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LHCb Tracker Upgrade
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Replacement of the LHCb Tracker:

• TT → Upstream Tracker (⇒ cf. talk by S.Stone)

• IT+OT → SciFi Tracker (⇒ this talk)
250µm scintillating fibres read out with Silicon 
Photomultipliers (SiPM)
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SciFi Tracker: participating institutes

- Brasil (CBPF)

- China (Tsinghua)

- France (LPC, LAL, LPNHE)

- Germany (Aachen, Dortmund, Heidelberg, Rostock)

- Netherlands (Nikhef)

- Poland (Warsaw)

- Russia (PNPI, ITEP, INR, IHEP, NRC KI)

- Spain (Barcelona, Valencia)

- Switzerland (CERN, EPFL)

- UK (Imperial College)
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Requirements
• Detector performance

- high hit efficiency

- low noise cluster rate
(<10% of signal at any location)

- < 100µm resolution in bending plane

- X/X0 ≤ 1% per detection layer

• Constraints

- 40MHz readout electronics

- geometrical

- radiation environment:

- ≤ 80Gy at the location of the photo-detectors

- ≤ 35kGy peak dose for the scintillating fibres

- cooling down to –40ºC
4
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Figure 1.1: The expected 1-MeV neutron equivalent fluence per cm2 at z = 783 cm after an
integrated luminosity of 50 fb�1.
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Figure 1.2: The expected dose in the x� y plane at z = 783 cm after an integrated luminosity of
50 fb�1.
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Figure 1.2: The expected dose in the x� y plane at z = 783 cm after an integrated luminosity of
50 fb�1.
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• General description of the detector geometry

SciFi Tracker general layout

5
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SciFi tracker stations layout

6

2×2.5m&

2×3m&

readout&

readout&

• 3 stations
• 4 detection planes (XUVX) per station
• 12 modules per detection plane
• 16 SiPMs per module (width ~530mm)

•Fibers read out at top and bottom
•SiPMs + FE electronics + services in a “Readout Box”
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Figure 1.8: Fibre schematic. Light is produced in the core material and then trapped and
propagated within the fibre through total internal reflection. The claddings have decreasing
indices of refraction.

1.4.1 Properties203

Plastic scintillating fibres with a circular cross-section and a total diameter of 0.250mm,204

which includes two cladding layers nominally 3% total thickness each, are intended to205

be used. A schematic of the fibre is shown in Fig. 1.8. The core of the fibre is doped206

polystyrene having two claddings with lower, decreasing indices of refraction. The inner207

cladding is made of PMMA and the outer cladding is made of a fluorinated polymer.208

The light yield is typically around 8000 photons/MeV of deposited ionisation energy209

(BCF-10,12,20 [18]) though no value is listed by Kuraray for SCSF-78MJ fibres.210

The trapping e�ciency for isotropically emitted (scintillation) light in a single hemi-211

sphere is 5.34% (helical path or non-meridional light rays will further increase this number,212

but are highly attenuated) and the numerical aperture of the fibre is 0.72. The nominal213

emission spectrum (for emission near to the detection point) for the SCSF-78MJ fibre214

extends from about 400 to 600 nm and peaks at 450 nm near the source, as shown in215

Fig. 1.9(a) with a bulk optical absorption length of > 3.5m. Typically, there are short216

and long components to the attenuation length, due to geometrical e↵ects in the fibre, as217

well as a strong wavelength dependence on the attenuation length due to reabsorption218

of the shorter blue wavelengths by the scintillation dyes, Rayleigh scattering, and some219

discrete absorption of higher wavelengths by the polystyrene, as shown in Fig. 1.9(b). The220

e↵ect on the emission spectrum and the optical absorption length by radiation will be221

further addressed in Sec. 1.4.2.222

The decay time constant of the scintillation light is nominally 2.8 ns [19]. The mean223

propagation time of light along the length of the fibre is 6 ns/m. This number results224

from the permittivity of the core and cladding material as well as from the isotropic225

emission of scintillation light. The emitted photons undergo multiple reflections at the226

material interfaces and follow helical paths instead of the shortest distance from the point227

of excitation to the fibre end.228

Typically, one observes between 15� 20 photoelectrons per mm of scintillating fibre229

12
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Radiation Results

● Rapid loss of transmission at low doses 

● Expect 30-40% loss in signal amplitude 

from the most damaged regions

● A shift in the wavelength spectrum 

peak to a higher value

● Annealing oberved in KIT 

measurements, but not CERN-PS 

Log-x scale

MC SciFi Parametric 

Model (ROOT)

30-40%

loss

FLUKA rad. dose map folded in

 exp ( -(x/α)^γ )

Scintillating Fibres
• Double-cladded scintillating fibers

(Kuraray, SCSF-78, ⌀250µm)

• Radiation hardness studies:
⇒ fast damage
⇒ recovery (annealing)
⇒ shift spectrum to the green

•

• Expect 30-40% light loss near the beam pipe after 50fb-1 
7
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Figure 1.17: The relative photoelectron yield from a ROOT-based parametric Monte Carlo of
the SciFi Tracker. The model estimates the signal yield of a cluster from (1) a non-irradiated,
mirror-less fibre, (2) an non-irradiated, mirrored fibre, (3) a non-irradiated, mirrored fibre after
cutting photons that arrive after 25 ns and (4) an irradiated, mirrored fibre after cutting photons
that arrive after 25 ns. The signal loss is estimated to be 27± 3% after 50 fb�1 with 35 kGy of
dose in the worst region.

50 fb�1. The worse case scenario is currently assumed to allow for a safety factor. Further467
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Figure 1.18: The wavelength spectra (as seen at the photomultiplier) expected from the scintil-
lating fibres based on a parametric Monte Carlo simulation in ROOT. (a) Wavelength spectrum
after 35 kGy at 0, 125 and 248 cm from the beam-pipe (without mirroring). (b) Wavelength
spectra at 0 and 35 kGy at 0 cm from the beam-pipe.
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Silicon photo-detectors (SiPM)
• Multichannel SiPMs are well suited for this application:
- fast signal response

- fast recovery

• Good understanding of signal
and noise characteristics
- x-talk, after pulsing, etc...

