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The upgrade program…
• Machine upgrade => needed to take on the demanding physics program for Phase 2 
• Detectors upgrade => to maintain excellent performance in the harsh HL-LHC environment 
- The current CMS electromagnetic and hadronic endcap calorimeters will suffer irrecoverable 

radiation damage well before the end of HL-LHC running => will be replaced 

• Important role of the forward calorimeter for physics at the (HL)-LHC 
- searches and precision SM measurement: VBF process, VBS, H->ZZ->4e… 
- complement the tracker upgrade: extended coverage to |η|<4 and a reduced material budget
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Run1 Run2 @13TeV

300 fb-1

3000 fb-1~36 fb-1

3x1033 @7TeV 
7x1033 @8TeV

~25 fb-1
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…of the CMS forward calorimeter
• The CMS collaboration has chosen to replace the  forward calorimeter with a   

High Granularity Calorimeter: fine grain for a 3D shower reconstruction 
=> Silicon/scintillator sampling calorimeter, including both em (EE) and had (FH+BH) parts 

• High granularity for congestion 
• Silicon for radiation hardness

3

Status of EK+ HE Reco

Michalis Bachtis
(CERN-PH)

Upgrade TP meeting
On behalf of the GED working team 

26/11/14

Status of EK+ HE Reco

Michalis Bachtis
(CERN-PH)

Upgrade TP meeting
On behalf of the GED working team 

26/11/14

current  

endcap

Key Parameters: 
• HGCAL covers 1.5 < η < 3.0 
• Full system maintained at -30oC 
• ~600m2 of silicon sensors 
• ~500m2 of scintillators  
• 6M Si channels, 0.5 or 1 cm2 cell size 
• ~22000 Si modules 
• Power at end of HL-LHC: ~60 kW  

per endcap

Active Elements: 
• Hexagonal modules based on Si sensors 

in EE and high-radiation regions of FH & BH 
• “Cassettes”: multiple modules mounted on  

cooling plates with electronics and absorbers 
• Scintillating tiles with SiPM readout in  

low-radiation regions of FH & BH

Endcap Electromagnetic (EE): 
Si + Cu & CuW & Pb 
28 layers, 25 X0 & ~1.3λ

Front Hadronic (FH):  
Si & scintillator + steel 
12 layers, ~3.5λ

Backing Hadronic (BH):  
Si & scintillator + steel 
12 layers, ~5λ

~5λ

~10λ

need granularity and 
radiation hardness
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High granularity for imaging-like 
physics reconstruction
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Electromagnetic showers
• From the CMS Phase II Upgrade Technical Proposal: https://cds.cern.ch/record/2020886?ln=en  
- Good energy resolution for EM showers 
- Molière Radius: 90% contained in ~2cm 

• From recent reconstruction developments* 
- measured energy resolution when considering  

energy deposited within a cylinder (radius r)  
around the shower axis 
=> Indication of competitive energy resolution  
 
 
*Density-based imaging-clustering (see next)
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3.5. Endcap Calorimeter Upgrade 117

the design described here. As can be seen the stochastic term varies with the active thickness of
the silicon sensors, and this largely explains the difference with the CALICE result, for which
sensors with an active thickness of 500 µm were used. A further contributing factor is the
fact that in the lower h regions of the HGC the angle of incidence of electrons and photons is
significantly inclined to the normal (by 25� at h = 1.5), thus increasing the effective thickness
of absorber layers. It has been verified that using a simplified model of the CALICE test beam
device, their test beam resolution performance can be reproduced. The constant term is also
small, 0.6 or 0.7%.

The Molière radius of the EE can be extracted, i.e. the radius within which 90% of the electro-
magnetic shower energy is expected to be contained, and is found to be 27.8 mm in simulated
electron showers, with the 68% containment radius being 9.7 mm. If the air gap (shown in
Fig. 3.25) is increased to 4 mm in the simulation the Molière radius increases to 35 mm but the
68% containment changes by a only a few mm. The benefit of high longitudinal granularity
can be seen by looking at the containment per silicon layer. Figure 3.39 (right) shows the 68%
and 90% containment radii for each individual silicon layer, showing that for the first half of
the layers 90% of the energy deposited by the shower is contained inside a radius significantly
less than the Molière radius, and the 68% containment radius is only a few mm.
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Figure 3.39: (Left) Energy resolution as a function of energy from a standalone simulation of
incident electrons on an HCGAL using silicon sensors with an active thicknesses of 300, 200
and 100 µm. (Right) Radii, r, containing 68% and 90% of the energy deposited in an individual
silicon layer by a shower, as a function of silicon layer. The colour-coded rectangles indicate
the fraction of total energy deposited inside the 68% and 90% containment radii of each layer.
Fitted parameterizations of the 68 and 95% radii as a function of depth are shown using the
design (2 mm) gap clearance and an increased (4 mm) gap.

The occupancy has been studied in events where the number of pileup events is modelled by
a Poisson distribution with a mean of 200. The result is shown in Fig. 3.40 for signals above a
thresholds of 0.5 MIP, equivalent to an energy of 2.5 MeV, and for signals above a threshold of
5 MIPs. The occupancy for the higher signal threshold is lower by more than a factor of about 4.
If the mean number of events per bunch crossing is 140 the occupancies are found to be lower
by a corresponding factor.

The ToT front-end results in dead time for sensor cells with signals larger than than 250 fC. The
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Figure 3.39: (Left) Energy resolution as a function of energy from a standalone simulation of
incident electrons on an HCGAL using silicon sensors with an active thicknesses of 300, 200
and 100 µm. (Right) Radii, r, containing 68% and 90% of the energy deposited in an individual
silicon layer by a shower, as a function of silicon layer. The colour-coded rectangles indicate
the fraction of total energy deposited inside the 68% and 90% containment radii of each layer.
Fitted parameterizations of the 68 and 95% radii as a function of depth are shown using the
design (2 mm) gap clearance and an increased (4 mm) gap.

The occupancy has been studied in events where the number of pileup events is modelled by
a Poisson distribution with a mean of 200. The result is shown in Fig. 3.40 for signals above a
thresholds of 0.5 MIP, equivalent to an energy of 2.5 MeV, and for signals above a threshold of
5 MIPs. The occupancy for the higher signal threshold is lower by more than a factor of about 4.
If the mean number of events per bunch crossing is 140 the occupancies are found to be lower
by a corresponding factor.

