
LumiTracker

the LHCb Lumi Telescope

Kazu Akiba, Johannes Albrecht, Federico Alessio, Elena Dall’Occo, 
Rosen Matev, David Rolf, Freek Sanders, Dirk Wiedner

3rd workshop on electromagnetic dipole moments of unstable particles

12/12/2023



The idea
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Sector Valve

Velo Elipticalhead

Velo protection frame*

Beam pipe

*still needs to be designed

concept design by Freek

LumiTracker

• mini-telescope upstream of the VELO

• 6-8 hybrid Si pixel planes arranged in 

two arms 

• planes layout optimised for tracks 

from the luminous region

• rotation around z between 30-60 deg 

for better mechanical integration 

• full length ~ 35 cm
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The idea: why?
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Goal

• provide real-time luminosity measurement per 

bunch (independently of LHCb)

• luminous region monitoring

• contribute to offline luminosity measurement 

(integrated in global event stream)

Why?

• luminosity should be provided to the LHC every few seconds (~3s)

• it should be measured with a precision of order 10%

• it should be provided at all times even if LHCb is not taking data or is off

• the measurement should be stable in time 

• LHC requires a luminosity measurement per bunch

luminosity levelling

complementary and providing additional measurement wrt Plume 
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DUT

beambeam telescopes 

main tool to test and characterise novel sensor 
technologies reconstructing tracks at high rate

Goal

• use the LumiTracker as a telescope 

• a Device Under Test (DUT) could be 

inserted in the middle of the telescope 
and replaced at TS


• powerful method to test new sensor + ASIC 
technologies and corresponding DAQ in 
LHC conditions

Updates on analysis of October data
Tommaso Pajero (University of Oxford)

Timepix4 meeting

25 January 2023Timepix4 telescope in H8 

unique opportunity to test DUTs in LHC conditions



The idea: where?

￼5Elena Dall’Occo

• optimal location and detector layout choices mainly based on:

‣ detector occupancy

‣ fraction of reconstructed tracks from material interactions 

‣ resolution of the luminous region

‣ reconstruction efficiency for lumi region tracks
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Figure 7: Momentum distribution for reconstructed tracks coming from the luminous region for
di↵erent positions of the LumiTracker.

uncertainty on the best estimate of the reconstructed origin in z of the track, confirming
the trend observed for the resolution. The resolution is slightly larger due to two e↵ects
related to the assumption of a straight line fit: a kink from the material between the
IP and the LumiTracker, mainly due to the VELO material, and scattering between the
planes of the LumiTracker itself. In reality something in between is expected, which could
be achieved by fitting with a Kalman filter.
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Figure 8: LumiTracker acceptance for di↵erent positions of the detector along the x axis with
z = �1300mm (a) and for di↵erent positions along the z axis with x = �120mm (b). The
VELO acceptance for backward tracks is overlaid.

Ultimately the optimal position for the LumiTracker is a compromise between having
a small fraction of tracks from material interaction and good resolution for the luminous
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(a) (b)

Figure 9: Uncertainty on per track zBL as a function of pseudorapidity for di↵erent positions of
the LumiTracker along the x axis with z = �1300mm (a) and along the z axis with x = �120mm
(b).

region, but also high reconstruction e�ciency and a su�ciently high number of tracks
crossing the detector per bunch crossing. The preferred position for the detector is then
x = �120mm and z = �1300mm. It is important to underline however that slight
adaptations to exact position are possible in order to be compatible with the other
equipment present in the area.

3.2.2 Number of planes

No significant di↵erence in performance is observed between a four and six planes Lumi-
Tracker. For redundancy reasons, a six planes layout is preferred.

3.2.3 Interplane distance

The z layout of the planes is studied by considering six planes arranged in two arms,
with constant spacing between the planes of each arm, and by varying both the space
between planes and between arms. E�ciency and resolution of the luminous region are
evaluated in each configuration with pseudoexperiments. Pseudoexperiments are generated
using as input the true momentum, origin vertex and angular distributions of the tracks,
taking into account the correlation between pseudorapidity and track origin vertex. The
scattering angle due to the interaction with the LumiTracker material is determined per
plane assuming the tracks are pions, which rapresent about 73% of the particles coming
from the luminous region, and computing the radiation length for traversing a 400µm
thick silicon layer depending on the incident angle. As can be seen from Figure 10, a
smaller interplane spacing improves the e�ciency, while a larger spacing leads to a larger
lever arm and hence an improved resolution. A compromise between the e�ciency and
resolution of the luminous region can be reached by arranging the planes in two arms.

11

optimal location: z = -1250 mm and radius = 120 mm
expected fluence < 2 x 1015 1 MeV neq/cm2 for Run 4
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The idea: layout?
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optimal spacing: 10cm between the arms and 3cm between the planes within the same arm 


12/12/2023

Introduction

• LHCb

• Loca�on

• Velo

• Layout

• Staggered planes

LHCb loca
on

Lumitracker loca
on

Lumitracker layout Planes layoutVelo cooling setup

The reconstruction e�ciency is flat as a function of spacing between the arms, while the
resolution decreases, with the slope driven by the single hit resolution and the saturation
due to the material of the planes.
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Figure 10: E�ciency for tracks coming from the luminous region (a) and resolution of the
luminous region (b) as a function of the spacing between arms for di↵erent spacing between the
planes.

Four di↵erent configurations have been studied with full simulation Figure 11:

• Configuration 1: constant spacing between the planes darms = dplanes = 5 cm. This
is the default configuration used for the performance studies.

• Configuration 2: constant spacing between the planes darms = dplanes = 3 cm.

• Configuration 3: planes arranged in two arms, with darms = 10 cm and dplanes = 3 cm.
The arms have equal number of planes.

