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Abstract:   A statistical  correction  method is  proposed  to  suppress  the  pile-up  background events  in  data  analysis.
This method is verified by a cosmic muon lifetime measurement experiment, achieved by a plastic scintillator detect-
or using the timing coincidence method, where dominant background events originate from pile up muons and elec-
tronic noise. To complement the intrinsic shortcoming of relatively rare decay events from registered cosmic muon
events in the local laboratory, Monte Carlo simulation is applied to generate large samples in order to cross check the
new method. The measurement of the muon lifetime in our setup gives a result of    at 95% con-
fidence level, while the result before applying the correction is    (95% C.L.). The treatment of pile-
up events by a statistical correction equation in this study might be adapted to improve data analysis in the general
coincident background dominating experiments.
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1    Introduction

The pile-up  effect  is  one  of  the  most  notorious  en-
emies in the precision measurement of particle physics ex-
periments.  In a large-scale collider experiment,  the pile-up
effect happens when the interaction of interests is recorded
together with the one that we are less interested in, from ad-
ditional energy contributions in jets to the mis-identified fi-
nal  states,  at  the limited resolution window. Various beam
experiments suffer from pile-up backgrounds such as those
of other collisions in current and surrounding bunch cross-
ings,  cosmic  ray  muons,  beam-gas,  beam-halo,  cavern
background, detector electronic noise and the alike[1−4]. On
the  other  hand,  the  suppression  of  pile-up  background
events  has  also  been  one  of  crucial  components  in  rare
event searching experiments such as SNO+[5], CUPID[6]. It
is of vital importance to develop sophisticated techniques to
identify  and  suppress  pile-up  background  events  in  the
particle physics experiments.

Different  methods  have  been  implemented  to  cope
with the  pile-up  events.  The  CMS collaboration  has  intro-
duced the charge hadron subtraction and PUPPI(PileUp Per
Particle  Identification)  algorithms  to  identify  the  pile-up
events[7−8].  The  Crystal  Zero  Degree  Detector  in  BESIII
has  used  a  Field  Programmable  Gate  Array(FPGA)  to  run

the  waveform  analysis  program  to  reject  the  pile  up
events[8].  The  bottom-up  algorithms  for  this  purpose  has
also been developed[9−10]. In the non-collider physics areas,
most  experiments  have  installed  the  active  cosmic  muon
veto to  suppress  these  pile  up events,  such as  the  resistant
plate chamber  veto  in  Daya  Bay  reactor  neutrino  experi-
ment  and  the  plastic  scintillator  veto  in  Angra
experiment[11−15].

Most  of  the  aforementioned  methods  tend  to  deploy
the  advanced  hardware  setup  to  identify  and  subtract  the
pile-up  events.  However,  it  is  impossible  to  remove  them
completely. More often than not, it seems still unclear how
each  component  of  pile-up  backgrounds  contributes  to  the
experimental errors in a systematic manner without under-
lying physics interpretations. Therefore, we propose a new
method,  based  on  the  statistical  principle,  to  suppress  the
pile-up backgrounds in the data analysis. In order to justify
the method,  a  cosmic  muon  lifetime  measurement  experi-
ment,  whose  main  source  of  errors  comes  from  pile-up
backgrounds, can be conducted.

2.203 µs

In history,  precision  measurement  of  the  muon  life-
time based on an accelerator muon source was first conduc-
ted  in  1961,  where  Richard  A.  Lundy  got  a  result  of

 , with an relative error of 0.2% (98% C.L.)[16−20].
In 1970, R.E. Hall  measured the muon lifetime by using a
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2.196 980 3 µs

multi-layer  inorganic  scintillator  with  the  help  of  cosmic
muons[21].  This  approach  has  become  more  mature  after
several improvements[22−24]. In 2011, Webber et al.[25] got
a result of    with the relative error decreased
to 1 ppm (68.3% C.L.). Bearing with less precision and fol-
lowing the precious experience[26−29], it is simple and easy
to line up multiple plastic scintillators with Photo-Multipli-
er  Tubes(PMTs)  or  Silicon  Photo-Multipliers  (SiPMs)  to
build a coincidence detector to measure the muon lifetime,
though.  It  must  be  straightforward  to  apply  the  statistical
method  to  deal  with  the  pile-up  backgrounds  in  the  muon
lifetime  measurement  experiment①.  This  article  presents
our efforts  in  the  local  laboratory  and  demonstrate  effect-
iveness of the statistical method applied to pile-up events.