• Radiation damage
- cooling required (–40ºC)

8

Figure 1.20: Top: Package with two 64 channel silicon dies. Electrical contacts are on the
bottom side of the FR4 like base material. There are alignment holes on the package to ensure
precise positioning. Bottom left: the gap between two silicon dies is shown under the microscope.
Bottom right: a pixel with optical trenches is shown.

only one photon). The detectors with the best performance should be chosen for the inner558

region of the detector. Since the detectors have very similar dimensions and electrical559

characteristics, a mixture of the detectors from both manufacturers could be used.560

1.5.3 Photon Detection E�ciency, Cross-talk, Gain, Tempera-561

ture Uniformity and Signal Timing562

The PDE is the key parameter for the detector. It directly influences the overall light563

yield of the module (cf. Sec. 1.6.4) and has to be maximised. It is limited by two factors:564

the geometrical fill factor (FF) which is the ratio between the active area compared to565

the total area; and the avalanche probability which is the probability that an avalanche is566

produced once a photon arrives on the active area. The PDE also depends strongly on567

the wavelength with peak sensitivity in the blue wavelength region. A monochromator568

based set-up was used to characterise and compare the various devices as a function of the569

29

A comparison of the increase in DCR 22 between the standard technology and the new664

trench technology with respect to the over-voltage is shown in Fig. 1.24 (right). The new665

detectors with trenches are typically operated with an over-voltage of 3.5V. The DCR for666

the trench technology (Hamamatsu single channel 2013) is half the dark current of the667

standard (Hamamatsu single channel 2012) at 1.3V over-voltage, which is the nominal668

operational over-voltage for the standard detector. However, the new detector operated at669

3.5V over-voltage has twice the DCR of the standard detector operated at 1.3V.670
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Figure 1.24: Left: Hamamatsu with trench, dark current as a function of over-voltage for di↵erent
annealing scenarios. The dark current is decreased by a factor 2.5 after one week of annealing at
40�C. Right: Two types of detectors irradiated to an equivalent fluence of 25 fb�1. Here the DCR
can be compared for the standard Hamamatsu at 1.3V at -40�C and the trenched detectors at
di↵erent temperatures. The desired operation point for the trenched technology is 3.5V in order
to reach a high PDE. The DCR changes by a factor of two every 10�C over a large temperature
range. The expected DCR at -40�C is 5MHz at the desired operation point. The DCR for an
irradiated detector is expected to double after an integrated luminosity of 50 fb�1. All plots are
given for fully annealed detectors after slow annealing during one week at 40�C.

1.5.5 Clusterisation671

The full bunch crossing read-out scheme for the LHCb Upgrade requires data reduction672

by zero suppression in the FE electronics. This will be achieved in the SciFi Tracker673

by grouping the signals from several channels to form a cluster. The front-end ASIC is674

required to implement three comparators and three individual channel thresholds for this675

purpose. The thresholds are implemented via DAC circuits. Reducing the data with three676

comparators allows the information for each channel to be described by four possibilities.677

It can be encoded into two bits and this method is referred to as threshold read-out.678

22The DCR was calculated as the dark current divided by the gain and scaled to the 128 channel array
surface.
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Silicon photo-detectors
• Clustering algorithm

- based on 3 thresholds

- used for implementation
in the FE electronics

• Calibration strategy

- threshold scans

9

Figure 1.19: The photons produced along the trajectory of the particle are propagated to the
fibre end and further to the detector. Each pixel of the detector can detect one photon and
the signal proportional to the total number of pixels with signal (coloured pixels) is the signal
amplitude per channel illustrated in the top part of the figure. The particle position can be
calculated with a weighted mean value of the channel signal. Note that the fibres are not aligned
to the detector channels and the photons can arrive at the detector outside the fibre area.

made for a low temperature soldering process. The pixel size was maximised for the latest547

generation of detectors to increase the PDE for the low signal, and thereby reduce hit548

detection ine�ciency. Larger pixels allow the ratio between the dead area on the border549

of the pixels and the active pixel ratio to be reduced. This e↵ect is especially important550

for new detectors which have so-called trenches between pixels to reduce the pixel to pixel551

cross-talk, as shown in Fig. 1.20. The number of pixels is 96 per channel with a pixel size552

of 57.5µm ⇥ 62.5µm for the latest (2014) trenched detectors from Hamamatsu. Three553

versions with di↵erent pixel size and active area height were produced by KETEK in 2014,554

82.5µm⇥ 62.5µm (1.32mm high, 64 pixels), 60µm⇥ 62.5µm (1.32mm high, 88 pixels)555

and 60µm⇥ 62.5µm (1.62mm high, 104 pixels). The drawbacks of the increased pixel556

size are the increase of pixel to pixel cross-talk 16 and saturation (one pixel can detect557

16The gain, and therefore the number of produced photons, is increased.
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Figure 1.29: Top: light spectrum of an irradiated detector recorded with the Beetle [37] read-out
system (fast shaping). Bottom: conversion of the light spectrum to a threshold scan. The photon
peaks can be reconstructed by di↵erentiating the threshold scan curve. The resolution is 1/16PE
in these plots.
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Detector modules: fibre mats
• Fibre mats

- 2.5m×13.5cm × 5(6) layers

- cylindrical winding
(custom made setup) 

- casting

- alignment

- cutting

- mirror at end of fibre
(aluminised mylar foil)

10

is complete, the fibre is cut and placed again at the beginning of the screw. The fibre of887

the first layer becomes the guide for the fibre that produces the second layer and so forth.888

Mats are wound to a width of approximately 135mm.889

Figure 1.33: A prototype fibre winding machine used to produce 3m long fibre mats.

