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Outline: 

GERDA: The search for Neutrinoless Double Beta Decay 



Neutrinoless Double Beta Decay 

 Observable if single β decay is not 
allowed for some isotopes, only  
decay 

 2 decay: 
    (A,Z)  (A,Z+2) +2e-+2 

    SM allowed & observed  
       

 0 decay: (=) 
    (A,Z)  (A,Z+2) +2e- 
    if  is Majorana particle 
    & Helicity flip is needed 
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Here is Feynmann diagram of neutrino 
accompanied DBD.  
2 neutrons emitting 2 w-minus bosons. W-
minus bosons decay into electrons and 
electron-anti neutrinos. And neutrons 
changing to allowed protons. Now imaging 
neutrinos are their own anti-particles u can 
actually connect the two vertexes here. 
 
in order to let this process to be allowed: 
[1]neutrino and anti-neiutrino have to be 
equal. 
[2] Right-handed neutrino has to be change 
into left handed neutrino for absorbing via 
vortexes 

This process exists due to nuclear pairing 
interaction that favors  energetically the even-
even isobars over the odd-odd ones. 

Antineutrinos: 
They have a spin of ½ , and are part of the lepton family of particles.  
The antineutrinos observed so far all have right-handed helicity  
(i.e. only one of the two possible spin states has ever been seen),  
while the neutrinos are left-handed. 

Level Scheme 

[1]Level of ground state of nucleus 
 
[2]A nuclear decay is allowed if the energy of 
the daughter nucleus is lower than 
the mother nucleus. 
 

https://en.wikipedia.org/wiki/Spin_(physics)
https://en.wikipedia.org/wiki/Lepton
https://en.wikipedia.org/wiki/Helicity_(particle_physics)
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Study of 0 can: 

 Discover lepton number violation 

 Determine nature of   
   (Majorana or Dirac) 

 Give information on absolute  mass 
        Mass hierarchy of  

0  

2  

1 

C
o

u
n

ts
 

Level Scheme 

Mentioned: 
Neutrino->  
Continue spectrum  
NOT observed in Ge 

2vbb 
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76Ge Neutrinoless Double Beta Decay 

 Observable if single β decay is not 
allowed for some isotopes, only  
decay 

 2 decay: (measured T1/2~1021 yr) 

    76Ge  76Se+2e-+2 

    SM allowed & observed  
       

 0 decay: (=)  
                           (measured T1/2>1025 yr) 

    76Ge  76Se+2e- 
    if  is Majorana particle 
    & Helicity flip is needed 
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 Use detector made of ββ  
    emitting material: 
    HPGe detectors made from  
    enriched 76Ge 
 
 Experimental signature: 
   (1) A sharp peak at 2.039 MeV 
   (2) Single Site Events 

Branching ratio of  
2vbb/0vbb ~? 

76Ge 

76Se 

76As - 

 

JJ: This process exists due to 
nuclear pairing interaction that 
favors energetically the even-even 
isobars over the odd-odd 
ones. 
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energetically forbidden 
2nd order weak process (longer half-life) 

Searching for: 

Level Scheme 
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Experimental Observable of 0νββ Decay 

nuclear transition  
matrix element 

0νββ  
Decay rate 

phase space 
integral 

Effective Majorana  
ν mass 

Measure quantity : 
Half-life of 0νββ  

Information on 
neutrino mass 

One measurement, lots of information 
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Experimental Challenges 

 Sensitivity of  

 High detection efficiency 

 Very good energy resolution (~0.2% in ROI) 

 Intrinsically pure (important for low bkg. experiment)  

β 
β 

(source=detector) 

     : mass (not easy to scale up) 

There are ~ 35 candidates in nature, however …  

 Why Ge-76 detector ?  

detection eff. enrichment fraction 

background index 
(cts/day∙kg∙keV) 

energy resolution 

MT: exposure 

(kg∙yr) 

 Why enrichment ? (abundance + bkg. scale with mass)  

 1 76Ge diode 

= 

11x natGe diodes 

1    2    3    4    5    6    7    8    9 10   11 

(if background is present) 

It’s ORTEC tye of 
Detector 
-> use BEGe or  
Canberra type  
detector 

Explain why  
Radio-pure  
Means? 
 

Say it Is bare ge diode. 
Explain shortly 
What’s Ge detector. 
=semiconductor to detect  
Radiations(based on ionization) 

 Why enrichment ?  
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Background Sources 

 Experiments always have backgrounds that can mimic 
the signal 

 Background sources: Cosmic rays, natural 
radioactivity (in the environment & shielding), … 

 To avoid backgrounds: 
 Compact shielding design 
 Radio pure materials close to the detector 

         Typical activities ~ μBq/kg 
               careful choice of materials + screening tests 
               + Minimizing the support structure 

 Go underground to reduce cosmic backgrounds 
         (cosmogenic activation on detector materials, 
          muons) 

 Establish techniques able to distinguish signals  
    from backgrounds        Use intelligent detectors 
                                                                     

p.s. 40K from Banana ~ 10-2 
Bq/kg 

Bkg is everywhere 
Lab instead of cavity 
Shielding itself also have radiactiviity 
Surface contamination:  
Bulk contains th & u 
Min. surface/volume ratio 
Cosmic  
 
Screening all the components to check is the material  
Within the specification 
 
Cosmic itself has high energies.  
They can interact via spallation.  
The daughters of broken nucleus might have rather  
Long life time. (t1/2 > 2 hrs is more difficult) 
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 40K ~ 10-2 Bq/kg 

Warning: 
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Commerical Ge detector 
GERDA  

Ge detector 



Previous limits for 76Ge 0νββ decay: 

• Heidelberg-Moscow(HdM) 

  [EPJ. A 12 147-154 (2001) ] 

   𝑇1/2
0𝜈𝛽𝛽

 > 1.9·1025 yr (@ 90% C.L.) 

