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Abstract

The CALICE ScECAL physics prototype was studied using test beam data recorded at Fer-
milab during 2009. This note updates the analysis of these data by introducing per channel and
per event temperature dependence of the ADC-Photon conversion factors, and by an evaluation
of systematic uncertainties. The response of the ScECAL for the electron beams increases by 3%
with this temperature correction. The intrinsic energy resolution of the ScECAL is determined
to be 12.9±0.1(stat.)±0.4(syst.)% and 1.2±0.1(stat.)+0.4

−1.2(syst.)% for the stochastic term and
constant term, respectively.

1 Introduction

This note documents updates of the analysis as continuation of CALICE Notes 16 [1] and 16a [2].
The ScECAL measures the energy deposited by charged particles using scintillator strips

where the optical signal of each strip is read out with a pixelated photon detector (PPD). Al-
though a PPD has intrinsic saturation behavior, this can be corrected using measured properties
of the PPD, in particular the number of detected photons as a function of the number of in-
cident photons. Therefore d, the ADC-photon conversion factor1, is required for each channel
to convert the ADC output into the number of pixels which have fired. If the temperature of
the PPD changes, its over-voltage under a constant operating voltage also varies. It follows
that the properties of the PPD, which depend on over-voltage in almost all cases, are also
temperature-dependent. The most important changes in the behavior of a PPD are variation of
gain and photon detection efficiency. Although these effects can be comprehensively accounted
for by temperature correction of the ADC-MIP conversion factor as described in the previous
CALICE Analysis Note [2], we must also consider temperature dependence of the d-value which
is required to correct for PPD saturation effects.

This note is separated into two parts: in the first part, the ADC-photon conversion factor and
its temperature-dependence are studied. Also effect of run-by-run dependent of the measured
energy is evaluated and taken into final linearity fit. In the second part, a detailed series of
systematic uncertainties are considered and their contributions are estimated. We conclude by
presenting a discussion and summary of the updated results.

1This is defined as d in units of ADC counts being the signal which corresponds to one photoelectron.

1



2 Temperature correction on the ADC-photon conversion
factor

2.1 PPD saturation correction

The PPDs, including the MPPC produced by Hamamatsu used in the ScECAL, are known to
be non-linear devices. The output of the PPD in terms of number of fired pixels (Nfired) can be
parametrized as a function of the number of incident photons (Nin) by the response function:

Nfired = N eff
pix

(
1 − exp

(−ϵNin

N eff
pix

))
, (1)

where N eff
pix is the number of “effective” pixels on the PPD, ϵ is the photon detection efficiency

and Nin is the number of photons incident on the sensor. The inverse function of Eq. 1, which
has Nfired as an input and gives Nin as an output, is used as the “PPD saturation correction
function”. To apply the saturation correction the PPD output (measured in units of ADC
counts) must first be translated to Nfired using a d-value defined for each individual channel.
The only the free parameter to be determined from inverse function of Eq. 1, N eff

pix, is obtained by
fitting Eq. 1 to test bench data given in the previous note [1]. The MPPC we are using each has
1600 physical pixels. However, as each pixel can recover quickly with a time constant of ∼4 ns,
it can emit another signal if the incident light has a duration similar to (or longer than) the pixel
recovery time. This leads to an enhancement of the “effective” number of pixels for a single shot
of light input from a scintillator strip. One of the improvements in our determination of N eff

pix

relative to our previous note is that N eff
pix is now taken from an average of measurements from

72 strips [3]. Related to this improvement, in addition to the average of N eff
pix, its channel-by-

channel fluctuation is obtained. The latter value is used to estimate the systematic uncertainty
from the PPD saturation correction. Figure 1 shows the distribution of measured N eff

pix, having
a mean value of 2428±29 pixels and a standard deviation over 245 pixels.

Figure 1: Distribution of the number of effective pixels, N eff
pix, measured from 72 strips.

