
Nuclear ßß Decay
and

Beyond Standard Model Particle Physics

H.V. Klapdor-Kleingrothaus
Heidelberg, GERMANY

BEYOND  2010, 

Cape Town, SA,   2  February  2010







> 6 σ from PSA

(99.997% c.l.  4.2 σ )
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A 21 (2006) 1547



First  ( third ?)



















71.7 kg y

~0.11 c/kgykeV



Lesson I, c,d)
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Lesson I a)



Lesson I

Phys.Lett.B586(2004)198

NIM A 522 (2004) 371



Lesson I

NN FULL



> 6.4 σ

Heidelberg – Moscow experiment 1995 – 2003
4 Detectors, neuronal net

Lessons I and II

H.V. Klapdor-Kleingrothaus   and 
I.V. Krivosheina Mod. Phys. Lett. 
A 21 (2006) 1547-1566



Around Q (1800-2250)keV γ`s reduced by factor > 10, 

while line near Q    starts out clearly (6.6 – 7.2 σ).ββ

ββ



Lesson I c,d

This is what     

we

EXPECT 

!!!











Krivosheina,







Pulse Shape analysis:

two  approaches:

1. Neuronal Net  -
use  DE  of  2614 keV line from        Th,     
to  ‘calibrate’  shapes  of  0νββ pulses

228

B. Majorovits and H.V. Klapdor-Kleingrothaus, Eur. Phys. A 6 (1999) 463

2. Calculation of electrical  field in Ge detectors 
and of pulse shapes of  0νββ pulses, as  
function  of  location  (R,Z) in detector

H.V. Klapdor-Kleingrothaus et al., Phys. Lett. B  632 (2006) 623-631

Phys. Rev. D 73 (2006) 013010

Phys. Lett. B 636 (2006) 235-247

Int. J. of Mod. Phys. A. 21 (2006) 1159-1188, 

Modern Phys. Lett. A 16 (2006) 1257-1278



H.V. Klapdor-Kleingrothaus, I.V. Krivosheina, I.V. Titkova,
Phys. Lett. B  632 (2006) 623-631 and Phys. Rev. D 73 (2006) 013010; 

Int. J. Mod. Phys. A 21(2006) 1159-1188

Investigations  of Dependence  of  Beta-Beta  Tracks  
on Particle  and  Nuclear  Physics  Parameters



H.V. Klapdor-Kleingrothaus, I.V. Krivosheina, V. Mironov, I.V. Titkova, PLB 636 (2006) 235
H.V. Klapdor-Kleingrothaus, I.V. Krivosheina,I.V. Titkova, Mod. Phys.  Lett. A 21 (2006) 1257-1278
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First  ‘Microscopic’  Calculations of Pulse Shapes corresponding to Monte Carlo calculated ββ
events (tracks) for the big high-purity Ge detectors of HEIDELBERG-MOSCOW double-β experiment.

Electric field as calculated by the Poisson 
Superfish code for the detector ANG5 of the 
HEIDELBERG-MOSCOW experiment in Gran 
Sasso. The chosen ionized impurity density is 
1.37 x 10**9 cm**(-3), (included in the left, but set 
to zero in the right part). Operation voltage is 
2500 V.
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Main measured parameters of the semi-coaxial p-type 
detectors of HEIDELBERG-MOSCOW Experiment

Detector ANG2 ANG3 ANG4 ANG5

Active
mass,kg

2.758 2.324 2.295 2.666

Depletion 
volt., V

3000 3200 2900 1200

Operation 
volt., V

4000 4000 3500 2500

76Ge 
content, %

86.6 88.3 86.3 85.6

Impurity 
density, 
cm**3

1. 10**-9 1.4 10**-9 4.12-9.76 
10**-9

1.37 10**-9

Crystal 
diam., mm

80 78.5 75 78.8

Crystal 
length, mm

108 93.5 100.5 105.7

Bore dia-
meter, mm

8 9 8 8

Bore length, 
mm

94 81.5 88.9 93.5



Examples R-dependence – from upper R-part (det. 5)

ThreThree-dimensional localization of the 238keV line from the data of 
calibration  of detector 5 of the HM experiment for location of the radiactive 
source at R=20 mm (right part), by the zero range library calculated with (χ²<5).

Radial localization, of the events of the 238 keV 
line determined by pulse shape analysis using 
the zero range library,  from measurement with a 
collimated 228Th source, at R=10mm, and 20 
mm (see top).

Fit of the location for an event from the 
HEIDELBERG-MOSCOW ββ measurement seen 
in the Det. 5, (event Nr. 41 from the Run 1067, 
energy - 2036.3 keV) from the measured pulse 
shape by the zero range approximation. The 
weakness in the localisation in the Z-direction is 
obvious and known for Ge detectors (see also 
(Vetter00-c,Kroell01).