In Sec. 2, we describe how the statistical method is ap-
plied  to  the  pile-up  backgrounds.  In  Sec. 3,  the  working
principle in a muon lifetime measurement is introduced, in-
cluding the  experimental  setup,  the  waveform  classifica-
tion  algorithm  and  background  subtraction  techniques  by
means of a statistical method. The experimental results are
also validated by the house-hold Monte-Carlo simulation in
Sec. 4. Finally,  we  summarize  the  work  and  present  pro-
spects  of  this  statistical  method to  improve  the  analysis  in

the general coincident background dominating experiments.
 

2    Strategy to suppress pile-up backgrounds

O(1) GeV

α, β γ

We  take  the  muon  lifetime  measurement  experiment
as  a  demonstration.  Two  plastic  scintillators  were  used  to
build a coincidence detector, in order to distinguish cosmic
muon events from ambient radiation events. Only particles
with high enough energy are able to go through both layers
of the plastic scintillators almost simultaneously. Since the
energy of  cosmic muons is   ,  these  particles  will
penetrate the scintillators with no difficulty and leave sim-
ultaneous  coincident  signals.  However,  the  particles  from
ambient radiation (   and   ), which is one of the major
detector noise sources, are of lower energy and will hardly
be  able  to  trigger  both  of  the  scintillators.  The  schematic
diagram of  the  coincidence  detector  and  the  circuit  dia-
gram to readout SiPM signals for such a purpose are shown
in Fig. 1 and Fig. 2. First,  we  will  focus  on  the  classifica-
tion of the event types and their corresponding waveforms.
Then, the statistical method will be applied to suppress the
pile-up background in the experimental data analysis.
 

2.1    Classification of pile-up events

µ±

To  the  best  of  our  knowledge,  there  are  mainly  two
kinds of muon events in the detector scintillators. The first
one is the muon coincidence event, which is trivial and less
interesting. The second one is the muon decay events. The
cosmic  muons  of  proper  energy  will  stop  inside  the  lower
scintillator. Muons or antimuons are not stable and can de-
cay into an electron or a positron and neutrino-antineutrino
pairs. The decay process of    is shown as follows:

µ±→ e±+ νe(ν̄e)+ ν̄µ(νµ). (1)

The  secondary  electron/positron  can  also  ionize  in  the
plastic  scintillator  and  produce  a  second  pulse  signal.  The
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①We have to emphasize here that it is great to check the validity of statistical treatment of pile-up events by means of cosmic muons for the sake of their
abundance and availability rather than a competition with the latest high-precision measurement of the muon lifetime based on an accelerator muon source.



∆ttime interval    between two pulse peaks of the arrival sig-
nal  caused  by  a  passing  muon  and  the  decay  signal  by
Michel  electron  will  shape  an  exponential  distribution
ideally as samples for the muon lifetime measurement.

T

α β γ

Bq/m3

40 Bq/m3

As  for  the  backgrounds,  we  pay  more  attention  to
background  sources  from  cosmic  muon  pile-up  events,
electronic  noise  and  ambient  radiation  induced  coincident
events.  The  detector  structure  indicates  that  most  of  high-
energy cosmic muons are likely to traverse the lower scin-
tillator panel  only.  If  the  time  interval  between  a  coincid-
ence event and a single-bottom-hit event is located outside
the  specified  time window    but  fall  within  the  sampling
range in the readout system, these events are also saved and
included  in  data  analysis.  However,  we  have  to  carefully
deal with these pile up events to avoid contamination in the
real cosmic muon decay signals. Another noise sources are

