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The focus of this talk
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The Compact Muon Solenoid (CMS) detector
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Endcap calorimeter
1.5 < η < 3.0

http://cms.web.cern.ch/news/cms-detector-design

http://cms.web.cern.ch/news/cms-detector-design
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High luminosity physics and the endcap

• Physics goals of the High Luminosity LHC (HL-LHC) make specific performance demands of the endcap 
calorimeter

• Measurement of vector boson fusion (VBF) Higgs production and WW scattering, processes identified by 
two characteristic forward jets

• Searches for rare heavy particles associated with supersymmetry (SUSY) and other Standard Model (SM) 
extensions

• Extend electron, photon, tau, and jet reconstruction to the endcaps to better exploit the dataset

• Improved missing transverse energy (MET) reconstruction

• CMS upgrade philosophy: equal or better performance under HL-LHC conditions
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HL-LHC High Luminosity 
Large Hadron Collider: The 
HL-LHC project

HL-LHC
<PU> = 140-200LHC

<pileup (PU)> = 27

http://hilumilhc.web.cern.ch/about/hl-lhc-project
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Complete overhaul required

• PbWO4 crystal transmission loss due to 
radiation damage

• Worsening energy resolution due to 
increased pileup
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Detector design
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High Granularity Calorimeter (CE)
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Ac#ve	Elements:	
•  Hexagonal	modules	based	on	Si	sensors	

in	CE-E	and	high-radia6on	regions	of	CE-H	
•  “Casse9es”:	mul6ple	modules	mounted	on	

cooling	plates	with	electronics	and	absorbers	
•  Scin6lla6ng	6les	with	SiPM	readout	in	

low-radia6on	regions	of	CE-H	

Key	Parameters:	
•  CE	covers	1.5	<	η	<	3.0	
•  ~215	tonnes	per	endcap	
•  Full	system	maintained	at	-30oC	
•  ~600m2	of	silicon	sensors	
•  ~500m2	of	scin6llators	
•  6M	si	channels,	0.5	or	1	cm2	cell	size	
•  ~27000	si	modules	
•  Power	at	end	of	HL-LHC:	~110	kW		

per	endcap	

Electromagne6c	calorimeter	(CE-E):	Si,	Cu	&	CuW	&	Pb	absorbers,	28	layers,	25	X0	&	~1.3λ	
Hadronic	calorimeter	(CE-H):	Si	&	scin#llator,	steel	absorbers,	24	layers,	~8.5λ

~2m	

~2
.3
m
	

CERN-LHCC-2017-023

http://cds.cern.ch/record/2293646?ln=en
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Design in a nutshell

• Particle flow (PF) calorimeter, optimized for PU rejection and jet energy resolution (JER)

• PU rejection required by high HL-LHC instantaneous luminosity

• JER improved with respect to cone-based reconstruction

• Good position resolution from fine longitudinal and transverse granularity to 
associate calorimeter segments to charged hadron tracks

• High resolution tracking information used to estimate the energy of charged jet 
candidates

• Low resolution calorimeter information “only” used to estimate the energy of 
neutrals
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Typical jet is composed of:
• 62% charged particles
• 27% photons
• 10% neutral hadrons
• 1% neutrinos
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Design in a nutshell

• Per-channel calibration with 
minimum-ionizing particles 
(MIPs) throughout HL-LHC 
lifetime imposes requirements 
on radiation tolerance

• Dictates choice of active 
materials

• Dictates geometry
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Silicon sensor design
• n-on-p sensors for superior radiation hardness

• Cost optimization

• Hexagonal sensors from 8” wafers

• Thickness decreases as expected fluence 
increases

• Cell sizes (~ capacitance ~ noise) set by MIP 
signal-to-noise (S/N) requirement at end of life

• Threefold diamond symmetry permits easy 
grouping of trigger cells and association to 
readout chips

• Fractional variants to cover inner and outer 
boundaries

�13

26 Chapter 2. Active elements

Figure 2.5: Layout of a layer where only silicon sensors are present, the 9th layer of CE-E. The
division into six 60 � cassettes is shown by the alternating colours. The two radial changes
in darkness of colour indicate the changes in silicon thickness. The inner and outer radii are
32.8 cm and 160 cm, respectively.

