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Abstract: As part of its HL-LHC upgrade program, the CMS collaboration is developing a High

Granularity Calorimeter (CE) to replace the existing endcap calorimeters. The CE is a sampling

calorimeter with unprecedented transverse and longitudinal readout for both electromagnetic (CE-

E) and hadronic (CE-H) compartments. The calorimeter will be built with ∼30,000 hexagonal

silicon modules. Prototype modules have been constructed with 6-inch hexagonal silicon sensors

with cell areas of 1.1 cm2, and the SKIROC2-CMS readout ASIC. Beam tests of different sampling

configurations were conducted with the prototype modules at DESY and CERN in 2017 and 2018.

This paper describes the construction and commissioning of the CE calorimeter prototype, the

silicon modules used in the construction, their basic performance, and the methods used for their

calibration.

Keywords: Performance of High Energy Physics Detectors; Si microstrip and pad detectors;

Calorimeters; Large detector systems for particle and astroparticle physics
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1 Introduction

The CERN High-Luminosity LHC (HL-LHC) will operate with a higher instantaneous luminosity

than the CERN LHC and is expected to record ten times more data. The increase in the instantaneous

luminosity is a challenge for detector design, due to the needs for increased radiation tolerance and

for the mitigation of effects due to overlapping events (pile-up), which is expected to be as high

as 200 collisions per bunch crossing. To cope with these conditions, the CMS collaboration

has undertaken an extensive R&D program to upgrade many parts of the detector, including the

replacement of the calorimeter endcaps [1]. There are two key requirements that the new endcap

calorimeters must meet. Firstly, they should maintain acceptable performance after the delivery

– 1 –
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modules, equipped with the SKIROC2 ASIC1 [4]. Despite the limited number of silicon modules,

encouraging results were achieved in terms of energy resolution, and there was good agreement

with a Geant4 simulation of the detector [5]. In addition, during a separate beam test in 2016, the

timing performance of sets of non-irradiated and irradiated silicon diodes were evaluated. Their

measured timing resolution was about tens of picoseconds [5].

In October 2018, a two-week beam test, at the H2 beam line of the CERN Super Proton

Synchrotron (SPS), was conducted with a calorimeter built with 94 prototype silicon modules, that

were equipped with a new version of the readout ASIC, the SKIROC2-CMS [6]. The response

of the calorimeter was measured with beams of charged hadrons, electrons and muons that had

momenta from 20 to 300 GeV/c.

This paper describes the construction and commissioning of CMS CE prototype silicon mod-

ules and their assembly into the prototype calorimeter. Section 2 describes the silicon module

components, and their assembly and testing. Section 3 describes the setup used during the 2018

beam test. Section 4 shows the performance, in terms of noise, of the prototype modules and

describes the signal reconstruction method. In section 5 the calibration procedures used, including

channel-to-channel response equalization, and the gain linearization are presented.

2 Module components, construction and testing

The building block of the CE is the silicon module. It consists of a baseplate for mechanical support,

a silicon sensor, and a printed circuit board (PCB) with embedded electronics. The construction

procedure for prototype modules used in the 2016 beam tests is documented in [5]. In 2018, the

semi-automated module assembly process was demonstrated with the construction of 94 modules

equipped with 6-inch silicon sensor, reaching the targeted production rate of 6 modules per day.

The limiting factor was the time for glue curing at room temperature. The assembly and testing

procedures, established at the University of California, Santa Barabara (UCSB) pilot centre, were

tested and improved during the prototype module production.

The CE detector will have approximately 30,000 silicon modules built with 8-inch silicon

sensors. For their assembly, it is planned that there will be up to six module assembly centres

(MACs). The planned production rate is 24 modules per day at each MAC during the construction

phase. The assembly and testing procedures developed for the 6-inch modules are now being applied

to the 8-inch modules, which is the baseline design of the CE detector [2].