A schematic of a complete fibre matrix is shown in Fig. 1.34. A thin layer of stable,890

optically transparent epoxy with white, optically di↵usive titanium dioxide is added on891

top of each fibre layer on the wheel to bond adjacent fibres and the subsequent layer892

together. The epoxy has a pot-life of eight hours which provides su�cient working time.893

After the epoxy has hardened enough, the fibre mat forms a cylindrical shell which is894

cut perpendicularly to the fibres and taken o↵ the wheel to be flattened. The principle895

of producing fibre ribbons this way was proven to work with shorter modules (80 cm) in896

the serial production for the PERDaix detector (⇡ 80 fibre mats) [34]. An image from897

an optical coordinate measurement machine (CMM) 32 of a cross-section from a 3m long898

fibre mat, used for the measurements described in Sec. 1.6.4, is shown in Fig. 1.35. The899

pattern recognition software can measure the diameter of both the core and cladding of900

the scintillating fibre, as well as the relative position of each fibre. The fibre mat shown901

has an average horizontal pitch of 0.27mm and a vertical pitch of 0.21mm. The inter-fibre902

variation is approximately 8� 16µm, increasing from first to fifth layer respectively. Fibre903

mats of over 2.5m in length with five layers and 7 cm width have successfully been produced904

by two separate institutions within the collaboration using similar techniques extensible905

to serial production. No 13.5 cm mats have yet been produced as they consume are large906

amount of material and some minor improvements in winding consistency are being made.907

They will be produced in the near future.908

As an alternative to the thread on the wheel, a second approach is being developed. It909

is based on a thin (⇡ 100µm) Kapton substrate foil on which a photo-imageable coverlay910

32OGP SmartScope, available in the CERN Departmental Silicon Facility.

46
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Figure 1.34: A schematic of the cross-section of a single cast fibre mat (top) and two adjacent
cut fibre mats (bottom). The shaded region indicates where no active SiPM read out occurs.
Any fibres cut at the edge of the mat will lose the majority of their light during transmission
and are e↵ectively dead.

(Dupont) is laminated. Exposure through a mask, photographic processing and thermal911

hardening lead to a foil with a fine line pattern (64µm high) which acts as guides for the912

fibre winding. Stretched over a wheel, the foil replaces the thread. After the winding913

process, the substrate remains attached to the fibre mat which has the advantage that914

it can provide precise (< 10µm) alignment marks. Furthermore the winding is always915

performed on a fresh substrate of constant quality, making thread cleaning and the use of916

an anti-stick agent obsolete. Industrial producers for substrate sizes up to 3.5m have been917

identified. Both methods to guide the fibres have been successfully tested.918

Casting: In both approaches, the mat is still fragile after it is taken o↵ the wheel. The919

fibre mat has a tendency to split between adjacent fibres as the glue layer is quite thin and920

can separate from the smooth surface of the fibre. Fibres near the edges are particularly921

prone to becoming separated from the ribbon. For this reason, the ribbon is cast in a922

bath of glue to ensure a thin protection film around the mat, which also creates a precise923

flat surface. Protected like this, the fibre mats can be cut along the fibre axis to achieve924

the correct width and rectangular cross-section with less risk of fibre separation. The925

mat becomes robust and handleable without fear of damage from moderate movements.926

47

Special tooling and procedures are required to repeatedly produce a mat with a surface927

more precise than 100µm without defects and holes due to surface tension. Work is being928

done to reduce the excess thickness the glue adds to the fibre mat from the current value929

of 0.35mm to 0.2mm.930

Figure 1.35: An image taken by an OGP 3D Optical Coordinate Measurement Machine of the
fibre mat measured in Sec. 1.6.4. Pattern recognition software can measure the diameters and
position of each fibre.

Alignment: While the inter-fibre alignment is assured by the winding process, the931

overall alignment of the fibre mats within the detector requires additional care. It has932

been seen that fibre mats of over 2.5m will deviate by more than 100µm from a central933

axis in its plane under minimal load, despite being fixed at either end. A wire was placed934

between adjoining fibres and measured with respect to a taut reference wire. Optically935

aligning and a�xing 1152 fibre mats with precision is not feasible.936

A more robust and repeatable alignment procedure has been developed and is currently937

being implemented for further prototype fibre mats. Precision holes of approximately938

2mm in depth and 3mm in diameter are drilled into the winding wheel, following the939

threaded screw pattern. Within the hole, a plastic or metal pin is placed and a small940

amount of glue is applied to the exposed surface. Alternatively, the pins are made by filling941

the hole with epoxy. The method ensures that mechanical alignment pins are bonded to942

the underside of the fibre mat and are guaranteed to follow the axis of the fibre mat. The943

pins can then be placed in alignment holes in subsequent machining and detector assembly944

tooling with minimal human intervention. A schematic drawing of a fibre mat with pin945

and images of the alignment pins foreseen for mass production are shown in Fig. 1.36.946

A measurement of the straightness of a prototype 7 cm mat with pins attached to the947

mat after winding is shown in Fig. 1.37. As a large diameter with pin holes has not been948

produced yet, the pins have been positioned with respect to a reference wire that has been949

48

Fibres relative position within 16µm (5th layer)
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Detector modules and fibre panels
• Module consists of

- 5×0.53 m2 panel

- 2 readout boxes

• Fibre panel

- 1.7mm scintillating fibre mat
in sandwich of

- 20.0mm Nomex® honeycomb

- 0.2mm carbon fibre (CFRP)

11

Table 1.7: Module types. Stereo modules are indicated by U. The cut-out radius includes the
10mm beam-pipe clearance.