The ToT front-end results in dead time for sensor cells with signals larger than than 250 fC. The
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electron particles 
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photon particles 
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Hadronic showers
• Charged pion showers:  
- ~80%-90% of the shower energy  

is contained in a ~10cm radius 

- the minimum separation distance needed to resolve  
and split two different clusters is almost an order of  
magnitude smaller than the full containment radius 

6

Status of EK+ HE Reco

Michalis Bachtis
(CERN-PH)

Upgrade TP meeting
On behalf of the GED working team 

26/11/14

Status of EK+ HE Reco

Michalis Bachtis
(CERN-PH)

Upgrade TP meeting
On behalf of the GED working team 

26/11/14

RecHits d⇢ vs. Layer

N
En

tri
es

*E
, [

G
eV

]

0

200

400

600

800

1000

1200

1400

1600

1800

2000

 = 2.4, dR(eta, phi) = 0.05
1

(x, y) vs. Layer for E = 80 GeV, Pt = 14.4 GeV, Etaρd

(x, y), mmρd
0 100 200 300 400 500 600

La
ye

r

10

20

30

40

50

 = 2.4, dR(eta, phi) = 0.05
1

(x, y) vs. Layer for E = 80 GeV, Pt = 14.4 GeV, Etaρd

N
En

tri
es

*E
, [

G
eV

]

0

200

400

600

800

1000

1200

1400

1600

 = 2.4, dR(eta, phi) = 0.1
1

(x, y) vs. Layer for E = 80 GeV, Pt = 14.4 GeV, Etaρd

(x, y), mmρd
0 100 200 300 400 500 600

La
ye

r

10

20

30

40

50

 = 2.4, dR(eta, phi) = 0.1
1

(x, y) vs. Layer for E = 80 GeV, Pt = 14.4 GeV, Etaρd

N
En

tri
es

*E
, [

G
eV

]

0

200

400

600

800

1000

 = 2.4, dR(eta, phi) = 0.4
1

(x, y) vs. Layer for E = 80 GeV, Pt = 14.4 GeV, Etaρd

(x, y), mmρd
0 100 200 300 400 500 600

La
ye

r

10

20

30

40

50

 = 2.4, dR(eta, phi) = 0.4
1

(x, y) vs. Layer for E = 80 GeV, Pt = 14.4 GeV, Etaρd

Left – E=80, dR = 0.05
(top), dR = 0.1 (bottom)

Right – E=80, dR = 0.4

Merging at dR(eta,phi) =
0.05 corresponds to ⇡ 20
mm in d⇢

Gorbunov Update 15/22

Pion of reference  
(E = 80GeV η = 2.4, pT ≈14GeV) 
second Pion shot at dρ ≈4cm 
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Hadron showers – SimClusters

31 January 2017
CMS Week HGCAL meeting     
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Particle ID and event reconstruction
• Exploit the calorimeter design to use in combination  

with the tracker for particle flow reconstruction  
 
 
 

• Event display from CMS simulation 
- showing the precision achieved  

by combining tracks and calorimeter signals
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TTbar,	PU	=	0	

16/11/16	 G.	Petrucciani	(CERN)	 16	

pT		=	1.4,		η	=	1.6	

pT		=	3.1,		η	=	1.7	

pT		=	2.6,		η	=	1.8	

pT		=	5.9,		η	=	1.9	

pT		=	6.7,		η	=	1.8	

pT		=	1.5,		η	=	1.6	

24+0+0	hits	

19+0+0	hits	

28+3+0	hits	

28+4+0	hits	

28+7+0	hits	

28+10+0	hits	

TTbar event at PU = 0

Muon	gun,	PU	=	35	

16/11/16	 G.	Petrucciani	(CERN)	 15	

Associated	Hits	

Sim	PFClusters	

μ	pT
		=	120,		η	=	2.8	

28+12+5	hits		

(gen-matched:	100%)	

χ2/ndf		34/90	

muon gun @PU = 35

HGCAL local reconstruction and clustering Phase 2 Readiness for Physics, Fermilab, 27-28th October, 2016

Reconstruction Tools : Particle Flow
 
GENERAL:

• Exploit detector strengths by combining track  
and highly granular calorimeter information

• Link calo clusters to tracks & identify/measure objects

• Provide list of final state particles  
(PFCandidates) in detector
• e, μ, γ, charged hadrons, neutral hadrons
• Approx. energy composition:  

60% charged had., 30% photons, 10% neutral had.  

HGCAL LOCAL RECONSTRUCTION:

• Perform local clustering of energy deposits,  
associate together clusters coming from  
same particle, and identify the objects,

• Provide the calibrated energy measurements.  

5
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the 3D imaging clustering
• Reconstruction: need to separate individual particles in high pile-up environment 
• Current algorithm: imaging-clustering*  

=> best suited for the high granularity offered by the HGCal 
- builds 2d-clusters (each layer)  

based on the energy-density  
of the cells (energy and distance) 

- associate 2d-clusters aligned  
along the shower axis  
over different layers 

• Extendable to more than two dimensions:  
- 3d spatial clustering already showed improvements => exploit full spatial correlation of the 

shower development 

• * inspired by: [A. Rodriguez, A. Laio, “Clustering by fast search and find of density peaks”,  
                                                                       Science 344 (6191), 1492-1496. (June 26, 2014)] 8
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high pT jet 
O(500 GeV)

Tracks and clusters clearly
identifiable by eye throughout 

most of detector.

140PU

example of  
3d-cluster 
pattern recognition

example of  
2d-cluster 
topology
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Wonderful potential and good simulation performance… 
…does it work for real?
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From TP to prototypes
• Since the technical proposal (end 2015): with a basic design of the detector 
- ongoing progress in design of mechanics 
- start of extensive prototyping phase 

• In 2016 a series of beam tests at FNAL and CERN were carried out to test the first 
prototypes of the EE hexagonal Si-modules 
- to give a proof of concept of the proposed design 
- compare measured performance with a detailed simulation 
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prototype tested at the SPS  
H2 area at CERN 

H2

beam 
direction

- 2 - 
 

 
Figure 2.  Transverse cross-section of the EC illustrating the spacers in the full-disk design[2]. 
 

 
Figure 3.  Alternate arrangement of spacers in a full-disk design[3]. 