2.1 Module construction

The construction of a silicon module is shown schematicaly in figure 2. They consist of: a baseplate

in copper or copper-tungsten, a 100 μm thick gold-plated Kapton® sheet, a hexagonal silicon sensor,

and a printed circuit board, called ‘hexaboard’, holding four readout ASICs. The baseplate provides

mechanical support and thermal conductivity between the module and the cooling layer, as described

in section 3. The baseplate flatness is within 100 μm, and the thickness tolerance is less than 30 μm.

Two different baseplate materials are used: copper for CE-H and copper-tungsten (25% Cu and 75%

W) for CE-E prototypes. In the CE-E, the denser baseplate is used to increase compactness of the

1Appication specific intergrated circuit.

– 3 –
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Figure 4. The UCSB gantry workspace for 6-inch module assembly capable of assembling six 6-inch

modules at a time.

Figure 5. The side-view schematic of a double-Kapton® foil module showing stack layers and wire bonds

(left). The side-view schematic of a PCB baseplate module showing stack layers and wire bonds (right).

soldered wire. The second grounding scheme, called ‘PCB baseplate’ is shown in figure 5 (right).

For this configuration, the baseplate was replaced by a PCB with two ground planes. It was found

that the optimal performance in terms of noise is achieved by connecting the middle layer of the

PCB baseplate to a ground pad of the hexaboard. In this configuration, the bottom layer of the

PCB baseplate is also connected for redundancy as shown in figure 5. The noise performance with

different grounding schemes is discussed in section 4.2.

– 5 –
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2.2 Silicon sensors

Silicon sensors with 135 cells on a 6-inch wafer were produced by HPK.2 A picture of one silicon

sensor is shown in figure 6. All sensors were made with float-zone p-on-n silicon wafers. Ninety

of the sensors were made with a 300 μm thick depletion zone and for four sensors it was 200 μm.

The physical thickness of all the silicon sensors is 320 μm. The majority of the cells (107/135) on

a sensor are hexagonal with an area of 1.1 cm2. Two hexagonal cells are divided into two parts:

an ‘inner calibration’ cell, having an area of about 1/9th of the area of the full hexagonal cell, and

the surrounding ‘outer calibration’ cell. The former facilitates calibration with single minimum

ionizing particles (MIPs) after irradiation, when the signal over noise ratio from a full cell might

be too small to detect single MIPs efficiently. The smaller cell has a smaller capacitance, which

reduces the intrinsic noise making the MIP signal easier to detect. A small increase in signal size

was also observed for these cells, as discussed in section 5.1. The sensors also have half-hexagonal

cells at their edges and odd-shaped or ‘mousebitten’ cells at the corners.

Figure 6. Picture of one 6-inch silicon sensor where various cell types are highlighted.

A probe-card-based system [7] was used to measure the leakage-current and capacitance at

biases up to 1000 V before the sensors were assembled into modules. Figure 7 (left) displays the

capacitance measurement for a single cell, where the full depletion was reached at 189 V, and the

right plots shows the leakage current measurements at 200 V for a selection of the silicon sensors.

The average full cell leakage current was less than 1 nA for nearly all the sensors.

2Hamamatsu Photonics K.K., Hamamatsu, Japan.

– 6 –
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Figure 8. The simplified schematic diagram of the SKIROC2-CMS ASIC. Each preamplifier is followed by

two slow shapers for the charge measurement and a ToT circuit, and by a fast shaper for timing measurement.

The slow shapers consists of a low and a high-gain components to handle the large dynamic range. The

shaping time can be tuned from 10 to 70 ns with a 4-bit slow-control parameter. The shaping time of the fast

shaper can be adjusted between 2 to 5 ns.

expected time resolution for signals above a few hundred MIPs is about 50 ps. Details of the

SKIROC2-CMS ASIC can be found in [6].

2.4 Module testing

Two quality control tests were performed during the module construction: the current as a function

of the applied voltage (IV) was measured to assure proper module biasing, and the front-end

electronics was tested. These tests are described in this section.

2.4.1 IV tests

The leakage current as a function of the applied voltage was measured in the prototype modules

at the module assembly centre in UCSB and upon reception at CERN. For these 94 modules, a

Keithley 2410 source meter was used to bias the silicon sensor and record its total leakage current.