   𝑇1/2
0𝜈𝛽𝛽

 > 1.3·1025 yr (w/o PSD) 

• International Germanium Experiment 

  (IGEX) 

  [PRD. 65 092007 (2002)] 

   𝑇1/2
0𝜈𝛽𝛽

 > 1.6·1025 yr (@ 90% C.L.) 

 

• Klapdor-Kleingrothaus et al.  

  [PL B586 (2004) 198] 

    𝑇1/2
0𝜈𝛽𝛽

= 𝟏. 𝟏𝟗−𝟎.𝟐𝟑
+𝟎.𝟑𝟕·1025 yr (@ 90% C.L.) 

 

   

For HdM: 35.5 kg-yr 
For IGEX:  

Previous 0νββ Germanium Experiments 

signal at 2039 keV 
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Remember to  
Introduce the plots: 
Before PSD/After PSD 
 
Don’t emphasis on  
Phase I goal is to test 
KK’s claim 

214BI ? 

HdM and IGEX found nothing, kk claim found something 
 
KK’S EXP: 
BI~0.1 BEFORE PSA 
RESOLUTION: 3.27 
IN 2006 papere: no psd efficiency in the paper 
The plot: bkg+signal 
Fit range of bkg.: reduce significance from 4-sigma to 2 sigma 
Qbb=2039.006+-0.05 kev 
Found peak: 2038+-0.44 (+2.1 sigma) 
(within stat. fluctuations) 



Current 0νββ Germanium Experiments 

MAJORANA DEMONSTRATOR 

• Arrays of enrGe housed in high-purity 
  electroformed copper cryostat 
• Shield: electroformed copper / lead 
• Underground: SURF, 4300 m.w.e 
• Initial phase(2015-): R&D demonstrator 
   module: Total ~40 kg (30 kg enr.) 

• ‘Bare’ enrGe array in liquid argon 
• Shield: high-purity liquid Argon / H2O 
• Underground: LNGS, 3500 m.w.e 
• Phase I (2011-2013): 21.6 kg·yr 
• Phase II (2015-):  
  +~20 kg new enrBEGe detectors; +LAr readout; 
  10x lower BI compare to Phase I  
  Total ~35 kg enrBEGe + 7 kg natGe 

GERDA 
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Say this is typical setup for low bkg. Exps. 
(or said rara decay search) 
You have to shield against external radioactions. 
u usually have shielding surround by your detectors.  
Copper, lead, polyethelene(absorb neutron), muon vetos 
 

Sanford Underground Laboratory 

Bela: 
Current stst.: 
1st module mounted in  
2nd module mounted in summer 
Start data taking at the end of this year 

“Phase II (2015 - 2018)” since the original goal was to measure for 3 years,  

Bela: We want 100 kg-yr 

you could also add a statement about the wanted background level (10x lower comp. to Phase I) and exposure.  

Sanford Underground Laboratory 

SURF 
SUSL INSTEAD OF SURF? 

Details in Brandon’s talk  

https://en.wikipedia.org/wiki/Deep_Underground_Science_and_Engineering_Laboratory
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The GERDA Experiment 

 GERmanium Detector Array 

 Search for 0νββ decay in 76Ge  

   @ Qββ=2.039 MeV 

 Location: Hall A, LNGS 

 Overburden: 3500 m.w.e 

Figure from nature.com 

Member institutions : 
   INFN LNGS, Jageillonian Univ. 
Cracow,  
   IKTP TU Dresden, JINR Dubna,  
   IRMM Geel, MPIK Heidelberg,  
   Univ. and INFN Milano and  
   Milano Bicocca, INR Moscow, 
ITEP  
   Moscow, NRC-KI Moscow,  
   MPP Mü nchen, TU Mü nchen, 
Univ. and  
   INFN Padova, Univ. Tü bingen,  
   Univ. Zü rich 
 
  16 institutions, ~100 members ~ 100 members 

19 institutions 
6 countries 
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The GERDA Experiment 

Clean room 

Water tank(590 m3) 
with HP water 

and -veto 

Germanium 
Detector array 

Lock 
system 

Liquid Argon Cryostat 
(64 m3) 

3+1 string arms 

Eur. J. Phys. C73 (2013) 2330 

- idea Gerd Heusser 1995 
- GERDA proposal 2004 
- construction 2006-2010 
- commissioning 2010-11 
- physics data Phase I 2011-13 

Introduce the lock system 
Introduce what does string means 
3 from one side, 1 from the other side 
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The GERDA Experiment 

Clean room 

Water tank(590 m3) 
with HP water 

and -veto 

Germanium 
Detector array 

Lock 
system 

Liquid Argon Cryostat 
(64 m3) 

Cooling & shielding  

Liquid argon and liquid water can be made very 
Clean, 
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The GERDA Experiment 

Clean room 

Germanium 
Detector array 

Lock 
system 

Liquid Argon Cryostat 
(64 m3) 

Cooling & shielding  

Water tank(590 m3) 
with HP water 

and -veto 

Absorb n’s & 

Veto μ’s 

Clean room 

Germanium 
Detector array 

Φ=4m 

Inside water tank 

Φ=10m 

μ 

h=8.4m 
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The GERDA Experiment 

Clean room 

Water tank(590 m3) 
with HP water 

and -veto 

Germanium 
Detector array 

Lock 
system 

Liquid Argon Cryostat 
(64 m3) 