Type Quantity Cut-out radius (mm)

Non-Beam-pipe X&U 120 –
Beam-pipe X TS1 4 81
Beam-pipe U TS1 4 81
Beam-pipe X TS2 4 88
Beam-pipe U TS2 4 88
Beam-pipe X TS3 4 95
Beam-pipe U TS3 4 95

4900
5086

20.00

.20 20.001.70
EndplugCoreFibre mat CFRP

20.00

Mirror

42
.1

0

Figure 1.32: A drawing of the cross-section of a SciFi Tracker module.

The prototype module material budget 28 is shown in Table 1.8. The lowest total850

radiation length for this design is X/X
0

= 0.99% for one layer or 4% for one tracking851

station of four layers. The majority of the material budget is a result of the six layers852

of fibres and the casting glue 29 as described in Fig. 1.34. The glue used during winding853

contains TiO
2

while the casting glue does not. Total radiation lengths should be compared854

to the Inner and Outer Tracker material budgets. The OT has a material budget of 0.744%855

per layer plus 0.191% for sidewalls, which is 3.17% per station [40]. The IT contributes856

between 2 and 7% per station. Averaged over the T-stations,30 a particle sees around857

17.5% of a radiation length coming from the IT and OT material [41]. The IT and OT858

would be replaced completely by the nearly uniform SciFi Tracker which would contribute859

approximately 11% of a radiation length to the LHCb detector.860

The modules will be assembled on a vacuum table template such that all eight fibre861

28The radiation length for the Nomexr core is calculated as in Ref. [39]. The foam core radiation
lengths are found similarly by molecular weighting. Divinycell is assumed to be the same material or
similar as Airex (Polyetherimid, C37H24O6N2), but of lower density.

29The glue added to the fibre mat currently contributes approximately 2 ⇥ 0.175mm to the total
thickness and will be minimised.

30Averaged over � and for 2.0 < ⌘ < 4.8 for minimum bias events.
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Front-end access
(warm volume)

SiPM access
(cold volume)

Read-out Box

1.00

3.00

Figure 1.42: An illustrative view of two adjacent stereo modules with closed ROB (right) and
open access panels (left). The access to the electronics and SiPM zones will be through access
panels in the front face. The insulation filling the cold-volume and surrounding the cooling pipe
are not shown.

Figure 1.43: One 128 Channel SiPM array mounted on a flex-PCB cable with connectors for the
Front-end electronics.

57
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Readout Box
• Readout Boxes at both ends of the modules

• Each box contains

- SiPMs (16)

- FE electronics

- cooling

- services

• SiPM cooling simulation used
in the design of
the Readout Box

12

thermal simulation of a ROB prototype shown in Fig. 1.46. The cold zones where frost and1185

condensation are expected are mostly contained within the end-plugs and insulation, with1186

some problem areas appearing on the front and back faces of the ROB. The 2mm thick1187

aluminium plates on the outer surfaces of the ROB are e↵ective heat spreaders which have1188

been shown to mitigate some of the cold-spot problems. However, the calculated coldest1189

spot of the aluminium ROB enclosure is still barely above the average dew point of 11�C.1190

Active heating might be required to raise the surface above the dew point if additional1191

insulation cannot be added.1192

Figure 1.46: An ANSYS thermal simulation of a simplified SiPM compartment of the Read-out
Box. Left: The temperature distribution around the SiPM array. Right: fibre temperature
profiles as function of the position along the mat with and without cavities in the end-plugs
(position 0 corresponds to the contact between the mat and the SiPM, position –0.11 corresponds
to the bottom of the end-plug). A detail of a simulated module is shown in the insert.

The overall design of the SiPM cooling system is fairly conservative, but it faces a few1193

important challenges that still require solutions related to:1194

• the thermal insulation of the connection lines and the ROBs, especially in the dead1195

regions between the modules;1196

• the thermal expansion/contraction (and the corresponding deformations) of 0.52m1197

wide objects under the temperature variations of over ±40K;1198

• the requirement of a rigorous condensation and frost formation control at all levels1199

(including multiple humidity barriers in the ROB insulation).1200

60

the performance of the central detector region. In this region, the low light yield and
high detector noise rate may at a certain point no longer allow for an e�cient detector
operation. Given the uncertainty of the models, the replacement of the innermost two
modules per layer, i.e. 24 modules in total, is being considered as a possible measure to
guarantee the optimum detector performance over the full lifetime of the experiment.

3.6.5 Read-out Box (ROB)

At the ends of the module, the scintillating fibre ribbons are connected to the SiPM arrays,
which in turn are connected to the front-end electronics through flex-PCB cables, as shown
in Fig. 3.40. Cooling pipes for a liquid cooling system (see Sec. 3.8.2.1) must also be fed
through this enclosure to keep the silicon photo-detectors at –40�C (see Sec. 3.5).

This relatively small volume, with a high density of interfaces at the end of the module,
is referred to as the “Read-out Box” (ROB), and is shown schematically in Fig. 3.41.
The Read-out Box design is technically challenging not only because of the limited space
and the large density of cooling, electronic and mechanical interfaces, but also because

42
5.
00

Figure 3.40: Side- and front-view of the end of a scintillating fibre module, showing the SiPM
arrays, cooling pipe, flex cables and front-end electronics.
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• Baseline solution:
- one FE chip (PACIFIC) per SiPM (128 channels)
- one dedicated chip for clustering
- one “concentrator” chip / 4 SiPM to optimise bandwidth

• Allows to readout the 590k channels at 40MHz 

Front-end electronics

13

1.7 Electronics1212

1.7.1 Front-End Design1213

The Front-End boards are located in the warm side of the ROB. They interface to the1214

SiPMs on one side, and to the experiment data-acquisition and control system on the1215

other. Each FE Board also has a complete interface for the distribution of bias voltages1216

to the integrated circuits and to the SiPMs. It also distributes Timing and Fast Control1217

(TFC) signals, and signals from and to the Experiment Control System (ECS) [45].1218