The bias voltage was scanned between 0 and 300 V in steps of 10 V.

Figure 9 shows the IV measurement for the same 6 modules at UCSB and CERN. The

differences between them were small and could be attributed to differences in the environments of the

testing stations. Module 2 showed breakdown at a lower voltage which may indicate potential sensor

damage during shipment from UCSB to CERN. Figure 10 shows the leakage current distribution

at 250 V for each module. About 75% of the modules had leakage currents below 1 μA. However,

eight modules had leakage currents in excess of 100 μA, which may indicate that the sensors were

damaged during module construction, shipment or handling. Among these eight modules, six of

them were from an early production after which the module assembly, shipment, packaging and the

module handling procedures were improved and standardized.

– 8 –











2
0
2
1
 
J
I
N
S
T
 
1
6
 
T
0
4
0
0
2

Figure 15. Front-view of an example mini-cassette of the CE-E prototype (left). A plate of Makrolon® was

attached to the mini-cassette to hold an ‘interposer’ board above the cooling plate. Schematic transversal

section of a CE-E mini-cassette (right). The aluminium frame was chosen to ensure to have enough space

without adding more absorber material and to protect the module. The size of the spacers was driven by the

thickness of the μHDMI connector and cable on the module.

3.2 Silicon electromagnetic calorimeter prototype

To build the electromagnetic section, pairs of modules were assembled in mini-cassettes. In a

mini-cassette, the two modules were mounted on both sides of a 6 mm thick copper cooling plate

and connected to a 4.9 mm thick lead clad with 300 μm thick steel. A photograph of a mini-cassette

is shown in figure 15. The mini-cassettes were closed with an aluminium frame and a Mylar®

sheet. The copper plate had a groove to allow the insertion of a 3 mm-diameter copper pipe through

which water at 28◦C was passed to keep the prototype silicon modules at a constant temperature

during the data taking. This temperature was required for the MAX®10 FPGA on the hexaboard,

which could not be operated reliably at a lower temperature. It was also necessary to take data

at constant temperature since the ToA and the ToT measurements were temperature sensitive. In

characterization studies on the SKIROC2-CMS ASIC, a variation of 5◦C could lead to an error of

4 to 5% on the measured charge with the ToT and an error on the reconstructed time with the ToA

of between 50 ps to 100 ps.

For each mini-cassette two interposer boards, one per module, were attached with Makrolon®9

plates above the cooling plate as shown in figure 15. The interposer boards regulated the 5 V output

from the DAQ boards to the 3.3 V needed by the hexaboards. They also filtered and transmitted

the bias voltage coming from the DAQ boards through LEMO™ cables to wires soldered to the

hexaboards. The mini-cassettes were inserted in a ‘hanging file’ mechanical support system. The

total depth of the CE-E prototype corresponded to a total depth of 26 -0, with a physical length of

about 50 cm. In comparison, the final CMS CE-E that will have a total depth of 26 -0 for a length

of 34 cm.

All modules exhibited common-mode noise with an amplitude corresponding to a signal of 6–7

MIPs during the initial tests. Several methods were tried to reduce this noise. The optimal method,

9Covestro AG, Germany.

– 13 –
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Figure 19. An example layer of the silicon CE-H with the ground connection between its central module and

a peripheral module (left). An example of the ground connection for a double-Kapton® module (top right).

An example of the ground connection for a PCB baseplate module (bottom right).

event blocks were synchronized using their local event ID, incremented after each trigger. The

synchronization of CMS CE readout boards was checked offline by analyzing the trigger time-

stamps.

A C++ library was developed [8] to convert the raw data from EUDAQ format to ROOT

files [13] that contain the high-gain and low-gain shaper samples, and the ToT values. The first step

of the workflow was to calculate the pedestals for all memory cells of the channels of the SKIROC2-

CMS ASICs. After subtracting the pedestal values, the common-mode noise was estimated and

subtracted on an event-by-event basis, for each module, and every time-sample. Then the signal

amplitudes were reconstructed for both the high and low-gain shapers as described in section 4.3.