Cooling & shielding  

Absorb n’s & 

Veto μ’s 

Clean room 

Germanium 
Detector array 

Φ=4m 

Inside water tank 

Φ=10m 

μ 

Čerenkov 

h=8.4m 



 9 coax detectors  
    ANG1-5: from HdM experiment 
    RG1-3: from IGEX experiment 
    ~86% enrichment fraction 
    GTF112: natural Ge diode 
 
 
 
 
 
 
 
 
 
 5 Phase II BEGe detectors  
    GD32B-35C: new, inserted later 
    ~88% enrichment fraction 
    Improved performance of pulse shape discrimination 

 Total mass of enriched detectors: 17.6 kg 
    p.s. ANG1, RG3, GD35C      high leakage currents & instabilities 

GERDA Phase I Detectors  

ANG 3 

ANG 5 

RG 3 

ANG 4 

RG 1 

RG 2 

GTF 112 

ANG 1 

ANG 2 

GD32B 

GD32C 

GD32D 

GD35B 

GD35C 

Reprocessed by CANBERRA 

17 

From Bela: 
RG3 always has problems 
(even before! In the old times) 
 
We don’t really know why the  
Bottom detectors always  
Have problems,  
Maybe due to the E-field,  
…. 



 Stable data taking during most of the time 
• Calibration run every 1-2 week(s): for energy & PSD 
• Physics run in between 

 Phase I data taking divided into 3 sets: 
•  Gold-coax: 17.9 kg·yr 
•  Silver-coax: 1.3 kg·yr (30 days after BEGe insertion) 
•  BEGe: 2.4 kg·yr 

 Total exposure for 0νββ analysis: 21.6 kg·yr 

2νββ analysis (5.04 kg yr) 

Background paper 

0νββ analysis 

2νββ analysis 

Insertion of 5 Phase II enrBEGes 

Phase I Data Taking: Overview 

Eur. Phys. J. C (2013) 73:2330  
arXiv:1212.4067  

Bela: 
Explain what’s the label of  
axes in the plots 
 
Blue indicator:  
1st arm is removed,  
BEGe is inserted later 
 
Mention paper publications in the plots 

Run 1-24: 
[2010-2011] 

 
commissioning 

The higher BI observed after the deployment 
of the BEGe detectors dropped to the previous 
level after approximately 30 days 18 



 Monitor detector performance over time  
      pulser(0.05Hz) + 228Th source 

 Peak position shifts: 
      small compared to FWHM ~ 0.2% Qββ 

 Energy resolution stable 

 Averaged FWHM of physica data @ Qββ:  

     coax: 4.8± 0.2 keV (~0.24%) 
     BEGe: 3.2± 0.2 keV (~0.16%) 

Detector Performance: Stability & Energy Resolution 

shift of 2614.5 keV position 
relative to previous calibration 

+0.05% 

-0.05% 

Calibration data: shift of 2614.5 keV peak 

Physics data: 42K 1524.6 keV line 

Energy Resolution at Qββ 

19 



Eur. Phys. J. C (2013) 73:2330 
arXiv:1212.4067 

Before unblinding published a background 
model and predicted BI at Q (intensity and 
shape) [Eur. Phys. J. C 74 (2014) 2764] 
 
Fix the data processing procedure, pulse shape 
discrimination (PSD) methods, cuts and the 
statistical analysis 
Opened 15 keV side-bands 
 
No surprise was found and the analysis was 
applied without changes 

arXiv:1306.5084 

Background analysis window (570 keV – 7.5 MeV) 

∆E of ββ  

Blinded Window 
Qββ± 20keV 

Blinding Procedure 

[ Eur. Phys. J. C 74 (2014) 2764 / 
arXiv: 1306.5084 ] 

 Data blinding: 
      Events in Qββ± 20 keV were saved but did not enter the data  
      analysis pipe line before all parameters were fixed 

 Two steps unblinding: 

• [1] Evaluation of run parameters & bkg. model: Qββ± 20 keV 

• [2] Partial unblinding: Consistency check for the models 

         Fixing of pulse shape discrimination parameters:  
                 coax detectors: Qββ± 5 keV 
                 BEGe detectors: Qββ± 4 keV 

Final steps prior unblinding: 
- Freeze analysis cuts (event generation and 
quality cuts, energy calibration) 
- Freeze data periods (golden, silver, BEGe) 
used for physics analysis 
- Freeze background model 
- Decide if PSD will be applied or not 
- Decide about statistical method to be applied 

20 

http://arxiv.org/abs/arXiv:1212.4067
http://arxiv.org/abs/1306.5084
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Energy spectra 

J. Phys. G: 
Nucl. Part. Phys. 40 (2013) 035110 

• Background decomposition:  

 Simulate known & observed background 

 MC spectra of different contributions fit to data  
       (570 keV to 7.5 MeV, blinded at Qββ± 20 keV) 

α 

Blinding region 

BI region 
(Qββ ± 200 keV) 

5.04 kg-yr 

39Ar continuum 
2 dominant 0.6{1.4 MeV 
a few visible {lines 
214Bi,208Tl, 40K,42K 
degraded  at high energy 

39Ar: Isotope of Ar. cosmogenic activation. 
Bela: 
Mention what is BI region:: 
Expected bkg. Level at Qbb 

Highest E-peak for 214Bi: 
2447 keV 



Close bkg. components dominate 

    (<2cm from detectors)  

Contributions at Qββ 

 Coax detectors:  

  No dominant source 
       • β/γ induced events from: 
           • 214Bi (238U) & 208Tl (228Th) 
           •  42K (Q = 3.5 MeV) 
           • 60Co (Q = 2.8 MeV)          
       • α events from: 
           • surface contamination 
                  confirmed by pulse shape 
                   analysis 
           • degraded alphas in LAr 

 BEGe detectors: 

      42K on the n+ surface dominate 

               confirmed by pulse shape  
   analysis 

 

• known component (from material screening 
prior GERDA construction) 

• Observed background components (from 
detector operation in GERDA Phase I) 

• Tested several comb. of position & 
contrib. 

