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Two-Neutrino pile-up 
discrimination in bolometers for 

Double Beta Decay



The problem
It was “commonly” accepted that the only irreducible background in 0νββ search 
was  from the tail of the 2νββ mode but...

 Bolometric detectors are

‣ slow 

‣ not sensitive to event topology

In  Phys. Lett. B 710 (2012) 318, it  was pointed out that two  independent 2νββ 
signals can sum up to produce events in the ROI
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Isotope T1/2 (2ν) [y]

82Se 9.2 · 1019

100Mo 7.1 · 1018

116Cd 2.8 · 1019

130Te 7 · 1020

worst 
case



2νββ pile-up background
Pile up rate in the ROI = ε·(r2ν)2 · ∆t   
‣ ε = fraction of events in ROI

‣ r2ν = 2νββ count-rate

‣ ∆t = resolving time

But discrimination capability is a function of

‣  ∆t  

‣ relative amplitudes among the two pulses

‣ S/N ratio

Quantify the background induced by pile-up events in a  ± 50 keV ROI for 
5x5x5 cm3 bolometers  (ZnSe, ZnMO4, TeO2, CdWO4)
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Which ΔT?
Using the existing CUORE simulator for TeO2 bolometers

Signal and noise simulation of CUORE bolometric detectors  JINST 6(2011)P08007

‣ Signal is derived from the  thermal model described in                                    
J.Appl.Phys.108 (2010) 084903

‣ Noise is sampled according to measured noise power                                        
spectra of real TeO2 detectors. 

‣ Effects generated by operating temperature drifts,                                           
nonlinearities and pileups are included.
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Simulator input

Custom:

‣ Energy spectrum

‣ Baseline distribution

‣ Distribution of time arrivals                                                                                                                             
between pulses
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Output
Signal and heater pulses + pure noise waveforms 



MC Example and Validation
A 232Th calibration was simulated using as input a real calibration from a CUORE 
crystal validation run (CCVR1, 7 channels)
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MC data



Validation
MC and data processed with the same analysis chain

Average pulse done on 2615 keV line

Comparison of several distribution (for pulses @ 2615)

CAVEAT: we expect some discrepancies in the width of RiseTime distribution due 
to the fact that the simulator assigns to each pulse exactly the same trigger 
position (ADC sample), while for real pulses this is not always true.
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BaselineSlope

Good agreement 
for all channels
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Validation
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MC 
Data



Simulation Input
Energy distribution: 

‣ 0νββ: for comparison with single pulse events at  Q value

‣ 2νββ: usual distribution see Zuber’s Book “Neutrino  Physics” 

Single energy distribution eq 7.27

Sum energy distribution eq 7.28 

Pile-up for 2νββ simulated for with 0<ΔT<100 ms
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with t as the isospin ladder operator converting a neutron into a proton, σ as spin
operator, as already introduced in chapter 6, and

Km = 1
ENm + Ee1 + Eν1 − Ei

+ 1
ENm + Ee2 + Eν2 − Ei

(7.24)

Lm = 1
ENm + Ee1 + Eν2 − Ei

+ 1
ENm + Ee2 + Eν1 − Ei

. (7.25)

Two more assumptions are good approximations in the case of 0+ → 0+

transitions. First of all, the lepton energies can be replaced by their corresponding
average value, Ee + Eν ≈ Q/2 + me in the denominator of (7.24) and (7.25).
This implies that

Km ≈ Lm ≈
1

Em − Ei + Q/2
= 1

Em − (Mi + M f )/2
. (7.26)

With this approximation the nuclear physics and kinematical parts separate. The
second approach is a simplified Fermi function, often called the Primakoff–Rosen
approximation [Pri68], given in (6.17). The single-electron spectrum can then
be obtained by integrating over dEν1 and dEe2 in equation (7.20). Then the
Primakoff–Rosen approximation allows us to do the integration analytically and
this results in a single electron spectrum [Boe92]:

dN
dTe
≈ (Te + 1)2(Q − Te)

6[(Q − Te)
2 + 8(Q − Te) + 28] (7.27)

where Te is the electron kinetic energy in units of the electron mass. Most
experiments measure the sum energy K (also in units of me) of both electrons.
Here, the spectral form can be obtained by changing to the variables Ee1 + Ee2
and Ee1 − Ee2 in (7.20) and performing an integration with respect to the latter,
resulting in

dN
dK
≈ K (Q − K )5

(

1 + 2K + 4K 2

3
+ K 3

3
+ K 4

30

)

(7.28)

which shows a maximum at about 0.32 × Q. A compilation of expected shapes
for all kinds of decay mechanisms is given in [Tre95]. The total rate is obtained
by integrating over equations (7.28) and (7.20)

λ2ν ≈ Q7

(

1 + Q
2

+ Q2

9
+ Q3

90
+ Q4

1980

)

. (7.29)

The total rate scales with Q11. The decay rate can then be transformed in a half-
life which, in its commonly used form, is written as

λ2ν/ ln 2 = (T 2ν
1/2)
−1 = G2ν(Q, Z)

