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• Reminder of FTDR studies

• Descoping options

• Tools

• Some recent results

• Plans

See also talks here: https://indico.cern.ch/event/1251283/
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Mighty Tracker baseline for U2

Mighty Tracker cost, 21/04/2021

• SciFi : 
- same geometry as U1 
- include cryogenic cooling 

(large cost uncertainty!) 
- one C-Frame per layer 
⇒ 24 C-Frames 

• HVCMOS : 
- 6 layers 

in “23455432” configuration 
⇒ 18.1m2 total Si area 

- Each Silicon layer shares a one C-Frame with one SciFi layer
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Baseline detector

Even though 3% maximum integrated occupancy, that is less than average Upgrade Ib80

maximum occupancy value presented in the Table 2, can be achieved for all of four MT81

geometries the value of the average integrated occupancy for MT Geometries I, II and III82

is almost twice as big as average integrated occupancy for MT Geometry IV (Table 3)83

which is considered as baseline geometry (as shown on Fig. 12).84

Table 3: Occupancy per fibre per event for all the X-layers of the SciFi with the IT (Upgrade Ib)
and with the IT plus MT (Upgrade II) for the MT Geometry IV.

Fibre occupancy, %
Maximum Average
with IT (Upgrade Ib)

Layer 1 1.34± 0.11 0.43± 0.22
Layer 2 1.33± 0.11 0.46± 0.25
Layer 3 1.35± 0.11 0.45± 0.24
Layer 4 1.58± 0.12 0.50± 0.27
Layer 5 1.38± 0.11 0.48± 0.25
Layer 6 1.54± 0.12 0.54± 0.29

with IT plus MT (Upgrade II)
Layer 1 1.99± 0.10 1.35± 0.37
Layer 2 2.26± 0.11 1.48± 0.42
Layer 3 2.25± 0.10 1.44± 0.41
Layer 4 2.52± 0.11 1.65± 0.48
Layer 5 2.36± 0.11 1.60± 0.45
Layer 6 2.72± 0.12 1.81± 0.52

Figure 12: Schematic representation of the tracking station with the addition of IT (left) and IT
plus MT (right).

Figure 13 shows the occupancy in the IT and the MT for Upgrade II luminosities85

taking either the pixel or the strip design (see Fig. 21, Fig. 22 of the Appendix A). For the86

Inner Tracker the maximum occupancy values per pixel/strip are potentially acceptable87

at Upgrade Ib luminosity, however ⇠4% value for the microstrip design for Upgrade II is88

rather big hence the pixel design is preferred for these operational conditions. In the MT89

region a full wafer length microstrip solution is still viable from occupancy considerations,90

although it would be preferable to use the same technology for both IT and MT. As it will91
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SciFi

Silicon pixels

• The high track density in Upgrade 2 is a challenging tracking environment

• The occupancies in the inner part of the SciFi reach up to 20 %

• There will be significant radiation damage to the Scifi even after Run3
• Need a detector that can stand 300 fb-1 in inner part

Baseline layout described in https://cds.cern.ch/record/2658015?ln=en

• 6 layers of HV-CMOS pixels. Each layer 3m2 (18 m2 in total)

• Each layer divided into 28 modules 54 x 20 cm2

• Default pixel size 50 x 150 𝜇m (100 x 300 𝜇m ok from physics perspective) 

Design driven by SciFi occupancies and radiation damage
• Assumes SciFi as in the U1 (ie no gains from better SiPMs or Cryo cooling)
• Occupancies in SciFi outer part in this design similar to inner part in U1
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Occupancies
Occupancies studied at Geant4 level – ie not digitization, no noise, no spillover
Documented in https://cds.cern.ch/record/2743056?ln=en (V. Denysenko)

1.1.5.1 Occupancy306

The occupancy in the regions covered by scintillating fibre and silicon sensors, have been studied307

in the baseline design using simulations for Upgrade Ib and II luminosities of 2⇥1033 cm2 s�1 and308

1.5⇥ 1034 cm2 s�1, respectively. To provide results that are relevant for the intended b-physics309

programme, a sample of B0
s ! �� decays events is used. The number of hits is obtained directly310

from the GEANT information, i.e. MCHits. As the highest occupancy is highest for the first311

layer of each tracking station, the results for this layer are reported.312
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Figure 1.8: Occupancy per fibre per event averaged over forty fibres in the top half (y > 0 mm)
of the downstream tracker with and without the addition of silicon sensors in the Innermost
modules, IT, and full baseline Mighty Tracker, MT for Upgrade Ib (left) and Upgrade II (right)
luminosity.