 

design view of the full-disks mechanics  
with sampling layers

realized as a prototype with a  
hanging-file mechanics  
for flexible insertion  
of active layers and absorbers
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2016 TB: sensor module assembly
• 128 channels Si sensors:  
- n-type, 1cm2 cell-size, 200um depleted region 

• Demonstration of assembly process: 
- module assembled as a glued stack of hexagon components 

- with a two-layers PCB for readout 

• In this first set of test, the Skiroc2 ASIC were used:  
chip developed for CALICE collaboration 
- 64 channels per chip, 2 chips used per hexagon module
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0.2. Module construction, support structures and readout summary 3

of the beam-lines used. The simulation package developed for the beam tests is described in47

section 0.4, whilst section 0.5 gives an overview of the analysis framework. Sections 0.6-0.1248

summarise the results obtained with the prototypes, and section 0.13 provides a summary and49

outlook.50

0.2 Module construction, support structures and readout sum-51

mary52

For the construction of the HGCAL EE prototype, hexagonal silicon sensors and readout elec-53

tronics were assembled into detector modules. Each module is a glued stack comprising a54

dense (low X0) CuW (25% : 75%) baseplate, a polyimide foil, the silicon sensor and a PCB to55

host the wire bonds down to the sensor. A second PCB was plugged into connectors on this56

first PCB.57

0.2.1 Silicon sensors58

Fig. 2 shows one of the sensors used during the test beam campaign. These sensors are 128-59

channel hexagonal silicon devices made from 6” p-in-n silicon wafers manufactured by HPK2.60

Figure 2: A 128-cell hexagonal silicon sensor used in the beam tests.

The physical thickness of these sensors is 320 µm with a depleted thickness of 200 µm. The61

cells on the sensor, except those on the edges3, are hexagonal with an area of ⇠ 1.1 cm2. There62

are two cells on the sensor known as calibration pads, that have an area of about 1/9th of the63

area of the full hexagonal cell. These cells facilitate calibration with single mimimum-ionizing64

particles (MIPs) (see section 0.7) after extreme irradiation, when the S/N of a standard cell may65

be too small to detect single MIPs efficiently. Since noise is proportional to the area of the cell,66

2Hamamatsu Photonics, Hamamatsu, Japan
3Due to the overall hexagonal geometry, cells around the edges are either half-hexagons or other shapes

6

Figure 5: Left: a photo of the assembled bare module showing the PCB with connectors and
holes for wire bonds. The polyimide layer is visible at the corners, where there are also holes
through the module for attaching it to a support (cooling) plate. Right: a complete HGCAL
modules, showing the readout PCB with two wire-bonded Skiroc2 bare-die ASICs (under pro-
tective black potting material)

oped for the CALICE collaboration with silicon-based calorimetry in mind. The chip offers a111

rich functionality of which only a fraction was used. Each Skiroc2 has 64 channels, with each112

channel having a preamplifier and two separate slow shapers, a fast shaper, self-trigger and113

fifteen-cell pipeline, as well as a 12-bit ADC. Only the slow shapers were used in our system as114

we utilized an external trigger (the fast shaper is used for self-trigger). The two shapers have a115

fixed gain ratio of 10:1, providing low- and high-gain amplification and hence a large dynamic116

range with, at the same time, good accuracy for small signals from single particles. For every117

trigger received, both high and low gain signals were read out for every channel. A simplified118

schematic of the Skiroc2 ASIC is shown in Fig. 6.119

Figure 6: A simplified schematic of the Skiroc2 ASIC, showing only the sections used in the
2016 beam tests.

1st PCB  
wire-bonded to sensor

0.2. Module construction, support structures and readout summary 5

electronics and connectors to the outside world. This two-PCB design was chosen for flexibility,91

so that the readout PCB could be changed if any active element failed. It also allowed the92

potential of evaluating different ASIC designs on the same silicon sensor modules.93

The baseplate, polyimide sheet, silicon and first PCB are all glued together using Araldite 201194

non-conductive epoxy. This assembly was performed at UCSB using a semi-automated gantry95

system for holding the pieces and dispensing optimized patterns of glue. The glue cures at96

room temperature in 24 hours, leading to a total assembly time of approximately three days for97

the three gluing steps. Three modules could be constructed in parallel. The assembly process98

is summarized in Fig. 4 and Fig. 5. These “bare modules” were then sent to FNAL for the wire-99

bonding from the PCB to the silicon, which required a deep-access wire-bonding machine for100

the through-holes. Wire bonds also connected the PCB to the polyimide sheet, which in turn101

connected to the backside of the silicon. The final step was to plug the readout PCB onto the102

first and test the module.103

Figure 4: The assembly of one of the modules used in the 2016 beam tests, until the PCB-
mounting stage. 1: the CuW baseplate on its gluing jig; 2: addition of Araldite 2011 epoxy; 3:
the polyimide gold-plated foil; 4: the polyimide foil glued to the baseplate and with its own
layer of glue; 5: the silicon sensor glued onto the polyimide foil; 6: the addition of a special
pattern of glue that, when the PCB is attached, spreads over the entire silicon surface except
where the wire-bonding takes place.

Once the modules were fully assembled, bias-voltage wires were soldered to the first PCB and104

basic IV measurements on the full sensor were made, up to 200 V, to ensure no breaks or serious105

stresses were apparent on the silicon. The functionality of the modules was also tested, using106

the DAQ system described in section 0.2.4.107

0.2.3 Front-end electronics108

For these first proof-of-principle beam tests, an existing ASIC was used: “Skiroc2” [? ], de-109

signed by the Omega group [? ] based at Ecole Polytechnique near Paris. Skiroc2 was devel-110
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Once the modules were fully assembled, bias-voltage wires were soldered to the first PCB and104

basic IV measurements on the full sensor were made, up to 200 V, to ensure no breaks or serious105

stresses were apparent on the silicon. The functionality of the modules was also tested, using106

the DAQ system described in section 0.2.4.107

0.2.3 Front-end electronics108

For these first proof-of-principle beam tests, an existing ASIC was used: “Skiroc2” [? ], de-109

signed by the Omega group [? ] based at Ecole Polytechnique near Paris. Skiroc2 was devel-110
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electronics and connectors to the outside world. This two-PCB design was chosen for flexibility,91

so that the readout PCB could be changed if any active element failed. It also allowed the92

potential of evaluating different ASIC designs on the same silicon sensor modules.93