CERN-LHCC-2017-023

Active thickness 
(μm)

Cell size
(cm2)

Cell capacitance 
(pF)

Expected 
fluence range

(× 1015 neq/cm2)
Initial MIP S/N

Smallest MIP
S/N after
3000 fb-1

300 1.18 45 0.1-0.5 11 4.7

200 1.18 65 0.5-2.5 6 2.3

120 0.52 50 2-7 4.5 2.2

192-channel sensor 432-channel sensor CE-E layer 9

http://cds.cern.ch/record/2293646?ln=en
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Silicon sensor design
• 300- and 200-μm sensors in physically thinned float 

zone (FZ) silicon

• 120-μm sensors in epitaxial high-resistivity silicon 
layer on lower resistivity substrate (“epi”)

• “Mouse bites” for module mounting

• Dedicated small (low-capacitance ~ low-noise) 
calibration cells

• Common and individual p-stops under consideration

�14

23 January 2019 M. Mannelli CMS HGCAL Silicon Sensors 31

HGCAL sensor layout & design parameters

HGCAL sensor layout & design parameters

23 January 2019 M. Mannelli CMS HGCAL Silicon Sensors 29

⌀ ~ 190mm

8” Silicon Sensors: full wafer lithography

23 January 2019 M. Mannelli CMS HGCAL Silicon Sensors 33

Common p-stop Individual p-stopCommon p-stop Individual p-stop

M. Mannelli

192-channel wafer layout with calibration cells 

Intersection of three sensors
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Silicon sensor 
prototyping
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Prototyping timeline
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2012 2013 2014 2015 2016 2017 20182011

CMS Phase 2 Tracker R&D: Hamamatsu
• FZ (200- and 320-μm) vs. epi (120-μm)
• n-on-p vs. p-on-n
• Proton (23 MeV and 24 GeV) and reactor 

neutron irradiation campaigns

6” hexagonal sensors: Hamamatsu
• FZ (300-μm) and deep-diffused float zone (ddFZ) (200- and 120-μm)
• n-on-p vs. p-on-n
• 128- and 256-channel variants
• Common vs. individual p-stop
• Reactor neutron irradiation campaign

8” hexagonal n-on-p sensors: 
Hamamatsu
• FZ (300- and 200-μm) and epi 

(120-μm)
• 192 channels (current module 

design)
• Common vs. individual p-stop
• Stepper and full-wafer 

lithography

2011 JINST 6 P10010

Figure 1. The HPK campaign Wafer.

• FZ - Floatzone Silicon which is the standard process.

• MCZ - Magnetic Czochralski Silicon where the crystal is pulled out of a melt.

• Epi - Epitaxial Silicon is CVD1 grown on an oxygen-enriched carrier substrate.

The increased radiation environment in the HL-LHC, which will reach a peak luminosity of
1035cm�2s�1 or 3000 f b�1 in 10 years, will require thinner sensors to reduce the required bias
voltage. To achieve this, wafers with a deep-diffused backplane implant and physically thinned
wafers are part of the campaign. Known material like 320µm FZ material is used as reference.
Additionally, electron readout devices (P-type) show reduced charge trapping after irradiation and
therefore they are investigated with two different insulation technologies, namely p-stop and p-
spray. Some wafers are processed with a second metal layer to study signal routing options like
on-sensor pitch adapters. For an overview of all materials and other wafer options see table 1.

2 Testing

In order to understand the sensor properties and their influence on the performance fully, a variety
of tests have to be performed. Among them are electrical tests to validate the functionality, deter-
mine parameters like the full depletion voltage and study the performance of the pieces as well as
tests with particles and readout systems to study the impact of geometry and material on spatial
resolution and S/N.

1Chemical vapor deposition.

– 2 –

23 January 2019 M. Mannelli CMS HGCAL Silicon Sensors 31

HGCAL sensor layout & design parameters

2019

HGC 128HPK6 DESIGN CHECK

Marko’s observations

Marko Dragicevic23 October 2015 1

Color code

JINST 6 (2011) P10010

CE R&D: Hamamatsu
• Test structures on Phase 2 

tracker wafers
• Reactor neutron irradiation 

campaign

https://iopscience.iop.org/article/10.1088/1748-0221/6/10/P10010/meta
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Lessons learned: tracker R&D

• Thin (≤300 μm) sensors required 
in regions of highest fluence

• Over-depleted operation 
necessary for maximum 
charge collection

• Reduced full depletion 
voltage ⇒ reduced leakage 
current ⇒ reduced power 
dissipation

• n-on-p sensors have better noise 
performance after irradiation 
than p-on-n

�17

2017 JINST 12 P06018
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Figure 4. Full depletion voltages of strip sensors as extracted from CV measurements [32]. Measurements
on non-irradiated samples were performed at room temperature, else at �20 �C.