 ,    and    particles from the  ambient  radiation.  The  in-
door ambient radioactivity level is set to 100   , high-
er  than  the  average  levels  in  China  (~  )[30−31].
Taking  them  into  simulation,  we  immediately  realize  that
these events are extremely rare in the current study and can
be safely ignored. The responding mode of the coincidence
events, the muon decay events, the muon pile-up events in
shown in Fig. 3.
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Fig. 3    (color online)The  classification  of  the  detector  re-
sponses. The ''Event Type'' represents the actual type of
an event. The normal muon coincidence events (Coin.),
the muon decay events and the muon pile up events are
all  taken  into  account.  The  "Upper  pulse"  and  ''Lower
pulse" represent the pulse signals generated by the up-
per  and  lower  scintillator,  respectively.  An  OR  logic
gate  is  applied  to  two  channels  of  each  scintillator,  in
order to maximize the detection efficiency. The ''Event
Classification"  represents  the  reconstruction  of  the
event  type  based  on  the  waveform.  The  record  time
window  is  activated  once  the  upper  and  lower  SiPMs
are almost  simultaneously  triggered  and  will  keep  re-
cording for 20 µs. If there are 2 pulses within a single
time window, the event will be classified as a muon-de-
cay event.

 

  

2.2    Statistical method

For  simplicity,  we  can  start  with  a  rough estimate  on
pile-up  events  in  the  cosmic  muon  lifetime  measurement
experiment.  Assuming that  the  muon events  are  uniformly

Dpileup

T
Dpileup D̄pileup ≈ 1

2 T > τµ

distributed in time, the peak distance of pile-up events, de-
noted as   , will also almost uniformly distributes with-
in  the  time  window,   .  Thus,  we  can  estimate  that  the
mean  value  of    satisfies   .  It  means
that misidentified pile-up events will lead to a larger value
in the muon lifetime result.

∆T

∆T

In fact, since the muon pile-up events can be treated as
two  adjacent  muon  coincidence  events  with  small  enough
time interval, denoted as   . According to the previous as-
sumption that  the detector responses are uniformly distrib-
uted in time,    obeys the exponential distribution and the
probability distribution function (PDF) is as follows:

f∞c (t) =


1
τc

e−t/τc (t ∈ [0,∞))

0 (elsewhere),
(2)

τc ∆Twhere    is arithmetic average of the    samples and de-
termined by data driven analysis.

fc(t) =


1

Aτc
e−t/τc (t ∈ [0,T ])

0 (elsewhere),
(3)

A =
∫ T

0
f∞c (t)dt = 1− e−T/τc

T
τc ∆T τc≫ T > τµ

∆T [0,T ]

where   ,  is  the  normalization
factor. The muon lifetime by its definition obeys the expo-
nential distribution. The two PDFs are shown in Fig. 4. Ac-
cording  to  our  assumption,  the  pile-up  events  are  almost
uniformly distributed in the time window   , which means

 ,  the mean value of    satisfies   . As a res-
ult, the   's PDF is a slow-changing function in    and
acts like a uniform distribution, as shown in the Fig. 4.
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Fig. 4    (color online)Peak  Distance's  distributions  of  muon
decay  events  and  event  pile  up  effects.  The  blue  line
and the red line represent the muon's lifetime distribu-
tion and the  background events  distribution in  a  given
time  window   ,  respectively.  The  gray  area  is
the time window cut.

 

 
D, c m

λ

λ ∈ (0,1)

Let  random variables    and    represent  the  peak
distance of  double-pulse  events,  pile-up  events,  muon  de-
cay  events,  respectively.  Without  a  loss  of  generality,  we
assume that  the  muon  pile-up  and  decay  events  are  inde-
pendent. Allow    to represent the proportion of muon de-
cay  events  in  all  double-pulse  events  with   .  As  a
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D

1−λ λ

result,  the  peak  distance  of  double-pulse  events    can  be
expressed in the form of weighted sum of the peak distance
of  pile-up  events  and  that  of  muon  decay  events,  whose
weight is    and   , respectively, as shown in Eq. (4).