The maximum occupancy in the scintillating fibres is significantly reduced by covering the313

highest hit density regions with silicon sensors. The size of the silicon sensors area in the central314

region is chosen to limit the maximum occupancy in the scintillating fibre in Upgrade II to315

⇠ 2%, as shown in Fig. 1.8. Alternative geometries, reducing the silicon sensors to the innermost316

4 or 6 modules, and reducing the silicon coverage in the vertical direction, y, allow to obtain a317

maximum occupancy in the scintillating fibre below 3%. The maximum occupancy per sensor318

element size in the highest occupancy silicon region is (0.019± 0.001)% for (100µm⇥ 500µm)319

silicon pixels and (3.8± 0.3)% for (1mm⇥ 100mm) silicon strips, supporting the silicon pixel320

choice.321

1.1.5.2 Material budget322

The materials used in the silicon design, and implemented in simulation, are stated in Table 1.1.323

The interaction lengths of the material are also given, and the scenario with minimal material324

budget design is reported. This design is found to have a below 1% X/X0. Alternative, more325

pessimistic scenarios result in X/X0 up to 1.7% or 3%. X/X0 below 1% would be ideal for track326

reconstruction performance, the additional scenarios are to be tested.327

Table 1.1: Module Assembly - Material X/Xo (%)

Material Thickness Filling Factor Layers X0 X/Xo Composite

µm (%) (cm) (%)

Silicon 100 100 1 9.37 0.106 Si

Cooling Pipe 50 12 2 28.6 0.004 Kapton Polymide

Carbon Foam 2200 100 1 185.65 0.118 C, Allcomp K9 130pp

Carbon Sheet 100 100 2 23.70 0.084 C, K13C2U/EX1515

Flex Tape 340 100 1 0.356 Cu + Dielectric + Polymide

Glue 100 100 1 35.49 0.028 TenCate EX-1515

Hybrid 780 20 1 17.0 0.009 FR4

Thermal Isolation 5700 100 2 801.27 0.142 at 20
�
C

Sum 0.932

10

U1B U2

With silicon, peak occupancy will be similar to Run 3, but not that the average occupancy is
comparable to peak 
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Tracking studies for FTDR
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baseline MT MAPS detector size, around 50% of long tracks will be reconstructed in Pass 1.

The VELO-UT segments not matched to MT MAPs segments are considered in Pass 2,
that reconstructs tracks traversing the ScFi. Here we exploit the existing and well-optimized
Upgrade I algorithm [156]. To obtain first performance estimates this algorithm is run out-of-
the-box with the Upgrade I geometry but in Upgrade II conditions. To emulate Pass 1 hits
from tracks passing the area covered by the silicon detector are removed. Integrating over
momentum a single track e�ciency of 74 % and a ghost rate is 55% is found for tracks passing
through the SciFi region of the MT. Long tracks with momentum above 5 GeV/c, are found
with an e�ciency of 89% and a ghost rate of about 30%. The reconstruction e�ciency and ghost
rate as a function of momentum are shown in fig. 3.41. In the same figure, the worsening of
reconstruction performance for the same tracks is also shown when a SciFi geometry is assumed
on the full detector.

Assuming an e�ciency about 95% for the tracks passing through the MT MAPS, as discussed
above, an overall long-track e�ciency of above 90% can be achieved, for tracks with momentum
above 5 GeV/c, which are used by the majority of physics analyses. A ghost rate of below 30%
is estimated from the current studies and substantial improvements are expected with algorithm
optimisation. This performance is comparable with the track reconstruction performance
expected in Upgrade I [155], and is much improved as compared with the case of a SciFi detector
covering the full acceptance, with the additional benefit of reducing the reconstruction time by
an order of magnitude. Further improvements are expected by using the new 4-D reconstruction
algorithms which are being developed for the VELO, and by exploiting the improved pixelation
in the UT.
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Figure 3.41: Reconstruction e�ciency and ghost rate as function of momentum for long tracks
crossing the scintillating fibre region, evaluated at Upgrade II luminosity, assuming the nominal
MT geometry or the full SciFi geometry of Upgrade I.

3.6.2 Momentum resolution

The momentum resolution for tracks in the SciFi will be similar to Upgrade I. The momentum
resolution for long tracks in the MT MAPS is estimated based on a study similar to that described
in Ref. [160]. A simulated sample ofD+

! K�⇡+⇡+ decays generated using Upgrade I conditions
is used to obtain the RMS deviation of the true and reconstructed momentum of the decay
particles in di↵erent bins of momentum. The momentum resolution �p/p is described by a
Gluckstern parametrisation [161] (�p/p)2 = A2

ms + (p⇥Bres)2. This parametrisation holds for
tracks with momentum above 20 GeV, which is the typical momentum for tracks crossing the
MT MAPS. The expected resolution in Upgrade II, with the MT MAPS default design, is then
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crossing the scintillating fibre region, evaluated at Upgrade II luminosity, assuming the nominal
MT geometry or the full SciFi geometry of Upgrade I.
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Descoping scenarios
The rules of the game are reasonably clear

• Need to reduce cost by 15 – 30 % (conservative - optimistic)

• Having two detector technologies doubles the cost compared to Upgrade I

• For SciFi costs are well known (largest unknown is cryogenic cooling cost) 

• Obvious way to reduce costs is to reduce silicon area in x-y or reduce number of layers

• Small savings on SciFi side possible by reducing number of fiber layers per mat from 6 to 4, other 
possibility is to reduce SciFi outer acceptance

• Running at lower instantaneous luminosity could help tracking, but SciFi radiation damage driven
by total integrated luminosity. 
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Downscoping: A modest tracker