2.2 ADC-photon conversion factor

An ADC-photon conversion factor is determined by using few-photon spectra of LED light
taken frequently in periods when no beam was present [1]. The ADC count corresponding to
one photon is the ADC-photon conversion factor for the channel (l, s), where l and s are the
layer number and strip number of this channel, respectively. The sensitivity of the PPD has
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the temperature dependence contributions from the temperature dependence of both the gain
and the photon detection efficiency. However, the temperature dependence of the ADC-photon
conversion factor is only affected by temperature dependence of the gain. This is because the
ADC-photon conversion factor is given by the ADC counts corresponding to one photon from a
spectrum in which we can distinguish the peaks corresponding the individual number of photons
detected. Such ADC conversion factors can be expressed by a linear function of temperature as
in the case of the ADC-MIP conversion factor. Therefore, the ADC-photon conversion factor,
d(T ; l, s), is expressed as:

d(T ; l, s) = d(T0; l, s) +
( ∆d

∆T

)
l,s

· (T − T0) , (2)

where T is the temperature of the detector measured using two thermocouples on the surface
of the detector during the data taking, and T0 is a reference temperature. Figure 2 (left )
shows the distribution of d(T0 = 20◦C; l, s), while Figure 2(right) shows the distribution of
(∆d/∆T )l,s/d(T0 = 20◦C; l, s). Approximately ∼80% of all channels are successfully read out
during LED light spectra recording2. To apply the temperature correction, individual d(T0 =
20◦C; l, s) are used where these are available (successful channels) to measure d, where it is
required to have the d(T0 = 20◦C; l, s) between 170 and 260 ADC/photon and its uncertainty
between 0.2 to 50 ADCs/photon. For channels where LED data read out was not successful,
the average value of the successful channels was used. With regard to (∆d/∆T )l,s, the mean of
the Gaussian fit shown in Figure 2 right is used uniformly for all channels.

Figure 2: Distribution of d(T0 = 20◦C; l, s) (left) and (∆d/∆T )l,s/d(T0 = 20◦C; l, s) (right) with the result
of a Gaussian fit overlaid. The small peak in d(T0 = 20◦C; l, s) near 235 ADCs/photon is well understood
and due to the difference of the product batch of PPDs. The mean value of the Gaussian fit (-1.520± 0.012)
is consistent with the mean of all entries within its uncertainty.

2.3 Results of the temperature correction on the ADC-photon con-
version factor

Figure 3 (left) shows the linear behavior of the energy deposit and deviations from the result
of a linear fit, while Figure 3(right) shows the energy resolution obtained when evaluated using
d(T ; l, s) as a function of the temperature. Although the effect of this temperature correction is
not large when compared to the case of ADC-MIP conversion factor, the linear relation between
the detector response measured in the number of MIPs and incident beam momentum, the slope
of the response linearity increases from 127.6 MIPs/(GeV/c) [2] to 131.3 MIPs/(GeV/c).

2When the LEDs are on, some channels exhibit large noise while others have excessively high pedestals.
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Figure 3: Response linearity (left) and energy resolution (right) after the temperature correction of the
ADC-photon conversion factor has been applied. Only statistical uncertainties are shown. No correction is
applied in this figure for the effects of beam momentum spread, which are discussed in Section 4.1.

The energy resolutions with higher beam momentum show a small degradation from that
presented in [2]. This behavior can be understood as below. All LED data were taken in
∼ 20◦C in 2009, and many of beam data were recorded at higher temperature than ∼ 20◦C. This
difference in temperature changes the gain of the PPDs: as the temperature becomes higher, the
PPD gain decreases by a (channel-dependent) coefficient of (∆d/∆T )l.s ∼ −1.5%/K. Therefore,
the number of photons detected by PPDs are corrected to more than would be the case without
this temperature correction since, with the higher-temperature electron runs, we should use
corrected ADC-photon conversion factors corresponding to lower PPD gains. In such cases, the
uncertainties of the estimated number of incident photons increases as explained in Figure 4.
The increase in the number of fired pixels causes a larger saturation correction in the positive

Figure 4: A schematic of the inverse function of Eq. 1, to illustrate the effect that the saturation correction
has on the uncertainty in the number of incident photons on the PPD. In the case where the number of fired
photons increase with the temperature correction, the uncertainty in the number of the estimated incident
photons increases, as does the correction ratio with respect to the number of fired pixels.