∣∣∣∣∣M
2ν
GT + g2

V

g2
A

M2ν
F

∣∣∣∣∣
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TeO2



Example of pile-up events in ROI
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Energy_1 = 1080 keV
Energy_2 = 1465 keV
ΔT = 2 ms

Energy =  2545 keV

Energy_1 = 1910 keV
Energy_2 = 1936 keV
ΔT = 76 ms

Energy = 2530 keV
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Scatter plots of  rise time vs. ∆T between the pulses that pile-up (from MC truth)
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5 sigma limit based on 
the fit
performed on 0ν events 
(no pile-up)

With these cuts and  ∆t ≥ 5ms ALL pile-up events in ROI are discriminated

Projection



Find ε in ± 50 keV ROI

ε≈3.5% for TeO2                                                                                                                                                                                            
≈ 3.4% for CdWO4,≈3.2% for ZnSe, ZnMO4

Caveat: the above distribution simply sum the two energy decay                                                                                    
irrespectively of their time difference

‣ true for ΔT<5 ms
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Figure 6: Shape of the pile-up spectrum of 100Mo 2⌫��. The black line represents the
spectrum obtained by randomly extracting and summing two energies from the theoretical
100Mo 2⌫�� spectrum. The pink line shows the spectrum of simulated pile-up pulses with
�T in the range between 0 and 5 ms (see text).

by subsequent 2⌫�� decays within a time distance smaller than the typical time540

response of the detector, can produce a signal able to mimic a 0⌫�� decay. As541

an example, in Fig. ??, we show the shape of the spectrum expected in the case542

of pile-up of 100Mo 2⌫�� . The black line represents the spectrum obtained543

by randomly extracting and summing two energies from the theoretical 100Mo544

2⌫�� spectrum, so assuming that the energy of a pile-up pulse is equal to the545

sum of the energies of the two overlapping pulses. The pink line shown instead546

the spectrum of simulated pile-up pulses (as described below) with �T in the547

range between 0 and 5 ms. As can be easily seen, the two spectra have the548

same shape and they extend well above the Q-value of 3035 keV, becoming a549

dangerous background for the 0⌫�� detection.550

In order to study in details the e↵ect of 2⌫�� pile-up in bolometric detec-551

tors (TeO
2

) we used a software tool developed for the CUORE experiment [? ]552

that simulates signal pulses and noise samples of TeO
2

bolometers, including ef-553

fects generated by operating temperature drifts, nonlinearities and pileups. The554

signal shape is reproduced by means of a thermal model [? ] with a pulse am-555

plitude randomly extracted from a theoretical 100Mo 2⌫�� spectrum. The pulse556

is then superimposed on a noise baseline, sampled according to measured noise557

power spectra of real TeO
2

detectors. The pile-up rate is artificially increased558

so that two simulated 100Mo 2⌫�� pulses always pile-up with a time distance559

between 0 and 100 ms. The simulated pile-up pulses are then processed using560

the same data processing chain of real data, with the aim of studying the pile-up561

rejection e�ciency vs. the time distance between overlapping pulses (�T).562

The pulse shape analysis (ref?) can distinguish a pile-up event from a single563

pulse but its e�ciency depends on the time di↵erence between the two over-564

lapping pulses (�T). The analysis performed on simulated pile-up pulses with565

time distance from 0 to 100 ms shows that a pile-up rejection e�ciency of 100%566

can be easily reached down to �T = 5 ms. A further improvement could be567

obtained exploiting the faster time response of light detectors (the pulse rise568

time of bolometric light detectors is already a factor 5 smaller than the rise569

time of bolometric signals).570
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TeO2:pile-up sum energy

energy distribution of single 
events when sum energy in ROI



Time Resolution
In timing measurements the  quantity to optimize is not S/N but slope/noise

‣ tr = rise time

‣ rise time matters but noise also
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Helmuth Spieler - Radiation Detectors and Signal Processing



Comparison in heat bolometers
R=rejection power  

R/RTeO2 = τTeO2/τ  ·[(S/N)TeO2 /(S/N)]
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Detector rise time(ms) S/N R/RTeO2

ZnSe 7 700 2

CdWO4 20 ?

ZnMoO4 10 1700 3

TeO2 50 2600 1



Background estimate

Can we gain something by exploiting the faster time response of light 
detectors?
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Isotope Detector
Crystal 
Mass 

[g]
a.i. [%] Nββ 2ν T1/2 2ν 

[y]
Rate 2ν 

 [Hz]
Rate pile-up

 [Hz]

counts/kg 
keV y in 

ROI

counts/kg keV 
y in ROI scaled 

by R

82Se ZnSe 659 90 2.50E+24 9.20E+19 5.90E-04 1.70E-09 2.70E-05 1.30E-05

100Mo ZnMoO4 537 90 1.30E+24 7.10E+18 4.00E-03 8.80E-08 1.50E-03 5.00E-04

116Cd CdWO4 887 90 1.50E+24 2.80E+19 1.20E-03 6.80E-09 7.40E-05 7.4E-05?