Mighty Tracker cost, 21/04/2021

• SciFi : 
- same as baseline 
- except 4 fibre layers/mat, 

which is a yet unproven, but 
possible, solution 

• HVCMOS : 
- 5 layers 

in “02355320” configuration 
⇒ 10.8 m2 total Si area 

- assume we can adapt the number of links as a function to bandwidth 
⇒ reduced number of IpGBT, VTRx+, and PCIe40++

!5

Reduced detector version

Even though 3% maximum integrated occupancy, that is less than average Upgrade Ib80

maximum occupancy value presented in the Table 2, can be achieved for all of four MT81

geometries the value of the average integrated occupancy for MT Geometries I, II and III82

is almost twice as big as average integrated occupancy for MT Geometry IV (Table 3)83

which is considered as baseline geometry (as shown on Fig. 12).84

Table 3: Occupancy per fibre per event for all the X-layers of the SciFi with the IT (Upgrade Ib)
and with the IT plus MT (Upgrade II) for the MT Geometry IV.

Fibre occupancy, %
Maximum Average
with IT (Upgrade Ib)

Layer 1 1.34± 0.11 0.43± 0.22
Layer 2 1.33± 0.11 0.46± 0.25
Layer 3 1.35± 0.11 0.45± 0.24
Layer 4 1.58± 0.12 0.50± 0.27
Layer 5 1.38± 0.11 0.48± 0.25
Layer 6 1.54± 0.12 0.54± 0.29

with IT plus MT (Upgrade II)
Layer 1 1.99± 0.10 1.35± 0.37
Layer 2 2.26± 0.11 1.48± 0.42
Layer 3 2.25± 0.10 1.44± 0.41
Layer 4 2.52± 0.11 1.65± 0.48
Layer 5 2.36± 0.11 1.60± 0.45
Layer 6 2.72± 0.12 1.81± 0.52

Figure 12: Schematic representation of the tracking station with the addition of IT (left) and IT
plus MT (right).

Figure 13 shows the occupancy in the IT and the MT for Upgrade II luminosities85

taking either the pixel or the strip design (see Fig. 21, Fig. 22 of the Appendix A). For the86

Inner Tracker the maximum occupancy values per pixel/strip are potentially acceptable87

at Upgrade Ib luminosity, however ⇠4% value for the microstrip design for Upgrade II is88

rather big hence the pixel design is preferred for these operational conditions. In the MT89

region a full wafer length microstrip solution is still viable from occupancy considerations,90

although it would be preferable to use the same technology for both IT and MT. As it will91
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SciFi

Silicon pixels
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• In FTDR main descope option discussed is reducing 
the silicon area: assume we gain from cryo cooling on
the SciFi side.

• Also reduce to 5 silicon layers

• Silicon area reduces to 11 m2

• Reduces cost of Silicon by 40 %

• With 4 fiber layers for SciFi total system
cost also reduces

6

Figure 3.30: Hit e�ciency map for a quadrant of a scintillating fibre detector, assuming cryogenic
cooling, resulting in a consistent noise reduction and the possibility of using 1.5 photo-electrons
signal thresholds, four-layer fibre mats and a 20% light yield gain. Hit e�ciency is required to
be above 99%, and this defines the minimum area to be covered with silicon pixels.

has high occupancy in the SciFi. This upgrade is expected to be beneficial when a↵ecting two
or more layers [150]. It will reduce the fake-track rate (see Fig. 3.31) and provide improved
resolution. This system will also enhance the heavy ion programme in Run 4. Indeed with the
Upgrade I detector Pb-Pb events are expected to be reconstructed only up to the 30� 40% most
central collisions, limited by the occupancy in the SciFi. With the addition of a silicon inner
tracker in Run 4, up to the 10% most central collisions will be reconstructed.
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Figure 3.31: Long track reconstruction e�ciency and ghost rate expected for tracks crossing the
scintillating fibre region when including the LS3 Enhancement (Left), compared to e�ciency and
ghost rate for tracks crossing a full scintillating fibre detector (Right). The luminosity considered
is 2⇥ 1033 cm2 s�1.
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SciFi Enhancements
Major improvement seen cryogenic cooling to allow to run below -120 oC
• Essential to maintain reasonable noise rate for SiPMs after irradiation
• Should allow to reduce the cluster thresholds while keeping acceptable dark count rate

Figure 1.1: Principle of the cryogenic operation of SiPMs with a clear fibre interface. Fibre mats
are linked with a flexible clear fibre interface to a vacuum-insulated detector region cooled with a
cryostat.

due to reduced gain. An implementation scheme under consideration is shown in Fig. 1.2, while104

some of our simulation results to determine the best micro-lens parameters optimising the LY105

are reported in Fig. 1.3. We have recently started the implementation of micro-lenses on custom106