The architecture of the SciFi Tracker FE electronics follows the guidelines defined in1219

the Electronics architecture for the LHCb upgrade document (Ref. [46]). At the functional1220

level, it can be summarised by the block diagram shown in Fig. 1.47. All SiPM signals1221

are amplified, shaped and digitised in the PACIFIC ASIC which is described in detail in1222

Sec. 1.7.2. The data are routed to an FPGA that executes a fast clusterisation algorithm1223

and zero-suppression to reduce the data volume. The cluster data from various SiPMs1224

are gathered by a “concentrator” FPGA, which formats them and transfers them to a1225

fast serialisation algorithm according to the specifications of the GBT project [47]. This1226

algorithm can be run either on the same FPGA or on a dedicated GBTx ASIC. Serial1227

data are then transmitted to the counting house via optical links [48]. A “Master GBT”,1228

connected to the SOL40 36 [49] via bi-directional optical links, is responsible for the1229

distribution of TFC signals to the FE, and ECS signals to and from the FE through the1230

SCA chip [50].37 Dedicated DC-DC converters are also placed on the FE Board to provide1231

the voltages for the PACIFICs, the FPGAs, and the optical links.

Figure 1.47: Functional diagram showing the data flow in the FE electronics. It corresponds to
one quarter of a ROB.

36The SOL40 is an electronic board devoted to the distribution of the slow control and the TFC signals.
37The SCA chips decode and encode the data encapsulated by the GBT for the SOL40 slow control

signals (I2C, JTAG, SPI, clocks, slow ADC).
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Front-end electronics
• Dedicated ASIC chip (PACIFIC):

- fast shaper; 2 gated integrators; 3 threshold comparators (2bits)

• FE board

14

contain two of the FE boards shown in Fig. 1.48. Each of these units consists of several1262

identical boards hosting the PACIFICs and the clustering FPGAs interconnected with1263

high-density high-pin-count connectors to one “Master Board”. The Master Board will1264

contain two Concentrator FPGAs, the GBTx data serialisers, a Master GBT, the optical1265

links and the DC-DC converters.

Figure 1.48: FE board of half module width, hosting the complete FE electronics for 8 ⇥ 128
SiPM channels. Each ROB will contain two of these units.

1266

The main feature of this layout is the high density of input channels. The PACIFICs1267

and clustering FPGAs will be placed with a pitch of 32mm (corresponding to 128 SiPM1268

channels). Preliminary studies have demonstrated the feasibility of a PCB hosting the1269

PACIFICs and the clustering FPGAs. A 16-layer PCB, in combination with chip packages1270

not exceeding 26⇥26mm2, allows the routing of the 128 analogue signals from one SiPM1271

to a PACIFIC, the 32 di↵erential output signals from the PACIFIC to the FPGA, and1272

several control signals.1273

The number of the main components used for a detector plane is given in the Table 1.12.1274

The GBT are always mounted on the FE boards while the number of Versatile TransReceiver1275

(VTRx) and Twin-Transmitter (VTTx) modules [51] depends on the occupancy. Hence,1276

the number given here represents the order of magnitude required, and it will change when1277

the detector will be optimised.1278

1.7.1.4 Occupancy Simulations1279

A first estimation of the detector occupancy was made using a preliminary model of the1280

LHCb detector [52]. The results indicate that the maximum mean occupancy in the1281

65

1.7.2 The PACIFIC ASIC1293

A new low-power front-end ASIC, called PACIFIC, is being developed to process and1294

digitise the analogue signal from the SiPM. The hit position of the particle needs to be1295

computed with a spatial resolution less than 100µm. Four functions will be required to1296

achieve this: amplification, shaping, integrating and digitisation.1297

1.7.2.1 General Overview1298

The PACIFIC chip will include all of the elements required to process the data from one1299

SiPM. Hence, it will have the same granularity. i.e. 128 channels per chip.1300

It will be low power with 1W per chip or 8mW per channel, and radiation tolerant.1301

The chip will use the IBM 130 nm technology. The functional view of the ASIC is presented1302

in Fig. 1.50. It is composed as follows:1303

1. an input stage.1304

2. a fast shaper.1305

3. two interleaved gated integrators.1306

4. a 2-bit ADC sampling at 40MHz.1307

Moreover, the chip has an analogue switch for each channel at its input such that the1308

bias voltage of the SiPM can be switched o↵. This feature provide a protection against1309

individual channel short-circuits which have been observed during irradiation tests of the1310

SiPMs.1311

The design is a compromise between area occupancy, power consumption, and precision1312

on the detector.

Figure 1.50: Fast shaper solution.

1313
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Detector infrastructure
• Support structure and frames

- use existing “bridge” and
access infrastructure

• SiPM cooling

- mono-phase liquid → -40ºC

• Electronics cooling

- demineralised water

15

the coolant. This fluid has thermo-physical properties similar to perfluorohexane C
6

F
14

,
widely used in detector cooling systems at the LHC (including four LHCb sub-systems).
Like C

6

F
14

, it is non-flammable, non-irritating, dielectric, volatile and practically non-toxic.
But in contrast with C

6

F
14

, which is a potent greenhouse gas (with the Global Warming
Potential of 7400), Novec 649 has the GWP of about 1. 42 Its stability under neutron
and ionising radiation still remains to be tested. However, there are no a priori reasons
for it to be di↵erent in that respect from C

6

F
14

. Because of the very similar density and
viscosity properties of Novec 649 and C

6

F
14

, the latter remains the backup solution for
the coolant.

The layout of the SiPM cooling system is described in Ref. [95] and is schematically
shown in Fig. 3.58. It consists of the cooling plant located behind the LHCb shielding wall,
the ⇡100m long foam- or vacuum-insulated transfer lines running through the shielding
wall, and the detector cooling circuit distributing the coolant over the 48 local branches
operated in parallel, each branch serving six consecutive ROBs in a quarter of one layer.
The main design parameters and specifications are summarised in Table 3.16.