• → no unique determination 

Low E: 
dominated by 2vbb decay & K-42 

At LE, 39Ar is not taken into account for bkg model 

GOLD-coax 

GOLD-
BEGe 

BEGe: Add additional bkg: 
68Ge decay in Ge 
42K decay on the n+surface 

Background Model 
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214Bi and 208Tl: these isotopes occur in the 
radioactive decay chain of 238U and 
232Th. They both undergo beta-decay with a 
Q-value of 3.27 and 5 MeV, respectively, 
30 
and their contribution is clearly inferable from 
their gamma-lines. 214Bi has multiple 
gamma-lines with a good signal-to-background 
ratio (e.g. 609, 1120, 1764, 2204 keV). 
208Tl has a characteristic gamma-line at 2615 
keV. Both the isotopes can hence induce 
background in the Q region via gamma-ray 
interaction. 




42Ar: Isotope of Ar, created mostly  

             in cosmic-ray induced spallation  
             reactions 
 Decay chain: 
     42Ar      42K      42Ca 
 
 
 
 
 
 


42K ions get attracted  
    by detector HV 
 
 GERDA Phase I approach: 
 Installation of mini-shroud 

             Keep ions away from detectors 
23 

42K Background in GERDA 

mini-shroud 

Q- 3525.4 keV 

42Ar -> Half-life: 32.9 yr 
-> Can NOT get rid of it! 
 
[1]Mention 42K ion is ionized nucleus 
42K does not find electron to  
Neutronized it…? 
HY:: Find some sentenses 
 
[2] instal mimi-shroud is to reduce # of  
ions get attrached to the detectors. 

For non-passivated detectors alphas in the grove also may contribute. 

Bela: this is for the phase II detectors. For phase I, they’re all passivated.  
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 Range of α particles(4MeV-9MeV): 
    34 μm - 113 μm in LAr 
    14 μm - 41 μm in Ge 
 
 Dead layer thickness of surface is 

different for p+ & n+ contacts 
 
    p+(B) < 1 μm 
    n+(Li) ~ 2 mm for coax 
    n+(Li) ~ 1 mm for BEGe 
 
     

 
   
 
  

α contributes to bkg.   
only when the decays on  
the p+ surface or in LAr 
very close (<100 μm) to p+ 
surface 

Where is 226Ra come from? 

Screening measurements indicate the pres- 
ence of 226Ra in the vicinity of the detectors 
on the mini-shroud and of 222Rn in LAr. 

Why not seen? 

Bela:  
We don’t have device to eliminate radon.  
We have conservated estimation for  
The total radon ~ 50 mBq. p.s. For non-passivated detectors alphas  

in the groove may also contribute.  

 α-induced events in GERDA 

? Benhard:  
is the range of alpha particles in Ge correct?  
seem far too high to me.  
then all alphas should be able to go through the p+ implantation and through the groove 

Dead layer thickness  



Prediction of Background Model 

Known: 2104 keV 
    (208Tl SEP) & 2119 keV (214Bi) 

BI: 1930-2190 keV 

Phase I Background Model 

Flat background ! 

BI interval: 200 keV (exclude ROI+peaks) 
Partial window (grey window) 

around Qββ: (grey region)  
Gold-coax 
BI: ~10^-2 cts/kg-yr 

8.6min-10.3max (central value) 
Observed 13: 10%-24% more than expected 
Why no Max model for BEGe? 
For BEGe: very nice agreement 

(grey region)  

Summary: 
The only signicant background con- 
tributions in Gerda are originate from decays 
of 42K in the LAr bath, from 214Bi in the 
detector assembly, from residual 222Rn 
dissolved in LAr, from 228Th in the detector 
assembly, and from surface  particles. The 
largest contributions come from contaminants 
located close to the detectors. 

The BI interpolated into the region of interest 
is (1.75+0.26-0.24)10^-2 cts/(keVkgyr) for the 
coaxial detec-tors and (3.6+1.3-1.0)10^-2 
cts/(keVkgyr) for the BEGe detectors. The 
statistical uncertainty on the BI predic- 
tion from interpolation is of the same size as 
the systematic uncertainty from the choice of 
the background model. 
The BI obtained from interpolation of the data 
will be used in the 0 analysis of the Phase I 
data 

energy region with leaving +-5keV around Q-
value still blinded 

25 

 BI around Qββ (∆E=200 keV): 

    using interpolation of  
    the background by a const.   
    excluding known bkg. peaks 

• BI(coax): 

      (𝟏. 𝟕𝟓−𝟎.𝟐𝟒
+𝟎.𝟐𝟔)∙10-2 cts/(keV∙kg∙yr) 

• BI(BEGe): 

      (𝟑. 𝟔−𝟏.𝟎
+𝟏.𝟑) ∙10-2 cts/(keV∙kg∙yr) 

 Background model: 
• Flat background in the ROI 

 Expected entries around Qββ :  
• coax: 8.6-10.3 evts 

                observed: 13 evts    
• BEGes: 2.2 evts  

                   observed: 2 evts 

No surprise was found &  
analysis was applied with no 
changes 

Give better range (with 90% C.L.) 
We only have slight over-fluctuation, don’t given  
Audience we have 10%-24% fluctuation 



BEGe Pulse Shape Properties 

Ramo-Shockley theorem: 

 

charge 

W. potential Charge Signal 

Properties of E-field of BEGe: 
• Well pronounced weighting field near the read out  
  electrode: 

                  Uniform waveform at the end for SSE indept. of  

            where the individual energy depositions happen 

• Pulse shape discrimination: 
      Keep signal-like events & reject background-like events                                                                                            26 

Bela: 

E: amp of chage 

A: amp of current 

 

SSE: A/E proport to E 

MSE: A/E !proport to E 

p+ contact 

Ramo-Shockley theorem: 

 

Uniform wf: make the PSD better compared  
With coaxial detector 
 
For coaxial: even the SSE have different shapes 
That make it difficult to make mono-parameter 
PSD to differentiate SSE from MSE. 