D = λm+ (1−λ)c ≡ M+C, (4)

M ≡ λm,C ≡ (1−λ)c m c

M, C D

where   .  Since  the  PDFs  of    and  

are  clear,  one  can  immediately  write  down  the  PDFs  of
  and   , as shown in Eqs. (5)~(7), respectively.

fM(x) =


1
τ1

e−x/τ1 (x ∈ [0,∞))

0 (elsewhere),
(5)

fC(y) =


1

Aτ2

e−y/τ2 (y ∈ [0,T ])

0 (elsewhere),
(6)

fD(z) =
∫ ∞

−∞
fM(x) fD(z− x)dx

=



1
A(τ1−τ2)

(
e−

z
τ1 − e−

z
τ2

)
(t ∈ [0, (1−λ)T )) ,

1
A(τ1−τ2)

e−z/τ1

{
1− exp

[
−τ1−τ2

τ1τ2
(1−λ)T

]}
(t ∈ [(1−λ)T,∞)) ,
0 (elsewhere). (7)

The mean value of D is shown in the Eq. (8).

D̄ ≈ E(D) =
∫ ∞

0
z fD(z)dz = τ1+τ2−

T (1−λ)
A

e−T/τc , (8)

τ1 = λτµ τ2 = (1−λ)τc

A λ

N, ND, NC Nµ

where   ,   . Finally, we can replace the
parameters    and    with  the  observable  quantities.  If  we
allow    and    to represent the number of coin-
cidence  events,  double-pulse  events,  noise  events,  muon
decay  events,  respectively,  we  will  obtain  the  following
equations:

NC = N
∫ T

0
f∞c (t)dt = NA, (9)

Nµ = λND, (10)

NC = (1−λ)ND. (11)

λ

τµ

Using  Eqs.  (9)~(11)  to  replace  the  parameters A and   ,
we finally get to the result for   :

τµ =

D̄+
N
ND

Te−T/τc − N
ND

(
1− e−T/τc

)
τc

1− N
ND

(1− e−T/τc )
. (12)

τc≫ T T
τc
≪ 1

e−T/τc

Keep in mind that   ,   . In order to interpret the
physics  in  the  above  formulae,  we  can  expand  the  term

  in Taylor series. With the numerator to the first order
and  the  denominator  to  the  zeroth  order,  then  one  could

reach:

τµ ≈ D̄− N
ND

T 2

τc
. (13)

N
ND

T 2

τc

Eqs. (13) is  simplified and relatively elegant.  This approx-
imation explicitly shows the outcome of background events
represented  by  the  term   .  This  term  also  verifies  our
initial  guess  that  the effect  of  pile-up events  will  lead to  a
larger  value  in  the  lifetime  measurement  result.  It  is  then
easy  to  understand  how to  suppress  the  pile  up  coincident
backgrounds. 

3    Cosmic muon lifetime measurement 

3.1    Experimental setup

A 2-layer coincidence detector is built  to measure the
cosmic muon lifetime, as shown in Fig. 5.
 
 

Fig. 5    (color online)Picture  of  the  detector  in  the  local
laboratory.

 

 

60 cm×60 cm×10 cm
6 mm×6 mm

10 cm×10 cm

GS/s

The  detector  consists  of  two  

plastic  scintillator  panels.  Four    SiPMs  are
used to readout scintillation signals. Each SiPM is attached
to the end of the scintillator panel with the surface area of

 .  To  increase  the  light  coupling  efficiency,
the  optical  cement  is  applied  between  the  interfaces.  The
data  acquisition  module  is  CAEN DT-5751,  which  has  10
bits resolution and 1    sampling rate. 

3.2    Waveform classification algorithm

β γ

It  is  essential  for  us  to  record  waveforms in  a  certain
time window so that  we can determine the signals  coming
from  cosmic  muons  rather  than  conincident  backgrouds
from ambient    or    partices. In addition, we have to se-
lect  the  potential  decay  muon  events  or  the  so-called
"double-bang"  events  by  judging  whether  there  is  the
second pulse in a waveform in the time region of interests.
The trigger level is set to 400 ADC. A coincidence signal is
recorded when its amplitude is higher than the trigger level.
A dedicated ROOT script is used to loop over all the wave-
forms  to  locate  the  potential  muon  decay  events  with  two
peaks. We have collected thousands of triggered coincident
cosmic  muons  in  our  system  tagged  as  potential  decay
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muon samples. The registered double-pulse waveforms can
be  categorized  into  three  sets:  The  first  one  has  a  single
main peak and a ringing peak; the second one contains two

separate main peaks; the third one maintains a structure of
two main peaks falling in a short time window. The typical
waveforms in each set are shown in Fig. 6.