The baseplate, polyimide sheet, silicon and first PCB are all glued together using Araldite 201194

non-conductive epoxy. This assembly was performed at UCSB using a semi-automated gantry95

system for holding the pieces and dispensing optimized patterns of glue. The glue cures at96

room temperature in 24 hours, leading to a total assembly time of approximately three days for97

the three gluing steps. Three modules could be constructed in parallel. The assembly process98

is summarized in Fig. 4 and Fig. 5. These “bare modules” were then sent to FNAL for the wire-99

bonding from the PCB to the silicon, which required a deep-access wire-bonding machine for100

the through-holes. Wire bonds also connected the PCB to the polyimide sheet, which in turn101

connected to the backside of the silicon. The final step was to plug the readout PCB onto the102

first and test the module.103

Figure 4: The assembly of one of the modules used in the 2016 beam tests, until the PCB-
mounting stage. 1: the CuW baseplate on its gluing jig; 2: addition of Araldite 2011 epoxy; 3:
the polyimide gold-plated foil; 4: the polyimide foil glued to the baseplate and with its own
layer of glue; 5: the silicon sensor glued onto the polyimide foil; 6: the addition of a special
pattern of glue that, when the PCB is attached, spreads over the entire silicon surface except
where the wire-bonding takes place.

Once the modules were fully assembled, bias-voltage wires were soldered to the first PCB and104

basic IV measurements on the full sensor were made, up to 200 V, to ensure no breaks or serious105

stresses were apparent on the silicon. The functionality of the modules was also tested, using106

the DAQ system described in section 0.2.4.107

0.2.3 Front-end electronics108

For these first proof-of-principle beam tests, an existing ASIC was used: “Skiroc2” [? ], de-109

signed by the Omega group [? ] based at Ecole Polytechnique near Paris. Skiroc2 was devel-110

CuW baseplate
2 3

Gold plated kapton Silicon sensor
1

6

Figure 5: Left: a photo of the assembled bare module showing the PCB with connectors and
holes for wire bonds. The polyimide layer is visible at the corners, where there are also holes
through the module for attaching it to a support (cooling) plate. Right: a complete HGCAL
modules, showing the readout PCB with two wire-bonded Skiroc2 bare-die ASICs (under pro-
tective black potting material)

oped for the CALICE collaboration with silicon-based calorimetry in mind. The chip offers a111

rich functionality of which only a fraction was used. Each Skiroc2 has 64 channels, with each112

channel having a preamplifier and two separate slow shapers, a fast shaper, self-trigger and113

fifteen-cell pipeline, as well as a 12-bit ADC. Only the slow shapers were used in our system as114

we utilized an external trigger (the fast shaper is used for self-trigger). The two shapers have a115

fixed gain ratio of 10:1, providing low- and high-gain amplification and hence a large dynamic116

range with, at the same time, good accuracy for small signals from single particles. For every117

trigger received, both high and low gain signals were read out for every channel. A simplified118

schematic of the Skiroc2 ASIC is shown in Fig. 6.119

Figure 6: A simplified schematic of the Skiroc2 ASIC, showing only the sections used in the
2016 beam tests.

Full module with  
double-layer PCB readout
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2016 TB: sensor module assembly
• Full module with double PCB readout mounted on a copper support plate  

=> ready for insertion in the hanging file mechanics 

• DAQ chain used in 2016 TB campaign: 
- mainly built with off-the-shelf components in a flexible system
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0.2. Module construction, support structures and readout summary 7

0.2.4 DAQ chain120

Two Skiroc2 ASICs were mounted on each readout PCB. The board layout was such that it121

could accomodate either bare die or quad-flat-pack (QFP) packaged chips. The compact na-122

ture of the HGCAL requires low-profile connectivity. This was achieved with commercially-123

available flexible polyimide cables and corresponding surface-mount connectors. The digital124

data from the Skiroc2s were carried by two flexible cable to a passive right-angle adapter PCB,125

then through another pair of flexible cables to 6U “DDC” carrier cards. These DDC hosted two126

“FMCIO” mezzanines, utilizing standard FMC connectors and incorporating Xilinx XC7A100T127

“Artix” FPGAs. The DDC routed the signals from two FMCIO (hence two modules) to a stan-128

dard HDMI connector. Another commercially-available board, the “Zedboard” [? ], was used129

to accumulate data from up to 14 DDCs through another passive custom board, known as the130

“ZEDIO”. All trigger and control signals were routed from the Zedboard through the other131

boards mentioned above to the Skiroc2s. A single Zedboard was therefore capable of con-132

trolling and reading data from up to 28 modules, corresponding to one module per layer in133

a complete 28-layer EE prototype, with 3564 electronic channels. The final link was from the134

Zedboard to a standard PC through ethernet. A photograph of the full DAQ chain is shown in135

Fig. 7.136

Figure 7: The complete DAQ system from module to Zedboard. The yellow arrows represent
the data path from the module.
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Response to MIP and electron showers
• Response to single pions used for calibration of the channel response 

• Longitudinal shower profile measured in data 
- over a wide energy range 20-250GeV 
- in good agreement with simulation 
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 Noise ~ 2.4 ADC  
 MIP ~ 17 ADC 
 S/N ~ 7.4

01/18/17
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0.9. Longitudinal and transverse shower shapes 25

for both FNAL and CERN data, as well as the corresponding simulations based on the FTFP BERT EMM456

physics list. An agreement at the level of better than 10% was found between data and simula-457

tion.
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Figure 24: Variation of the shower-maximum position as a function of electron energy: Solid
symbols represent data whilst the open symbols are for simulation. Top: for the 16-layer con-
figuration at FNAL; Bottom left/right: CERN 8-layer setups I and II respectively.

