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reminder: EPICAL-2 test-beam measurement at DESY
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‣ fully digital pixel calorimeter prototype 
utilising only high-granularity MAPS sensors 

‣ 24 layers with 3 mm tungsten 
and two ALPIDE chips each

• chip size 30 mm x 15 mm 

‣ 512 x 1024 pixels per chip: 
• 25 M pixels in total 
• pixel size: 

26.88 μm x 29.24 μm 

3 Experimental setup121

3.1 Measurements of cosmic muons122

The E�����-2 setup with the trigger scintillators was mounted in the laboratory facing upwards to123

measure cosmic muons. Cosmic data were taken during a period of ⇡ 6 months in 2020. During124

some part of the data taking, parameters of the sensors were varied to better understand the sensor125

behaviour, but after default settings were chosen, most of the data was taken with those. In total,126

⇡ 9000 events were collected – the e�ective rate was extremely low mainly due to the very small127

solid angle.128

3.2 Measurements at the DESY test beam129
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Figure 4: A sketch of the setup of E�����-2 at the DESY test beam facility in Hamburg [9] (not to
scale).

In February 2020, the E�����-2 setup was installed in the TB22 beam line at the DESY test130

beam facility [9], an 4
± beam line delivering beams of momenta ranging from 1 to 5.8 GeV/2 (see131

Fig. 4). The beam aperture could be defined by the user via di�erent collimator settings. Data132

were collected under varying conditions of particle momentum, collimator apertures and incident133

position of the beam on the prototype, which may also be presented at angles in the range 0°–20°134

relative to the nominal beam direction. In between beam runs, data were taken without beam in135

so-called pedestal runs to monitor the noise in the detector.136

For calorimetric measurements, certain properties of the test beam are important. The deter-137

mination of the linearity of the response of our prototype depends crucially on the precision of the138

momentum scale and its potential variation with nominal momentum. The apparent resolution will139

be influenced by the intrinsic spread of the particle momentum in the beam. Information on both of140

these characteristics for the neighboring beam line (TB21) can be found in [9]. There, the momen-141

tum spread is quoted to be independent of nominal momentum with a value of f? = 158±6 MeV/2.142

No direct numerical values for possible deviations from the nominal momentum scale are given,143

but Fig. 31 in [9] shows the mean values of measured particle momenta as a function of nominal144

momentum, where one can see small, but non-negligible deviations of these measurements from the145

nominal values as given by the straight line. We have obtained the numerical values corresponding146

– 6 –

trigger tiles

test beam area: TB 22

EPICAL-2



EPICAL-2 signal distribution
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extraction of arithmetic mean and 
standard deviation of distribution

‣ Gaussian shape (small asymmetry) 
‣ residual pile-up at higher Nhits / Nclus side 
‣ low-energy contamination of electron beam 
‣ good agreement with simulation 



energy response: linearity check
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arithmetic mean (μ) and standard deviation 
(σ) of hit and cluster distributions 
‣ dependence of mean on test-beam 

energy 
‣ similar performance for hits and clusters  
‣ good description of trend by simulation
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arithmetic mean (μ) and standard deviation (σ) 
of hit and cluster distributions 
‣ dependence of mean 

on test-beam energy 
‣ similar performance for hits and clusters  
‣ simulation describes the trend in data

observation: small additional non-linearity in data

last CALICE meeting



energy linearity studies

Linear fit: 
 

‣ b usually associated with noise 
that one would see in pedestals 

y - intercept (values for parameter b):

μ(E) = m ⋅ E + b

 CALICE collaboration meeting | T. Rogoschinski 5

0 1 2 3 4 5 6

 (GeV)E

0

200

400

600

800

1000

1200

1400

1600

1800µ

   Hits
   Clusters
   Linear fit

Data Sim.

EPICAL-2

0 1 2 3 4 5 6
 (GeV)E

0.02−

0.01−

0

0.01

0.02µ - 
fit

µ

hits clusters

data 14.7 +- 0.2 7.3 +- 0.03

sim. 2.6 +- 0.4 4.1 +- 0.07

part of the non-linearity is a side-effect of the clustering algorithm
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energy linearity studies
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hits clusters

data 2.91 x 10-3 2.91 x 10-3

sim. 0 0

Linear fit: 
 

including noise estimate from pedestals:

2.91 x 10-3 ± 9.2 x 10-6


y - intercept (values for parameter b):