A/E Pulse Shape Discrimination Method 
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n + 

p + 

SSE 
Signal-like 

MSE 
ϒ S 

0νββ  

MSE 

P+ surface 

n+ surface 

E A 

42K β 

210Po α 

GERDA  
BEGe Detector 

E 

A 

Charge should also saturate at 1.0. 
Point out that the integral of current is the 
same as for SSE signal-like events. 

Bela: 
Mentioned “width” of  
Charge pulse for p+ & n+ events  
are different 



Proxies for Signal & Background What’s the position difference  
of 2vbb and DEP? 
 
 

0νββ 
(localized energy deposition) 
 λ(e-) @ 2 MeV in Ge~ few mm 

Event topology for DEP 

Develop PSD method using external 228Th source    

Proxies: 

 

• DEP: Double Escape Peak (1.59 MeV) from 2.6 MeV 
                       SSE (0νββ-like) 

• FEP: Full Energy Peak (1.62 MeV) 
• SEP: Single Escape Peak (2.10 MeV)      

mostly ϒs        MSE 

Apply A/E cut value on physics data 
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DEP 
(signal-like event) 

e- 

e+ 

p.p 2.6 MeV ϒ 

511 keV ϒ 

annihilation 

511 keV ϒ 

e- 

76Ge nucleus 

e- 
e- 
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Physics Data of GERDA Phase-I BEGe 

p+ type events 

2νββ 

n+ type events 

= 0.175 

α 

= 0.028 

42K 

Proxy of 0νββ 

MSE 

42K 

ROI 
 α 

SSE events 

1-1.45 MeV 
are NOT 
pure 2νββ,  
For 2vbb we 
got 91% 

Why the cut value has no energy dependence? 
Because we choose the cut value more than 2.6 sigma,   
which more than 99%  of the SSE Gaussian.  

Nearly all events above 3 MeV show a high 
A/E value 

2νββ 
dominant 

>80% suppression 

Bela:  
Show audience where is low A/E, where is high A/E 
Pick up some numbers to guide audiences 
(u don’t have to explain every details) 

Cali data: 
Keep signal efficiency and supress background! 



Point out that phase I PSD supports the 
assumption that most of the BEGe 
background is from 42K on n+ 

PSD Results for the GERDA Phase-I BEGe 

A/E PSD:  

 

 

BI at Qββ: 

 

     

 

Supports the GERDA bkg. 
model : most of the BEGe 
background is from  
42K on n+ contact 

• Suppression factor:  
      > 80% of bkg. events 
• Signal efficiency: 
      (92 ±  2) % 
• 2νββ efficiency: 
      (91 ±  5) % 
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The normalization procedure is to improve  
the resolution of A/E hence we are able  
to distinguish these two peaks 
(green,blue is separated ) 
 
Prepare: 
A/E resolution before/after normalization 
After norm: ? % 
 
Prepare Q: 
How will u do to improve to the BI~10^-3? 
(how to reduce your background index) 
A:  
By Lar instrumentation -> see Dusan’s talk 
Remove passivation layer 

About half of the events in the 
Q-region are from 42K decays on the n+surface 

Bela:  
Also quickly 
mentioned 
other 
histograms : 
From 
simulations 
and 
projections  
to the actual 
data 



PSD for Phase I Coaxial Detectors 

PSD using Artificial Neural Network 

    50 rise time info (1,3,5,…99%)  

     as input neurons 
 

Training with calibration data: 

 

 

 

BI at Qββ: 

  

 
• Suppression factor:  
      ~ 45% of bkg. events 
• Signal efficiency: 

      (𝟗𝟎−𝟗
+𝟓) % 

• 2νββ efficiency: 
      (85 ±  2) % 

• SSE Library: 
      DEP peak of 208Tl 2615 keV 
      gamma at 1593 keV 

• MSE library: 
      FEP of 212Bi at 1620 keV       

90% of DEP 
evts  

SSE-like 

MSE-like 
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[1] No single parameter to differentiate 
All kinds of evt topologies 
[2] Even SSE has different shapes 
[3] SSE. MSE has similar shapes 
 -> hard to define single par to differentiate 
      all types of evts 
 
 

Bela: 
Explain the plots: 
Bottom plot:  Density of events 



Before PSD 

After PSD 

Data 
Set 

Exposure 
(kg∙10yr) 

BI 
10-2 cts/(keV∙kg∙yr) 

Expected 
Counts 

Observed 
Counts 

w/o 
PSD 

w/ PSD 
w/o 
PSD 

w/ 
PSD 

w/o 
PSD 

w/ 
PSD 

Gold 17.9 1.8 1.1 3.3 2.0 5 2 

Silver 1.3 6.3 3.0 0.8 0.4 1 1 

BEGe 2.4 4.2 0.5 1.0 0.1 1 0 

Expected from interpolation:   

5.1 events no PSD 

2.5 events after PSD 

Observed:  7 events withouth PSD (5.1 expected)  
  3 after PSD (2.5 expected) 
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Before PSD 

After PSD 

GERDA Phase I Results 

5.1 2.5 7 3 



GERDA Phase I: Half-life Limits for 0νββ Decay 

1/(𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

) relates to the peak  

integral  

Q: Why not 3XS+3xB ? 
To reduce systematic? 

