2.992      1.517                      1.9        0.23
• 100Mo     3.034      1.903                      3.2       0.77
• 150Nd      3.368      2.628      2.113       13.4    ~ 3.0  ~ 1.3



Unique features of oνββ experiments for ν studies
1. Unique  realistic probes for the Majorana v mass in 10 meV

2. Exps in nuclear labs to enhance S/N, but  involve M0ν , sensitive
to nuclear structures.

3. Signals within many RI BGs, which are not quite well known.

4. Need  3 ~ 4 experiments with different ββ nuclides and methods .

5. Ground and excited 0+ states in 100Mo, 150Nd, etc.

      Similar sensitiity, different methods,

      Ground and excited 0+ states mixing

      leads the sum less sensitive to the deformation



      Nuclear Matrix elements : theories

Shell model:   A. Poves

QRPA:   O. Civitarese  V. Rodin

Bosonic ν  in  2νββ:  F. Simkovic

Effective coupling constants  gA



MOON 1 Proto type

  Inside the ELEGANT V
  Pb-Cu NaI   shield since April 2005.

 6-layers of  PL 53×53×1cm3　Mo-
Foil　160g @20mg/cm2×2

Side View

Fig.2.2.1 The schematic view of MOON-1 detector is shown. 6 plastic scintillators and 3 
100Mo foils are used. 100Mo is 142 g. Each 100Mo foils are interleaved with two plastic 

scintillators. Aluminized Mylar films are used to support 100Mo foil and to suppress the 

cross talk of photon between plastic scintillator layers. 56 squared PMTs are attached to 

a plastic scintillator. Silicon coolie is used as the optical connection between plastic 

scintillator and PMTs.

100Mo, 142 g Plastic scintillator, 6 Layers

56 Squared PMT



1.Effective coupling constant and model space

•      M0ν  sensitive to model space, gA, short-range
•             correlation, GR(J), etc.

• B. Empirical theory/calculation.
•    1= P + Q      P: low lying states:
•   geff/g = M(exp)/M(P: cal).
         Coupling with GR,  higher shells,
         non-nucleon deg. gA

      geff/g for individual τ σ l J  is
              from relevant  exp. value.

       geff/g ~ 0. 3 for τσY1 modes with J = 2- （2d5/2-2p1/2, 1g9/2-1f5/2)

!"#

#

$"% % %"& %"' %"( %"% )

*+,-.//,,,0+,1.2,3,1456

78-9/:;,/:,<,=391.2>;&


