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Introduction

I As starting point, reproduce occupancy studies performed for
the CDR using the CLIC_ILD_CDR detector model

I After that, modify detector model by replacing the TPC with
an all-silicon tracker

I Disclaimer: So far, we considered only hits from incoherent
pairs
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Validaiton using CLIC_ILD_CDR model

I Radial dependence of hit density from incoherent pairs in
vertex barrel layers

I CDR

4.5 BEAM-INDUCED BACKGROUNDS IN THE VERTEX DETECTOR REGION

4.5.2 Hit Densities in the Vertex Region

Figure 4.9 (a) shows the expected hit densities in the CLIC_ILD barrel vertex detectors for particles
originating from incoherent electron-positron pairs and from gg ! hadrons. The results from the full
simulation are in good agreement with a fast parametric simulation of the contribution from direct hits.
Backscatters from the forward region are largely suppressed by the conical beam pipe sections made of
4 mm thick stainless steel. A description of the forward-region optimisation studies can be found in [12].
The incoherent pairs dominate at small radii and lead to up to 6 · 10�3 hits/mm2/BX in the innermost
barrel layer. The corresponding hit densities in the endcap disk region are shown in Figure 4.9 (b). Also
here the hit density from incoherent pairs is, for the inner edge of the disks, an order of magnitude above
the one from gg ! hadrons, reaching up to 9 ·10�3 hits/mm2/BX.

The results do not include safety factors for the uncertainties in the production cross sections, the
two-photon luminosity spectrum and the simulation of the detector response. Furthermore they only
describe the number of particles traversing the detector, not taking into account the formation of clusters
of pixels due to charge spreading and sharing. For the gg ! hadrons background, an overall safety factor
of two is sufficient, to take into account the uncertainties on the predicted rate [11]. For the incoherent
pairs, backscattering effects in the forward region are of particular importance. Therefore a larger overall
safety factor of five should be used [12]. Assuming these safety factors for the simulation uncertainties
and an average cluster size of 5 pixels per hit, the resulting maximal occupancy per pixel for the innermost
vertex barrel layers during a bunch train of 312 bunch crossings is 1.9%. The corresponding occupancy
for the forward vertex pixel layers is 2.9%.

Such high occupancies pose challenging demands on the track- and impact-parameter-finding al-
gorithms. Time stamping of the hits in the vertex detector with a resolution of 5–10 ns will help to
reduce possible confusion of the hit assignment to track segments in dense jets and to aid the matching
of tracking and calorimeter information especially in the forward region.
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Fig. 4.9: Average hit densities in the CLIC_ILD barrel (a) and forward (b) vertex detectors for particles
originating from incoherent electron-positron pairs and from gg ! hadrons. For the barrel region, the
full simulation of the detector response is compared to a fast parametric tracking of the primary particles
in the magnetic field. For the forward region, the results are shown for the full simulation only. Safety
factors for the simulation uncertainties and cluster formation are not included.
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Fig. 4.9: Average hit densities in the CLIC_ILD barrel (a) and forward (b) vertex detectors for particles
originating from incoherent electron-positron pairs and from gg ! hadrons. For the barrel region, the
full simulation of the detector response is compared to a fast parametric tracking of the primary particles
in the magnetic field. For the forward region, the results are shown for the full simulation only. Safety
factors for the simulation uncertainties and cluster formation are not included.
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Validaiton using CLIC_ILD_CDR model

I z-dependence of the hit density in the outer tracker layers

I CDR

5 CLIC TRACKING SYSTEM
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Fig. 5.9: Hit densities along the ladders in the CLIC_ILD barrel strip detectors for particles originating
from incoherent electron-positron pairs (a) and from gg ! hadrons (b). Safety factors for the simulation
uncertainties and cluster formation are not included.

Figure 5.10 shows the radial distributions of the hit densities in the forward tracking disks and in the
endcap tracking disks, without safety factors and not taking into account clustering.