Frequentist approach: 

• Profile likelihood fit to 3 
datasets with common 

1/(𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

) 

• Best fit N0νββ = 0 cts    

• N0νββ < 3.5 cts (90% C.L.)  

• 𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

 > 2.1·1025 yr (90%C.L.) 

• Median sensitivity for no 
signal (MC): 

     𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

 > 2.4·1025 yr (90%C.L.) 

• Combined GERDA + IGEX + 
HdM: 

        𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

 > 3.0·1025 yr (90%C.L.) 

• best fit N0νββ = 0 cts -> namely no excess of signal events above the bkg.   

Bayes analysis: 

• Flat prior on 𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

 in 0-1024 yr 

• Best fit N0νββ = 0 cts 

• N0νββ < 4.0 cts (90% C.I.) 

• 𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

 > 1.9·1025 yr (90%C.I.) 

• Median sensitivity for no signal 
(MC): 

     𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

 > 2.0·1025 yr (90%C.I.) 
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εFEP: eff. for total energy deposited in active volume 

Results have been published in: 

PRL 111, 122503 (2013) 

(background-free) 



Result compared with Previous Claim 

Hypothesis test: 

Claim: 
H1(1.19·1025 yr ) 

bkg. only 

H0 ( 𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

=2.1·1025 yr)  

expected bkg cts: 2.0± 0.3 
observed cts: 3  

Claimed signal 

H1 ( 𝐓𝟏/𝟐
𝟎𝛎𝛃𝛃

=1.19·1025 yr + bkg) 

expected signal cts: 5.9± 1.4 

v.s. 

GERDA limit: 
H0(2.1·1025 yr) 

 Frequentist p-value P(N0νββ =0| H1)=0.01  
 Bayes factor P(H1)/P(H0) = 2.4·10-2 

long standing claim disfavored!! 

GERDA Only 

Combined GERDA + IGEX + HdM 

 Bayes factor P(H1)/P(H0) = 2.0·10-4 
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Not comparing to T1/2 claim in Mod. Phys. Lett. 
21 (2006) 157 because of inconsistencies in 
analysis (missing efficiencies) as pointed out in 
Ann. Phys. 525 (2013) 269 

Qββ 

In statistics, the p-value is a function of the 
observed sample results (a statistic) that is 
used for testing a statistical hypothesis. Before 
the test is performed, a threshold value is 
chosen, called the significance level of the test, 
traditionally 5% or 1% [1] and denoted as α. 
 
If the p-value is equal to or smaller than the 
significance level (α), it suggests that the 
observed data are inconsistent with the 
assumption that the null hypothesis is true 
and thus that hypothesis must be rejected (but 
this does not automatically mean the 
alternative hypothesis can be accepted as true). 
When the p-value is calculated correctly, such 
a test is guaranteed to control the Type I error 
rate to be no greater than α. 

A small p-value (typically ≤ 0.05) indicates 
strong evidence against the null hypothesis, 
so you reject the null hypothesis. 

Bela: 
Describe what’s Bayes factor. 
For GERDA only, it’s 40 times better 
For combine, it’s 5000 times better 

https://en.wikipedia.org/wiki/Statistics
https://en.wikipedia.org/wiki/Statistic
https://en.wikipedia.org/wiki/Statistical_hypothesis_testing
https://en.wikipedia.org/wiki/Significance_level
https://en.wikipedia.org/wiki/P-value#cite_note-nature506-1
https://en.wikipedia.org/wiki/Null_hypothesis
https://en.wikipedia.org/wiki/Type_I_error_rate
https://en.wikipedia.org/wiki/Type_I_error_rate


GERDA Phase-II Goal & Sensitivity 
Sensitivity of 0νββ Half-life: 

claim 
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GERDA Phase-II:  

• Improve limit on 𝑇1/2
0𝜈𝛽𝛽

 

• Detector: +20 kg enrBEGe detectors 

• Design goal: BI=10-3 Cts/(keV∙kg∙yr)      
                     + exposure: 100 kg∙yr  

• Expected sensitivity: ~1.4∙1026 yr     

Bela: 
This is sensitivity versus exposure 
 
Sensitivity as func of exposure depending on background indicies 
Phase-I is already there,bi=01^-2, for p-ii, … 
 
 
 
 
 



New lock system 
• Size of array increased to 7 strings 

• LAr instrumentation surrounding the array 

LAr scintillation light veto :  
• PMT arrays on top and bottom 
• Si-PMTs coupled to wavelength-shifter fibers 

• LAr veto test in LArGe:  
    A suppression factor of >1000 @ Qββ   

    after all cuts for the 228Th measurement 

9x 3“PMTs 

Fiber curtain 
with SiPM 
read-out 

Detector array 

7x 3“PMTs 

Cu shroud with  
Tetratex lining 

Cu shroud with 
Tetratex lining 

GERDA Phase-II Approach 

Suppression of bkg. Depends on: 
[1] which source 
[2] location of source 

[arXiv: 1501.05762] 3”PMTs 

 
Scintillation fibers  
and SiPM readout  
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Large test facility: 
Bkg. Gamma make scintillation light 
In lar -> ani-Coincidence 
 
With this lar-veto(sf>100 at least, 
In conservative way) bi=10^-3  
Can be achieved 