SiPM sensors manufactured by FBK [?].107

Reduced cluster size To cope with the highest possible hit occupancy, it is important108

to reduce the cluster size, defined as the number of SiPM channels that are triggered by a109

crossing charged particle. The thickness of the active layer of 1.35 mm, obtained by the 6-fibre110

layer stacking of the Upgrade I implementation has to be closely evaluated for the Upgrade II111

conditions. A reduction to 4-layers while maintaining high hit detection e�ciency is an option112

actively investigated.113

We also expect a reduction of the cluster size with the micro-lens enhanced SiPMs, due to114

the closer coupling of the fibre interface with the photo-detector active surface. The e↵ective115

distance will be reduced from 105µm in Upgrade I to below 30µm.116

1.1.3 Silicon Sensor Technology117

1.1.3.1 Requirements118

The main design criteria for the inner part of the Mighty Tracker are119

• su�ciently fine granularity to cope with the high density of charged particles; simulation120

studies discussed in Section ?? demonstrate that a pixelated detector with pixel dimensions121

of 100 µm in the bending plane of the spectrometer magnet and 300 µm in the non-bending122

plane is adequate;123

• su�ciently good time resolution to assign all hits to the correct LHC bunch crossing;124

assuming a simple Gaussian distribution, a standard deviation of about 3 ns is required125

to contain ±4� of the distribution, i.e. more than 99.99% of the hits, within the 25 ns126

bunch-crossing interval;127

3

Additional interface
~ 16 % loss in light
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Figure 1.2: Definition of the main geometrical parameters rL, hL and Hres of a spherical lens (left)
and chosen implementation of micro-lenses on an SiPM channel (middle) using a checker-board
layout (right). Manufacturing constraints impose hL/rL < 0.7 and Hres > 8 µm.

Figure 1.3: Simulation results obtained with a single micro-lens on top of the central pixel of a
uniformly-illuminated 3⇥ 3 pixel array, shown for Hres = 5, 10, and 15 µm (from left to right).
The colour code indicates the density of photons arriving on the Silicon plane. The dotted lines
show the dead areas around the pixels. In this particular example with hL/rL = 0.7, a maximum
e↵ective geometrical fill factor (EGFF) of ⇠ 95% is obtained for a residual height of 10 µm.

• su�cient radiation hardness to sustain the expected 1-MeV neutron equivalent fluence of128

6⇥ 1014 cm�2 in the innermost part of the detector; this value includes a safety factor of129

two on top of the FLUKA simulation, as is discussed in Section ??;130

• low power consumption to minimise the amount of dead material introduced by low-voltage131

cables and cooling; note that these services have to run across the active area of the SciFi132

inside the acceptance of the experiment.133

1.1.3.2 HV-MAPS technology134

Monolithic Active Pixel Sensors fabricated in commercial High-Voltage CMOS process (HV-135

MAPS) have excellent potential to fulfill these requirements and provide a cost-e↵ective solution136

for the inner part of the Mighty Tracker stations. This technology, first proposed for high-energy137

4

Better SiPMs and micro-lensing should compensate for
light loss



SciFi Enhancements
Investigate reducing number of fiber layers per mat from 6 to 4
• Reduce detector size  in z, reducing occupancy (though not track density) from high angled tracks
• Less material
• Lower light yield but may be ok with cryo cooling
• Need to understand if this works 

Reducing occupancy

19

3 ch 5 ch

Reducing occupancy with thinner SciFi
mats (less layers = less signal)

20

2 ch 4 ch

Less light, this can 
work with cryogenic 
cooling!

8



How many layers of Silicon needed ?
• Since tracks are in magnetic field, standalone tracking needs 3 pixel measurements minimum
• With three hits, you have little redundant information: ghost rate will be high

• Nothing to confirm the triplet is real 
• 4 or 5 hits minimum needed  

• With 4 or 5 hits candidates can be ranked according to 𝜒! and number of hits 
• Are 5 layers enough ? Depends on the detector efficiency

• Inactive sensor areas (guard ring/periphery)
• Non-functional pixels
• Dead pixels
• Loss due to tagging to beam crossing
• Radiation damage

• If you can keep the sum of all these down to 4-5 % level
5 layers might be feasible for track finding, may lose a bit
in momentum resolution

9
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Figure 9: Track finding e�ciency versus dead area fraction.

will be repeated with a more realistic pattern recognition when it becomes available.
The HVCMOS pixel chips discussed in Sect. 6 contain a non-sensitive region in which

the readout electronics is located. The size of this region may be su�ciently large that
tiling the plane of each module with tesselating silicon sensors would introduce a su�ciently
large dead area such that eight layers are required. If instead the chips in each module
are arranged to overlap in each layer then the dead-area can be removed, and six layers
would be su�cient. Overlapping tiles will complicate the construction of the module
and increase the material in the silicon chip overlap regions. However, there will be a
significant gain in the material budget due to the reduced number of layers. Hence we
assume six layers and an overlapping tile arrangement as the baseline, with a sketch of a
possible structure shown in Sect. 4.

The modules onto which the tiles are mounted are then arranged to form the layers.
This may introduce an additional dead area. A 5 mm gap between neighbouring modules
(assuming a module size of 54 cm) would introduce a 3.4% dead area. If such a spacing
was not mechanically achievable the eight layer solution would be required or a staggering
of the layers considered.