μ(E) = m ⋅ E + b

including noise estimate causes change in apparent linearity behaviour

note: scale changes by x3 compared to previous slide



DESY Beam Energy Uncertainty

02.22 Energy Linearity and Uncertainty 2

p0 (GeV/c) peff (GeV/c) ∆p (GeV/c)
1.0000 1.1214 0.1214
2.0000 2.0475 0.0475
3.0000 3.0301 0.0301
4.0000 4.0246 0.0246
5.0000 4.9951 - 0.0049
5.6000 5.5659 - 0.0341

NIM A 922 (2019) 265–286

DESY test beam paper:
• mean momentum and momentum spread 

from angular distribution
• set momentum via magnet currents
• expectation values as diagonal (black line)
Þ constant momentum spread: 

(158 ± 6) MeV/c
Þ deviation from expectation values:

looking for mechanisms causing the apparent non-linearity: 
DESY beam energy uncertainty

DESY test beam paper: 
‣ mean momentum and 

momentum spread measurement 
‣ set momentum via magnet currents 
‣ expectation values as diagonal 

(black line) 
‣ constant momentum spread: 

(158 ± 6) MeV 
‣ deviation from expectation values: 
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1.0000 1.1214 0.1214
2.0000 2.0475 0.0475
3.0000 3.0301 0.0301
4.0000 4.0246 0.0246
5.0000 4.9951 - 0.0049
5.6000 5.5659 - 0.0341

NIM A 922 (2019) 265–286

DESY test beam paper:
• mean momentum and momentum spread 

from angular distribution
• set momentum via magnet currents
• expectation values as diagonal (black line)
Þ constant momentum spread: 

(158 ± 6) MeV/c
Þ deviation from expectation values:

deviation as estimate for 
test beam momentum uncertainty
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energy linearity

data:

‣ additional point 

with noise level at E = 0 GeV 
‣ asymm. syst. unc. on energy 

from DESY paper 
(unc. on 5.8 GeV approximated 
by 5.6 GeV value)  

‣ unc. on energy converted to 
unc. on residuals by calculating 
maximally possible shift  

‣ data points displaced for better 
visibility 

simulation:

‣ parameter b fixed to b = 0
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EPICAL-1 data points added: 
‣ same detection principle 
‣ similar pixel size as EPICAL-2 

comparison btw. 
EPICAL-1 and EPICAL-2:

‣ similar non-linear trend 

(probably also related to DESY 
beam momentum uncertainty)
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effectively fixing offset in response 
function to 0 justified?

‣ consistent with observed 

extremely low noise 

‣ number of hits in simulation 
very close to ideal linearity 

‣ significant non-linearity 
in number of clusters in simulation 

‣ difference between hits and clusters 
similar for data and simulation 

‣ number of hits from 
EPICAL-1 agree with EPICAL-2 

‣ deviation of data from simulation 
consistent with energy non-linearity 
in DESY test beam 

‣ additional deviation for highest energy, 
related to phase-space limit of 
accelerator?
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energy resolution: comparison to other prototypes
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arithmetic mean (μ) and standard deviation (σ) 
from corresponding distributions: 
‣ noise term negligible  
‣ better performance for clusters 

• large cluster-size fluctuation 
• calibration can be improved 



arithmetic mean (μ) and standard deviation (σ) 
from corresponding distributions: 
‣ noise term negligible  
‣ better performance for clusters 

• large cluster-size fluctuation 
• calibration can be improved 

‣ improvement since EPICAL-1 (MIMOSA) 
JINST 13 (2018) P01014 

‣ close to analog SiW ECAL (CALICE) 
physics prototype 
NIM A608 (2009) 372
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energy resolution: comparison to other prototypes
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energy resolution superior to 
previous prototype 



energy resolution: comparison to simulation
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two simulation scenarios:

‣ ideal simulation 

no beam energy spread 
• better energy resolution w.r.t. data 

‣ simulation with constant absolute value 
of the beam energy spread (158 MeV) 
NIM A 922 (2019) 265—286 

• below data at high energy 
• above data at low energy 



energy resolution: comparison to simulation
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two simulation scenarios:

‣ ideal simulation 

no beam energy spread 
• better energy resolution w.r.t. data 

‣ simulation with constant absolute value 
of the beam energy spread (158 MeV) 
NIM A 922 (2019) 265—286 

• below data at high energy 
• above data at low energy 

‣ experimental data contain 
some energy spread from the beam

measured values are upper limits of 
the energy resolution



summary
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EPICAL-2 measurement at DESY TB 


‣ good understanding of the measurement  

‣ energy resolution superior to 
previous EPICAL-1 (MIMOSA) 

‣ cluster measurement provides better resolution 
but is worse for energy linearity 
(find improved clustering algorithm) 

‣ significant impact of DESY test beam properties 
for precision results 

‣ overall good agreement between 
data and simulation 

outlook


‣ preparing publication
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