458

0.9.2 Transverse shower profiles459

In Fig. 25 a comparison of transverse shower profiles between data and simulation is shown for460

electrons incident on CERN setup I for half of the eight layers. The shapes shown are energy461

densities as a function of the radial distance from the seed pad. They are also normalized462

to the energy of the seed (shown in the first bin), a representation that, in principle, allows463

the parameterization of the lateral energy deposition as a function of shower depth and beam464

energy. A very good agreement between data and simulation is observed, particularly for the465

most energetic cells (those nearest the seed), with the FTFP BERT EMM matching the data466

slightly better than QGSP FTFP BERT.467

CERN test

CERN test
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Shower shapes
• Remarkable agreement between data and Monte-Carlo in shower shapes  
- good agreement also in the tails 

- good simulation of upstream material (fraction of energy measured in 1st layer)
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Selected result
• Energy resolution: good agreement between data and simulation 

• CERN and FNAL data show different trend vs energy  
=> indication of  the different shower sampling in the two setups 

• Limit in the longitudinal sampling with 8 layers (CERN test) and 16 layers (FNAL test)  
=> limit in the possible energy  
resolution achievable 

• 3d clustering also validated with TB data (CERN) 
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0.11. Position Resolution 33
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Figure 30: Relative energy resolution as a function of the electron energy in data and simula-
tion, for test beams at FNAL and CERN.
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Fast timing
• At HL-LHC fast-timing of 20-30ps can help in disentangling the primary vertex 

=> better particle ID, pileUP rejection  and global event reconstruction 

• HGCal fast-time performance
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Chat is needed? Precision timing

Beam spot space-time pro6le Space-time view of the vertices

Interactions are spread over space 
and time
100 – 200 ps 

Disentangle overlapping vertices 
with precise timing
Key resolution: 10-30 ps

t 
(n

s)

Collisions every 25 ns  “out-of-time pile-up”→
Fast detector response and fast shaping

Figure 8: The timing resolution based on two silicon sensors as a function of the e↵ective

signal strength in units of MIPs (left) and as a function of the signal-to-noise ratio (right).

The fitted resolution functions with a noise A and a constant term C are also shown as

dotted lines. The constant term of the resolution for single detector is compatible for the

di↵erent thicknesses and is around 10 ps.
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space-time view of the vertices

single diode  
non-irradiated

0.12. Precision timing with silicon diodes and modules 39

the timing as a function of the signal-to-noise ratio (S/N).676

For pairs of non-irradiated diodes, in order to estimate the timing resolution per device, the677

time difference can be divided by
p

2, in the hypothesis that the two measurements are inde-678

pendent and compatible. This procedure has been used to prove the compatibility of the time679

resolution for the unirradiated diodes measured in the 2016 test beam with the results obtained680

in 2014. For this comparison the same ADC-to-MIP calibration as measured in [9] was ap-681

plied to the unirradiated diodes to estimate the timing performance as a function of the signal682

expressed in MIPs.683

In figure 36, the resolution of the time difference is shown for the 300 µm thick diodes, as a684

function of the effective S/N, defined as in equation 17:685

(S/N)e f f =
(S/N)re f (S/N)nq
(S/N)2

re f + (S/N)2
n

(17)

The error bars on the Y axis account for statistical and systematic uncertainties, estimated by686

changing the range of each Gaussian fit to be the mean± 3⇥RMS and mean± 1.5RMS, and also687

by reducing the minimum number of events for each distribution to 50. The trends correspond-688

ing to different radiation levels are shown with different colours and overlays as functions of689

(S/N)e f f . The plots show that the intrinsic timing resolution does not significantly depend on690

the fluence, at a given S/N ratio. The same observation can be made for the thinner silicon691

diodes, in spite of the lack of statistics.692

Figure 36: Resolution on the time difference between an unirradiated and an irradiated diode
as a function of (S/N)e f f . Plots are shown for the 300 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 Fig. 37,693

where the timing resolution is shown for the 320 µm thick diodes for three different level of694

radiation. These results indicate compatible behaviours for both p- and n-type diodes as a695

function of S/N.696

Table 8 shows the measured timing resolution on the single diodes, obtained by fitting the697

single diode  
irradiated

Lindsey Gray, FNAL
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๏Per-cell timing resolution very important 
for vertex determination for photons

• Determines saturating behavior

• Careful attention must be paid to 10GeV and 
100 GeV

- Respectively for jet constituents and Hγγ 

- Complements O(3 cm) pointing of HGC

๏3-4mm vertex resolution possible for Hγγ

• HGC ASIC in 50ps-100ps region

๏1-1.5cm vertex resolution possible for 
softer photons in jets (E=10 GeV)

๏3cm vertex resolution for absolute lowest 
energies (1 GeV photons)

• Could still be useful to reduce pileup when 
combined with position information
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CMSSW

N.B. No system level effects simulated 
(e.g. clock distribution effects)
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This scales like 1/sqrt(Nhits)

Time here is from e-weighted 
avg. of SimHit times.
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showers  
in HGCal

σ≈700/(S/N)

=> dedicated poster “Investigation of the fast timing capabilities of the Silicon sensors for 

the CMS high granularity calorimeter” 
by Raman Khurana

1.2. Elements of the CMS timing upgrade 7
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Figure 1.5: Left: Spread of collision vertices along the beam direction for the LHC and the 140
and 200 pileup scenarios at HL-LHC. The solid and dashed lines refer to the start and the end
of the physics coast. Right: Probability density function of the vertex density along the beam
profile: the mode and the mean of the three distributions are 0.3, 1.3 and 1.9 mm�1 and 0.2, 0.9
and 1.4 mm�1.

Alternative beam optics are considered for the accelerator but require additional hardware to297

be commissioned. In one such alternative, known as ‘crab-kissing’ schema [12], the colliding298

bunches are rotated in the plane transverse the beam axis to increase the z-spread of the colli-299

sion vertices and reduce the peak line density, for the same luminosity (Fig. 1.5). The reduction300

of the peak linear density of vertices is less than about a factor two and mildly mitigates some301

of the pileup effects. Because of the bunch rotation, the time spread of the collisions in the302

crab-kissing configuration is squeezed to about 100 ps at the beginning of an HL-LHC fill but303

it broadens during the physics coast, while the z-spread is progressively squeezed to keep the304

instantaneous luminosity constant. At the end of the leveling period, the time spread becomes305

comparable to the crab-crossing scenario. Therefore the required resolution of the upgraded306

CMS detector does not depend critically on the HL-LHC optics. Rather, the timing upgrade307

of CMS will provide an extra measure of robustness against any possible future beam-crossing308

scenario that may maximize or otherwise alter the luminosity production capabilities of the309

HL-LHC.310

1.2.2 Precision timing in the calorimeters311

The HGCal detector is a Si-W or Si-Pb sampling calorimeter designated as replacement of the312

endcap calorimeters covering pseudorapidities 1.5 < |h| < 3.0 [1]. It will provide a time mea-313

surement with about 50 ps precision from each silicon pad (SiPAD) with an energy deposition314

above that of 30 MIPs. The combination of multiple SiPAD hits exceeding this threshold in315

electromagnetic showers will provide time information for photons with high precision, lim-316

ited primarily by the relative time synchronization and calibration of different HGCal regions.317

The HGCal will also have precision-timing capability for a fraction of high transverse momen-318

tum, pT, charged hadrons with a sizeable electromagnetic component in their interaction with319

the calorimeter.320

In the barrel, the ECAL calorimeter already provides time information with a resolution of321

order 150 ps for high energy electromagnetic showers (E > 30 GeV), limited mostly by time322

synchronization and calibration [8]. At lower energies, the time resolution is limited by the elec-323

tronic noise, and it is about 1 ns at 1 GeV, and 4 ns for a MIP. This limitation is expected to grow324

Interesting perspective for fast-tim
ing with HGCal!