In the six layer layout we would have two layers in each of the three tracking stations.
In an eight layer arrangement the optimal layout for physics is likely ‘224’: two layers in
tracker station one, two layers in station two, and four in tracker station three so as to
minimize the material seen by the SciFi.

As a baseline it is proposed that the six layers would be arranged as three double-sided
layers with the sensors separated by a maximum of 40mm. This minimises the material
by mounting the sensors on the same support (see Sect. 4) and cooling structure (see
Sect. 5). It may also be advantageous for pattern recognition allowing doublets to be
formed as starting seeds. An alternative giving a larger layer spacing but likely also an
increased material budget would be to locate the six layers as one in each of the x layers
of the x, u, v, x layers of the SciFi tracker.

9

Simple statistics
simulation



A modest Tracker
Describe this modest scenario as a possibility in the FTDR. Work is needed to prove its performance

Criteria Status

SciFi occupancies Study was done, looked ok

Radiation damage Studies in progress. Looks promising. We need 
to complete and carefully review to be sure 
assumptions are solid since a lot of factors are 
in play – e.g. improvement from Cryo cooling 
SciFi (next slides)

Tracking First studies show tracking is equally bad with 
both modest and full Mighty layouts. We also 
need to be more careful with dead 
areas/inefficiencies if we move to 5 layers

10

Where we got

for FTDR



New ideas
Barcelona preparation meeting generated some new ideas

Reduce SciFi acceptance
• Removing outer modules saves electronics/fiber costs
• Reduced acceptance in y, reduces fiber costs, frees up space (Cryo cooling/more neutron shielding)
• Quick RapidSim simulation: reducing size in |y| by 20 cm and removing outer module lose ~ 10 % of 
𝐵"→ 𝜙𝜙 events (while cost reduced by 20-30 %)

MightyPix: Can we gain by reducing links/data rates by reducing coverage at high rapidity?

Possibility to add ~ 4 bit TDC to SciFi (time resolution ~ 1.5 ns)
• Gate readout window and reduce occupancy/storage requirements?
• Reduce combinatorics for tracking?

Add threshold information in SciFi (Mighty Tracker) 
• Allow identification of Helium-3

11



LS3 Enhancements
The SciFi is designed to survive 50 fb-1 

• Baseline for Run 4 is full SciFi as in Run 3 
• FTDR describes possibility of adding MPix in Run 4
• Originally six layers inner tracker enhance performance  + allowing to compensate for loss of SciFi

performance beyond 50 fb-1 

Addition of MPix after LS3 needs to justified by simulations:
• Tracking performance of Upgrade detector at end of life (SciFi and global tracking)
• What we gain by adding silicon (resolutions, ghost rates, timing) versus losses (more material)

Since the FTDR understand LS enhancement is a highly constrained parameter space 
• Likely can only fit 2 layers (after T2, front of T3), covering inner part of detector
• Bolt on to current detector – simplest use would be bolt on to current tracking to validate tracks 

12

Mighty Tracker cost, 21/04/2021

• SciFi : 
- same geometry as U1 
- include cryogenic cooling 

(large cost uncertainty!) 
- one C-Frame per layer 
⇒ 24 C-Frames 

• HVCMOS : 
- 6 layers 

in “23455432” configuration 
⇒ 18.1m2 total Si area 

- Each Silicon layer shares a one C-Frame with one SciFi layer

!2

Baseline detector

Even though 3% maximum integrated occupancy, that is less than average Upgrade Ib80

maximum occupancy value presented in the Table 2, can be achieved for all of four MT81

geometries the value of the average integrated occupancy for MT Geometries I, II and III82

is almost twice as big as average integrated occupancy for MT Geometry IV (Table 3)83

which is considered as baseline geometry (as shown on Fig. 12).84

Table 3: Occupancy per fibre per event for all the X-layers of the SciFi with the IT (Upgrade Ib)
and with the IT plus MT (Upgrade II) for the MT Geometry IV.

Fibre occupancy, %
Maximum Average
with IT (Upgrade Ib)

Layer 1 1.34± 0.11 0.43± 0.22
Layer 2 1.33± 0.11 0.46± 0.25
Layer 3 1.35± 0.11 0.45± 0.24
Layer 4 1.58± 0.12 0.50± 0.27
Layer 5 1.38± 0.11 0.48± 0.25
Layer 6 1.54± 0.12 0.54± 0.29

with IT plus MT (Upgrade II)
Layer 1 1.99± 0.10 1.35± 0.37
Layer 2 2.26± 0.11 1.48± 0.42
Layer 3 2.25± 0.10 1.44± 0.41
Layer 4 2.52± 0.11 1.65± 0.48
Layer 5 2.36± 0.11 1.60± 0.45
Layer 6 2.72± 0.12 1.81± 0.52

Figure 12: Schematic representation of the tracking station with the addition of IT (left) and IT
plus MT (right).

