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Abstract

As a follow-up to CAN-002, this note updates analysis of electromagnetic showers
recorded with the CALICE tile Hcal prototype at the CERN test-beam facilities. Results
presented are based on data recorded in the summer of 2007 with a fully instrumentated
Hcal, and compared with Monte Carlo studies of the same detector configuration. The
contents of this note are intended for presentation at CALOR08.

1 Introduction

This note describes studies of the AHCAL response to positrons, based on data taken at
the CERN test beam in summer 2007 (see Tab. 1 for the runs included). The ECAL in
front has been removed, and all 38 layers with 1X0 each of the AHCAL were instrumented.
Data was triggered by the coincidence of two 10×10 cm2 scintillator counters located few
meters upstream the calorimeter. Additional beam instrumentation (drift chambers, Čerenkov
threshold counter, and double particle veto) are not considered for this analysis.

Beam energy Run number

10 GeV 350118
15 GeV 350117
20 GeV 350114
25 GeV 350113
30 GeV 350111
40 GeV 350110
50 GeV 350128

Table 1: Data set used for this analysis.

Calibration, data reconstruction, Monte Carlo simulation, and digitization strategies for
the AHCAL have already been presented in detail in a previous Calice Analysis Note [1]. The
current analysis follows the same approach, so this note elaborates only on recent changes.

One of the main conclusions from the previous analysis was the observation of some re-
maining non-linearity in reconstructed energy w.r.t the nominal beam energy. Consequently,
special emphasis has been put on more detailed investigation of the response of individual
SiPMs.
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2 Response Curve Studies

There are two independent response curve measurements available for the SiPMs. The first was
made at ITEP before mounting the SiPMs on tiles, while the second was repeatedly performed
during data taking utilizing the LED calibration system. In both cases, the SiPM signal is
gauged to pixel, i.e. the distance of single photo-electron-peaks at low light ampitudes, thus
providing a comparable scale despite different setups, conditions, and data aquisitions.

The test-bench measurements have the advantage of good control and monitoring of the
light source over the full dynamic range, whereas the in-situ measurements suffer from the
non-linear light output w.r.t. supply voltage of the LEDs. Measurements of the emitted light
signal with PIN diodes is not sufficient for corrections over the entire dynamic range. However,
the in-situ measurements are taken with the same readout and under identical conditions as
the data.

In the first AHCAL analyses released [1, 2], it was decided to use the original ITEP mea-
surements for correction of non-linearity. Significant non-linearity was observed for electrons
beyond 30 GeV, indicating that the reponse curves used for reconstruction do not reflect the
behaviour of the SiPMs during data taking.
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Figure 1: Example of the test-bench response curve (left) and the in-situ response (right) for
SiPM 57761. The red lines indicate fit functions to the response at high signal amplitudes,
with the fit range shown in solid. The fitted saturation levels are indicated by horizontal blue
lines.

Meanwhile, studies on the in-situ response curves [3] indicate that mounted SiPMs sat-
urate at lower signals than unmounted. Simulations and dedicated studies at ITEP confirm
this observation and identify geometrical mis-alignment as the origin [4]. SiPMs do not get
completely illuminated by the light cone from the wavelength shifting fiber, thus reducing the
effective number of pixels1 contributing to light detection.

For this study, a comparison of the saturation level Ntot, i.e. the maximum amplitude in
pixel observed from each SiPM, has been performed for the two response curve measurements.
For most of the SiPMs, the induced light signals are not sufficient to reach total saturation,
therefore the points with highest light intensities are fitted with a function of type

Apix = Ntot [1 − exp (a · Ilight + b)] ,

where Apix is the mean SiPM amplitude measured at a given light intensity Ilight. Here, a and
b are fit parameters without direct physical meaning. The choice of parameterization in this