direction, as shown in Figure 4, which leads to an increase in the slope of the response linearity.
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3 Difference of the mean value of deposited energy among
runs

After temperature correction and saturation correction, there are larger variations in mean values
of the measured energy deposit among runs than the variation expected from the uncertainties
of respective runs. Therefore, uncertainties from these discrepancies are implemented based
on the standard deviation of the expected value, and listed for respective beam momenta in
Table 1. Fitting to the linearity for the result shown in Figure 6 is done by quadratically adding
this uncertainty of measured energy to statistical uncertainty at each energy point. Reason
of the run-by-run difference of the measured mean energy, shown in Table 1, is still under
investigation, however one possible source could be difference of beam tuning which can be
slightly different among runs even for a same beam energy. Some runs with the same beam
energy are taken with time durations of a few days in between, and sometimes beam positions
are tuned at the beginning of those runs. Otherwise there could be other unknown systematics
sources, or it could be intrinsic limitation of the ScECAL prototype under given situation of the
beam test, as a result of a sort of several corrections. For every possibilities, further studies are
underway toward the final publication.

Table 1: Uncertainty of the measured energy determined from its stanard-deviation among runs at each
beam energy.

Beam momentum (GeV/c) Uncertainty on measured energy (%)
2 0.31
4 0.23
8 0.27
12 0.81
15 0.45
20 0.66
30 0.10
32 0.10

4 Systematic uncertainties

This section considers a wide range of possible sources of systematic uncertainty, including those
from the temperature correction of the ADC-photon conversion factor introduced in the previous
section.

4.1 Beam momentum fluctuation

The MTest beam has a momentum spread, ∆p/p = 2% as its design value for 1–60 or 90 GeV/c [4].
A calorimetry test for the Muon g-2 experiment at the MTest estimates 2.7± 0.3% of the beam
momentum spread for 1–4 GeV/c using a Pb/Glass calorimeter [5]. The other experiment for a
SiFi calorimeter with tungsten estimates 2.3± 0.3% for 8 GeV/c by using their own detector and
the results of the previous one [6]. Preceding this study, they have estimated 2.3% in the range
1.5–3.5 GeV/c [7]. From these measurements we take the MTest beam momentum spread in two
incidental beam momentum ranges, 2.7± 0.3% for 2–4 GeV/c, and 2.3± 0.3% for 8–32 GeV/c.
To estimate the intrinsic energy resolution of the ScECAL, this momentum spread should be
quadratically subtracted from the energy resolution estimated in Section 2.3.

The result of the intrinsic energy resolution evaluated with other systematic uncertainties
will be shown in Section 4.7 as the summary of this section.
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4.2 Event selection

As discussed in previous note [1], six event selections have been implemented to reduce the
effects of fiducial events. To estimate the systematic uncertainties arising from these selection
criteria, the impact of cut variations are measured and evaluated.

The mean value uncertainties from the variation of the cut ranges, except for the cut of the
centre of gravity of deposited energy, are less than 0.05%.

Uncertainties due to the different cut variations on the horizontal (x) and vertical (y) position
of the centre-of-gravity on ScECAL surface for every energy are listed in Table 2. The cut
variation of those values considered for this study is ± 20mm to ± 80mm.

Table 2: Uncertainty of the measured mean energy by different conditions of the event selections (%).

Energy centre cut in:
Beam momentum (GeV/c) x:horizontal y:vertical

2 +0.23 +0.16
4 +0.28 +0.09
8 +0.14 +0.03
12 +0.13 +0.02
15 +0.10 +0.02
20 +0.43 +0.01
30 +0.14 +0.01
32 +0.03 +0.01

Contributions from the cut variations for the energy resolution are negligibly small (< factor
0.005) compared to the factor 0.03–0.09 of the uncertainty coming from the beam momentum
spread.

4.3 ADC-MIP conversion factor

The individual strip response is calibrated using MIP signals as discussed in [2]. The uncer-
tainties on the mean of the measured energy deposit and energy resolution coming from the
uncertainty of the ADC-MIP conversion factor are estimated.