Figure 13 shows the occupancy in the IT and the MT for Upgrade II luminosities85

taking either the pixel or the strip design (see Fig. 21, Fig. 22 of the Appendix A). For the86

Inner Tracker the maximum occupancy values per pixel/strip are potentially acceptable87

at Upgrade Ib luminosity, however ⇠4% value for the microstrip design for Upgrade II is88

rather big hence the pixel design is preferred for these operational conditions. In the MT89

region a full wafer length microstrip solution is still viable from occupancy considerations,90

although it would be preferable to use the same technology for both IT and MT. As it will91

8

SciFi

Silicon pixels



What we need to do
For the next TDRs/scoping document we need a detector configuration that is demonstrated to give 
good tracking performance. That means optimizing existing or developing new tracking algorithms 

Reducing the cost means we push the envelope/accept some lost of physics: we need to sure of 
our assumptions in both SciFi and Pixels and have them in the MC.

Global tracking system should work as a whole. Pixel UT should help downstream, material budget 
of all elements needs to be under control. Momentum resolution of whole detector needs to be 
estimated.

Reasonable concern expressed by RTA project. Reducing silicon part may make reconstruction time 
larger, meaning more  trigger resources needed with non-negligible cost and carbon footprint

13



Tools in hand: Old ways
Run 3 SciFi Geometry exists
• Used to kludge together FTDR studies
• Still useful for LS3 enhancement studies, useful to evaluate geometric losses

Toy studies
• Still useful 

• Evaluating geometric losses in case of reduced detector acceptance
• e.g Momentum resolution studies of Renato that will be presented after coffee by Fred
• For SciFi we need to have full simulation details

14



Tools in hand: Geometry
We have a DD4Hep geometry for the silicon
• Does not make sense to develop a DetDesc geometry.  Assume Upgrade 2 studies will be done 

with DD4Hep. For global tracking studies need all tracking detectors simulated/digitized in DD4Hep
• There are hacks around to port DD4Hep to DetDesc (allowing to run Gauss) which allow to do simple 

things like radiation scans/occupancies but to do tracking we would need old style detector elements
• Can simulate both Run 4 and Run 5 geometries

For the SciFi
• SciFi will is ready in for simulation in DD4Hep for Run 3?
• Need to cut holes for default and modest layouts, decide on number of Fiber layers in a mat etc

Global detector envelopes need to be defined (e.g. no space to put layer between last z of current SciFi
and RICH2) and z-positions of layers adjusted 15



Tools in hand: Digitization
First digitization chain for MPix in place 
• Classes to go from MCHits to Deposits to Digits with basic functionality
• For now dummy channel numbering scheme with Extended LHCbID
• Need to code proper xyz to channel mapping function

First algorithms to populate these classes + monitoring code
• Starting point for further development both both Run 4 and Run 5 detectors

Missing RawBank/DAQ encoding/decoding: we will need this for e.g accurate data rate estimates

16



Tools in hand: Digitization
Fiber digitization for Run 3 exists 
• Parameters need adjusting for Run 5 studies: e.g. less noise with Cryo cooling, radiation damage

Also developed smeared MCHit class (could be interesting for fast studies)
• Ideas in simulation group to have some ‘fast’ smeared MCHit digitization for studies. For pixels can be 

quick way forward  (no need for Raw data format), for SciFi (performance critical) full digitization 
needed

17



IT Occupancy Study

18

TEXT 9Original GeometryDEFINITION OF LHCB DETECTOR REGIONS

DEFINITION OF SCIFI LAYERS

L1 L2 L3 L4 L5 L6

Layers 1-6 of the SciFi refers to the 
layers with vertically oriented fibres 

(x-layers). 

10

TEXT 10OCCUPANCY BY DETECTOR REGION
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Occupancy breakdown by detector regions and with 
contribution from primary interactions shown in grey. 

• Primary interactions contribute a fraction ~26% of the SciFi occupancy for the Original Geometry. 
• In Region III, containing the magnet, the beampipe (including bellows and support collars) contributes 

a fraction ~84% of the SciFi occupancy due to secondaries with origins in Region III. 
• The contribution from the SciFi stations increases downstream (occupancy highest in L6) due to the 

secondaries produced in the upstream layers.

11Study focused on Run 3 detector and impact of 
extra material of Inner Tracker

In particular DCDC convertors will add a lot of 
material

~75 % of the occupancy in 1st layer of SciFi is generated
upstream in material interactions

https://tinyurl.com/2p8kwr24

Occupancy studies of the Mighty 
Tracker for Run 4

1

7th March 2023 

V. Bellée, T. Hume, O. Steinkamp Mighty Tracker Workshop

https://tinyurl.com/2p8kwr24


SciFi radiation study

19https://tinyurl.com/2p9enuhz

Study of radiation damage to the SciFi Tracker

Marian Stahl
1

, Lennart H. Uecker
2

1

 CERN

2

 Physikalisches Institut, Uni Heidelberg

13 07/03/23Lennart H. Uecker

Signal event study

●
We reduce the overall noise by only looking at events already 

contained in the L=0 fb
-1

 sample:

●
Can no longer use the L=0 fb

-1

 sample as comparison point.

●
But the L>0 fb

-1

 samples become much more comparable.

●
We assumed binomial uncertainties.

●
Fit would indicate signal candidate loss just shy of the naïve 

expectation.