Figure 5. Leakage currents of strip sensors as extracted from IV measurements [32]. The dashed line
indicates the expectation for diodes according to [27]. Measurements were performed at �20 �C and at a bias
voltage 20% above the full depletion voltage (but maximum 600 V). These currents reflect the expectation
during operation conditions and are used to predict power consumption and heat load. These values are not
meant to provide the material specific damage rate.

– 8 –

= 300 μm

JINST 12 (2017) P06018

2017 JINST 12 P06018

Figure 9. Charge collected on the seed strip for sensors with a nominal active thickness of 200 µm after
a short annealing time of between 0 and 15 days at room temperature. The error bars reflect an estimated
uncertainty of about 5% representing statistical and gain uncertainties. The text next to the symbols indicates
the irradiation type (p stands for protons with energy range MeV/GeV and n for neutrons) and the equivalent
annealing time at 21 �C.
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Figure 10. Two examples of pedestal-subtracted noise distributions as measured with the ALiBaVa system
and fitted by a Gaussian distribution: a normal noise distribution (left) as observed on p-in-n type FZ sensors
before irradiation, which looks similar for n-in-p sensors (both non-irradiated and irradiated), and a noise
distribution a�ected by the non-Gaussian component observed for irradiated p-in-n FZ sensors with a nominal
active thickness of 200 µm (right).
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200 μm p-on-n pedestal-subtracted noise

Before irradiation After irradiation

https://iopscience.iop.org/article/10.1088/1748-0221/12/06/P06018/meta
https://iopscience.iop.org/article/10.1088/1748-0221/12/06/P06018/meta
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Lessons learned: CE R&D

• Difference in charge collection between p-on-n and n-on-p sensors small 
above 1015 neq/cm2

• Above ~6 × 1015 neq/cm2, 100-μm epi n-on-p sensors (300 V bias) collect 
more signal charge than 120-μm ddFZ n-on-p sensors (600 V bias)

• Diode noise measurements agree with Hamburg model (linear 
dependence of current/volume on fluence)
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ddFZ 320Mm  

dd-FZ 200Mm 

dd-FZ 120Mm  

Epi 100Mm Rescaled to -30OC

⌫(600V) = (2.34±0.06)x10-19 A/cm

⌫(reference) = 2.763x10-19 A/cm

dd-FZ 320 (298-291Mm)

dd-FZ 200 (228-209Mm) 

dd-FZ 120 (145-131Mm)

Epi 100 (96Mm)

Epi 50 (49Mm) 

CERN-LHCC-2017-023

http://cds.cern.ch/record/2293646?ln=en
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Lessons learned: Hamamatsu 6”

• Excellent sensor performance across 200 
prototypes

• Homogeneous leakage current across 
sensor area

• Per-cell leakage current at 1000 V before 
irradiation of order 1 nA (spec is ≤100 nA 
per cell, ≤20 μA per sensor at 800 V and 
20°C)

• Breakdown voltage typically >1 kV

• Hamamatsu established as a reliable vendor

• Leakage current measurements in 
agreement with those supplied by 
Hamamatsu

• Decision made to develop 8” sensors

• Development of switch + probe card system for 
fast sensor characterization
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Per-cell leakage current at 1 kV bias 
for one 128-channel sensor

Leakage current measured with switch + probe 
card setup (23/200 sensors)

http://cds.cern.ch/record/2293646?ln=en
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Lessons learned: Hamamatsu 6”

• Sensors exposed to 1.5-7.5 × 1014 neq/cm2

• Performance after neutron irradiation in line with expectations

• Leakage current scales with cell area

• Dependence of leakage current per unit volume on fluence agrees with Hamburg model 
expectation

• Noise measurements needed to confirm non-Gaussian tails in p-on-n sensors

�20

• Cell currents at 
-1000 V bias 
voltage

• Current scales with 
cell area

• One bad contact -> 
current shows up 
in neighbor cells

February 5, 2019 Sensors, modules & cassettes - Manfred Valentan 12

• Measured data is the typical SMU current at -1000 V
• Rescaled to -30 degC, and normalized for volume
• Consistent with TDR values!