 
 

600

700

800

500

400

300

200

100
0 5 000 10 000 15 000

Time/ns

A
m

p
li

tu
d
e/

ch
an

n
el

Set Ⅱ : Normal 2 main peaks response Set Ⅲ : Close 2 main peaks response

600

700

800

500

400

300

200

100
0 5 000 10 000 15 000

Time/ns

A
m

p
li

tu
d
e/

ch
an

n
el

600

700

800

500

400

300

200

100
0 5 000 10 000 15 000

Time/ns

A
m

p
li

tu
d
e/

ch
an

n
el

Signal
Main peak
Ringing peak
STH

Signal
Main peak1

STH

Signal
Main peak1

STH

Set Ⅰ : Main peak (MP)-ringing peak(RP) response

Main peak2Main peak2
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It  seems  very  likely  that  the  single-peak  response  in
Set  I  was  triggered  by  cosmic  muons  while  the  second
ringing pulse comes from an electronic noise. Nevertheless,
Set  II  and  III  are  the  double-peak  response,  which  we  are
most interested in. Set I shows that at the falling edge of the
main  peak,  there  is  a  damping  oscillation  tail  called
"ringing''. The ringing part in the waveform also has a local
maximum, which will definitely affect the waveform classi-
fication  algorithm.  It  is  quite  straightforward  to  look  for
pulse  peaks  with  the  help  of  a  simple  static  threshold
(STH). However, we suffer from ringing and event pile up
effect  limited  by  data  acquisition  system.  Especially,  a
simple  static  threshold  value  cannot  distinguish  Set  I  and
III.  To  overcome  the  barrier,  we  introduce  the  alternative
solution  such  as  a  dynamic  threshold  value  (DTH).  The
STH  is  only  used  to  distinguish  the  signal  and  noise,  and
the DTH is good at separating samples in Set I,  II  and III.
To get the DTH, we project the first and second pulse amp-
litudes in the same plane and find that the height of RPs is
almost  linearly  dependent  on  the  corresponding  MPs.
Therefore, a  linear fit  is  applied  to  all  the  MP-RP  wave-
forms, as shown in Fig. 7.

Then, the DTH could be calculated by MP's height and
the fit  result. Fig. 8 is the schematic  diagram of the wave-
form classification. 

3.3    Experimental results

τc

106

∆T
τc = 0.2265±0.0003 s

∆T T
∆T

According  to  the  analysis  in  Sec. 2,   ,  which  is  the
mean value of the time interval of adjacent responses, is re-
quired.  Thus,  more  than    coincidence events  were  col-
lected and their time intervals    are filled into a 600-bin
histogram.  The  result  is    at  95%
C.L. The result only includes statistical error. The fit result
of    is shown in Fig. 9. Thus, in a finite time window   ,
the PDF of    is given in Eq. (3).
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Fig. 7    (color online)The pulse height spectra of the first and
the second  peaks  in  the  waveforms.  The  abscissa  rep-
resent the first peaks'(mostly MP) height and the vertic-
al one represents the second peak's (mostly RP) height.
The  width  of  the  confidence  bound  is  determined  by
the range at    C.L.  The upper  bound is  used for  the
dynamic threshold, DTH. The excluded MP-MP events
are represented by red circles.

 

 

Begin

End

Judge by STH Judge by DTH

Are the two 
peaks adjacent?

Read double-pulse
waveform

Fig. 8    The flow chart to categorize Set I and III waveforms
in Fig. 6.  Set  I  waveforms  have  adjacent  main  peaks
and  ringing  peaks,  while  Set  III  waveforms  have  two
adjacent  main  peaks.  Hence,  Set  I  waveforms are  also
recorded and analyzed,  though they are  not  decay sig-
nals. To  distinguish  Set  I  and  III  waveforms,  the  dy-
namic threshold DTH is introduced.
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O(1) ns

T 13

τ′µ = 2.27±0.07
τexp
µ = 2.19± 0.07

τexp
µ

D

τc τexp
µ τ′µ

τexp
µ

The data  collection  lasted  in  a  month,  and  approxim-
ately  4 918  decay  events  are  recorded.  In  some  samples,
only one of  the two waveforms from the lower scintillator
passed  the  trigger  threshold  and  were  recorded  so  that  the
unique peak distance is treated as a muon lifetime sample.
In other cases, two waveforms were both recorded and ana-
lyzed,  resulting  in  2  peak  distances  with  the  difference  at