PLBI (2006) MPLAIII (2006)

PLBII (2006)

MPLIII (2006)

R, cm R, cm
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Time structure of some events (black lines) measured in the HEIDELBERG-MOSCOW experiment in 
The energy region 2036-2042 keV by the four enriched 76 Ge detectors (Det.2, 3, 4, 5), which were 
running with pulse shape analysis.

All 4 events were identified by neuronal net method 

as single site events !!

The red lines show fits of the events by the zero range pulse shape 
approximation library. The determined deviation for the events are less 0.5.

All events understood as SSE by Neuronal Net and also by electrical field 
approach.
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Time structure of some events (black lines) measured in the HEIDELBERG-MOSCOW
experiment in the energy region 2036-2042 keV by the four enriched 76 Ge detectors 

(Det.2, 3, 4, 5), which were running with pulse shape analysis.

All 4 events were identified by neuronal net method as multiple site events!!

The red lines show fits of the events by the zero range pulse shape 
approximation library. The determined deviation for the events are large
(21.71, 9.33, 6.3, 50.03).



→ T    = (2.23          ) x 10     y

Conclusions:

2001 – first  signal from  full spectrum  (3.1σ,  see also analysis of 2004)

2004 – signal (full spectrum)    of  4.2σ

- signal (PSA  neuronal  net subclass)  of   6.4σ

HVKK et al., Mod. Phys. Lett. A 16 (2001) 2409,  Found. Phys. 31 (2002) 1181

HVKK et al., Phys. Lett. B 586 (2004) 198,  Nucl. Instr. Meth. A 522 (2004) 371,

Mod. Phys. Lett. A 21 (2006) 1547

2006 – that signal is  not known  γ-line,  confirmed by                                      
Gromov et al., J. Part. Nucl. Lett. 3 (2006) 30

2006 – signal of  4 – 6 σ from  PSA with  SSE library (subclass)  from   
field calculation.

– signal of  5 – 7 σ from  sum of  both PSA approaches.

Σ – 11±1.8 events (consistent with 12.4±3.7 events from global N in NIM2004)

½
+ 0.44
- 0.31

25 <m>   <  (0.32 ± 0.03) eV

<  (0.22 ± 0.02) eVWith normalized matrix element:
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95% constraints in the (w_d,f_ν) plane.  Shaded 
dark red region is ruled out by WMAP alone when 
neutrino mass is added to the 6 ``vanilla'' models. 
The shaded light red region is ruled out when 
adding SDSS information.  The five curves correspond 
to M_ν, the sum of the neutrino masses,  equaling 1, 2, 3, 4 and 5 eV, respectively -- barring sterile  
neutrinos, no neutrino can have a mass exceeding  ~M_ν/3. (<~0.6 eV (95%)).    Right: Constraints in 
the  (f_ν, σ_8) plane. Shaded dark red region is ruled out by WMAP alone (95%)  when neutrino mass 
is added to the 6 ``vanilla'' models.  The shaded light red region is ruled out when adding SDSS 
information.   The recent claim that  f_ν>0 [All03**-III] hinges on assuming  that galaxy clusters 
require low  σ_8-values  (shaded horizontal band) and dissolves when using more reasonable  
uncertainties in the cluster constraints (see http://space.mit.edu/home/tegmark/).



0.2 0.5 eVm









- Much  worse:

- If could confirm →  no new  information                
- In general: additional β β experiment (e.g.      Xe)   
together with  Ge      (HEIDELBERG- MOSCOW)  →                  
no new  information  (see  Z. Phys. A 347 (1994) 151).  
Cannot decide  contribution of  m   , η, λ to  ββ decay 
rate Cannot  determine  effective  neutrino  mass !!!!

HEIDELBERG-

MOSCOW

2001-2006  y

LESSON II:   Future      !!!

0νββ
-Present  and  future  ‘confirmation’ experiments   
(CUORICINO, NEMO,  EXO, …)  NOT  sensitive enough

- Only way to get information about  

m   ,  η,   λ is:

To  combine  β β - result (HEIDELBERG- MOS-
COW)  with  very  high sensitivity (level of  10    y)  
mixed mode  β EC  - experiment (e.g.  Xe     ).

_ _
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H.V. Klapdor-Kleingrothaus et al., PRD 73 (2006) 013010
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M. Hirsch, K. Muto, T. Oda, H.V. Klapdor-Kleingrothaus, Z. Phys. A 347 (1994) 151-160

Two  β¯β ¯ experiments 

One  β¯β ¯ and one β /EC experiment 

One  β¯β ¯ and one β /EC experiment
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So far for light neutrinos.