February 5, 2019 Sensors, modules & cassettes - Manfred Valentan

1014
10-5

21

= Typical leakage current at 1 kV from 6” sensor 
irradiation

1.5 × 1014 neq/cm2

Leakage current at 1 kV
320 μm common p-stop

M. Valentan
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Lessons learned: Hamamatsu 8”
• Stepper sensors considered an 8” proof 

of principle for investing in full-wafer 
lithography

• Commissioning of different 
measurement techniques for quality 
control

• Sensor geometry and DC coupling 
precludes an integrated biasing 
circuit with a single grounded 
contact point for IV and CV testing 
⇒ multiple cells need to be biased 
simultaneously to replicate 
operating conditions

• “Seven-needle” measurement as 
reference

• Probe card with pogo pin contacts 
for fast characterization
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CERN-LHCC-2017-023

E. Sicking

System in probe station

February 5, 2019 IV of 8-inch 192-cell sensors 4
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Lessons learned: Hamamatsu 8”

• Excellent sensor quality as for 6” sensors

• Good agreement with Hamamatsu 
leakage current measurements

• Per-cell capacitances in line with TDR 
expectation

�22
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I Cells 86 and 87 have scratch from HPK wafer handling
I Large current in cell 87 at CERN and HPK

I At CERN, also cell 26 breaks through
I An earlier measurement of the same sensor did not show this break through
I Backside and front side of cell 26 do not show scratches
I To be investigated: Repeat measurement with same sensors to study backside

sensitivity

I Total current at 1000 V almost 1 mA
I HPK needle measurements show peak in current at low voltages,

peak not seen in probe card measurements

February 5, 2019 IV of 8-inch 192-cell sensors 14

Cell area
(cm2)

Sensor 
thickness

(μm)

Design 
capacitance

(pF)

Measured 
capacitance

(pF)

1.18 200 65 69-71
1.18 300 45 49-50

TDR Hamamatsu 
prototypes

E. Sicking

Hamamatsu 7-needle CERN probe card

Per-cell IV curves for prototype 192-channel sensor (300 μm, individual p-stop)

= Cells with 
high current or 
breakdown
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Test beam: 2016

• 6” modules with different depth configurations

• First demonstrations of:

• MIP calibration

• Shower reconstruction

• Time tagging core of showers

• Resolution on time difference between neighboring 
cells of a sensor ~25 ps at an effective S/N of 100

• Good timing precision can be achieved for high 
energy deposits found in the core of 
electromagnetic and hadronic showers
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section 5.2. For each layer the energies in 1, 7 and 19-cells were stored, centered around the cell
with the highest energy, as well as the total energy in a given layer (not counting the half-hexagons
and mousebite cells at the sensor edges).

A visualization tool was developed to provide fast feedback and basic “event displays”, by
plotting the RecHits in the corresponding cells of a sensor for all the sensors in the setup. Figure 12
shows two such event displays for a 32 GeV electron event in the 16 layer setup at FNAL and that
of a 250 GeV electron in the 8-layer setup II at CERN.

Figure 12. Event displays of the energy seen in each cell of consecutive silicon layers due to electron-induced
electromagnetic showers. Top: FNAL test with 16 layers and 32 GeV electrons; Bottom: CERN test with 8
layers and 250 GeV incident electrons. The colour scale represents the amplitude of the RecHits in the cells
in ADC counts.

4 Stability and calibration

4.1 Pedestal and noise: values and stability

Runs without beam were used to evaluate the pedestals and noise for each channel. The mean of the
ADC-counts distributions defined the pedestal values, while the RMS of these distributions gave
an estimate of the total noise for each channel. Files of the pedestal and noise values were created
and used in analyses. We also evaluated the stability of these quantities with time.

The total noise, RMStotal was the quadratic sum of the intrinsic noise of the channel, RMSintrinsic,
and any common-mode noise, RMSCM that may have been present in the system.