1The effective number of pixels is defined as the maximum signal measured from a SiPM divided by the
signal of a single avalanche. For the SiPMs of the AHCAL, the number is close to the physical number of pixels
(1156), but varies due to fast recovery, poor efficiency or bad illumination of individual pixels.
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case does not affect the result for Ntot. An example for the two response curves and the fit
functions is shown in Fig. 1 for SiPM 5761, which is mounted in module 15 and connected to
ASIC 8 on multi-plex level 14. A clear difference in saturation level is observed for the two
measurements. This deviation is consistently aparent in Fig. 2, which shows the correlation
between both results for about one third of all channels built into the AHCAL.
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Figure 2: Correlation between the saturation levels derived from test-bench measurements
versus those observed in-situ. The ratio of in-situ to test-bench staturation levels averages to
roughly 80% (100 % is indicated as dotted line).

In an attempt to combine the advantages of both response curve measurements, the
test-bench measurements are used for reconstruction with an additional scaling factor of
NCERN

tot /N ITEP
tot . Beyond this, the method of saturation correction is not altered w.r.t the

detailed description given in [1].

3 Simulation and Digitization

Details of the simulation of particle interactions inside the AHCAL, as well as motivation and
method for digitization of the simulated signals has already been given in [1]. Here, we present
more systematic checks of the digitization method.

One key issue of simulation is the correct description of threshold effects; in the case of the
AHCAL a cut at 0.5 Mip for individual hits. This cut is strongly affected by the ratio of the
width to the mean of the response peak from minimum ionizing particles. The comparison
of muon data with equivalent Monte Carlo simulation exhibits a descripancy of order 20 %,
as shown in Fig. 3. Compared to raw simulation, this is a significant improvement towards
realistic detector modeling.

As a benchmark, it is checked whether the number of hits observed in positron data is
reproduced reasonably well in simulations. Fig. 4 shows the comparison for 10 GeV and 50 GeV
positrons respectively. The excess of data points around 50 hits in data has not been studied
in detail, but is consistent with the expectation of 38 hits plus noise from muon contamination
in the beam. Good agreement is observed for 10 GeV positrons with 93 (92) hits on average
from data (Monte Carlo), while agreement for 50 GeV positrons is poor with 242 (230) hits.
Besides the width of the MIP peak, the number of hits above threshold is influenced by light
cross-talk, i.e. the amount of light inside the scintillator leaking into neighboring tiles before
detection. This value has been assumed to be 10 % summed up over all neighbors as in [1].
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Figure 3: Correlation between the width of the single-channel response to muons in data and
digitized Monte Carlo. The event-to-event spread in simulation is smaller than in data, but
reproduces the correct order of magnitude (identy between data and simulation is indicated as
dashed line).

Further studies will have to show whether better agreement in the number of hits reconstructed
from data and Monte Carlo be obtained by tuning this parameter.
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Figure 4: Number of reconstructed hits in data and digitized simulation for 10GeV (left)
and 50GeV (right) positrons, respectively. Reconstructed data is shown in blue, digitized and
reconstructed Monte Carlo in red. The excess in data at ∼50 hits is due to muon contamination
in the beam.

Using the positron data, the influence of different response curves on the spectrum of
single hit amplitudes is studied, example spectra for 10 GeV and 50 GeV positrons are shown
in Fig. 5. For this, raw Monte Carlo is digitized using test-bench and scaled test-bench
response measurements to simulate SiPM saturation and compared to uncorrected data. It
is not advised to judge about the correctness of saturation simulation (and its inverse, the
correction) from the hit energy spectrum alone without detailed and unbiased beam profile
studies, e.g. by using the tracking system. However, the highest single hit amplitudes and
thus the cut-off of the spectrum is an indicator for the level of understanding of single cell
response.
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Figure 5: Comparison of the hit energy spectrum in simulation with uncorrected data for
10GeV (left) and 50 GeV (right) positrons. Raw data is shown in blue, Monte Carlo without
simulation of saturation in black. For the red curve, saturation is simulated using test-bench
response curve measurements for each individual cell, while for the green curve additional
scaling factors are applied to these response curves.

