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LHCb detector

2

One-arm forward spectrometer for the study 
of CP violation and B physics at the LHC.
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...zoom on the tracker
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Figure 9. Precision of the magnetic field measurements.
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Figure 10. Magnetic field along the z axis. Figure 11. Zoom in RICH1 region: simulation
(solid line) and measurements (open circles).

4. Tracking

4.1 Vertex locator

The VErtex LOcator (VELO) provides precise measurements of track coordinates close to the in-
teraction region, which are used to identify the displaced secondary vertices which are a distinctive
feature of b and c-hadron decays [27]. The VELO consists of a series of silicon modules, each
providing a measure of the r and φ coordinates, arranged along the beam direction (figure 12).
They are placed at a radial distance from the beam which is smaller than the aperture required by
the LHC during injection and must therefore be retractable. The detectors are mounted in a vessel
that maintains vacuum around the sensors and is separated from the machine vacuum by a thin
walled corrugated aluminum sheet. This is done to minimize the material traversed by a charged
particle before it crosses the sensors and the geometry is such that it allows the two halves of the
VELO to overlap when in the closed position. Figure 13 shows a cross section of the VELO ves-
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Figure 47. Arrangement of OT straw-tube modules in layers and stations (left) and overview of the OT
bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are retracted.

must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 48. The modules are composed of
two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed out of individual
straw tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read-out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.
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IT
OT

Tracking sub-detectors
• 4 tracking stations: 1 upstream (TT)

and 3 downstream (IT+OT) of magnet

• 4 layers in each station: X1UVX2 
(±5° stereo angle for U and V)

1. Tracker Turicensis (TT)

• 1.5m×1.3m ; 183μm pitch Silicon strips

2. Inner Tracker (IT)

• 1.2m×0.4m cross around
beam pipe

• Si strip detector; 198μm pitch

3. Outer Tracker (OT)

• 6m×5m area for full outer acceptance coverage

• Straw tubes; 70%Ar; 30%CO2  ; <50ns drift time

• Ratio of IT and OT area driven by occupancy (see later)

6
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LHCb event display
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2010 7TeV data
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TT and IT occupancy

• with early 2010 data (no pile-up, micro-bias 
trigger), strip occupancy below 1% for both IT and 
TT detectors

• now reaches approximately 2% occupancy

(See M.Needham’s presentation for other performance results)
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•What will be different at L=2×1033 cm-2s-1 ?

• higher average number of pp interactions 
per crossing (parameter ν)

• the luminosity is related to the number of 
bunches Nbunches and to ν 

We obtain  ν≈7  @ L=2×1033 cm-2s-1 

• A larger value for ν implies an increase in 
occupancy...

L=2×1033 upgrade conditions I

9
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L=2×1033 upgrade conditions II
• ...higher occupancy (MC studies)

• In IT, up to 0.1 particle per cm2 and per event
(1 strip area = 0.02cm × 20cm = 0.4cm2)

• TT strip occupancy also increases to about 10% in 
hottest spots
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L=2×1033 upgrade conditions III
•What will be different at L=2×1033 cm-2s-1 ?

• LHCb will design its electronics for readout 
at 40MHz

=> develop new fast front-end electronics

=> new “TELL-40” acquisition board able to 
read events at 40MHz

11
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Tracking requirements
A. 50μm resolution (driven by multiple scattering)

• each station (TT, IT, OT): x/X0≈3-4%
=> multiple scattering angle θms (cf. PDG)

• p ≈ 20GeV/c ; β≈1  => θms≈0.12mrad

• 0.12mrad×0.6m = 72μm uncertainty due to multiple 
scattering from a T-station to the next
=>  do not need better than ≈50μm measurement 
accuracy

• 0.12mrad×5.5m = 660μm in 1st T station due to TT

B. low occupancy  (at a few the percent level)
=> implies lower bound on granularity

C. fast signal shaping time (minimize pile-up)
12
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L=2×1033 tracker upgrade options

•Consider combinations of

1. Silicon strips

2. Straw tubes

• Larger gas detectors (TPC, drift chamber) not 
fast enough as soon as the drift time >>25ns

3. Scintillating fibers

13
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Silicon
• Silicon strips

• resolution => pitch≈200μm

• occupancy => strip length

• Fast shaping time

• Cost is a function of

• Silicon area (Nchannels × pitch × length)

• Nchannels (electronics)

14
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Straw tubes
•Array of ∅=5mm straw tubes to cover large 

acceptance area

•Use fast drift gas mixture

• currently 70% Ar + 30% CO2 => <50ns

• might need faster gas for upgrade

•Resolution ≈200μm
15
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Figure 48. Cross section of a straw-tubes module (left) and overview of a straw-tubes module design (right).