RMStotal = RMSintrinsic � RMSCM (4.1)

The total noise in the modules tested in 2016 (unirradiated silicon) was dominated by the
electronic noise in the Skiroc2, which depended on the capacitance of the silicon cell to which it
was connected. This is demonstrated in figure 13(left), which shows the total noise and intrinsic
noise (expressed in ADC counts) as a function of the cell size. It can be seen that there was a strong
correlation between the cell area and the total noise, suggesting that the CM noise was a function

– 14 –
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Figure 36. Left: time di�erence between the timestamps of the MCP-PMT and HGCAL timing layer
for FNAL 32 GeV electrons, with 6X0 tungsten absorber 1 mm from the silicon. The beam impact point
was contrainted by a trigger counter with 2 mm transverse size, aligned with the centre of the central cell.
Information from all 7 cells was combined with charge weighting. Right: timewalk measured at CERN for
the most energetic cell, which was subsequently corrected using a parametric fit.

0 100 200 300
0

0.05

0.1

0.15

100 GeV electrons:
A = 2.27 +/- 0.06 ns
C = 9.2 +/- 0.7 ps

150 GeV electrons:
A = 2.28 +/- 0.05 ns
C = 9.8 +/- 0.4 ps

200 GeV electrons:
A = 2.26 +/- 0.04 ns
C = 10.1 +/- 0.3 ps

250 GeV electrons:
A = 2.28 +/- 0.05 ns
C = 10.2 +/- 0.4 ps

  100 GeV data
  150 GeV data
  200 GeV data
  250 GeV data
  100 GeV fit
  150 GeV fit
  200 GeV fit
  250 GeV fit

eff(S/N)

) (
ns

)
C

0
 - 

t
C

1
(t

σ

Figure 37. Resolution on the time di�erence between neighbouring hexagonal cells of a 6” 300 µm thick
p-on-n hexagonal silicon sensor, as a function of (S/N)e�.

7 Summary

The extensive series of tests performed on prototype diodes and modules have validated the concepts
of the silicon section of the CMS High Granularity Calorimeter. Despite having a limited number
of modules, the flexibility of the mechanical support structure has facilitated the testing of several
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Figure 27. Ratio of the mean energy response to electron beam energy as a function of the electron energy
in data and simulation, for the test at FNAL (left) and CERN setup II (right).
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Figure 28. Relative energy resolution as a function of the electron beam energy in data and simulation, for
beams at FNAL and CERN.

5.3 Position resolution

Accurate measurements of the incidence position and direction of showers are key inputs to the
particle-flow6 performance of the upgraded CMS detector. The prototype calorimeter’s capability
to localize electron-induced particle showers has been investigated using data from CERN setup I
(6X0–15X0). Information on each cell’s coordinate and deposited energy were used to reconstruct
the shower main impact position on a sensor. Subsequently, residuals to external reference mea-

6”Particle flow” is the technique of estimating jet energies by combining information from all trackers and calorimeters,
instead of simply having a weighted sum of calorimeter energies.
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Figure 15. Left: distribution of the amplitude (pedestal-subtracted ADC counts) of a typical channel in the
first layer of the CERN prototype for runs with a pion beam. The amplitude is fitted with a sum of a Gaussian
(for the pedestal) and two convolutions of a Landau distribution and a Gaussian (for the 1-MIP and 2-MIP
signals). Middle (resp. Right): distribution of the amplitude of the same channel for a wide-area muon
beam, without (resp. with) using the tracking procedure.

converge. To increase the e�ective S/N for these cells we took advantage of the high granularity and
intrinsic tracking capability of the prototype calorimeter, which allowed the reconstruction of the
trajectory of the muons, and then the selection of only the cells with a MIP signal. The procedure
is described by the following sequence:

• Pedestal and common-mode noise were subtracted from raw data, as described in section 4.1.

• Only cells with MIP-like signals were retained: cells with energy lower than 9 ADC counts3
(⇠0.6 MIPs) were dropped, as well as those with energy higher than 62 ADC counts (⇠4 MIPs).

• A least-squares linear fit was made to the hits to evaluate the particle trajectory.

• The distances between the hits and the reconstructed line were computed. The hits, at a
distance larger than 2 cm from the line were dropped. This allowed the rejection of any
remaining spurious hits (from noise).