Now some other Beyond 
Standard Model Physics













1.2



Superheavy neutrinos



Sneutrino mass, and  0νββ in R_p - conserving SUSY

Hirsch, HVKK, Kovalenko, PRD 57 (1997) 1947
Sneutrino oscillations and 0νββ decay PLB 403 (1997) 291

Hirsch – KK - Kovalenko theorem
(extension of Schechter - Valle theorem to SUSY):

~
'The  ν-mass, the (B_L) violating mass of the sneutrino ( ν ),
and the  0νββ amplitude are intimately related, 
such that if one of them is non-zero, the other two vanish as well.

~
Splitting of the sneutrino mass spectrum into two states separated by 2|m^2_M|.

~
0νββ Decay Determines    m_M !!!



R-Parity Conserving SUSY and Sneutrino Mass











Heid.-Mos.





What did we learn from  Ge  0νββ in  

Gran Sasso 1990-2003
-(total) Lepton Number is violated

-Neutrino is Majorana Particle

-Neutrinos are degenerate

-Other Beyond SM Physics

Reached essentially, what we wanted to learn 
from our large GENIUS project, proposed in 
1997, namely observation of 0νββ decay

76





we have a 4.2σ  ββ- signal
And more than 6σ from 

the SSE data analysis

(As  confirmed  by  K.Ya. Gromov et al.  Part. Nucl. Lett 3 (2006) 30)





Lesson I
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Scan for lines in the full spectrum taken from 1995 to 2003 with detectors Nr. 1,2,3,4,5 with

Max. L. M method. The Bi lines at 2010.7, 2016.7, 2021.8 and 2052.9 keV are clearly seen,

and in addition a signal at  ~2039 keV.  ( See HVKK et al., NIM A 522 (2004) 371-406)

The Bi lines at 2010.7, 2016.7, 2021.8 and 2052.9 keV are clearly seen !

In same type of
Analysis  in  our

case







The probability that the 
four Bi lines, and the line 
at Qββ,  are produced by 
fluctuations, is  < 10-20



K.Ya. Gromov et al., J. Part. 
Nucl. Lett. 3 (2006) 30





• NEMO III  (ionisation  chamber)
Present  limits  (NEUTRINO  2004):

T     >  1.0 · 10  years, (90% c.l.) for    Se  (1.00 kg y measurement)
0ν

½ 

82

T     >  4.6 · 10  years, (90% c.l.) for     Mo (7.47 kg y measurement)0ν
½

100

23

23

i.e   1.5 σ level  !!!!

Sensitivities  required for check of HEIDELBERG-MOSCOW result:

FACTOR  20  more
(Matrix element of Staudt, Muto, Klapdor, Eur.Phys. Lett. 13(1990)31)

Often Discussed  ‘Confirmation Experiments’:

T     >  3.5 · 10  years, (90% c.l.)  for       Se
T     >  8.1 · 10  years, (90% c.l.)  for       Mo

0ν

0ν
½ 

½ 

24

24 100

82

Factor  400  longer  measuring  times  required, 
i.e.  >  400  years  of PERMANENT  data taking.

Phys. Rev Lett. 95 (2005) 182302

(389 days)



Present limit : T     >  1.8 · 10  years,  (90% c.l., i.e 1.5 σ)   
for      Te  10.8 kg y (Neutrino Telescopes Int. Conf. Febr. 2005)

CUORICINO/CUORE  (bolometer)

0ν

Principle problem: Cannot  distinguish  β from  γ events
Problem of background: Cannot    see even 2νββ
decay known half-life of only (2.7 ± 0.1) · 10     years, 

(Measurement of  T. Bernatowics et al., PRC 47 (1993) 806)

21

½

Required: 2.5 · 10   years Can be reached in 5 months 
continuous running  … realistically  > 1 y on 90% c.l.

24

24

If matrix element overestimated by (only) factor 2:
Required: Sensitivity of 1 · 10    year

Factor  16  longer measurement  (~ 30 years)

to get statement on 90 % c.l.

25

130



Conclusion:

CUORICINO  can - with  good  luck confirm

HEIDELBERG-MOSCOW   within  a  few 

years - but  never disprove  it  !!!
CUORE:                      16 times  larger  mass

Required: ~ 1y of continuous measurement  

for  90 % c.l.  (1.5 σ ) statement.

MANY    years     for     statement

on    4-5 σ level.