Assuming an overall safety factor of five for the incoherent pairs and of two for the gg ! hadrons,
an average cluster size of three strips, a readout pitch of 50 µm and a strip-length of 100 mm, the resulting
total occupancy during a bunch train is between 10 hits/strip for the innermost strip disk (FTD 1) and 0.8
hits/strip for the outermost disk (FTD 5). As for the innermost barrel layers, such high occupancies will
require additional segmentation also for the FTD layers. For the innermost disk FTD 1, pixel technology
is foreseen, reducing the maximal occupancy per train to approximately 1%. For the outer forward disks
(FTD 2–5), the occupancies may be reduced to acceptable levels by means of temporal segmentation, as
described above for the inner barrel layers. For comparison, in the CLIC_SiD concept similar detector
regions are equipped with pixel detectors, as can be seen from Figure 4.2. For the Endcap Tracking Disks
(ETD) located behind the TPC endplate the expected background rates are a factor of three below those
for the outermost tracking disk due to the larger radial distance from the IP.

5.3.3 Occupancies in the TPC
As the readout time of the TPC is much longer than a CLIC bunch train, the TPC integrates the back-
ground of the full train. The occupancy is calculated per voxel, where a voxel is a 3D space bucket
defined by the readout granularity. The dimensions in the rf plane correspond to a pad, in z it is the drift
distance corresponding to one ADC time sample. To calculate the number of occupied voxels not only
the charge depositions in the fiducial volume have been taken into account, but also effects from charge
broadening due to diffusion in the gas, gas amplification and shaping of the electronics. Further details
concerning the simulation program used for these dedicated TPC occupancy studies can be found in [24].
Figure 5.11 shows the resulting occupancy for one full bunch train with 312 bunch crossings. For each
bunch crossing 3.2 events from gg ! hadrons, 3 ·105 particles from incoherent pairs (see Table 2.1), and
one beam-halo muon are overlaid1. gg ! hadrons are the largest component, followed by the incoherent
pairs. The contribution from beam-halo muons is negligible. Using the default pad size of 1⇥ 6 mm2

1Note that this number of muons stems from an earlier estimate by the accelerator experts. According to the latest beam
halo estimates, a factor 20 fewer muons are expected.
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Validaiton using CLIC_ILD_CDR model

I z-dependence of the hit density in the outer tracker layers

I CDR

5 CLIC TRACKING SYSTEM
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Fig. 5.9: Hit densities along the ladders in the CLIC_ILD barrel strip detectors for particles originating
from incoherent electron-positron pairs (a) and from gg ! hadrons (b). Safety factors for the simulation
uncertainties and cluster formation are not included.

Figure 5.10 shows the radial distributions of the hit densities in the forward tracking disks and in the
endcap tracking disks, without safety factors and not taking into account clustering.

Assuming an overall safety factor of five for the incoherent pairs and of two for the gg ! hadrons,
an average cluster size of three strips, a readout pitch of 50 µm and a strip-length of 100 mm, the resulting
total occupancy during a bunch train is between 10 hits/strip for the innermost strip disk (FTD 1) and 0.8
hits/strip for the outermost disk (FTD 5). As for the innermost barrel layers, such high occupancies will
require additional segmentation also for the FTD layers. For the innermost disk FTD 1, pixel technology
is foreseen, reducing the maximal occupancy per train to approximately 1%. For the outer forward disks
(FTD 2–5), the occupancies may be reduced to acceptable levels by means of temporal segmentation, as
described above for the inner barrel layers. For comparison, in the CLIC_SiD concept similar detector
regions are equipped with pixel detectors, as can be seen from Figure 4.2. For the Endcap Tracking Disks
(ETD) located behind the TPC endplate the expected background rates are a factor of three below those
for the outermost tracking disk due to the larger radial distance from the IP.

5.3.3 Occupancies in the TPC
As the readout time of the TPC is much longer than a CLIC bunch train, the TPC integrates the back-
ground of the full train. The occupancy is calculated per voxel, where a voxel is a 3D space bucket
defined by the readout granularity. The dimensions in the rf plane correspond to a pad, in z it is the drift
distance corresponding to one ADC time sample. To calculate the number of occupied voxels not only
the charge depositions in the fiducial volume have been taken into account, but also effects from charge
broadening due to diffusion in the gas, gas amplification and shaping of the electronics. Further details
concerning the simulation program used for these dedicated TPC occupancy studies can be found in [24].
Figure 5.11 shows the resulting occupancy for one full bunch train with 312 bunch crossings. For each
bunch crossing 3.2 events from gg ! hadrons, 3 ·105 particles from incoherent pairs (see Table 2.1), and
one beam-halo muon are overlaid1. gg ! hadrons are the largest component, followed by the incoherent
pairs. The contribution from beam-halo muons is negligible. Using the default pad size of 1⇥ 6 mm2

1Note that this number of muons stems from an earlier estimate by the accelerator experts. According to the latest beam
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CLIC_SiD-Tracker

I Replace TPC and
surrounding silicon tracking
layers with an all silicon
tracker

I Keep everything else (4T
�eld, VXD layout,...)