(a) Simplified cooling system diagram. (b) The SiPM cooling distribution
scheme.

Figure 3.58: The SiPM cooling system.

The core of the cooling plant is an industrial chiller which will provide the required
temperature stability and the absolute coolant temperature down to –55�C. At the minimal
working SiPM temperature of –40�C in a cooling branch, the design coolant temperature
drops (�T ) are below 1K in the transfer line (assuming a pick-up of 12W/m), less than
1K in the connection lines at the detector, and 3.6K over the branch (in the worst case
scenario of 20W heat load per ROB, see Sec. 3.6.5.3).

The system is sealed and runs at an over-pressure to simplify the overall design and
ensure a favourable regime for the pump. The design pressure drop over the transfer and

42 The extremely short atmospheric lifetime of Novec 649 is due to the photolysis under UV occurring
via rupture of the ketone group. This e↵ect is excluded in the sealed cooling system.
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SciFi Tracker simulation
• Simulated a detailed and realistic description of the detector

- with dead regions

- light attenuation (after 50fb–1)

- light reflection from mirror

- shaping time

- SiPM response and signal digitisation

16
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Figure 1.61: Correction factor obtained from the gradient of attenuation length associated to the
fibre irradiation damage after 50 fb�1 of collected data. Black lines represent the edges of the
layer.
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Figure 1.62: Correction factor applied to the hit energy as a function of the hit position in one
quarter of a fibre layer. The plot on the left shows the e↵ect of the scintillating fibre attenuation
length on signal reaching directly the SiPM whereas the plot on the right gives the correction
factor applied on the signal reflected by the fibre mirrors. Both figures include the fibre irradiation
damage after 50 fb�1 of collected data.

1.9.2.1 Description of the Light in the Fibres and SiPM Response1660

The individual fibres are not described in the geometry description. The smallest elements1661

are the fibre mats. For this reason, a Geant4 simulation was used to generate the entry1662

and the exit points of particles in the fibre mats. The Geant4 hits are the input to the1663

85

Figure 1.60: Distribution of material in T1 for the current (top) and upgraded (bottom) detector.

• Attenuation of the light in fibre after irradiation, and the reflection at one end of1653

the fibre.1654

• The geometric coupling of the fibres to the SiPM channels.1655

• Gain of the SiPMs in term of photoelectrons and its conversion in ADC counts.1656

• The thermal noise, and the noise from after pulses and spillover.1657

• The clustering algorithm as implemented in the front-end electronics.1658

• The encoding and decoding of the data format (banks) from the TELL40.1659
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SciFi Tracker project organisation
• 21 participating institutes, from 10 countries

• Division of responsibilities:

17

Table 1.18: Division of responsibilities between the participating institutes.

Task(s) Institute(s)

Detector

SiPM assembly EPFL
SiPM QA CERN, EPFL, NCBJ
Fibre QA CERN, NCBJ, RWTH, TUD, HD

Fibre mat production Russia, RWTH, TUD, HD
Panel & module construction Russia, RWTH, TUD, HD

Read-out box CERN, EPFL, LPC, NIKHEF, RWTH
Module testing (including electronics) CBPF, NIKHEF

Electronics
PACIFIC ASIC UB, IFC, LPC, NIKHEF, HD
Front-end boards EPFL, LPC, NIKHEF, RWTH, HD

Tell40 board software LPNHE, TUD

Infrastructure
Frames CERN, EPFL, NIKHEF
Cooling CERN, RWTH

General

Installation All institutes
Non-read-out electronics, DAQ, ECS All institutes

Integration All institutes
Commissioning All institutes

Software All institutes

middle of 2018 and the end of 2019 when the current tracker will be removed, and the1760

SciFi Tracker will be installed.1761

1.10.2.1 Future R&D1762

There will be further R&D work in the following areas:1763

Scintillating fibres: The qualification of fibres from Saint-Gobain will continue with1764

new samples expected in April 2014. The irradiation tests will be repeated using1765

larger components. The e↵ects of annealing will be studied to try to understand the1766

di↵erences in the current measurements.1767

Silicon photo-detector: New multi-channel SiPMs with trenches will be available from1768

April 2014. The previous measurements on radiation hardness will be repeated. The1769

procurement and Quality Assurance (QA) of the SiPMs will take place in 2015 and1770

2016.1771

Module-0: A full prototype module will be built and tested in 2014. This module will use1772

all final components except for the read-out electronics. The design of the interface1773

between the fibre panels and optical interface will be frozen by Q4 2014.1774

Electronics: The design and testing of the front-end electronics will continue until Q21775

2016. First laboratory tests with the PACIFIC read-out are planned for Q3 2014.1776
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SciFi Tracker schedule

18

ID Task Name

1 Scint. Fibres

2 ConsolidĂƟon RadiĂƟon Hardness

3 QualiĮĐĂƟon supplier(s)

4 Develop QA benches/procedures

5 Procurement

6 Fibre Mats and Panels

7 Finalise design

8 Copies of tooling
9 ProduĐƟon

10 SiPM

11 Design opƟmisaƟon

12 Develop test stands

13 Procurement / TesƟng

14 Front End Electronics

15  ASIC design / iterĂƟons

16 ASIC procurement 

17 PCB design

18 Back End design

19 FPGA procurement 

20 PCB procurement & loading

21 Read Out Box

22 Design / prototyping

23 Procurement components

24 ROB assembly, loading & ƚĞƐƟng

25 SiPM Cooling

26 Prototyping

27 Procurement

28 InstallĂƟon infrastructure (cavern)

29 Module Assembly

30 Module assembly (incl. mirroring)

31 /ŶƚĞŐƌĂƟon of ROB

32 Module tesƟng 

33 Detector ^ƚĂƟon Mechanics

34 Design

35 ConstrucƟon

36 C-frame loading

37 InstĂůůĂƟŽn

38 OT dismantling

39 Infrastructure preparĂƟon

40 SciFi InstĂůůĂƟon

41 Commissioning

42 Test beams

43 TB components

44 TB mini system

45 TB full module

46 Milestones and Reviews

47 Module 0 

48 EDR SiPM

49 EDR Fibres

50 EDR FE electronics

51 EDR Mechanics

52   

53

30/12/14
01/09/14
01/09/14

01/09/15
01/03/16

Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q
2014 2015 2016 2017 2018 2019 202