For 10 GeV positrons, both unscaled and scaled test-bench response curves give spectrum
cut-off values within roughly 10 % w.r.t. uncorrected data. At 50 GeV, this level of agreement
can only be achieved with scaled response curves, while using unscales test-bench measure-
ments results in approximately 30 % deviation from raw data.

4 Shower Reconstruction

The integral response to single particles is reconstructed as the energy sum of all hits above
threshold over the whole detector. As in the last section, two different correction methods are
compared: correction with the test-bench response curves, and the same curves scaled by the
ratio of saturation levels from test-bench and in-situ measurements. The beams are reasonably
pure, so that further cuts on particle type or secondary particles are not necessary. For each
beam energy, the mean reconstructed energy and its spread are extracted from Gaussian fits
to the distribution of reconstructed energy, as shown in Fig. 6. The fits are iterated in three
steps with decreasing fit range, where the final fit range is [−1σ,+1.5σ].

4.1 Energy Scale

The fitted mean response at various beam energies is shown in Fig. 7 for data reconstructed
with scaled test-bench response curves. Single point uncertainties include fit statistics plus
0.5 % (1 %) fit systematics for data (simulation2). In addition, 3 % uncertainty on the energy
scale and 5% uncertainty on the saturation scale are assumed in data. These systematics are
dominated by differences in calibration coefficients from temperature changes. Temperature
fluctuations inside the data set used for this study are small, while they are sizeable between
the various calibration measurements (MIP, gain, saturation level) and the recording of beam
data. Therefore, they are added correlated to the fit results and excluded from the single
point uncertainties used for fitting.

Data reconstructed with scaled response curves yields an energy scale of (37.7 ± 0.4fit ±
1.4calib)MIP/GeV with an offset of (2.7± 5.3fit ± 4.5calib)MIP. Both energy scale and offset in

2Spectra of the reconstructed energy sum are slightly asymmetric in simulation, therefore the fit results are
more sensitive to variations of the fit range.
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Figure 6: Energy sum spectra of all seven energies, with scaled test-bench response curves
used for non-linearity correction. Also shown are the Gaussian fits used to extract mean and
width. The same method has been applied to data corrected with unscaled response curves and
to Monte Carlo, simulated and digitized with scaled response curves.
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Figure 7: Mean reconstructed energy extracted from the distributions in Fig. 6 as a function on
the beam energy. The red line is the result of a straight line fit, with the solid part indicating the
fit range. The green band indicates variations of the fit result due to calibration uncertainties
on both the MIP and saturation scales. From the straight-line fit, the energy scale is extracted
as decsribed in the text.
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simulation differ by about two standard deviations with (41.3± 0.4fit) MIP/GeV and (−8.5±
5.8fit)MIP respectively.

Data reconstructed with unscaled response curves is compatible with the results obtained
with the same method from data recorded with partially instrumented detector in 2006 [1].
The fitted energy scale is (34.9 ± 0.4fit) MIP/GeV at an offset of (17.9 ± 5.1fit)MIP, which
is clearly not compatible with the results from simulation. Both shallower energy slope and
larger offset are characteristic for significant non-linear response already inside the fit range
between 10 and 20 GeV beam energy.

4.2 Linearity

The hypothesis of linear response is tested by the residual between data points and the linear
fit used to extract the energy scale, as shown in Fig. 7 for data reconstructed with scaled
response curves. The correlated systematic uncertainty on the MIP scale cancels and is not
considered, while the uncertainty on the saturation scale is accounted for. Up to 30 GeV beam
energy, reconstructed data agrees with the assumtpion of linear response within errors, while
significant remaining non-linearity of about 4 % is observed for 50 GeV positrons. For data re-
constructed with unscaled response curves, the non-linearity for 50 GeV positrons quantifies to
8%, which is in agreement with remaining non-linearity after identical reconstruction reported
in [1]. Simulation is linear within the single-point uncertainties for all particle energies.
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Figure 8: Residual of data reconstructed with scaled response curves to teh straight-line fit of
Fig. 7. The green band indicates the influence of the calibration uncertainties on the saturation
scale on the linearity hypothesis. In the residual, the effects due to MIP scale uncertainties
cancel approximately and are therefore not included. The reconstructed response is linear
within errors up to 30 GeV beam energy.