I Material description esp. in
the endcaps probably not
yet correct

I Rerun the same simulation
and analysis and check on
hit densities
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CLIC_SiD Barrel layers - z dependence

I Thesis Christian

5 The CLIC_SiD Detector Model
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Figure 5.11: Hit densities in the five vertex barrel layers from incoherent pairs (a) and the �� ! hadrons back-
ground (b) depending on z.
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Figure 5.12: Hit densities in the five main tracker barrel layers from incoherent pairs (a) and the �� ! hadrons
background (b) depending on z.

of low energetic jets. Higher local densities lead to more ghost hits in the stereo strip detectors of the
endcaps and thus result in the higher hit rates due to the �� ! hadrons background.
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CLIC_SiD Barrel layers - z dependence

I Thesis Christian

5 The CLIC_SiD Detector Model
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Figure 5.12: Hit densities in the five main tracker barrel layers from incoherent pairs (a) and the �� ! hadrons
background (b) depending on z.

of low energetic jets. Higher local densities lead to more ghost hits in the stereo strip detectors of the
endcaps and thus result in the higher hit rates due to the �� ! hadrons background.
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CLIC_SiD Endcap discs

I Thesis Christian
5 The CLIC_SiD Detector Model
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Figure 5.15: Hit densities in the four main tracker endcap layers from incoherent pairs (a) and the �� ! hadrons
background (b) depending on r.

5.6.3 Occupancies

From the hit densities shown above we can estimate the expected occupancies for the di↵erent subdetec-
tors. We assume the nominal segmentation of the subdetectors, i.e. 20 ⇥ 20 µm2 for the pixel detectors
and 50 µm ⇥ 985 mm for the strip detectors, and use the average reconstructed cluster sizes. The distri-
bution of the reconstructed cluster sizes in the tracking detectors is shown in Fig. 5.16. If a pixel is hit in
the pixel detectors, all directly neighboring pixels are usually hit as well, resulting in an average cluster
size of 4.6. Similarly, in the strip detectors the two neighboring strips are hit resulting in an average
cluster size of 2.7. The clusters in the stereo strip detectors of the main tracker endcap detectors are
more than twice that size. The number of hits seen in a stereo strip layer is the multiplication of the
number of the hits in the two strip layers. The average cluster size in the stereo strip detectors is thus 7.2.
For the occupancy we count each stereo layer as a single layer, we thus have to use 3.6 as the average
cluster size. We apply an additional safety factor of 5 to the occupancy from incoherent pairs to account
for uncertainties and fluctuations in the background rates. The amount of backscatters estimated from
the full simulation constitutes the largest source of uncertainty and can not be easily verified. For the
�� ! hadrons background we use a safety factor of 2, since it is causing significantly less amounts of
backscatters.

Using these assumptions, the highest occupancies are reached in the innermost layer of the tracker
barrel which experiences a maximum occupancy of 200–300% from incoherent pairs, depending on
the azimuthal angle and the position in z, when intergrating over a full bunch train. An occupancy of
15–30% resulting from the �� ! hadrons background has to be added to this value. Similarly critical
are the innermost regions of the main tracker endcaps which have an occupancy of up to 35% from
�� ! hadrons hits and an additional 30% from incoherent pairs over a full bunch train. This occupancy
drops quickly for larger radii and is below 5% for r > 600 mm. The pixel detectors are of much
less concern. The innermost vertex barrel layer has an occupancy of 1.5–2.0% for a full bunch train,
depending on the azimuthal angle. The numbers for the pixel disks are similar and drop below 0.5% for
radii greater than 50 mm.