 .  Therefore,  the  mean  value  of  two  peak  distances
are treated as a sample to avoid any bias. The time window

  is chosen as    ms and limited by data acquisition sys-
tem.  The  muon  lifetime  result  before  the  correction  is

  µs.  After  applying  Eq. (12)  to  the  result,
we finally obtain:    µs. Only the statistic-
al  errors  are  included  here.  The  uncertainty  of    comes
from  the  peak  distance  of  double-pulse  events    and  the
arithmetic  average  of  the  coincidence  time  interval  in
samples   .  The discrepancy between    and   ,  which
is the result of the correction method, is larger than the un-
certainty, which represents the statistical fluctuation. On the
other  hand,  the  final  result    is  also  consistent  with  the
reference value in particle data group (PDG)[32]. It has veri-
fied  the  validity  of  the  correction  method  in  the  scenario
with potential  coincident  pile-up  backgrounds.  The  life-
time histogram is shown in Fig. 10.
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Fig. 10    (color online)The  histogram  of  measured  cosmic
muon decay samples in the experiment.

  

4    Monte-Carlo  simulation  based  on
GEANT4

 

4.1    Simulation setup

µ−

µ−

As  it  is  relatively  rare  to  identify  the  decay  muon
events  by  coincident  measurement  of  cosmic  muons,  it
must be  good to  check  the  validity  of  this  statistic  correc-
tion  method  by  means  of  large  samples  by  Monte  Carlo
simulation.  For  this  purpose,  we  make  use  of  GEANT4
with modularized,  ready-to-use  physics  lists  with  the  class
G4ModularPhysicsList[33−35].  The  built-in  class  G4Em-
StandardPhysics and G4OpticalPhysics are used for Electro-
magnetic processes and optical processes, respectively. The
class  G4StoppingPhysics  is  also  used  to  simulate  the  

capture,  which  is  verified  to  be  affecting  the  lifetime  of
 
[36−37].  As for  the  background study,  the  pile  up events

and  the  ambient  radiation  events  are  both  simulated.  The
ambient  radiation  events  are  extremely  rare,  probably  due
to the  high  threshold  value  and  the  low  background  radi-
ation intensity in our experimental setup. 

4.2    Event generator

cosα θ α ≈ 2

The data used for generating cosmic muon spectrum is
taken from CAPRICE 94 and CAPRICE 97 experiments[38],
whose  results  have  relatively  small  errors  and  are  in  good
agreement  with  other  experiments  and  spectrum  shape
equations[39−40].  The  zenith  angle  distribution  of  cosmic
muon  is  described  by  the  shape  of    with   ,
which has been verified by multiple measurements[41−42]. 

4.3    Waveform modeling in SiPM

Geant4  can  only  track  the  semi-classic  particles  that
have a well-defined position and momentum. In the simula-
tion  program,  the  generated  light  signal  is  a  collection  of
single  photoelectrons  (SPEs).  To  reconstruct  the  actual
electronic  signal,  a  conversion  algorithm  is  needed.  We
have  built  a  model  to  simulate  the  waveform  of  SiPM,
based  on  the  single  photoelectron  response.  First  of  all,  a
model converting the infinitesimal-width light signal is pro-
posed based on the assumption that SiPM's response is the
linear  superposition  of  the  SPEs.  Second,  we  apply  the
model  to  convert  the  finite  width  light  signal  in  the  most
general case.

Nδ(t) N

The signal of SPE is fitted by a model with a convolu-
tion  of  logarithmic  and  exponential  terms,  as  is  shown  in
Eq.  (14).  For  simplicity,  we  can  first  neglect  the  width  of
the light signal. Hence, it becomes the Dirac delta function,

 ,  where the parameter    represents the relative light
intensity. Since the PN nodes inside a SiPM are in parallel
with  each  other,  it  is  reasonable  to  assume  that  if  the  PN
nodes are ignited simultaneously, the total current is the lin-
ear superposition of each PN node's current. Therefore, the
electronic signal can be writen down by a simple multiplic-
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Fig. 9    (color online)The histogram of the time interval  
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ation, as is shown in Eq. (15).