Finally the response equalization and gain linearization procedure, discussed in section 5, completed

the hit reconstruction.

4.2 Pedestals and noise: calculation and stability

Dedicated runs were taken to evaluate the pedestals for all memory cells of all channels. The

median of the ADC-count distributions defined the pedestal values, while the standard deviation

of these distributions gave an estimate of the level of noise in each channel. Files of the pedestal

and noise values were created and saved for in subsequent analyses. Due to the trigger latency,

the maximum amplitudes of the waveforms were reconstructed between the third and the fourth

time-samples. Therefore the first time-sample of every recorded event was free of signal. This

allowed the estimation of a pedestal value for each channel for each run. Figure 20 shows the average

– 16 –
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The total noise (ftotal) is the quadratic sum of the intrinsic noise of the cell (fintrinsic) and any

common-mode (fCM) that might be present in the system.

ftotal = fintrinsic ⊕ fCM (4.1)

To estimate the coherent noise, pedestal data were used to estimate the correlation coefficients,

�8, 9 , between channels in the same module. The coefficients �8, 9 were defined as:

�8, 9 =

∑#
4 (8 (4)( 9 (4)

#
− (8 ( 9

f8f9

(4.2)

where N is the number of events, (8 (4) is the high-gain ADC counts of channel 8 after pedestal

subtraction, (8 the average of (8 and f8 its standard deviation. In this study, only the first time-

sample was used within a module. The correlation coefficients varied between 0.3 and 0.9 and

no correlation was observed between channels of different modules. The autocorrelation of the

channels between time-samples was also studied to assure that the common-mode noise could be

evaluated using the first time-sample alone. Equation (4.3) defines the autocorrelation coefficients

'C8 ,C 9 for a channel was estimated for different time-samples.

'C8 ,C 9 =

∑#
4 (C8 (4)(C 9 (4)

#
− (C8 (C 9

fC8fC 9

(4.3)

where N is the number of events, (C8 (4) is the amplitude of the high-gain ADC counts in time-sample

C8 , (C8 the average of (C8 and fC8 its standard deviation. The average value of the autocorrelation

coefficients for all channels of the CE prototype was found to be around−0.03. Thus common-mode

noise could be evaluated separately for each time-sample. This result indicates the common-mode

noise has a major high frequency component with a frequency ≥ 40 MHz.

Based on these studies, it was decided to evaluate and subtract a common-mode for each

module and time-sample. For both the high and low-gain shaping amplifiers, the common-mode

was defined as the median of the ADC counts of the full cells in a module. Only channels with

an amplitude lower than 2 MIPs in the third time-sample were considered for the common-mode

evaluation. For the other cell types (half, mousebitten and calibration cells), the common-mode

was scaled using the area of these special cells. After subtracting the common-mode, the residual

noise was evaluated and the intrinsic noise of the cell was obtained. Figure 22 shows the total and

intrinsic noise for two modules during this beam-test campaign. For both modules the intrinsic

noise was around 0.12 MIP (5–6 ADC counts) and was substantially lower compared to the total

noise, which was around 0.2 MIP (7–9 ADC counts) for CE-H modules and between 0.25 to 0.5

MIP (9–20 ADC counts) for CE-E modules. The intrinsic noise also showed small run-by-run

variations.

As discussed in sections 2 and 3, different types of prototype modules were used. In the

CE-E, the modules were built with a copper-tungsten baseplate, while copper was mainly used

in the CE-H. In addition, the CE-H prototype contained 1 layer with the PCB baseplate modules

and 1 layer with the double-Kapton™ modules, in which special grounding schemes were tested.

Figure 23 compares the total and intrinsic noise for modules from these different species. The

double-Kapton™ and PCB baseplate modules are valid options for the final CMS CE-H system.
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5 Channel-to-channel response equalization and gain linearization

The CE prototype modules were calibrated in two stages. The first stage consisted of equalizing

the response of the channels to the energy deposited by MIP-like particles at normal incidence.