Since we simulated and digitized only small fractions of a bunch train simultaneously, the numbers
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CLIC_SiD Endcap discs

I Thesis Christian
5 The CLIC_SiD Detector Model
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Figure 5.15: Hit densities in the four main tracker endcap layers from incoherent pairs (a) and the �� ! hadrons
background (b) depending on r.
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From the hit densities shown above we can estimate the expected occupancies for the di↵erent subdetec-
tors. We assume the nominal segmentation of the subdetectors, i.e. 20 ⇥ 20 µm2 for the pixel detectors
and 50 µm ⇥ 985 mm for the strip detectors, and use the average reconstructed cluster sizes. The distri-
bution of the reconstructed cluster sizes in the tracking detectors is shown in Fig. 5.16. If a pixel is hit in
the pixel detectors, all directly neighboring pixels are usually hit as well, resulting in an average cluster
size of 4.6. Similarly, in the strip detectors the two neighboring strips are hit resulting in an average
cluster size of 2.7. The clusters in the stereo strip detectors of the main tracker endcap detectors are
more than twice that size. The number of hits seen in a stereo strip layer is the multiplication of the
number of the hits in the two strip layers. The average cluster size in the stereo strip detectors is thus 7.2.
For the occupancy we count each stereo layer as a single layer, we thus have to use 3.6 as the average
cluster size. We apply an additional safety factor of 5 to the occupancy from incoherent pairs to account
for uncertainties and fluctuations in the background rates. The amount of backscatters estimated from
the full simulation constitutes the largest source of uncertainty and can not be easily verified. For the
�� ! hadrons background we use a safety factor of 2, since it is causing significantly less amounts of
backscatters.

Using these assumptions, the highest occupancies are reached in the innermost layer of the tracker
barrel which experiences a maximum occupancy of 200–300% from incoherent pairs, depending on
the azimuthal angle and the position in z, when intergrating over a full bunch train. An occupancy of
15–30% resulting from the �� ! hadrons background has to be added to this value. Similarly critical
are the innermost regions of the main tracker endcaps which have an occupancy of up to 35% from
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radii greater than 50 mm.
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Hit density (incoh. pairs) in CLIC_SiD Tracker

April 9th, 2014! Tracking Optimisation! 12!

216"

716"

466"

966"

1216"

B1"

B2"

B3"

B4"

B5"

F1"

F2"

F3"

F4"

F5"
Place! pairs 

[hits/
mm2/bx]!

gghad 
[hits/
mm2/bx]!

max 
stripl. 
[mm]!

B1" 8.2E-5" 2.3E-5" 1.4"
F1" 2.0E-5" 5.0E-5" 3.2"
B2" 2.6E-5" 5.0E-6" 4.6"
F2" 4.0E-6" 9.0E-6" 16.9"
B3" 1.3E-5" 1.9E-6" 9.4"
F3" 1.3E-6" 2.6E-6" 54.8"
B4" 7.7E-6" 1.1E-6" 15.8"
F4" 1.0E-6" 1.0E-6" 91.6"
B5" 4.8E-6" 7.6E-7" 25.0"
F5" 8.0E-7" 6.0E-7" 123"

Hit rates CLIC_SiD after clustering"

• Hit rates after digitization per bx 
and reco (1 cluster = 1 hit)"
•  includes geometry correction factor 
for barrel layers to account for 
overlap (~0.6-0.7)"
• Max. strip length for 3% train 
occupancy, 50 um strip pitch, 
including:"
• safety factor of 5 (2) 

for incoh. pairs (gghad)"
• cluster size 3"

up to 2-5 times lower hit rates than w/o digitization"
pair forward hit rates ~5-10x smaller than for barrel layers  
! not understood"I Max. occupancy per

train: 3%

I Strip pitch: 50 µm

I Cluster size: 3 strips

I Safety factor: 5

Place

Hits/

mm2/BX
max strip

length / mm

B1 5.9e-05 2.2
F1 3.5e-05 3.7

B2 3.7e-05 3.5
F2 1.5e-05 8.6

B3 1.3e-05 10
F3 4.7e-06 27

B4 5.8e-06 22
F4 1.9e-06 68

B5 3.3e-06 39
F5 1.3e-06 100
I In addition, hits from γγ → hadrons
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Hit density (incoh. pairs) in CLIC_SiD Tracker

April 9th, 2014! Tracking Optimisation! 12!