4.3 Resolution

Figure 9 shows the resolution of reconstructed energy as a function of beam energy for data
reconstrcuted with scalesd response curves and simulation. Non-linearity has a non-trivial
influence on the relative width of the reconstructed energy, since both mean and spread are
affected. Therefore, the energy resolution of positron showers is extracted only from data
at beam energies between 10 and 30 GeV, where the integral response is linear within errors.
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Individual points are assigned an uncorrelated uncertainty according to the uncertainties from
the fit to the energy sum spectrum plus 1% (2 %) fit systematic on the relative width for data
(Monte Carlo).
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 2 Mip/E⊕ b ⊕ E/E = a/EσFit:  

Figure 9: Relative width of the reconstructed energy as a function of beam energy. Data
reconstructed with scaled response curves is shown as blue dots, simulation as black dots. The
resolution is fitted excluding the data points at 40 and 50 GeV because of remaining non-
linearity at high energies. The fit results are shown as red (black) line for data (simulation).
The green band indicates the influence of calibration uncertainties on the saturation scale.
Uncertainties on the MIP scale cancel in the width over mean ratio and are therefore not
included.

Both data points and simulation are fitted with stochastic, constant, and noise term added
in quadrature. The noise term has been fixed to 2 MIP, which is the RMS of the energy
sum in random trigger events. Since random trigger events are used to simulate readout
noise, the same value is used for data and Monte Carlo. The correlated uncertainties due
to saturation scale uncertainties are added to the fit results for data, while the effects on
MIP scale uncertainties cancel in the relative width. Data is fitted with a stochastic term of
(22.6±0.1fit±0.4calib)%/

√
E and a constant term of (0+1.4fit+0.3calib)%, which is compatible

with zero. The latter also is true for simulation with (0 + 2.2fit) %, where the stochastic term
is fitted to be (20.9 ± 0.3fit)%/

√
E.

The uncertainties on the fit results are relatively sensitive to the uncertainties assigned to
the individual data points, while the fit values are observed to behave stable. Changing the
fit strategy, such as including the 40 and 50 GeV points or allowing the noise term to vary
in the fit, generally tend to yield numerically different fit results and higher fit uncertainties.
However, all of the various fit schemes tested were within errors compatible with the results
quoted. In order to obtain final conclusions on the intrinsic energy resolution of the AH-
CAL, more detailed checks on apparent uncertainties and their correlated and uncorrelated
components are therefore needed, together with careful study of fit systematics.

5 Summary and Conclusions

We present an update to the analysis of electromagnetic shower studies with the CALICE
AHCAL. Better understanding of the saturation behavior of the SiPMs inside the device al-
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lowed to reduce the apparent non-linearity in reconstructed energy to 4 % for 50 GeV positrons,
which is a significant improvement w.r.t. previously released results. The energy scale is fitted
to be (37.7 ± 0.4fit ± 1.4calib) MIP/GeV with an offset of (2.7 ± 5.3fit ± 4.5calib)MIP, where
(41.3 ± 0.4fit)MIP/GeV and (−8.5 ± 5.8fit)MIP are expected from simulation.

The improved reconstruction allows for the first time serious studies of the energy resolu-
tion, which is fitted to have a stochastic component of (22.6 ± 0.1fit ± 0.4calib)%/

√
E and a

constant component (0 + 1.4fit + 0.3calib)% compatible with zero. The noise term has been
fixed to 2 MIP as observed in random trigger events. As discussed before, this is work in
progress.

In addition, the quality of Monte Carlo digitization has been studied at various points.
The overall agreement with data is satisfying and gives valuable guidance in improving the
data reconstruction and correction. However, some 10 % deviations need additional tuning: a
difference in energy scale should be investigated, additional smearing is needed to reproduce
the full width of the MIP peak, and the light cross-talk between scintillator tiles has to be
tuned to reproduce the number of hits also for high energetic showers.
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