Studies of effect of radiation damage in Run 3 on Scifi

Next step what does MPix bring ?

https://tinyurl.com/2p9enuhz


DD4Hep Geometry

20Tai-Hua Lin 10

Detector Geometry Cross Section -option without SciFi Cutout 

Tai-Hua Lin 
Rutherford Appleton Laboratory, STFC  

 
07/03/2023


Mighty Tracker Workshop: Pre-preparation for Barcelona

Detector Description and 
Material Budget 

Tai-Hua Lin 11

Gauss (on Gaussino) to produce MCHits 

Integrated MightyTracker geometry into the latest Detector package 

Using Gauss (on Gaussino) to produce .sim file with MCHits   
Integrated Mighty Tracker into Gauss package  
Results simulated with Velo, FT, beam pipe and magnetic field 
Using Pythia8ProductionMT with MinimumBias or Particle Gun 
MP will be added after the overlap issue is resolved 

DD4Hep geometry for MPix exists and gives Geant hits



Material budget

21Tai-Hua Lin 14

Option 3  
with total X/X0 = 2.761 %

Option 1  
with total X/X0 = 0.845 % 

Option 2  
with total X/X0 = 1.439 % 

cooling tube

carbon foam

carbon sheet

glue

flex tape

sensor

readout PCBestimated path for X/X0
<latexit sha1_base64="RcPszRBOX+7RhB63NXvgaEMynR4="></latexit>

Material Thickness Filling Factor Layers X0 X/X0 composite
Unit µm (%) (cm) (%)
Silicon 150 100 1 9.37 0.160 Si

Cooling tube 50 12 2 28.6 0.004 Kapton Polymide
Carbon foam 4200 100 1 185.65 0.226 C, Allcomp K9 130pp
Carbon sheet 1000 100 2 23.70 0.843 C, K13C2U/EX1515
Flex tape 340 100 1 0.428 Cu + Dielectric + FR4

Glue 150 100 1 35.49 0.042 TenCate EX-1515
PCB 2360 20 1 17.0 0.278 FR4

Armacell 31200 100 2 801.27 0.779 -30 degree
SUM 2.761

<latexit sha1_base64="TKyq69rXloNUxl5bsUT22eL61GI="></latexit>

Material Thickness Filling Factor Layers X0 X/X0 composite
Unit µm (%) (cm) (%)
Silicon 120 100 1 9.37 0.128 Si

Cooling tube 50 12 2 28.6 0.004 Kapton Polymide
Carbon foam 3200 100 1 185.65 0.172 C, Allcomp K9 130pp
Carbon sheet 300 100 2 23.70 0.253 C, K13C2U/EX1515
Flex tape 340 100 1 0.356 Cu + Dielectric + Polymide

Glue 120 100 1 35.49 0.033 TenCate EX-1515
PCB 1570 20 1 17.0 0.184 FR4

Armacell 12300 100 2 801.27 0.307 0 degree
SUM 1.439

<latexit sha1_base64="V5iialx2siWsuMQTUFTnh7okHFo="></latexit>

Material Thickness Filling Factor Layers X0 X/X0 composite
Unit µm (%) (cm) (%)
Silicon 100 100 1 9.37 0.106 Si

Cooling tube 50 12 2 28.6 0.004 Kapton Polymide
Carbon foam 2200 100 1 185.65 0.118 C, Allcomp K9 130pp
Carbon sheet 100 100 2 23.70 0.084 C, K13C2U/EX1515
Flex tape 340 100 1 0.356 Cu + Dielectric + Polymide

Glue 100 100 1 35.49 0.028 TenCate EX-1515
PCB 780 20 1 17.0 0.009 FR4

Armacell 2200 100 2 801.27 0.055 15 degree
SUM 0.845

Material Budget - per layer  (apply filling factors)
Operating temperature has 
large impact on material budget

And we need to worry about 
DCDC convertors

Tai-Hua Lin 
Rutherford Appleton Laboratory, STFC  

 
07/03/2023


Mighty Tracker Workshop: Pre-preparation for Barcelona

Detector Description and 
Material Budget 



How much material is too much?

22

Clearly tracking, occupancy, electron reconstruction studies are important but in my experience
never give a clear answer

Better baseline for judging to much? Original LHCb (we have some feeling for what this means for 
electrons, hadronic interactions)

Tai-Hua Lin 16

For all combined (SciFi + Mighty Tracker):  
between 28.81% ~ 17.31% 

Estimation of the material budget of the LHCb detector  (LHCb note 2007-025) 

VELO upgrade : 20.9% 
https://indico.cern.ch/event/868940/contributions/3813741/attachments/2081138/3495622/lhcb_velo_upgrade.pdf 

LHCb Material Budget  

Judging this way: amount of material is already 
a serious concern, especially this early in the project

Tai-Hua Lin 
Rutherford Appleton Laboratory, STFC  

 
07/03/2023


Mighty Tracker Workshop: Pre-preparation for Barcelona

Detector Description and 
Material Budget 

https://tinyurl.com/s7p64zbx

Aside: it would be good if somebody updated 
LHCb-2007-025 for Upgrade I

https://tinyurl.com/s7p64zbx


Next steps

23

We have reasonable tools in hand for the Mighty Tracker to allow us to to do studies
• More detail to be added but have a first chain

On our side we have to define a matrix of detector configurations and study priorities 
• At moment we give priority to Run 4 studies

Need for better global coordination 

For descoping and detector TDRs need realistic pattern recognition: 
• TDR timescale defines set of milestones to be met

Tracking system as a whole needs to work and to have minimal material
• We need a framework where we can run all tracking detectors at the same time with 
a magnetic field

DD4Hep has clearly been difficult but we need operational clarity and  strong strategic decision 
making needed going forward 



Next steps

24

Studies to be done (for matrix of scenarios)

• Material budget

• Occupancies

• Digitization level: efficiencies, dead time, ….