• The remaining hits were then used to define a reconstructed track.

The energies of the hits belonging to a track were then used to fill histograms of MIP sig-
nals. These histograms were fit with a convolution of a Landau distribution and a Gaussian, as
demonstrated in figure 15(right), when the number of entries was at least 200. The MIP calibration
constants were then extracted from the maxima of the fits, as for the simpler method.

Figure 16 shows the MIP calibration constant and S/N for the calibrated cells, as a function
of Skiroc2, after applying the tracking procedure. The calibration pads show higher MIP values
compared to other pads in the same Skiroc2. This was due to the lower capacitance of these cells
compared to the larger full hexagons. The higher capacitance of the full hexagons, coupled with
the Skiroc2 input impedence, lead to a slower rise-time than for the calibration cells, which, when
shaped in the Skiroc2, in turn lead to a ballistic deficit [12] and thus lower relative amplitude for

3The intrinsic noise was about 2 ADC counts in most of the cells.
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Table 9. Resolution on the timing in units of ps for each silicon diode tested, extracted from the constant
term of a two-parameter fit function as in [21].

N-type P-type
Diode 120µm 200µm 320µm 120µm 200µm 320µm

2 10.8 ± 3.1 14.0 ± 3.0 16.3 ± 1.9 31.8 ± 5.6 17.7 ± 2.2 20.0 ± 2.1
3 10.8 ± 6.5 16.3 ± 4.4 18.9 ± 3.8 n/a 25.1 ± 6.1 38.1 ± 3.5
4 10.7 ± 6.3 19.9 ± 3.8 21.8 ± 3.4 n/a n/a 32.5 ± 4.5
5 16.6 ± 4.6 19.2 ± 4.1 24.6 ± 4.9 n/a n/a 38.6 ± 5.0
6 n/a 22.8 ± 4.2 26.1 ± 3.8 n/a n/a 40.5 ± 6.3

figure 35. An additional amplifier was placed at the periphery of the PCB. The noise contributions
from the electronics chain were measured to be less than 1 MIP equivalent in FNAL, and slightly
worse at CERN due to the presence of additional attenuators (see below).
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Figure 35. Left: the 25-cell section of the HGCAL silicon sensor that was read out in the timing measure-
ments; Centre: the dedicated PCB designed for fast readout of the HGCAL sensor, which is wire-bonded to
the PCB on its back side; Right: example waveform seen from the passage of a 150 GeV electron shower
through the detector.

Measurements were performed in 2016 at FNAL and at CERN. At FNAL we used the primary
120 GeV proton beam and secondary mixed beams with energies ranging from 4 GeV to 32 GeV.
Stacks of tungsten or lead plates with varying thicknesses were placed immediately upstream of the
timing layer in order to measure the response along the longitudinal direction of the electromagnetic
shower. A small plastic scintillator of transverse dimensions 1.8 mm⇥2 mm was used as a trigger
counter to initiate the readout of the DAQ system and to select incident beam particles over a small
geometric area, allowing us to centre the beam particles on the silicon sensor. Finally, a Photek
240 micro-channel plate photomultiplier (MCP-PMT) detector was placed further downstream to
provide a very precise reference timestamp. The time resolution between a pair of Photek 240
detectors was previously measured to be 9.6 ps [24], hence the time resolution of a single Photek
240 was 9.6/

p
2 = 6.8 ps.

At CERN we used the SPS H2 line as for the single diode tests, exploiting the wider range of
electron energies available — from 20 GeV to 250 GeV. To avoid saturation of the CAEN digitizer,
10 dB attenuators were placed between the output of the HGCAL sensor board and the digitizer
input. For events impacting on the centre of a silicon pad we observed saturation of the onboard
amplifiers for energies of 100 GeV and above. Events impinging at the edge of the sensor, when

– 35 –
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Test beam: 2018
• 6” modules with readout PCB, readout chip, and 

absorber closer to design spec

• 28-layer CE-E + 12-layer CE-H for 94 silicon 
modules total (+ 39 scintillator layers behind CE-H)

• Preliminary results with basic reconstruction 
(currently being improved) indicate:

• MIP signal visible even for low S/N

• Excellent description of the energy resolution 
and linearity with simulation

�25

ELECTRONS

�21

๏ Agreement for longitudinal and transverse shower profiles 
(still some tuning of Geant4 model description needed) 
‣ Long. profile wiggles due to back-scattering from CuW 