Simulation studies of the CE-E calorimeter showed that a precision of 3% on these equalization

constants yields a constant term of 0.5% in the electromagnetic energy resolution [2]. The second

stage of the procedure was gain linearization. As explained in sections 2 and 4, the Skiroc2-CMS

ASIC offered 3 different measurements of the energy to provide the large dynamic range required

by the calorimeter. Therefore, gain linearization needed to be carefully performed to ensure a linear

response to signals in the CE prototype.

5.1 Channel-to-channel response equalization

The distribution of the energy deposited by an ionizing charged particle passing through a silicon

cell approximately follows a Landau function. Its most probable value is expected to be around

57 keV and 86 keV for 200 μm and 300 μm thick sensors, respectively, for normal incidence. The

relative calibration using MIP-like particles such as muons aims to correct the variations in the

electronic gains and differences in the energy response, e.g. due to potential non-uniformity of the

depleted thickness of the silicon sensor. Due to the overall negligible energy loss compared to the

initial momentum of the MIP-like particles, the amount of deposited energy per unit distance can

be regarded as being independent of the calorimeter depth. For this reason, MIP-like particles are

suitable for the channel-to-channel response equalization. For this purpose, dedicated runs with

muons (referred to simply as MIPs) were taken in the 2018 beam tests.

At the CERN SPS, it is difficult to operate a muon beam with a momentum less than 1 GeV/c

wide and enough to illuminate as many channels as possible, with an acceptable trigger rate. In

addition, scanning the x–y positions of the prototype was impossible because the prototype was

not installed on a moving table. A wide muon beam with a momentum of 200 GeV/c was used

for the channel-to-channel response equalization. Although such high-energy muons are not true

MIPs, they rarely initiate particle showers inside the calorimeter, and so their deposited signals are

still good candidates for an energy reference. This reference was also used by the simulation of the

CE prototype.11 Figure 27 shows a typical muon event, recorded with the CE prototype during the

October 2018 beam test.

Muons were initially selected using information from detectors upstream of the calorimeter

prototype. The data from the DWCs of the H2 beam line [11] incorporated into the beam tests then

provided reference measurements for the beam particles’ trajectories. Their extrapolated pointing

precision at the calorimeter prototype amounted to better than one millimeter and allowed for a

precise selection of cells traversed by an incident muon. The calorimeter itself was also used as

a MIP tracking device. MIP signatures were identified and combined to reconstruct calorimeter

hits consistent with one straight line trajectory per readout traversing the full calorimeter. Such a

procedure was already used with the first prototype for the 2016 beam test campaign and details on

the tracking algorithm can be found in [5].

Figure 28 displays the reconstructed ADC counts spectra for two example channels before and

after selection of physical hits.

11The simulation of the CE prototype will be described in a future paper.
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The noise contributions of these spectra were almost eliminated when requiring a hit to be

part of a straight line trajectory inside the calorimeter. Preliminary studies showed an efficiency

above 98% for the hits induced by MIP-like particles [16]. Equivalent spectra were obtained when

applying the DWC based hit selection.

The signal spectrum induced by MIPs was also detectable in the distributions of the low-gain

shaper amplitudes, where the signal-to-noise for single particles was around 3. This indicates that

the CE remains sensitive to MIPs even with a lower signal-to-noise ratio.

Finally, these spectra were fitted with the function given by equation (5.1).

5
(
G, μ! , 2! , f?, 20, 21, 22

)
= 20 · � (G, 0, f?)

+ 21 ·
(
! (μ! , 2!) ∗ � (0, f?)

)
(G)

+ 22 ·
(
! (2μ! , 2!) ∗ � (0, f?)

)
(G)

(5.1)

where � (0, f?) is a Gaussian function centered in 0, ! (μ! , 2!) a Landau distribution with μ!

and 2! as location and scale parameter respectively and 20, 21, and 22 normalization constants.