Arabella Martelli 19/05/17

Outlook
• High Granularity Calorimeter for the HL-LHC: very ambitious project! 

=> exploit combined information of time, position and pulse-height to disentangle  
the very complex events that we will see at the HL-LHC 

• Much progress so far, critical moment for the detector design choice, main review ongoing  
=> target TDR by November 2017  

• Test beam of the existing prototypes ongoing  
- 2016 campaign: proof of concept of the proposed design for EE Si modules 

                           basic validation of the simulation  
                           timing for single diodes in electromagnetic showers 

- 2017 campaign: aim at full system performance (EE+FH+BH) for EM and hadronic showers 
                          timing for hadronic shower  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Silicon 
• Silicon for radiation hardness:  

can sustain the high radiation levels  
- Fluence at η=3 in HGCAL ~ same as pixel inner layer 
- profit from extensive R&D in the past 20 years  

for Trackers and Pixels 
- complementary studies for neutrons irradiation  

up to 1016 n/cm-2
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Figure 3.37: Charge collection efficiency for ⇡ 300 µm (leftmost set of points), ⇡ 200 µm (mid-
dle set of points), and ⇡ 120 µm silicon sensors (rightmost set of points).

Figure 3.38: Leakage currents, as a function of neutron fluence, measured at –20� C, and scaled
to –30� C, the temperature at which the HGC will be operated.
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HGCal mechanics and cassettes design
• Chosen design a full disk option for all the 3 sections 
- with full disks of active material alternating full disks of absorber 

• Example of cassette structure for Si module: 
- is built up on either side of a 6 mm-thick copper cooling-plate 

• Example of cassette structure  
for mixed scintillator/Si geometry 

- for BH scintillator readout with  
SiPMs coupled directly to  
scintillating tiles
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Figure 2.  Transverse cross-section of the EC illustrating the spacers in the full-disk design[2]. 
 

 
Figure 3.  Alternate arrangement of spacers in a full-disk design[3]. 
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Figure 3.25: (Left) Module, consisting of printed circuit board, silicon sensors, and baseplate.
(Right) Sketch of modules mounted either side of a copper and tungsten absorber/cooling
plate, showing the longitudinal arrangement of a double layer.

Figure 3.26: Protection of the wire bonds which connect the sensor pads to the PCB through
holes in the PCB.

3.5. Endcap Calorimeter Upgrade 101

1

1

2

2

3

3

4

4

A A

B B

C C

D D

SHEET 2  OF 2 

DRAWN

CHECKED

QA

MFG

APPROVED

kyre 3/4/2015

DWG NO

module-layout128-6inch

TITLE

2 Sensor Module, 6" wafers

SIZE

C
SCALE

REV

PCB cover

PCB

adhesive layer

2 Sensors

adhesive layer

kapton

adhesive layer

baseplate

Wirebond protector 

Printed circuit board 

Adhesive layer 

Sensor 

Adhesive layer 
Kapton w/ Au layer for bias 

Adhesive layer 

2-sensor baseplate 

Readout chips 

Figure 3.25: (Left) Module, consisting of printed circuit board, silicon sensors, and baseplate.
(Right) Sketch of modules mounted either side of a copper and tungsten absorber/cooling
plate, showing the longitudinal arrangement of a double layer.

Figure 3.26: Protection of the wire bonds which connect the sensor pads to the PCB through
holes in the PCB.
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Front-End electronics
• Progressing towards final design: Skiroc (TB 2016), Skiroc2CMS (TB 2017), HGROCv1, … 

• Data path: create independent path for charge and time path  
=> possibility to have fast-timing information for small signals 
- aim at Si & SiPM readout with same FEE (test of readout with Skiroc2CMS successful) 

• Trigger path: reduce granularity                             and reduce energy resolution
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Front-end readout components

Trigger path

Data path
Analogue Digitization Digital

Data path

Trigger path
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Trigger path

Trigger cell sums
Possible alternative cell geometry

Reducing granularity Reducing energy resolution

Energy compression
8 bits, log or floating point coding

Output at 40 MHz
~300 Tb/s in total
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The CMS upgrade and the HGCal
• Goal is to maintain the excellent performance of the current CMS detector in terms of 

efficiency, resolution, and background rejection for all the physics objects used in the 
analysis of the data 

• In the context of the CMS upgrade program
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need granularity and 
radiation hardness
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Tracker material budget
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Performance in the TDR

23Katja Klein 

• Material budget
• Local reconstruction performance (simulation of hits and stubs, digitization)
• L1 and offline tracking performance
• Physics objects and physics projections (Upgrade Performance Group)
• Local reco and offline tracking will be rerun with final tracker geometry (+ other updates)
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Silicon sensors (from TP)
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3.5. Endcap Calorimeter Upgrade 103

pressure CO2 in small cooling lines is also more stable—the pressure drop has a limited effect
on the boiling temperature. Additional benefits of using CO2 are low cost and environmental
friendliness.

The total power dissipated by the front-end ASIC is estimated to be 10.5 mW/channel (details
are given in Section 3.5.4), resulting in a total of 65 kW for both endcaps. To this must be added
the power needed to drive the data links for the trigger, control and readout. The total is scaled
up by 10% to account for the power dissipated in voltage regulation, and by a further 5% to
account for dissipation in cables inside the cold volume, giving a total of 100 kW. A further
25 kW must be added to account for the power dissipated by the leakage accross the sensors
after 3000 fb�1, giving a total of 125 kW of power dissipated by the system inside the cold
volume. Each endcap is serviced by eight CO2 transfer lines, each capable of removing 15kW
of power at �30�C, giving a security margin of about a factor of two. The cooling plants will
be dimensioned in order to maintain sufficient operational margin throughout the lifetime of
the detector.