๏ Good linearity in energy response up until 300 GeV 
‣ Data/MC energy scale difference only 4% 

๏ Data and MC resolution agree with TDR expectation
MC momentum spread ~1%

OCTOBER 2018 TEST BEAM 

�15

๏ 28-layer CE-E setup from June +  
12-layer CE-H-Si setup (total: 94 modules) 
‣ 3 configurations (full CE-E vs full CE-H) 
‣ Bias, current and environmental control,  

active water cooling (same as in June) 
‣ Delay Wire Chambers, threshold Cherenkov 

counters, MCP-PMTs for timing reference 
‣ CALICE AHCAL as scintillator CE-H 
‣ Trigger: 2x scintillators in front of CE-E  

+ 1x additional (veto) behind CE-H-Si 
๏ Beams: μ and e, π up to 300 GeV 

➡ Large-scale test of O(100) HGCAL modules 
More than 6 million events recorded!

ELECTRONS

�21

๏ Agreement for longitudinal and transverse shower profiles 
(still some tuning of Geant4 model description needed) 
‣ Long. profile wiggles due to back-scattering from CuW 

๏ Good linearity in energy response up until 300 GeV 
‣ Data/MC energy scale difference only 4% 

๏ Data and MC resolution agree with TDR expectation
MC momentum spread ~1%

MIP CALIBRATION

�20

๏ MIP calibration possible with HGC-only 
tracking – agreement with DWC-selection 

๏ Reliable MIP reconstruction even in  
Low Gain (S/N ~ 3, cf. S/N ~ 7 in HG) 

๏ All types of cells and sensors calibrated: 
7531 channels (63%), 363 chips (97%)
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Conclusions and outlook

• R&D converging on an optimized, constructible design

• CE expected to play a critical role in delivering HL-LHC 
physics

• PF calorimeter able to accurately reconstruct electrons, 
photons, taus, and jets in extremely high pileup

• Careful deployment of active materials to ensure adequate 
performance after 3000 fb-1

• CE a first of its kind in collider physics!

�26

2018 2019 2020 2021 2022 2023 20242017

Prototyping
• Final optimizations
• Migration to 8” high-

volume production line

Pre-series
• Exercise quality 

assurance/
control

Pre-production (5%)

Production (95%)

Start of LS3

Sensor production schedule
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Backup

�27
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Non-Gaussian noise
• High electric fields between adjacent 

cells can create avalanche multiplication 
of thermally generated charge carriers

• Effect worst in p-on-n sensors with large 
interpad gaps (CE TCAD simulation)
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Hamburg model

�29

1. Calculate current expected after irradiation

2. Scale to measurement temperature (-20 degC) and operation 
temperature (-30 degC)

• Parameters:
• V = sensor or cell volume
• Φeq = Fluence per cm² equivalent to 1 MeV neutrons
• α = 5e-17 A/cm
• Eeff = 1.21 eV (from http://iopscience.iop.org.ezproxy.cern.ch/article/10.1088/1748-0221/8/10/P10003/meta)
• kB = 8.61733e-5 eV/K
• Treference = 293.15 K (20 degC)
• Tmeasurement = 253.15 K (-20 degC)
• Toperation = 243.15 K (-30 degC)

February 5, 2019 Sensors, modules & cassettes - Manfred Valentan

Current increase
caused by irradiation

Temperature scaling

34

M. Valentan
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Irradiated samples

�30

Fluence (neq/cm2) 1.5 × 1014 5 × 1014 7.5 × 1014

No. sensors (300 
μm p-on-n) 2 2 2

No. sensors (320 
μm n-on-p 

common p-stop)
2 2 2

No. sensors (320 
μm n-on-p 

individual p-stop)
2 2 2
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Switch card circuit

�31

Schematic Circuit Cards
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Timing resolution
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In order to characterize the timing resolution as a function of the signal properties, we defined
an e�ective signal-to-noise ratio (S/N)e� , as in equation (6.1):

(S/N)e� =
(S/N)ref(S/N)nq
(S/N)2ref + (S/N)2n

(6.1)

where ref refers to the reference diode, compared against diode n.
For pairs of non-irradiated diodes, in order to estimate the timing resolution per device, the

time di�erence can be divided by
p

2, in the hypothesis that the two measurements were independent
and compatible. This procedure has been used to prove the compatibility of the time resolution for
the unirradiated diodes measured in the 2016 test beam with the results obtained in 2014. For this
comparison the same ADC-to-MIP calibration as measured in [21] was applied to the unirradiated
diodes to estimate the timing performance as a function of the signal expressed in MIPs.