H: 60 cm 
D: 49 cm 

H: 60 cm 
D: 49 cm 

H: 100 cm 
D: 47 cm 



Reduction of bkg. sources close to 
detectors:  
• Significant amount of copper and PTFE  
  replaced by intrinsically radio-pure silicon 

• Reduce material for holders & use cleaner  
   signal and HV cables 

• 42K Background mitigation: 
   Cu mini-shroud  replaced by  Nylon mini- 
   shroud made from Borexino material 

Signal 
strip 

BEGe-pair 

Radio-pure 
silicon 

Pilot string of Phase II 

Nylon mini-shroud  

• 30 new Phase II BEGe detectors  
  have been characterized  
  & currently stored in LNGS 

GERDA Phase-II Approach 

Cu mini-shroud  

Phase I 
Phase II 
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HV strip Bela: 
Nylon mini-shroud ->  
For 42K  
 
Intensity of 42K peak in 
the background run was 
similar to copper MS in 
Phase I  
 
 

on your picture one can read only "HV strip".  

Why? Actually your arrow points at signal cables  

(for top two pairs there are even Phase II cables - this is not a newest picture).  

I would propose to show more recent photo and put names for both HV and signal strips on it.  



Reduction of bkg. sources close to 
detectors:  
• Significant amount of copper and PTFE  
  replaced by intrinsically radio-pure silicon 

• Reduce material for holders & use cleaner  
   signal and HV cables 

• 42K Background mitigation: 
   Cu mini-shroud  replaced by  Nylon mini- 
   shroud made from Borexino material 

Signal 
strip 

BEGe-pair 

Radio-pure 
silicon 

Pilot string of Phase II 

• 30 new Phase II BEGe detectors  
  have been characterized  
  & currently stored in LNGS 

GERDA Phase-II Approach 
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HV strip Bela: 
Nylon mini-shroud ->  
For 42K  
 
Intensity of 42K peak in 
the background run was 
similar to copper MS in 
Phase I  
 
 

on your picture one can read only "HV strip".  

Why? Actually your arrow points at signal cables  

(for top two pairs there are even Phase II cables - this is not a newest picture).  

I would propose to show more recent photo and put names for both HV and signal strips on it.  

Bare BEGe 

with Nylon 

42K background in LArGe 

Nylon bkg. suppression factor: 15 



LAr Light Instrumentation  

LAr light instrumentation was 
successfully installed in GERDA! 

In GERDA lock 
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Top PMT plate  
ready mounted 

1st successful deployment of full LAr veto 
structure into GERDA cryostat 

(view from top through cryostat neck) 



First Commissioning Tests  

Spectrum taken in the Phase II commissioning run 
Suppression factor: >400 after all cuts @ Qββ  measured   
     by using 228Th source 40 

Bela: 
This data taking is Not optimized yet.  
2PMTs NOT working  
siPM has low efficiency 
AC cut can still be improved 
 
Mentioned: 
1st bkg. Run about 16 days after PSD 
We already reach 10^-2 cts/keV-kg-yr 



Summary & Outlook 

GERDA Phase I design goals reached 
• exposure of 21.6 kg yr 
• background index at Qbb after PSD: 0.01 
cts/(keV kg yr) 
• no 0νββ signal observed 
long standing claim claim strongly disfavoured 
• new limit on 0νββ half-life 
T1/2 > 2.1x1025 yr (90% C.L.) 
 
• GERDA Phase II transition ongoing 
• additional 20kg of detector mass 
• new custom-made BEGe detectors with 
enhanced PSD 
• Liquid Argon instrumentation 
• background target 10-3 cts/(keV kg yr) 
• explore 0νββ T1/2 values in the 1026 yr 
range 
20 

GERDA Phase I design goals reached:  

• Exposure of 21.6 kg·yr 
• BI at Qββ after PSD : ~10-2 cts/(kg·keV·yr) 
• No observation for 0νββ signal 
  Long standing claim strongly disfavored 

• New limit on 0νββ half-life in Ge: 𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

>2.1·1025 yr (90% C.L.) 

• GERDA+IGEX+HdM (Ge): 𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

>3.0·1025 yr (90% C.L.) 

Toward GERDA Phase II:  

• New detectors available: +20kg, characterized      available 
• Major upgrade of infrastructure:  
   lock system, calibration system, glove box      finished 
• Liquid Argon instrumentation       installed 
• First results of bkg. suppression by LAr veto are promising 
• Integration tests on going: new contacting, electronics 
• Background target 10-3 cts/(kg·keV·yr) 
• Explore 0νββ half-life in the range of 1026 yr 41 

maybe you could be more specific what has been done and which activities are still ongoing  
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76Ge Double Beta Decay 

even N-even Z 

odd N-odd Z 

The DBD exists due to nuclear pairing interaction 
that favors energetically the even-even isobars over 
the odd-odd ones. 

 Bethe-Weizaecker formula: 
 
M (Z, A=const.) ~a Z +b Z + δP 

 
 

δP : pair energy term 
     δP > 0: odd/odd nuclei 
     δP<0: even/even nuclei 
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[arXiv: 1109.5515] 

~ a factor of 2 

Nuclear Matrix Element 
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Q(MeV) Abund.(%) 

48Ca→48Ti 4.271 0.187 

76Ge→76Se 2.040 7.8 

82Se→82Kr 2.995 9.2 

96Zr→96Mo 3.350 2.8 

100Mo→100Ru 3.034 9.6 

110Pd→110Cd 2.013 11.8 

116Cd→116Sn 2.802 7.5 

124Sn→124Te 2.228 5.64 

130Te→130Xe 2.533 34.5 

136Xe→136Ba 2.479 8.9 

150Nd→150Sm 3.367 5.6 

2νββ Isotopes 

Q
-v

a
lu

e
 (

M
e
V

)
 

A 

Ref: ?? 
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Claim 

Ref: B. Schwingenheuer in Ann. Phys. 525, 269 (2013) 



Ref: Bernhard Schwingenheuer, Ann. Phys. (Berlin) 525, No. 4, 269–280 (2013) 

0νββ experiments 
The name of the game 
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GOLD-coax 

Background Decomposition & Model 

• Background Models:  
 Minimum model: Use min. amount of sources to describe 
   measured spectrum 
 Maximum model: Add more plausible sources (knowledge    
    from screening measurements, activation history, etc.) 