130Te TeO2 750 90 2.50E+24 7.00E+20 8.20E-05 3.40E-11 5.00E-07 5.00E-07



S/N ratio in light detector
We assume σ ≃ 150 eV for the light detector, rise time ~10 ms

S= light emitted @ 2.6 MeV

The worst case  is ZnMo4 which is also the bolometer for which we expect the 
highest background contribution
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Detector LY @2615 keV S/N RL/RTeO2

ZnSe 7 keV/MeV 120 0.22

CdWO4 17 keV/MeV 330 0.53

ZnMoO4 1.4keV/MeV 20 0.04



Comparison with EPJ(2012)72:1989
Simulation of light detector

Signal and noise pulse from real detector faced to a small ZnMO4 crystal

S/N fixed at 30, rise time ~3 ms

Flat ΔT in 0-10 ms

Energy of two decays summed

time resolution of 1 ms
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Fig. 2 Simulated piled-up pulses (solid red lines) using real pulse
shape and noise from a working light detector coupled to a ZnMoO4
scintillating bolometer: (a) pile-up of two pulses shifted by 3 ms with
equal amplitude; (b) pile-up of two pulses shifted by 3 ms with am-
plitude ratio equal to 4 (the smaller pulse occurs first); (c) a single
pulse. The typical single-signal pulse shape, obtained by fitting an av-
erage pulse, is plotted as well (dashed blue lines). In all cases, the sig-
nal-to-noise ratio is that expected for a 0ν2β signal. The difference in
shape between piled-up and single pulses is small, especially for un-
equal amplitudes, but appreciable (Color figure online)

pulse using opportune signal filtering and three different
pulse-shape indicators: (i) the risetime from 15 % to 90 % of
the maximum amplitude; (ii) the χ2 evaluated using an aver-
age pulse as a standard shape function; (iii) the pulse shape
parameter defined in [38], which also uses a standard pulse-
shape function. The rejection efficiency of piled-up pulses
was then tested. In each pulse pair, the amplitude of the first
pulse A1 was extracted by sampling the 2ν2β distribution,
while the amplitude of the second pulse A2 was chosen as
Q2β (100Mo)−A1 +$E, where $E is a random component
in the interval [−5,+5] keV.

The generated pulse amplitudes were chosen so as to fix
the signal-to-noise ratio at the level expected for a 0ν2β

signal, i.e., of the order of 30, as shown in Fig. 2. In fact,
the typical light energy collected by the light detectors in
ZnMoO4 scintillating bolometers realized so far is of the or-
der of 1 keV for 1 MeV energy in the heat channel [20–23],
while the typical RMS noise of the light detector can be con-
servatively taken as 100 eV, although values as low as 30 eV
were observed [21].

The piled-up pulses generated in the simulation were an-
alyzed with the mentioned pulse-shape indicators. Using the
risetime (after low-pass filtering), an excellent pile-up re-
jection efficiency was obtained. A comparison between the
risetime distribution for genuine single pulses and piled-up

Fig. 3 Risetime distribution for two populations of 5000 generated
events each. The solid (red) line refers to single pulses; the dashed
(blue) line is obtained with piled-up pulses separated by a time distance
uniformly covering the interval [0,10] ms, with amplitudes sampling
the 2ν2β spectrum and adding so as to fall in the region of the 0ν2β
expected peak (Color figure online)

pulses generated as described above is shown in Fig. 3. More
quantitatively, the same procedure that retains 90 % of gen-
uine single pulses rejects 80 %–90 % of piled-up pulses
when their sum amplitude is in the region of Q2β and the
difference between the arrival times of the two pulses covers
uniformly the interval [0,10] ms. For example, the analysis
of the sample reported in Fig. 3 excludes 83 % of piled-up
pulses when accepting 90 % of good pulses. The other two
indicators provide equivalent or even better results. How-
ever, we prefer here to consider conservatively the results
obtained with the method of the risetime, as this parameter
is an intrinsic property of each signal that does not require
the comparison with a standard shape. This comparison in
fact implies a delicate synchronization between the single
pulse and the standard-shape pulse; this topic will be dis-
cussed in the aforementioned more complete work.

The results of the simulation show that the contribution to
the background of the piled-up events is substantially equiv-
alent to that obtained when assuming a time resolution τ

of 1 ms in Eq. (9) (since 80 %–90 % of the pulses are re-
jected in the region of 0ν2β decay inside a pile-up relevant
range of 10 ms), and therefore confirming the evaluation for
ZnMoO4 reported in Table 2.

We can thus conclude that light detectors at the present
technological level are compatible with next-generation
0ν2β decay experiments based on ZnMoO4 crystals with
background in the 10−4 counts/(keV·kg·y) scale, confirm-
ing that this class of experiments has the potential to explore
the inverted hierarchy region of the neutrino mass pattern
[22, 23].

4 Conclusions and prospects

Random coincidence of 2ν2β events is an irremovable back-
ground source in large-scale 2β experiments using detec-
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