The second convolution product (! (2μ! , 2!) ∗ � (0, f?)) aimed to fit a second Landau peak, if

any, and was introduced to improve the quality of the fit. The example fits to the corresponding

measured spectra are included as red dotted lines in figure 28. The inverse of the maximum of the

fitted fucntion, provided the channel-to-channel response equalization constant (�MIP) to convert

the high-gain amplitude to a response in MIP units.

In the October 2018 beam test, due to the limited spread of the muon beam and the limited

mobility of the calorimeter setup through the beam, only 31% of all channels could be calibrated in

this way. For the remaining channels, a dataset accumulated with muons of unknown energies was

used. During the two weeks after the main beam test in October 2018, the CE prototype was still

operated while being exposed to any particles not stopped by another experiment located further

upstream. With such a setup, most of the parasitic particles expected to reach the CE were muons.

The same tracking algorithm (as the one used with the previous prototype as described in [5]),

using the calorimeter as a tracking device, was chosen. Channel-to-channel response equalization

constants for an additional 54% of the channels could be derived from this dataset accumulated

during the parasitic beam time.

Figure 29 summarizes the distribution of high-gain ADC counts per MIP for all 28 modules in

the CE-E prototype. Their intra-module variation amounted to ≈ 10% and was dominated by the

difference in the mean electronic response of each ASIC. The per-ASIC dispersion of this calibration

constant was on average about 4%.

Further analysis confirms the expected lower response to MIPs for 200 μm than for 300 μm

thick sensors, shown in figure 30 (left). Figure 30 (right) shows the channel-to-channel reponse

equalization constant as a function of the cell type. It confirms that smaller silicon pads leads to

larger signals as introduced in section 2.2. This effect was already observed with the previous CE

prototype [5] and explained by the lower capacitance of the calibration cells leading to a faster rise

time when shaped in the SKIROC2 ASIC.

In section 2, high leakage current in a few modules was mentioned. This high leakage current

could lead to under-depleted silicon sensors and hence lower response to deposited energy from

particles. This had been observed during a previous beam test with an early version of the CE
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linearization constants could not be derived. Fortunately, the lack of data for the gain linearization of

these channels also meant that these channels were not located in the core of the showers. Therefore

a mis-estimation of the ToT for such channels had a limited impact on the reconstructed shower

energy and resolution in the beam-test data.

5.2.2 Gain linearization using charge injection

In the future CMS CE, it will not be possible to use the method described in section 5.2.1. Indeed

the ASIC foreseen for the future CMS CE will not have an overlap in charge sensitivity between

the ADC and the linear region of the ToT. Therefore, a second gain linearization using controlled

charge injections was studied. Moreover, using injection techniques allowed the gain linearization

to be performed for all the channels of the CE prototype. As introduced in section 2.4.2, the test

stands used to test the hexaboards and modules were equipped with a 12-bit DAC, which allowed the

injection of a controlled charge into the channels of the SKIROC2-CMS ASICs. During the testing

procedure, an injection scan was performed for all channels of the CE prototype modules. The

scans were performed in a temperature-controlled box (28◦�) in order to have the same temperature

condition as during the beam test. With this procedure, gain linearization constants could be

derived for about 98% of the channels of the CE prototype modules. About half of the remaining

2% corresponded to the masked channels as described in section 2.4.2. For the others, various

causes (dead channels, noisy channels, fail in fitting procedure) prevented the computation of the

gain linearization constants.

The same analysis procedure as described in section 4.3 was performed on the injection data,

and the amplitudes of the two gains and the ToT were obtained as functions of the input charge.

The aim was to provide the constants for transforming the electronic outputs (waveform amplitudes,

ToT) into calibrated responses. Therefore, the first step of the procedure was to transform the input

charge in DAC units to an energy equivalent in MIP units. This was achieved by fitting the high-gain

waveform amplitude as a function of the input charge with a linear function over a limited range.