• Momentum resolution

• Pattern recognition

• Standalone tracking

• Long tracks (forward/matching)



Timeline

25

Next months scenario defining:

• Define matrix of geometries and options to be 
studied

Geometry, digitization development

• Iterative process

• Assume priority in short-term is LS3

Global studies dependent on availability
of framework/other detectors



Summary
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• Mighty Tracker geometry ready in DD4Hep for some time

• First version of digitization code exists, needs to be debugged

• Global tracking studies will need framework and good coordination 



Backup

27



Occupancies
Occupancies studied at Geant4 level – ie not digitization, no noise, no spillover
Documented in https://cds.cern.ch/record/2743056?ln=en (V. Denysenko)

1.1.5.1 Occupancy306

The occupancy in the regions covered by scintillating fibre and silicon sensors, have been studied307

in the baseline design using simulations for Upgrade Ib and II luminosities of 2⇥1033 cm2 s�1 and308

1.5⇥ 1034 cm2 s�1, respectively. To provide results that are relevant for the intended b-physics309

programme, a sample of B0
s ! �� decays events is used. The number of hits is obtained directly310

from the GEANT information, i.e. MCHits. As the highest occupancy is highest for the first311

layer of each tracking station, the results for this layer are reported.312
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Figure 1.8: Occupancy per fibre per event averaged over forty fibres in the top half (y > 0 mm)
of the downstream tracker with and without the addition of silicon sensors in the Innermost
modules, IT, and full baseline Mighty Tracker, MT for Upgrade Ib (left) and Upgrade II (right)
luminosity.

The maximum occupancy in the scintillating fibres is significantly reduced by covering the313

highest hit density regions with silicon sensors. The size of the silicon sensors area in the central314

region is chosen to limit the maximum occupancy in the scintillating fibre in Upgrade II to315

⇠ 2%, as shown in Fig. 1.8. Alternative geometries, reducing the silicon sensors to the innermost316

4 or 6 modules, and reducing the silicon coverage in the vertical direction, y, allow to obtain a317

maximum occupancy in the scintillating fibre below 3%. The maximum occupancy per sensor318

element size in the highest occupancy silicon region is (0.019± 0.001)% for (100µm⇥ 500µm)319

silicon pixels and (3.8± 0.3)% for (1mm⇥ 100mm) silicon strips, supporting the silicon pixel320

choice.321

1.1.5.2 Material budget322

The materials used in the silicon design, and implemented in simulation, are stated in Table 1.1.323

The interaction lengths of the material are also given, and the scenario with minimal material324

budget design is reported. This design is found to have a below 1% X/X0. Alternative, more325

pessimistic scenarios result in X/X0 up to 1.7% or 3%. X/X0 below 1% would be ideal for track326

reconstruction performance, the additional scenarios are to be tested.327

Table 1.1: Module Assembly - Material X/Xo (%)

Material Thickness Filling Factor Layers X0 X/Xo Composite

µm (%) (cm) (%)

Silicon 100 100 1 9.37 0.106 Si

Cooling Pipe 50 12 2 28.6 0.004 Kapton Polymide

Carbon Foam 2200 100 1 185.65 0.118 C, Allcomp K9 130pp

Carbon Sheet 100 100 2 23.70 0.084 C, K13C2U/EX1515

Flex Tape 340 100 1 0.356 Cu + Dielectric + Polymide

Glue 100 100 1 35.49 0.028 TenCate EX-1515

Hybrid 780 20 1 17.0 0.009 FR4

Thermal Isolation 5700 100 2 801.27 0.142 at 20
�
C

Sum 0.932

10

U1B U2

With silicon, peak occupancy will be similar to Run 3, but not that the average occupancy is
comparable to peak 
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https://cds.cern.ch/record/2743056?ln=en


Tracking Strategy
For FTDR we won’t have a full pattern recognition,
• First time we have pixel detectors in UT and T: time to develop new strategies

• y segmentation is a game changer

• We don’t have a digitization for Mighty Tracker yet
• We do have a DD4HEP detector description but not all detectors are so advanced on migration to 

this

Tracking strategy is to divide problem up
Imagine a two-stage strategy, first finding tracks in Mighty Tracker, matching these with VELO and 
cleaning out, the go back and match Velo/SciFi, means in parallel. Look at 
• Standalone tracking in Mighty Tracker
• Forward tracking for SciFi
• Cheated matching of segments
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