In figure 33, the resolution of the time di�erence is shown for the 320 µm thick diodes, as a
function of the e�ective S/N.

The error bars on the Y axis account for statistical and systematic uncertainties, estimated by
changing the range of each Gaussian fit to be the mean ± 3⇥ RMS and mean ± 1.5 RMS, and also
by reducing the minimum number of events for each distribution to 50. The trends corresponding
to di�erent radiation levels are shown with di�erent colours and overlays as functions of (S/N)e� .
The plots show that the intrinsic timing resolution does not significantly depend on the fluence, at
a given S/N ratio. The same observation can be made for the thinner silicon diodes, in spite of the
lack of statistics.
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Figure 33. Resolution on the time di�erence between an unirradiated and an irradiated diode as a function
of (S/N)e� . Plots are shown for the 320 µm thick diodes of p-type (left) and n-type (right).

The timing performance can be directly compared between p- and n-type diodes, as in figure 34,
where the timing resolution is shown for the 320µm thick diodes for three di�erent levels of radiation.
These results indicate similar behaviours for both p- and n-type diodes as a function of S/N.

Table 8 shows the measured timing resolution on the single diodes, obtained by fitting the
trends as a function of S/N with a three-parameter function as shown in equation (6.2) and quoting
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Figure 34. Resolution on the time di�erence between an unirradiated diode and one irradiated to a fluence
level of 0 (left), 6.0 ⇥ 1014 (middle) and 9.0 ⇥ 1014 (right) neq/cm2. In black for p-type and red for n-type.

the result at a value of S/N = 100. In this fit procedure, the C (constant) term was observed to
vanish to zero for high values of the x axis, and the parameter A was not compatible with zero.
A two parameter fit, as used in [21], was also tested but provided a worse description of the data
points. The constant terms of the two-parameter fits are in any case reported in table 9. There
are limitations in the amount of data available at the high energies (> 100 mips), which introduce
significant errors to some points.

�(tref � ti) =

vut 
Ap

(S/N)

!2

+

✓
B

S/N

◆2
+ C2 (6.2)

Table 8. Resolution on the timing in units of ps for each silicon diode tested. The values reported in the
table were extracted by evaluating the fit function in equation (6.2) at a value of S/N = 100, corresponding to
about 30 MIPs.

N-type P-type
Diode 120µm 200µm 320µm 120µm 200µm 320µm

2 11.7 ± 0.5 14.0 ± 3.0 16.5 ± 0.2 33.3 ± 1.9 18.2 ± 0.2 21.8 ± 0.5
3 15.1 ± 2.5 17.4 ± 2.5 18.1 ± 0.5 25.1 ± 6.9 19.1 ± 1.9 26.7 ± 2.6
4 16.7 ± 0.9 20.4 ± 2.3 19.1 ± 0.5 15.9 ± 5.9 15.8 ± 2.6 23.6 ± 1.4
5 20.6 ± 1.5 18.4 ± 2.3 22.3 ± 0.9 n/a n/a 23.5 ± 1.1
6 n/a 19.4 ± 2.2 19.4 ± 3.9 n/a n/a 22.0 ± 1.3

6.2 Precision timing with modules

As a next step in the program of characterizing precision timing measurements with the HGCAL
detector we equipped a single 320 µm thick hexagonal sensor with dedicated fast readout electronics.
Twenty five (from 135) central hexagonal cells were connected to their own amplifier chain, for
a total gain of 100 per channel. The readout of the timing layer was performed using the same
CAEN 5 GHz V1742 digitizer mentioned in section 6.1. Figure 35 shows the sensor layout used
for these measurements, and the PCB used for fast readout. Each HGCAL cell was equipped with
an amplifier placed very close to the wirebonded readout, and a 1:2 transformer to lower the input
impedance to provide a faster rise time of the signals. An example waveform is also shown in
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