An ADC-MIP conversion factor is a linear function of the temperature of the detector.
Therefore, it is expressed using two parameters: the value of the ADC-MIP conversion factor at a
certain temperature (c(T0; l, s)), and the slope of the ADC-MIP conversion factor [(∆c/∆T )l,s].
The propagation of the statistical uncertainties of these parameters is studied using pseudo-
experiments in which each parameter is randomly fluctuated within its uncertainty as sigma of
the Gaussian random function. Deviations from the nominal measured mean energy and energy
resolution in 20 trials are taken as the systematic uncertainties from the ADC-MIP conversion
factor. The measured deviation from linearity varies in region of 0.09–0.24% and 0.02–0.06%
due to the uncertainties of c(T0; l, s) and (∆c/∆T )l,s, respectively, as listed in Table 3.

Figure 5 shows the effect on the stochastic and constant terms of the energy resolution when
varying c(T0; l, s). The systematic uncertainties coming from c(T0; l, s) are 0.08% and 0.07% as
the absolute deviation values for the stochastic term and the constant term, respectively. It is
0.01% for both the stochastic and the constant term from the variation of (∆d/∆T )l,s.

4.4 ADC-photon conversion factor

An ADC-photon conversion factor for each channel is also a linear function of temperature
of the detector and it is used to convert ADC counts to the number of photons (fired pixels
of the PPD). The number of detected photons required for the PPD saturation correction to
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Table 3: Fluctuations on the deviation from linear fit estimated from results of 20 pseudo-experiments.

Deviation (%) from;
Beam momentum (GeV/c) c(20◦C; l, s) (∆c/∆T )l,s

2 0.23 0.03
4 0.09 0.02
8 0.21 0.03
12 0.16 0.03
15 0.13 0.04
20 0.13 0.04
30 0.12 0.06
32 0.23 0.04

Figure 5: Distribution of the stochastic term (left) and the constant term (right) of the energy resolution
in 20 pseudo-experiments on c(T0; l, s). The standard deviations are 0.08% and 0.07% for the constant term
and stochastic term, respectively.

be applied is discussed in Section 2. Therefore, the propagation of statistical uncertainties of
these parameters are also studied by using pseudo-experiments as in the study of the ADC-
MIP conversion factors Systematic uncertainties of mean and energy resolution of the measured
energy deposit due to the uncertainty of these parameters are confirmed to be negligible.

4.5 Inter calibration constant

The systematic uncertainty due to the uncertainty of the inter calibration constants is also
studied by using a pseudo-experiment method. Although most of the uncertainties of gain inter
calibration constant for each channel are taken as the sigma of the Gaussian used to make the
variation, the standard deviation of the measured gain constants is used for the channels which
are not successful to estimate the inter calibration constant. This is for the same reason as in
the measurement of the ADC-photon conversion factor. The deviation from linearity as a result
of fit at each of 20 trials of varies by about 0.02% on value of the deviation and the uncertainty
of both stochastic and constant terms from the uncertainty of the inter calibration constant
leads to an absolute deviation of less than 0.01%. Therefore, the systematic uncertainty of the
mean value of the energy deposit and the energy resolution from the inter calibration constant
is considered to be small.
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Table 4: Table of the summary of the systematic uncertainties on the energy resolution and maxi-
mum deviation among measured beam energies.

Source ∆σstochastic ∆σconstant maximum uncertainty
(%) (%) on deviation (%)

Beam momentum fluctuation ± 0.41 +0.43
−1.18 not associated

Event selection < ±0.01 < ±0.01 ±0.43 (at 20 GeV/c horizontal cut)
ADC-MIP conversion ± 0.08 ± 0.07 ± 0.23 (at 32 GeV/c)

(stat. uncertainty of conversion factor)
ADC-MIP conversion ± 0.01 ± 0.01 ± 0.06 (at 30 GeV/c)

(uncertainty of temp. correction)
ADC-photon conversion factor < ±0.01 < ±0.01 ± 0.06 (at 12 GeV/c)

Inter calibration constant < ±0.01 < ±0.01 ± 0.02 (at 30 GeV/c)
Number of effective pixels of the PPD ± 0.07 ± 0.06 ± 0.16 (at 30 GeV/c)