Figure 3.64: Schedule for the design, construction and installation of the SciFi Tracker.
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Tracking performance
• LHCb simulation for 14TeV, 25ns bunch crossing, and
ν=3.8 and ν=7.6 (1–2×1033 cm–2s–1)

• SciFi tracker simulated for fully irradiated detector

• Test reliability and robustness of the tracking performance

- efficiency

- ghost rate

- clone rate

- timing

• Present here results for

- forward tracking (“long tracks”)

- seeding (”T tracks”)

19

The upstream tracks can be used to reconstruct low momentum particles which are bent
out of the magnet before they reach the T stations. In addition, they can be used as
input to further algorithms searching for long tracks. The so-called VELO tracks consist
of measurements in the VELO only. In the forward direction they serve mainly to feed
subsequent tracking algorithms which upgrade them to either upstream or long tracks. The
VELO tracks in the backward direction are important for the unbiased reconstruction of
the position of the primary vertices and for measurements of central exclusive production.

All tracks, except VELO tracks, are also used as input for the reconstruction algorithms
of the RICH detectors.

VELO track Downstream track

Long track

Upstream track

T track

VELO
UT

T1 T2 T3

Figure 4.1: Reconstructed track types for the LHCb upgrade tracking system.

4.1.2 Figures of Merit to Evaluate Tracking Performance

The Tracking in the LHCb reconstruction sequence consists of two parts. The first is
the pattern recognition, which combines individual measurements in the various tracking
systems to form track candidates. The second part is to optimally determine the track
parameters using a Kalman filter based fitting approach (called Kalman fit in the following).
Various figures of merit for the pattern recognition and the track fit will be described in
the following sub-sections, and then used to evaluate the tracking performance.
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Forward tracking (long tracks)
• Forward tracking efficiency is 1 – 4% lower than current 

tracker at ν=2, but significantly better than current tracker at 
ν=3.8 or 7.6

20

Table 4.3: Pattern recognition performance parameters for long reconstructible particles recon-
structed by the Forward tracking algorithm in the current and upgraded detector. Note that
these numbers include the sum of the performance of the VELO and Forward pattern recognition.

Current LHCb [%] Upgrade LHCb [%]
⌫ = 2 ⌫ = 3.8 ⌫ = 7.6

Ghost rate 25.4 21.4 38.2
Reconstruction e�ciency
long 91.9 87.5 85.2
long, p > 5GeV/c 96.1 93.6 92.3
b-hadron daughters 94.8 92.4 91.1
b-hadron daughters, p > 5GeV/c 96.8 95.6 94.7

Table 4.4: Pattern recognition performance parameters for long reconstructible particles recon-
structed by the Forward tracking algorithm in the current and upgraded detector. Note that
these numbers include the sum of the performance of the VELO and Forward pattern recognition.
The tracks are fitted by a Kalman fit algorithm and a �2 cut of 5 is applied afterwards.

Current LHCb [%] Upgrade LHCb [%]
⌫ = 2 ⌫ = 3.8 ⌫ = 7.6

Ghost rate 13.1 14.7 25.5
Reconstruction e�ciency
long 90.9 86.9 84.5
long, p > 5GeV/c 95.4 92.9 91.5
b-hadron daughters 93.9 91.9 90.6
b-hadron daughters, p > 5GeV/c 96.1 95.1 94.2

Table 4.5: Time spent on simulated B
s

! �� events in the Forward pattern recognition algorithm.

Current LHCb Upgrade LHCb
⌫ = 2 ⌫ = 3.8 ⌫ = 7.6

time [ms/event] 40 38 172

4.2.3 Seeding

The Seeding algorithm is a standalone track search in the T-stations. The reconstructed
tracks are passed on to the Matching algorithm (see next section), which links them to
VELO tracks. This is an alternative approach to the Forward algorithm to reconstruct
long tracks. A clone killing algorithm is executed afterwards to remove one instance of the
tracks found by both algorithms while keeping the complementary ones.
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The second use of T tracks is to feed the so-called Downstream tracking, which searches
for decay daughters of long-lived particles, such as K0

S mesons and ⇤ baryons.
The algorithm works in the following way. First, the projection of the track candidate

in the y=0 plane is searched for. This is done by collecting a set of hits in the x-planes
compatibles with a straight line that intersects the x-axis not further than a maximum
value from the point of origin of the coordinate system. A parabola is fitted to the selected
set of hits to take into account the impact of the magnetic field. Only the hits giving
the best fit are kept, forming the x-projection of the track candidate. As a second step,
the stereo-hits inside a tolerance value are added to the x-projection, and a new fit is
performed in order to keep the best hits and transform the x-projection into a complete
track. More information on the details of the algorithm can be found in Ref. [105]. Note
that the Seeding algorithm used in the current experiment has a very bad timing behaviour
for higher luminosity. Therefore a completely new and significantly simplified Seeding
algorithm was written for the upgrade detector. Given the limited development time thus
far, this algorithm is currently far from optimal. Several places in the code are identified,
where part of the performance could potentially be recovered, especially for low momentum
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Figure 4.3: Forward tracking e�ciency and ghost rate for long tracks in bins of momentum
and number of primary vertices for samples of simulated B

s

! �� events. Note that for the
e�ciencies a cut on the true momentum of p > 5GeV/c is applied, while no cut is applied on the
reconstructed momentum of the ghost tracks.
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The second use of T tracks is to feed the so-called Downstream tracking, which searches
for decay daughters of long-lived particles, such as K0