216"

716"

466"

966"

1216"

B1"

B2"

B3"

B4"

B5"

F1"

F2"

F3"

F4"

F5"
Place! pairs 

[hits/
mm2/bx]!

gghad 
[hits/
mm2/bx]!

max 
stripl. 
[mm]!

B1" 8.2E-5" 2.3E-5" 1.4"
F1" 2.0E-5" 5.0E-5" 3.2"
B2" 2.6E-5" 5.0E-6" 4.6"
F2" 4.0E-6" 9.0E-6" 16.9"
B3" 1.3E-5" 1.9E-6" 9.4"
F3" 1.3E-6" 2.6E-6" 54.8"
B4" 7.7E-6" 1.1E-6" 15.8"
F4" 1.0E-6" 1.0E-6" 91.6"
B5" 4.8E-6" 7.6E-7" 25.0"
F5" 8.0E-7" 6.0E-7" 123"

Hit rates CLIC_SiD after clustering"

• Hit rates after digitization per bx 
and reco (1 cluster = 1 hit)"
•  includes geometry correction factor 
for barrel layers to account for 
overlap (~0.6-0.7)"
• Max. strip length for 3% train 
occupancy, 50 um strip pitch, 
including:"
• safety factor of 5 (2) 

for incoh. pairs (gghad)"
• cluster size 3"

up to 2-5 times lower hit rates than w/o digitization"
pair forward hit rates ~5-10x smaller than for barrel layers  
! not understood"

from: D. Dannheim et al., Silicon Tracking
Optimization, http://indico.cern.ch/event/
309925/contribution/2/material/slides/

Place

Hits/

mm2/BX
max strip

length / mm

B1 5.9e-05 2.2
F1 3.5e-05 3.7

B2 3.7e-05 3.5
F2 1.5e-05 8.6

B3 1.3e-05 10
F3 4.7e-06 27

B4 5.8e-06 22
F4 1.9e-06 68

B5 3.3e-06 39
F5 1.3e-06 100
I In addition, hits from γγ → hadrons

I Much smaller di�erences between B and

F of the same layer. B ≈ 2.5× F
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Field maps (old vs. new)
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Summary & next steps

I Summary
I Implemented a SiD-like tracker in mokka simulation

framework, starting from CLIC_ILD_CDR model
I Background hit densities within ≈ factor 2 to previous studies
I Uncertainties may still be large, so far we considered less than

two bunch trains

I Next steps
I Update plots with higher statistics
I Use new magnetic �eld map
I Implement more realistic endcap discs (support material,

segmentation,...)
I Investigate γγ → hadron background
I Technical detail: currently, all our changes are hardcoded into

the geometry drivers. Transfer them to database and use
o�cial mokka version.
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Backup
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216"

716"

466"

966"

1216"

B1"

B2"

B3"

B4"

B5"

F1"

F2"

F3"

F4"

F5"
Place! pairs 

[hits/
mm2/bx]!

gghad 
[hits/
mm2/bx]!

max 
stripl. 
[mm]!

B1" 1.6E-4" 2.7E-5" 0.8"

F1" 1.1E-4" 8.0E-5" 0.9"

B2" 4.1E-5" 6.6E-6" 3.0"

F2" 3.3E-5" 1.2E-5" 3.4"

B3" 1.9E-5" 2.7E-6" 6.3"

F3" 1.5E-5" 5.0E-6" 7.5"

B4" 1.1E-5" 1.6E-6" 10.8"

F4" 8.0E-6" 2.0E-6" 14.6"

B5" 6.8E-6" 1.0E-6" 17.7"

F5" 5.0E-6" 1.1E-6" 23.6"

Hit rates CLIC_SiD w/o digitization"

• Raw particle hit rates from Geant4 
with energy threshold of 1/5 MIP"
•  includes geometry correction 
factor for barrel layers to account 
for overlap (~0.6-0.7)"
• Max. strip length for 3% train 
occupancy, 50 um strip pitch, 
including:"
• safety factor of 5 (2) 

for incoh. pairs (gghad)"
• cluster size 3"

Pair forward disk (F) hit rates ~2x smaller than for barrel (B) layers"
à  effect of curlers (note: large contribution from backscatters)"
For ggàhadrons not observed, not understood"
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216"

716"

466"

966"

1216"

B1"

B2"

B3"

B4"

B5"

F1"

F2"

F3"

F4"

F5"
Place! pairs 

[hits/
mm2/bx]!

gghad 
[hits/
mm2/bx]!

max 
stripl. 
[mm]!