The slope of the linear function was extracted, and then using the channel-to-channel response

equalization constant, the input signal ((� ) could be expressed in MIP units using equation (5.3):

(� = �MIP · :HG,� · &� (5.3)

where�MIP is the channel-to-channel response equalization constant, &� is the input charge in DAC

units and :HG,� is the slope of the correlation between high-gain amplitude to input charge. Then

the amplitude of the waveforms and the ToT could be expressed as functions of the input signal in

MIP units as shown in figure 36.

The waveform amplitudes as functions of the input signal were fitted with linear functions

and the inverse of the slopes �MIP,HG and �MIP,LG were stored. The gain saturation (HGsat and

LGsat) points were derived from the minimum injected signal for which the high-gain and low-gain

waveform amplitudes deviated from their linear fit by 3%. The saturation values of high and low

gains are indicated by the vertical solid lines in figure 36. The ratio ��! =
�MIP,LG

�MIP,HG
is equivalent to

the parameter ��! obtained from the beam-test data as described in section 5.2.1.

Figure 37 shows the distribution of the parameters�MIP,LG and��! derived from the injection

data. The distribution of the ��! is very close to the one obtained from the beam-test data. The
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where () ℎA is the minimum input signal to trigger the ToT and �MIP,ToT, ToToffset, # and U are free

parameters of the fit.

The ratio �!) =
�MIP,ToT

�MIP,LG
is equivalent to the parameter �!) obtained from the beam-test data

as described in section 5.2.1. Figure 38 shows the distributions of the parameters �MIP,ToT, �!) ,

ToToffset and () ℎA . The distribution of the ToToffset parameter is significantly different than the one

obtained from the beam-test data as shown in section 5.2.1. The mean of the distribution of the

ToToffset parameter is shifted by about 13% when compared to the mean of the ToToffset parameter

obtained from the method using beam-test data (shown in figure 35). The main reason is the lack of

statistics in channels with the beam-test data. The distribution of the ToToffset from the injection data

by using only channels with enough statistics from the beam-test data, has a mean value of 197 ± 2

and a standard deviation of 85 ± 1.4 which are in better agreement with the ToToffset distribution of

figure 35. Figure 39 shows the correlation plots of the gain linearization parameters ToToffset and

�!) obtained with two methods.

With the full ToT function, the non-linear part of the ToT could also be used. A binary

search algorithm was used to compute the calibrated signal from the ToT since the ToT function is

monotonic. The requested tolerance was set to 0.01 and the maximum number of iterations was

100. Finally, the calibrated signal in a silicon cell, using the gain linearization constants derived

from the injection data, is given by equation (5.5):

� =





�HG = �MIP,HG · �0,HG, if �0,HG < HGsat

�LG = �MIP,LG · �0,LG, if �0,HG > HGsat and �0,LG < LGsat

�ToT, otherwise

(5.5)

where �ToT was calibrated signal from the ToT computed with the binary search method.

6 Conclusion

A new high granularity calorimeter prototype has been built in 2017–2018 and tested with beam of

particles at CERN and DESY. Around 100 prototype modules, based on 6-inch hexagonal silicon

sensors with cell areas of 1.1 cm2, have been constructed using the SKIROC2- CMS readout ASIC

for the final beam test in October 2018 at CERN-SPS. This ASIC contains the ToT and ToA

functionality, which will be important features of the final ASIC of the CMS CE. The prototype,

including more than 12,000 readout channels, comprised sensors of two different full depletion

thicknesses (300 μm and 200 μm).

Different grounding schemes, pedestal and common-mode estimation methods have been

studied, validating the options proposed for the final CMS CE system. The pedestal values were

stable over the full beam test campaign. The modules showed good S/N performance when tested

by muons. The total noise level, dominated by common-mode noise, was comparable for the two

sensor depletion thicknesses. After common-mode noise removal, the thicker sensors showed a

slightly lower intrinsic noise due to their lower capacitance.

The prototype modules were calibrated in two stages: equalizing the response of the channels

to the signal energy deposited by MIP-like particles and linearizing the gains for the different

energy measurements offered by the prototype ASIC to provide the large dynamic range. Both the

calibration procedure and two different types of gain linearization methods were established.
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