3.5.3 Module design

The silicon sensors for the HGC will be simple, large area, single-sided, and its readout cells
will be DC-coupled. The sensors will have an active thickness of 300, 200 or 100 µm, deter-
mined by the neutron fluence expected where they are located. As mentioned previously, the
cell sizes are adjusted so as to limit the cell capacitance to about 60 pF. Table 3.3 shows the
regions of the EE and FH where the different active thicknesses are used, together with the
maximum neutron fluence expected after 3000 fb�1, the cell sizes, and the expected signal-to-
noise ratio, S/N, for a mimimum-ionizing particle signal, MIP, before and after 3000 fb�1. The
regions are specified by the radius, R, measured from the beam axis. In the calculation of S/N
the charge collection efficiencies used to estimate the signal after 3000 fb�1 are taken from the
measurements (Section 3.5.12) of structures whose sensitive thicknesses are generally larger
than nominal. The leakage currents and capacitances used to estimate the noise are for sensors
of nominal sensitive thickness.

Table 3.3: Silicon sensor arrangement: thickness of active silicon layer in the EE and FH,
with the associated cell size and S/N for a MIP before and after an integrated luminosity of
3000 fb�1.

Thickness 300 µm 200 µm 100 µm
Maximum dose (Mrad) 3 20 100
Maximum n fluence (cm�2) 6 ⇥ 1014 2.5 ⇥ 1015 1 ⇥ 1016

EE region R > 120 cm 120 > R > 75 cm R < 75 cm
FH region R > 100 cm 100 > R > 60 cm R < 60 cm
Si wafer area (m2) 290 203 96
Cell size (cm2) 1.05 1.05 0.53
Cell capacitance (pF) 40 60 60
Initial S/N for MIP 13.7 7.0 3.5
S/N after 3000 fb�1 6.5 2.7 1.7

The physical thickness of the silicon wafers will be 320 µm to allow production on high-volume
commercial lines. The preferred sensor type is n-in-p, the type chosen by the tracker and an-
ticipated to be more radiation tolerant. The sensors and the cells will be hexagonally shaped,
so as to make best use of the wafer surface (a factor 1.3 gain with respect to a square sensor),
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Fast timing
• At HL-LHC fast-timing of 20-30ps can help in disentangling the primary vertex 

=> better particle ID, pileUP rejection  and global event reconstruction 

• HGCal fast-time performance
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Chat is needed? Precision timing

Beam spot space-time pro6le Space-time view of the vertices

Interactions are spread over space 
and time
100 – 200 ps 

Disentangle overlapping vertices 
with precise timing
Key resolution: 10-30 ps

t 
(n

s)

Collisions every 25 ns  “out-of-time pile-up”→
Fast detector response and fast shaping

Figure 8: The timing resolution based on two silicon sensors as a function of the e↵ective

signal strength in units of MIPs (left) and as a function of the signal-to-noise ratio (right).

The fitted resolution functions with a noise A and a constant term C are also shown as

dotted lines. The constant term of the resolution for single detector is compatible for the

di↵erent thicknesses and is around 10 ps.
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0.12. Precision timing with silicon diodes and modules 39

the timing as a function of the signal-to-noise ratio (S/N).676

For pairs of non-irradiated diodes, in order to estimate the timing resolution per device, the677

time difference can be divided by
p

2, in the hypothesis that the two measurements are inde-678

pendent and compatible. This procedure has been used to prove the compatibility of the time679

resolution for the unirradiated diodes measured in the 2016 test beam with the results obtained680

in 2014. For this comparison the same ADC-to-MIP calibration as measured in [9] was ap-681

plied to the unirradiated diodes to estimate the timing performance as a function of the signal682

expressed in MIPs.683

In figure 36, the resolution of the time difference is shown for the 300 µm thick diodes, as a684

function of the effective S/N, defined as in equation 17:685

(S/N)e f f =
(S/N)re f (S/N)nq
(S/N)2

re f + (S/N)2
n

(17)

The error bars on the Y axis account for statistical and systematic uncertainties, estimated by686

changing the range of each Gaussian fit to be the mean± 3⇥RMS and mean± 1.5RMS, and also687

by reducing the minimum number of events for each distribution to 50. The trends correspond-688

ing to different radiation levels are shown with different colours and overlays as functions of689

(S/N)e f f . The plots show that the intrinsic timing resolution does not significantly depend on690

the fluence, at a given S/N ratio. The same observation can be made for the thinner silicon691

diodes, in spite of the lack of statistics.692

Figure 36: Resolution on the time difference between an unirradiated and an irradiated diode
as a function of (S/N)e f f . Plots are shown for the 300 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 Fig. 37,693

where the timing resolution is shown for the 320 µm thick diodes for three different level of694

radiation. These results indicate compatible behaviours for both p- and n-type diodes as a695

function of S/N.696

Table 8 shows the measured timing resolution on the single diodes, obtained by fitting the697

single diode  
irradiated
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1.2. Elements of the CMS timing upgrade 7
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Figure 1.5: Left: Spread of collision vertices along the beam direction for the LHC and the 140
and 200 pileup scenarios at HL-LHC. The solid and dashed lines refer to the start and the end
of the physics coast. Right: Probability density function of the vertex density along the beam
profile: the mode and the mean of the three distributions are 0.3, 1.3 and 1.9 mm�1 and 0.2, 0.9
and 1.4 mm�1.

Alternative beam optics are considered for the accelerator but require additional hardware to297

be commissioned. In one such alternative, known as ‘crab-kissing’ schema [12], the colliding298

bunches are rotated in the plane transverse the beam axis to increase the z-spread of the colli-299

sion vertices and reduce the peak line density, for the same luminosity (Fig. 1.5). The reduction300

of the peak linear density of vertices is less than about a factor two and mildly mitigates some301

of the pileup effects. Because of the bunch rotation, the time spread of the collisions in the302

crab-kissing configuration is squeezed to about 100 ps at the beginning of an HL-LHC fill but303

it broadens during the physics coast, while the z-spread is progressively squeezed to keep the304

instantaneous luminosity constant. At the end of the leveling period, the time spread becomes305

comparable to the crab-crossing scenario. Therefore the required resolution of the upgraded306

CMS detector does not depend critically on the HL-LHC optics. Rather, the timing upgrade307

of CMS will provide an extra measure of robustness against any possible future beam-crossing308

scenario that may maximize or otherwise alter the luminosity production capabilities of the309