S mesons and ⇤ baryons.
The algorithm works in the following way. First, the projection of the track candidate

in the y=0 plane is searched for. This is done by collecting a set of hits in the x-planes
compatibles with a straight line that intersects the x-axis not further than a maximum
value from the point of origin of the coordinate system. A parabola is fitted to the selected
set of hits to take into account the impact of the magnetic field. Only the hits giving
the best fit are kept, forming the x-projection of the track candidate. As a second step,
the stereo-hits inside a tolerance value are added to the x-projection, and a new fit is
performed in order to keep the best hits and transform the x-projection into a complete
track. More information on the details of the algorithm can be found in Ref. [105]. Note
that the Seeding algorithm used in the current experiment has a very bad timing behaviour
for higher luminosity. Therefore a completely new and significantly simplified Seeding
algorithm was written for the upgrade detector. Given the limited development time thus
far, this algorithm is currently far from optimal. Several places in the code are identified,
where part of the performance could potentially be recovered, especially for low momentum
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Figure 4.3: Forward tracking e�ciency and ghost rate for long tracks in bins of momentum
and number of primary vertices for samples of simulated B

s

! �� events. Note that for the
e�ciencies a cut on the true momentum of p > 5GeV/c is applied, while no cut is applied on the
reconstructed momentum of the ghost tracks.
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Seeding (T tracks)
• Lower seeding efficiency than in current LHCb tracker:

- due to higher occupancy, and

- no vertical (y) segmentation in the SciFi Tracker

• Further improvements expected from:

- optimisation of the acceptance
coverage near beam pipe

- tuning of the software algorithm

21

Table 4.6: Pattern recognition performance parameters for the Seeding algorithm in the current
and upgraded detector on simulated B

s

! �� events.

Current LHCb [%] Upgrade LHCb [%]
⌫ = 2 ⌫ = 3.8 ⌫ = 7.6

Ghost rate 5.2 7.4 19.6
Reconstruction e�ciency
long 96.1 85.3 82.6
long, p > 5GeV/c 96.6 91.7 88.4
b-hadron daughters 96.9 89.3 87.6
b-hadron daughters, p > 5GeV/c 97.2 92.4 90.4

Table 4.7: Pattern recognition performance parameters for the Seeding algorithm in the current
and upgraded detector on a sample of simulated D⇤ ! D0(! K0

S⇡⇡)⇡ events. The ghost rates
are identical to the ones obtained on the B

s

! �� sample.

Current LHCb [%] Upgrade LHCb [%]
⌫ = 2 ⌫ = 3.8 ⌫ = 7.6

Reconstruction e�ciency
long 96.2 84.8 82.1
long, p > 5GeV/c 96.6 91.5 88.1
strange daughter with UT (TT) hits 96.1 81.7 79.5
strange daughter with UT (TT) hits, p > 5GeV/c 96.6 91.2 88.4
strange daughter with UT (TT) hits from B or D 96.4 84.3 82.9
strange daughter with UT (TT) hits from B or D,
p > 5 GeV/c 96.9 91.7 89.7
strange daughter with UT (TT) hits from B or D
and not VELO reconstructible 96.4 85.3 83.7
strange daughter with UT (TT) hits from B or D ,
p > 5GeV/c and not VELO reconstructible 97.0 91.7 89.7

Table 4.8: Time spent in the Seeding algorithm on simulated B
s

! �� events.

Current LHCb Upgrade LHCb
⌫ = 2 ⌫ = 3.8 ⌫ = 7.6

time [ms/event] 18 37 172

Table 4.9 and shown in Fig. 4.8. Note that the major contribution to the di↵erence in
e�ciency of the Matching algorithm for low momentum tracks in the upgraded experiment
at ⌫ = 3.8 and in the current experiment is inherited from the Seeding algorithm. The
Matching algorithm itself is however sensitive to high occupancy for low momentum tracks.
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Figure 4.6: Seeding tracking e�ciency for long reconstructible tracks and ghost rate in bins of
momentum and number of primary vertices. Note that for the e�ciencies a cut on the true
momentum of p > 5GeV/c is applied, while no cut on the reconstructed momentum of the ghost
tracks is applied.

The long tracks of the Forward and the Matching algorithm are fitted by a Kalman fit. A
clone killing algorithm is then used to remove duplicated or badly reconstructed tracks
based on the number of associated hits and the track �2. The combined performance of the
Forward and the Matching algorithm after this clone killing step is given in Table 4.10 and
illustrated in Fig. 4.9. The time spent in the Matching algorithm is given in Table 4.11.

4.2.5 Adding UT hits to long tracks

In the current pattern recognition sequence, UT hits are added to long tracks after they
have been reconstructed by either the Forward or the Matching algorithm. The e�ciency
to add correct UT hits to non-ghost long tracks in the UT acceptance is about 99%. The
e�ciency to add UT hits to any reconstructed non-ghost long track is about 93%. Details
are listed in Table 4.12 for the output tracks of the Forward algorithm at an interaction
rate of ⌫ = 7.6. The results for the output tracks of the Matching algorithm as well as for
samples with an interaction rate of ⌫ = 3.8 are very similar [106].

Adding UT (TT) hits to long tracks has two major advantages. Firstly, the momentum
resolution after the Kalman fit is applied improves significantly. Figure 4.10 shows the
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Summary
• LHCb SciFi Tracker
- SciFi technology never used at this scale and radiation level

- ambitious, exciting, and motivating project!

• R&D studies show this detector provides the necessary 
performance for the upgrade of the LHCb detector
- further optimisation of the design are still ongoing

• Installation planned for Long Shutdown 2

• Further details may be found in
the LHCb Tracker TDR
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