4.6 The number of effective pixels of the PPD

The mean value of the number of effective pixels of the PPD, Npix measured for 72 strips is
used as an input of the PPD saturation correction as discussed in Section 2. Therefore, the
standard deviation of the distribution of Npix is taken as the uncertainty of Npix to create the
pseudo-experiments which are to estimate the contribution from the variation of Npix. The
deviation from linear fit at each energy is varied by 0.01–0.16%. The uncertainties are 0.07%
and 0.06% for the stochastic and constant terms, respectively. Therefore, the contribution of
the uncertainty of the number of the effective pixels of the PPD to the uncertainty of the mean
values and energy resolution is small.

4.7 Summary of uncertainties

Figure 6 (left) shows the deposited energy with the result of a linear fit with nominal values of
measured energy and its uncertainty. Figure also shows deviation from linearity at each beam
energy point. The maximum uncertainty on the deviation from linearity is found to be 0.43%.
Systematic uncertainties on energy resolution and deviation from linear fit from each source are
summarized in Table 4

The intrinsic energy resolution with systematic uncertainties discussed in this section is
shown in Figure 6 (right) as a function of the inverse of the square root of the incident beam
momentum. Each data points on the σ/E are corrected for effect from the beam momentum
spread. The curve shows the result of a fit to the data with a quadratic parametrization of
the resolution, To evaluate effect of uncertainty of the beam momentum spread, we assume
that uncertainties at all the energy points are fully correlated, and examine possible highest
and lowest cases of beam momentum spread within the given uncertainty of 0.3% quoted in
section 4.1. For other systematics sources, energy resolution and linearity are obtained by
fitting to every trial of pseudo-experiment, changing each configuration for every case within
its uncertainty. Observed variation among those trial in terms of stochastic and constant term
of energy resolution and deviation from linearity are taken as those systematic uncertainties.
resulting in 12.9±0.1(stat.)±0.4(syst.)% and 1.2±0.1(stat.)+0.4

−1.2(syst.)% for the stochastic and
constant terms, respectively.
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Figure 6: Response linearity (left) and the intrinsic energy resolution (right) of the ScECAL with the
statistical and systematic uncertainties. The contribution from beam momentum spread has been subtracted
from the energy resolution, as described in Section 4.1.

5 Discussions

The temperature correction for the ADC-photon conversion factor is applied in Section 2. With
this correction, the deviation from the result of a linear fit changed to less than 2%3. Therefore,
we can conclude that this temperature correction does not largely affect the linearity. However,
the 3% increase of the slope of the response linearity shows that this correction is also necessary.

Comprehensive studies of the systematic uncertainties are also discussed in Section 4. To
explain the 1.2±0.1(stat.)+0.4

−1.2(syst.)% of the constant term of the energy resolution, further the
Monte Carlo studies are ongoing.

6 Summary

In this note, an additional temperature correction through the ADC-photon conversion factor,
the systematic uncertainties of the electron energy deposit from 2 GeV to 32 GeV, and their
resolutions of the ScECAL are studied. The data has been taken in May 2009.

When the temperature correction via the ADC-photon conversion factor is applied, the slope
of the linear sensitivity of the detector (MIP/(GeV/c)) increases by 3%.

According to observed variation of measured energy difference among runs at the same
energy gives effect to the deviation, however reason of that run-by-run difference is still under
inestigation.

The systematic uncertainties are studied considering contribution from a variety of sources:
precision of the measurement of the beam momentum spread; event selection cuts; ADC-MIP
conversion factor; ADC-photon conversion factor; inter calibration constants; the number of
effective pixels of the PPD. The most important uncertainty in the energy resolution is due to the
uncertainty of the beam momentum spread. The intrinsic energy resolution, after subtraction of
the beam momentum spread, is determined to be 12.9±0.1(stat.)±0.4(syst.)% for the stochastic
term and 1.2±0.1(stat.)+0.4

−1.2(syst.)% for the stochastic term.

3Some of the 8 GeV/c runs have been found to suffer from a DAQ problem after [2]. By removing such runs from
the analysis, the maximum amplitude of the deviation is changed from 1.5% to 2.0%.
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