HL-LHC.310

1.2.2 Precision timing in the calorimeters311

The HGCal detector is a Si-W or Si-Pb sampling calorimeter designated as replacement of the312

endcap calorimeters covering pseudorapidities 1.5 < |h| < 3.0 [1]. It will provide a time mea-313

surement with about 50 ps precision from each silicon pad (SiPAD) with an energy deposition314

above that of 30 MIPs. The combination of multiple SiPAD hits exceeding this threshold in315

electromagnetic showers will provide time information for photons with high precision, lim-316

ited primarily by the relative time synchronization and calibration of different HGCal regions.317

The HGCal will also have precision-timing capability for a fraction of high transverse momen-318

tum, pT, charged hadrons with a sizeable electromagnetic component in their interaction with319

the calorimeter.320

In the barrel, the ECAL calorimeter already provides time information with a resolution of321

order 150 ps for high energy electromagnetic showers (E > 30 GeV), limited mostly by time322

synchronization and calibration [8]. At lower energies, the time resolution is limited by the elec-323

tronic noise, and it is about 1 ns at 1 GeV, and 4 ns for a MIP. This limitation is expected to grow324
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Response to electron shower
• Longitudinal shower profile measured in data over a wide energy range 
- in good agreement with simulation
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0.9. Longitudinal and transverse shower shapes 25

for both FNAL and CERN data, as well as the corresponding simulations based on the FTFP BERT EMM456

physics list. An agreement at the level of better than 10% was found between data and simula-457

tion.
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Figure 24: Variation of the shower-maximum position as a function of electron energy: Solid
symbols represent data whilst the open symbols are for simulation. Top: for the 16-layer con-
figuration at FNAL; Bottom left/right: CERN 8-layer setups I and II respectively.

458

0.9.2 Transverse shower profiles459

In Fig. 25 a comparison of transverse shower profiles between data and simulation is shown for460

electrons incident on CERN setup I for half of the eight layers. The shapes shown are energy461

densities as a function of the radial distance from the seed pad. They are also normalized462

to the energy of the seed (shown in the first bin), a representation that, in principle, allows463

the parameterization of the lateral energy deposition as a function of shower depth and beam464

energy. A very good agreement between data and simulation is observed, particularly for the465

most energetic cells (those nearest the seed), with the FTFP BERT EMM matching the data466

slightly better than QGSP FTFP BERT.467

16

The energy of cell i in an event may therefore be expressed as:285

Energyi =
ADCi � Pedestali � CMi

(ADC ! MIP)i
(4)

The energy for each channel as obtained above are termed “RecHits”. To evaluate the CM286

noise as shown Eq. 2, only RecHits having energy lower than 2 MIPs (pre CM subtraction) were287

considered. For reconstructing energy deposited in a detector layer the threshold was inverted.288

This threshold was chosen to minimize noise contamination in the signal while reconstructing289

energy, as well as minimizing signal contamination while estimating the CM level for an event.290

The RecHits were the starting point for all analyses but some basic clustering was also per-291

formed to simplify some higher-level analyses such as energy response and resolution, as de-292

scribed in Sec. 0.10. For each layer the energies in 1, 7 and 19-cells were stored, centered around293

the cell with the highest energy, as well as the total layer energy (not counting the half-hexagons294

and mousebite cells at the sensor edges).295

A visualization tool was developed to provide fast feedback and basic “event displays”, by296

plotting the RecHits in the corresponding cells of a sensor for all the sensors in the setup. Fig. 14297

shows two such event displays for a 32 GeV electron event in the 16 layer setup at FNAL (depth298

of 15 X0) and that of a 250 GeV electron in the 8-layer setup II (27 X0) at CERN.299

Figure 14: 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 elec-
trons; Bottom: CERN test with 8 layers and 250 GeV incident electrons.

0.6 Pedestal and noise: values and stability300

Runs without beam were used to evaluate the pedestals and noise for each channel. The mean301

of the ADC-counts distributions defined the pedestal values, while the RMS of these distri-302

butions gave an estimate of the total noise for each channel. Both pedestals and noise were303

governed by the electronics chain and not the silicon sensor. Files of the pedestal and noise304

values were created and used in analyses: pedestals were normally subtracted from any sig-305

nals seen, and then a threshold applied - the pedestal-subtracted signals must be higher than306

0.9. Longitudinal and transverse shower shapes 25

for both FNAL and CERN data, as well as the corresponding simulations based on the FTFP BERT EMM456

physics list. An agreement at the level of better than 10% was found between data and simula-457

tion.

)
0

depth (X
0 5 10 15 20 25 30

 (
M

IP
)

la
ye

r
 E

la
ye

r
Σ

0

500

1000

1500

2000

2500

3000 20GeV
32GeV
70GeV
100GeV
200GeV
250GeV

)
0

depth (X
0 5 10 15 20 25 30

 (
M

IP
)

la
ye

r
 E

la
ye

r
Σ

0

500

1000

1500

2000

2500

3000 20GeV
32GeV
70GeV
100GeV
200GeV
250GeV

Figure 24: Variation of the shower-maximum position as a function of electron energy: Solid
symbols represent data whilst the open symbols are for simulation. Top: for the 16-layer con-
figuration at FNAL; Bottom left/right: CERN 8-layer setups I and II respectively.
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In Fig. 25 a comparison of transverse shower profiles between data and simulation is shown for460

electrons incident on CERN setup I for half of the eight layers. The shapes shown are energy461

densities as a function of the radial distance from the seed pad. They are also normalized462

to the energy of the seed (shown in the first bin), a representation that, in principle, allows463

the parameterization of the lateral energy deposition as a function of shower depth and beam464

energy. A very good agreement between data and simulation is observed, particularly for the465

most energetic cells (those nearest the seed), with the FTFP BERT EMM matching the data466

slightly better than QGSP FTFP BERT.467

@FNAL: 16 layers from ~0-16X0

@CERN: 8 layers from 5-27X0  
             (also tested in 6-16X0)
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Runs without beam were used to evaluate the pedestals and noise for each channel. The mean301

of the ADC-counts distributions defined the pedestal values, while the RMS of these distri-302

butions gave an estimate of the total noise for each channel. Both pedestals and noise were303
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values were created and used in analyses: pedestals were normally subtracted from any sig-305

nals seen, and then a threshold applied - the pedestal-subtracted signals must be higher than306