B1" 8.2E-5" 2.3E-5" 1.4"

F1" 2.0E-5" 5.0E-5" 3.2"

B2" 2.6E-5" 5.0E-6" 4.6"

F2" 4.0E-6" 9.0E-6" 16.9"

B3" 1.3E-5" 1.9E-6" 9.4"

F3" 1.3E-6" 2.6E-6" 54.8"

B4" 7.7E-6" 1.1E-6" 15.8"

F4" 1.0E-6" 1.0E-6" 91.6"

B5" 4.8E-6" 7.6E-7" 25.0"

F5" 8.0E-7" 6.0E-7" 123"

Hit rates CLIC_SiD after clustering"

• Hit rates after digitization per bx 
and reco (1 cluster = 1 hit)"
•  includes geometry correction factor 
for barrel layers to account for 
overlap (~0.6-0.7)"
• Max. strip length for 3% train 
occupancy, 50 um strip pitch, 
including:"
• safety factor of 5 (2) 

for incoh. pairs (gghad)"
• cluster size 3"

up to 2-5 times lower hit rates than w/o digitization"
pair forward hit rates ~5-10x smaller than for barrel layers 
à not understood"
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Place! pairs 
[hits/
mm2/bx]!

gghad 
[hits/
mm2/
bx]!

max 
stripl. 
[mm]!

ILD-b1" 6.0E-5" 8.5E-5" 1.4"

ILD-f1" 4.5E-5" 4.1E-5" 2.1"

SiD-B1" 1.6E-4" 2.7E-5" 0.8"

ILD-b2" 4.0E-5" 3.2E-5" 2.4"

ILD-f2" 2.1E-5" 1.5E-5" 4.8"

SiD-B2" 4.1E-5" 6.6E-6" 3.0"

SiD-F2" 3.3E-5" 1.2E-5" 3.4"

SiD-F6" 4.0E-5" 2.5E-5" 2.6"

ILD-f6" 2.0E-5" 1.7E-5" 4.8"

Hit rates CLIC_SiD vs. CLIC_ILD"

Larger pair rates in barrel than in forward disks (both SiD and ILD),  
for ILD also true for ggàhad."
Difference between SiD and ILD ~factor 2, for similar regions (note: BSiD=5 T vs. BILD=4 T)"
 "

b1"
f1"

b2"
f2"

F6"
f6"

• Raw particle hit rates from Geant4 
with energy threshold of 1/5 MIP"
•  includes geometry correction 
factor for SiD barrel layers, to 
account for overlap (~0.6-0.7)"
• Max. strip length for 3% train 
occupancy, 50 um strip pitch, 
including:"
• safety factor of 5 (2) 

for incoh. pairs (gghad)"
• cluster size 3"

CLIC_ILD"

CLIC_SiD"

B1"
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Summary: background rates"

•  rather large differences (factor of >~2) in hit-rate estimates between CLIC_SiD and CLIC_ILD"
•  SiD has higher rates from incoherent pairs (possibly due to more back scatters)"
•  Different rates for ggàhadrons observed, without clear trend ILD vs. SiD "

•  two different methods for estimating tracker hit rates for CLIC_SiD do not agree"
•  further full-simulation and optimization studies needed,  

to reduce hit rates and improve uncertainty on hit-rate estimates 
à optimization of forward region  
à influence of realistic B-field"

•  current level of understanding not sufficient for making technology choice  
"

•  Preliminary conclusions:"
•  innermost barrel and forward tracking layers probably not suited for  

micro-strip technology (wire bonding) 
(for 3% max. occupancy, 50 μm r/o pitch: 0.8-2 mm length) 
à ~3 m2 additional area for CLIC_SiD to be equipped with  
pixel technology (bump bonding), 
not necessarily the same technology as in vertex detector"

•  for outer layers strips of 3-30 mm and 50 μm readout pitch could be envisaged, 
~74 m2 total area"

•  note: for the CLIC_ILD design the maximum strip length at the inside of the  
forward layers would be significantly smaller (see backup slide 21)"
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