48 
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Updated 2νββ results:  

• 𝑻𝟏/𝟐
𝟐𝝂𝜷𝜷

=(1.93± 0.01)·1021 yr  

  [arXiv: 1501.02345, submitted to EPJC]  

2νββ Half-life 



BEGe Pulse Shape Properties 

charge 

W. potential Charge Signal 

Properties of E-field of BEGe: 
• Well pronounced weighting field near the read out  
  electrode: 

                  Uniform waveform at the end for SSE indept. of  

            where the individual energy depositions happen                                                                                           

50 

 h+ 

 e- 

 e- 
 h+ 

 e- 

 h+ 
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A/E PSD Normalization 

Energy dependence corr. Boundary of PSD cut 

Long term drift correction Drift during calibrations 
Develop PSD method with 228Th calibration data         apply it on 
physics data 

Calibration using 228Th external source for every one/two weeks            
 Monitor PSD stability over time  

Optimization of PSD/Global PSD cut: 
      Investigate normalization schemes: 
      raw A/E     time dependence      energy dep.      Normalized A/E    
            

A/E PSD: 

Validity for PSD 



GERDA Phase I: Half-life Limits for 0νββ Decay 

Data Set f76 fav εFEP εPSD 

Gold 0.86 0.87 0.92 0.90 

Silver 0.86 0.87 0.92 0.90 

BEGe 0.88 0.92 0.90 0.92 

NA: Avogadro’s const. 
M∙T: Exposure (detector mass ×  live time) 
menr : Molar mass of the enriched material 
N0νββ: Number of 0νββ signal 
f76: 

76Ge atoms fraction 
fav: Active volume fraction 
εFEP: efficiency for total energy deposited in active volume 

εPSD : Signal acceptance efficiency after PSD cut 

1/(𝑻𝟏/𝟐
𝟎𝝂𝜷𝜷

) relates to the peak  

integral  

Q: Why not 3XS+3xB ? 
To reduce systematic? 

• best fit N0νββ = 0 cts -> namely no excess of signal events above the bkg.   
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εFEP: eff. for total energy deposited in active volume 

(background-free) 



Comparison with 136Xe Experiments 

GERDA provides model-indept.  
     test of the signal claim 

Comparison with 136Xe experiments: 
• Assuming leading mechanism is 

        exchange of light Majorana ν 
• Model dependent matrix element  

       computations 
• The most conservative exclusion  
  using smallest NME ratio:  
   M0ν(

136Xe)/M0ν(
76Ge) ≈0.4  

       [PRD 88, 091301 (2013)] 

Experiment Isotope P(H1)/P(H0) 

GERDA 76Ge 0.024 

GERDA+ 
HdM+IGEX 

76Ge 0.0002 

KamLAND-
Zen 

136Xe 0.40 

EXO-200 136Xe 0.23 

GERDA+KLZ
+EXO 

76Ge + 136Xe 0.002 

Ge combined limit: 
<m0νββ> < 0.2 – 0.4 eV 
[PRL 111, 122503 (2013)] 
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Bela:  
Updated plot  
With nu mass 
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 Ton scale 76Ge experiment 

ref: Manimala Mitra, “On the Origin of Neutrino Mass and Lepton Number Violating Searches”, IOP 2013 

Disentangle IH/NH 

Long term goal of future  
generation experiments: 
10 meV 



Potential Backgrounds 

• Backgrounds NOT considered for the BKG model: 

 BI from n & μ: ~10-5, 10-4 cts/keV∙kg∙yr 

 

 76Ge: 

 

 

 

 

 

 

  BI from cryostat & water tank: < 10-4 cts/keV∙kg∙yr 

  39Ar beta decay(<600 keV):  

     To avoid uncertainties due to n+ DL thickness & 
 theoretical shape of beta decay spectrum 

 
 

Physical process Signature 

Neutron capture Eϒ= 470, 861, 4008, 4192 keV 

206Pb  
(excited by inelastic n scattering) 

Eϒ= 898, 1705, 3062 keV 

56Co (T1/2=77 d) Eϒ= 1771, 2598, 3253 keV 
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Background Model: MC Lists 

56 



Normalized spectrum 
from component M 

MC spectra for different bkg contributions at different 
source locations 
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 Perform fit of binned distributions. 
Posterior probability given by Bayes  
with 

Prior probability of 
the parameters 

Likelihood of the 
parameters 

Observed Expected 

Number of events Sum over all 
components M 

Expected 

Number of events 
in i-th bin 



α-contribution (210Po) in LAr on p+ surface 

α-contribution (222Rn) in LAr close to p+ surface 

Alpha spectrum for different DLs 
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Time Distribution of Alpha Events 

3.5 MeV < E < 5.3 MeV E > 5.3 MeV 

Decay with 138 days 

Constant rate 

  210Po contamination of the surface of some of 

the detectors 
 Alphas are mainly from 210Po, confirmed by the 

time distribution   
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Background Index 
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