Construction The straw tubes are produced by winding together two strips of thin foils34 , as
shown in figure 49: the inner (cathode) foil is made of 40 µm carbon doped polyimide (Kapton-
XC35); the outer foil (Kapton-aluminium) is a laminate36 made of 25 µm polyimide, enhancing the
straws gas tightness, and 12.5 µm aluminium, crucial to ensure fast signal transmission and good
shielding.
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Figure 49. Left: scheme of the straw winding using two foils (a): Kapton-XC as inner foil and a Kapton-
aluminium laminate as outer foil (b). Right: straws on the high precision aluminium template.

To build a monolayer the straw-tubes are glued to panels with a cored sandwich structure,
consisting of a 10 mm Rohacell core and two 120 µm carbon fibre skins. High precision aluminium
templates (figure 49) were used during the glueing to position the straw-tubes better than 50 µm
over the entire module length. After the straw-tubes were glued to the panel the wiring started. A
gold-plated tungsten wire37 with a diameter of 25.4 µm is used for the anodes. The wire was sucked
through the straw-tube. At each end the wire is guided using injection-molded Noryl endpieces. To
center the wire also along the straw-tube Noryl wire locators had been placed every 80 cm inside
34Lamina Dieletrics Ltd., UK.
35DuPontTM
36GTS Flexible Materials Ltd., USA.
37California Fine Wire, USA.
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Scintillating fibers
• Array of densely packed 250μm scintillating fibers 

(SciFi)

• Readout with Silicon photo-multiplier (SiPM) 
[0.25mm×1.1mm channels]

• can achieve 50μm resolution

• high efficiency

• cost dominated by SiPM and electronics
=> Nchannels is the critical parameter
=> fiber length is not a dominant contribution to 
the cost!
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Options for TT
• R&D for upgrade:

• higher granularity near beam
to keep occupancy at a low level

• lower material budget
=> better extrapolation to T1
=> impact of 3 TT layers U+X+V?

• Silicon fulfills all the
requirements for TT

• 50μm resolution, etc...

• infrastructure can be kept outside
of acceptance (FE-electronics, cooling, HV)

• SciFi detector could also be considered:

• would necessitate R&D (combined with IT R&D)

• Single technology in LHCb if SciFi used for IT too

17

Figure 47. Arrangement of OT straw-tube modules in layers and stations (left) and overview of the OT
bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are retracted.

must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 48. The modules are composed of
two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed out of individual
straw tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read-out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.
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Options for IT+OT

A. revisit relative size of IT and OT active
area to minimize occupancy

B. detector technology configurations:

18

IT OT
1. Silicon Straw tubes
2. SciFi Straw tubes
3. SciFi SciFi

Figure 47. Arrangement of OT straw-tube modules in layers and stations (left) and overview of the OT
bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are retracted.

must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 48. The modules are composed of
two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed out of individual
straw tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read-out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.
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Optimizing IT/OT area ratio
• Hit occupancy from 2D plot

• Determine the hit occupancy 
at closest points left and right 
of beam pipe as a function of 
the length of the strips

• single long strips [-y,+y]

• two shorter strips
[-y,0] and [0,+y]

• ≈3.3% occupancy with 
current geometry (  )

• occupancy divided by 2
if IT detector split between 
y<0 and y>0 (    )
=> can cover twice the area
of current design!

19
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Figure 47. Arrangement of OT straw-tube modules in layers and stations (left) and overview of the OT
bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are retracted.

must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 48. The modules are composed of
two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed out of individual
straw tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read-out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.
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OT ITSilicon IT + straw tubes OT

•Advantage:

• well known technology
=> little R&D needed

•Difficulties:

• significant material in acceptance from IT

• electronics, readout cables, HV cables

• cooling of Si sensors is difficult

• Straw tube gas might be too slow => R&D

20
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SciFi IT + straw tubes OT

•OT: straw tubes (cf. previous slide)

•IT: R&D at EPFL and Dortmund to replace 
IT Silicon detector boxes with SciFi 
detectors (acting as spares)

• mechanical and electronics constraints for 
compatibility with current detector (not 
relevant for upgrade)
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Figure 47. Arrangement of OT straw-tube modules in layers and stations (left) and overview of the OT
bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are retracted.

must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 48. The modules are composed of
two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed out of individual
straw tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read-out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.
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Introduction

Model of part of a scintillating fiber detector
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(0,0)

incident particle

θ

scintillating fibers : radius = 125 µm

x0 : intersection of the particle with the x axis
θ : incidence angle of the particle

Simulation of a scintillating fiber detector for LHCb

• 5 layers of densely packed 
250μm fibers

• readout in 250μm x 
1100μm channels

• standalone simulation to 
study effects of:

- integrated photon efficiency 
(assume 20pe/mm)

- noise
(assume 0.3pe/channel)

- track angle (up to ±10°)
- gaps / dead regions
- saturation

•Efficiency >99.9% with
1 noise / 1000 signal clusters

SciFi R&D
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Introduction

Cluster identification algorithm

primary cut : cluster selection
→ depends on the height of the cluster

secondary cut : background rejection
→ depends on the shape of the cluster

number of
photons

pixel number1 2 3 4 5

primary cut

Figure: The 5 pixels filled with photons

Simulation of a scintillating fiber detector for LHCb

Clustering
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SciFi R&D: S/N
• For IT replacement detector:

• must adapt strong signal from Silicon PM to high-
gain Beetle chip

• use passive current divider (∼1/40)

• S/N ≈ 30 for 1MIP (≈15 photo-electrons)

• dynamics ≈30 photo-electrons
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SciFi R&D: efficiency in gaps
•Simulated inactive SiPM channels:

• 250μm gaps built in SiPM (≡1 channel)

• 500μm gaps between adjacent sensors
(≡2 channels)
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electronic saturation
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•PEBS test beam (2009):
- 25pe/MIP/1.1mm
- 50μm resolution

•Resolution depends on electronics saturation and cluster size

•Average resolution ≈50μm 
(compare to binary resolution of 250/√12 = 72μm)

SciFi R&D: resolution
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SciFi R&D: radiation hardness?

•SiPM possibly not sufficiently radiation 
hard to survive in high flux region

• currently testing SiPM samples with 
neutron source

• MC of neutron fluxes in LHC @2×1033cm-2s-1

• can be a show stopper for replacement

• for upgrade, will consider shielding SiPMs 
outside of acceptance

26
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IT SciFi upgrade option

• Scintillating fibers satisfy the requirements for 
resolution, efficiency, signal shaping time, etc...

• Several advantages:

1. signal can be sent outside of acceptance via clear 
fibers for readout
=> keep electronics outside of acceptance
=> SiPM radiation hardness is not critical

2. no active cooling of the sensors (only for electronics)

3. no HV => no cables in acceptance

• Main difficulty:

• R&D for SciFi to clear fiber coupling!
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IT SciFi: possible layout
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Figure 47. Arrangement of OT straw-tube modules in layers and stations (left) and overview of the OT
bridge carrying the C-frames (right). The C-frames on both sides of the beam pipe are retracted.

must withstand an overpressure of 10 mbar. The leak rate at this pressure has to be below
8×10−4 l/s.

• Material budget: to limit multiple scattering and the material in front of the calorimeters, the
material introduced in the OT active area must not exceed few percent of a radiation length
X0 per station.

• Electrical shielding: the drift tubes must be properly shielded to avoid crosstalk and noise.
Each straw must have a firm connection to the module ground. The module envelope itself
must form a Faraday cage connected to the ground of the straw tubes and of the front-end
electronics.

• Radiation hardness: the detector should withstand 10 years of operation at the nominal lumi-
nosity without a significant degradation of its performance. During that time the anode wires
will accumulate a charge of up to 1 C/cm in the most irradiated area. As a consequence, all
detector materials have to be radiation resistant and must have low outgassing.

The layout of the straw-tube modules is shown in figure 48. The modules are composed of
two staggered layers (monolayers) of 64 drift tubes each. In the longest modules (type F) the
monolayers are split longitudinally in the middle into two sections composed out of individual
straw tubes. Both sections are read out from the outer end. The splitting in two sections is done at a
different position for the two monolayers to avoid insensitive regions in the middle of the module.
F-modules have an active length of 4850 mm and contain a total of 256 straws. In addition to the
F-type modules there exist short modules (type S) which are located above and below the beam
pipe. These modules have about half the length of F-type modules, contain 128 single drift tubes,
and are read-out only from the outer module end. A layer half is built from 7 long and 4 short
modules. The complete OT detector consists of 168 long and 96 short modules and comprises
about 55000 single straw-tube channels.
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OT ITIT + OT SciFi

• 250μm IT channels and 750μm OT channels

• IT signal sent out of acceptance with clear fibers

• Advantages:

• uniform technology for entire tracker

• all electronics, cooling, cables outside of acceptance

• same technology for both IT and OT (and TT?)

• R&D needed for

• mechanical structure

• electronics

• SciFi to clear fiber coupling
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Conclusion

•Presented upgrade options for the LHCb 
tracker to run at L=2×1033cm-2s-1 

•From status quo “hybrid” option

Silicon TT + SciFi IT + straw-tubes OT

•...to more elegant “uniform” option

Scintillating Fiber  TT + IT + OT

•Dedicated global design of the tracker is 
now necessary to converge to the optimal 
solution
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