EXO  (liquid  Xenon)
Have 200  kg  of enriched     Xe

136

- no  tracks  visible,  i.e.   not

differentiation between β and γ

- Resolution      ≈   100 keV

- background - plan first experiment with

background on level of HEIDELBERG-MOSCOW

- Laser – identification  of  daughter

nucleus  not  (yet)  working

Problems:



GERDA (‘copied’  GENIUS proposal  1997  by  

H.V. Klapdor-Kleingrothaus) 

Germanium in Liquid  Nitrogen 
In principle, according to Monte Carlo simulations, sensitivity

could go down to effective  neutrino mass of several meV
(HV.K-K, Int. J. Mod. Phys.A13(1998)3953, HVK-K et al., J. Phys.G24 (1998) 483)

No  other  complete MC  simulation  since  then.

Problems: - No own long-term experience with naked 

detectors in  liquid nitrogen

- Start on level of few tens kilograms similar to 

HM ( similar measuring times, ~ 10 y)





Conclusions:
1.   There is now a   > 6 σ signal  of  0νββ decay.
2.   Presently running or planned experiments are not sensitive 
enough  to check the HEIDELBERG-MOSCOW result.
3.   New β β experiments in principle will not  give  more  
precision in deduced particle physics parameters (m   , η, λ …) –
only in half-life (error from matrix element always  will  
dominate)
4.  Present and presently planned  β β experiments  give  no
information on effective  neutrino  mass (only under 
assumptions on right-handed currents,  SUSY etc.)
5. Only visible way to solve this, is  additional experiment  with    

Xe    β EC  decay  on  10    y  sensitivity level.
See  H.V. Klapdor-Kleingrothaus, I.V. Krivosheina, I.V. Titkova, 

Phys. Lett. B 632 (2006) 623-631;     Phys. Rev. D 73 (2006) 013010

ν

- -
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124 + 27













Lesson I a, b)











Energy position of this SSE line: 2037.5 keV ± 0.5(stat) ± 1.2(syst) keV

Q     from various experiments (not ββ):
ββ

Q      = 2039.006 ± 0.050  [40]  Douysset et al., PRL 86 (2001)ββ

Q      = 2040.71   ± 0.52    [37]  Ellis et al., NPA 435 (1985)

Q      = 2038.56   ± 0.32    [38]  Hykawy et al., PRL 67 (1991)

Q      = 2038.668 ± 2.142  [39]  Audi et al., NPA 595 (1995)
ββ

ββ

ββ

Note: Effect of ballistic deficit shifts down systematically the energy of a ββ events in a 
Ge detector (by order of ~ 1 keV) (since events mainly ‘outside’).

Conclusion up to this point:

- in  full spectrum we had  4.2σ signal

- with PSA by neuronal net we obtain a 6-7σ signal near Q

All published until 2004      (partly extended in 2006)

PLB586(2004)198, 
NIMA522(2004)371

Mod.Phys.Lett.A21(2006)1547



H.V. Klapdor-Kleingrothaus, I.V. Krivosheina, V. Mironov, I.V. Titkova, in Press

Result of fiting experimental pulse shapes (black) with the library shapes (red lines), for events of 
the 1592 keV double escape line of the 2614 keV transition from 228 Th.

Left: Single Site event (SSE) Right: Multiple Site event (MSE)

























NEMO Collabor. 2005, Phys. Rev. Lett.  95 (2005)  182302

CUORICINO Collabor., Phys. Lett. B  557 (2002)  167

Energy sum spectrum of the two electrons after background substraction from      Se  and        Mo.      
389  effective days of data collection.

Total difference spectrum between   Te and   Te 
detectors. The solid curves represent the best fit 
(lowest curve) and the 90% C.L. excludede signal.

Total spectrum (in anticoincidence) in the region of 
neutrinoless DBD obtained with the 20 crystal.

10082





History of ßß Decay Experiments

1948-52   First experiments – sensitivity 10**18 years
1949-50   First geochemical experiment,  130Te – 130Xe,

first observation of 2νßß decay T1/2 =  1.4 x 10**21 years
(later, 1967, confirmed within factor 2

1987        First result for 2νßß in ‚direct‘ experiment, 82Se - ??,
(30 events, 2.2 σ),  T1/2 =  1.1 x 10**20 years

1966        First ‚active source‘ experiment, Ca2F2

1990 -2003  NEW ERA of ßß Experiments USING ENRICHED
HIGH-PURITY GERMANIUM , 11 kg, in active source exp.

(Heidelberg-Moscow experiment)
HUGE STEP in SENSITIVITY!  
Factor more than 50000,   compared to 1987 

Most sensitive since 1992.

Result: T1/2 =  2.2 x 10**25 years for 0νßß decay
mν = 0.22 eV            
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