S PE(t) =
A

tσ
√

2π
exp

−
ln2
( t
τ

)
2σ2

+B, (14)

y(t) = N ×S PE(t) , (15)

τ σ

A B

{
t′i
}N

i=1

{ti}ni=1

{ni}ni=1

niδ(t− ti) I(t)

Y(t)
S PE(t) I(t)

where    and    accounts  for  the  central  value  and  the
width in the SPE waveform, respectively.    and    repres-
ents the  amplitude  and the  baseline  of  each waveform,  re-
spectively.  If  the  light  signal  has  a  finite  width,  which
means that photons hit the SiPM at the different time, each
hit can be treated as an individual infinitesimal-width light
signal and  trigger  a  SPE  response.  Hence,  the  reconstruc-
ted  electronic  signal  is  the  linear  superposition  of  all  SPE
responses. To reduce the computational resources, one can
fill  the  time  stamps  of  photon  hits    into  a  histogram
and  get  the  bin  edges   and  the  corresponding  bin
counts   .  Each  bin  can  be  treated  as  a  infinitesimal-
width light signal   . As a result, the light signal  

is the  superposition  of  all  bins  and  the  reconstructed  elec-
tronic  signal    is  the  convolution  of  SPE  waveform

  and the light signal   , as shown in Eq. (16). Fig.
11 shows the typical reconstructed electronic signal.

I(t) =
n∑

i=1

niδ(t− ti),

Y(t) =
∫ ∞

−∞
y(t)I(t)dt =

n∑
i=1

niS PE(t− ti). (16)

 

4.4    Simulation result

2.20±0.03

2.29±0.03

In  total,  33355  double-pulse  events  in  simulation  are
collected  and  analyzed.  The  event  pile  up  effect  and  the
ambient radiation events are also included. After we apply
the  improved  analysis  method  in  the  simulated  data
samples, the result with correction is    µs at 95%
C.L.  while  the  simulation  result  without  correction  gives

  µs. The results only include the statistical error.

The  histogram  of  muon  decay  spectrum  in  simulation  is
shown  in Fig.  12.  Therefore,  the  consistency  of  our  result
with regards  to  the  reference  value  in  simulation  has  veri-
fied the validity of the correction.
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Fig. 12    (color online)The  histogram  of  muon-decay  spec-
trum in simulation.

  

5    Conclusion

τexp
µ = 2.19± 0.07

In this study, we have proposed a statistical strategy to
cope with pile-up background events  in  experiments.  As a
demonstration, we have built a two-layer plastic scintillator
detector  to  collect  cosmic  muon  events  and  implemented
the new correction method to suppress coincident and pile-
up  backgrounds  in  the  muon  lifetime  measurement.  After
data analysis with an improved treatment of pile-up events,
we  have  obtained  the  muon  lifetime  as  

µs at 95% C.L. The result is consistent with the PDG value
and  supported  by  a  MC  simulation  with  much  larger
samples. In the end, we wish that the correction method for
pile-up events can help with the general or the similar coin-
cident background dominating experiments.
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测量宇生µ子寿命验证堆积事例处理新方法

廖 健, 余 涛, 周逸行, 徐 宇, 陈 羽†, 唐 健†

(中山大学物理学院，广州 510275)

τexp
µ = 2.19±0.07

τ′µ = 2.27±0.07

摘要:   提出了一种在数据分析中降低堆积事例误差的一种修正方法，并通过塑料闪烁体搭建的宇生µ子时间符合探

测器开展寿命测量实验进行验证。寿命测量实验研究表明，主要本底事件来自电子学噪声和堆积事例。为了弥补

在本地实验室中，µ子衰变事例在总体宇生µ子事例中较为稀有的短板，我们使用蒙特卡罗模拟程序产生大样本量，

进一步验证该分析方法的有效性。修正后的最终实验结果为    µs，而修正前的实验结果为

  µs。(95%置信度水平)。预计，统计学处理堆积事例的方法将适用于符合测量与堆积事例伴生的同

类型实验。

关键词:   宇生µ子；µ子寿命测量；符合测量本底；堆积事例
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