• Configuration 4: planes arranged in two arms, with darms = 10 cm and dplanes = 3 cm.
The arm closer to the interaction point consists of four planes, the other arm of two
planes. Given the requirement of a minimum of four hits per track, this configuration
leads to about 10% more reconstructible tracks with respect to configuration 3.

The di↵erent configurations are compared in Figure 12 in terms of reconstruction e�ciency
for tracks coming from the luminous region, resolution of luminous region and fraction
of secondary tracks from material interaction, confirming the trends observed with the
pseudoexperiments.

In order to preserve redundancy and for the LumiTracker to be less than 25 cm in
length, configuration 3 is preferred.

12

• layout optimised requiring a min of 4 hits per track

• planes arranged in two arms to balance track efficiency and resolution of lumi region tracks

• same number of planes (3 or 4) per arm for redundancy

• additional advantage: optimal pointing resolution in the middle of the telescope 
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Total instantaneous luminosity:

mean bunch luminosity ⟨ℒb⟩ =
⟨μ⟩fr
σinel

=
⟨μvis⟩fr

σvis
=

A
σvis

frntracks

ℒ =
nb

∑
b=1

ℒb = nb⟨ℒb⟩

μvis = εμ
σvis = εσwith

= number of colliding bunch pairs 


= LHC revolution frequency (11245 Hz)


= total inelastic pp cross-section


= number of inelastic pp collision per bunch crossing 


= acceptance x efficiency of luminosity detector 


= visible collision per bunch crossing


= effective cross section

nb

fr
σinel

μ
ε
μvis

σvis

What we want to measure!

calibration constant 

(from dedicated van der Meer scan)

Linear method 

• Based on counting the 

number of tracks

• The mean number of tracks 

is proportional to the 
number of interactions 

How to measure luminosity?
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Linearity
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Stability check
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Figure 15: Average number of tracks (a) and reconstruction e�ciency (b) as a function of the
average number of visible interactions. All the tracks (black) and subset of tracks coming from
the luminous region (violet) are compared.

longitudinal position of the luminous region,zlumi, as a result of two e↵ects: the e�ciency
for tracks coming from the luminous region depends on zlumi as well as the fraction of
tracks due to the material interaction, as can be seen from Figure 16. Corrections can be
determined by exploiting the VELO. No variation in e�ciency is observed by moving the
luminous region in the transverse directions.
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Figure 16: E�ciency for tracks coming from the luminous region (a) and fraction of tracks from
material interaction (b) as a function of longitudinal position of the luminous region.
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Figure 15: Average number of tracks (a) and reconstruction e�ciency (b) as a function of the
average number of visible interactions. All the tracks (black) and subset of tracks coming from
the luminous region (violet) are compared.

longitudinal position of the luminous region,zlumi, as a result of two e↵ects: the e�ciency
for tracks coming from the luminous region depends on zlumi as well as the fraction of
tracks due to the material interaction, as can be seen from Figure 16. Corrections can be
determined by exploiting the VELO. No variation in e�ciency is observed by moving the
luminous region in the transverse directions.
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Figure 16: E�ciency for tracks coming from the luminous region (a) and fraction of tracks from
material interaction (b) as a function of longitudinal position of the luminous region.
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Linearity check
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Performance: lumi measurement 
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• stat uncertainty on µ ~1% for 5s data 
taking at ν=7.6

0 5 10
�t [sec]

1

10

�
(n

tr
a
ck

s)
/n

tr
a
ck

s
[%

]

0 20 40 60
�t [sec]

0

5

10

15

20

25

30

35

40

45

50

�
(n

tr
a
ck

s)
/n

tr
a
ck

s
[%

]

relative statistical uncertainty on per bunch luminosity vs integration time 

pp collisions pAr collisions

• LumiTracker occupancy for p-gas 
about a factor 10 lower than pp


• need longer integration times 
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Performance: reconstruction lumi region 
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• the longitudinal profile of the luminous region can be reconstructed

• the luminous region is approximately gaussian in x, y, z with σx,y~30 µm and σz~63 mm

• lumi region resolution per track ~few mm
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Figure 19: Relative uncertainty on the number of tracks as a function of misalignment of the
LumiTracker planes.

hundred microns between the true and reconstructed position of the luminous region.
This can be attributed to interactions with the VELO material, which leads to a small
shift with respect to the true zlumi. Figure 20b shows the mean of the resolution as a
function of the true position of the luminous region, confirming that there is no bias in
the reconstructed position.

-100 0 100
True zlumi [mm]

-100

-50

0

50

100

z l
u
m
i
[m

m
]

slope = 0.998± 0.003
o↵set = 0.673± 0.180mm

(a)

-100 0 100
True zlumi [mm]

-2

-1.5

-1

-0.5

0

0.5

1

1.5

2

B
ia
s
[m

m
]

(b)

Figure 20: Reconstructed position of the luminous region (a) and corresponding bias (b) as a
function of its true position.
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Figure 19: Relative uncertainty on the number of tracks as a function of misalignment of the
LumiTracker planes.

hundred microns between the true and reconstructed position of the luminous region.
This can be attributed to interactions with the VELO material, which leads to a small
shift with respect to the true zlumi. Figure 20b shows the mean of the resolution as a
function of the true position of the luminous region, confirming that there is no bias in
the reconstructed position.
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Figure 20: Reconstructed position of the luminous region (a) and corresponding bias (b) as a
function of its true position.
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reconstructed position of lumi region lumi region resolution per track
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The idea: when?
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LumiTracker v1

• proof of concept of a luminosity 

detector based on track counting

• each plane = 200 µm thick n-on-p 

HPK triple + 3 VeloPix

• DAQ based on VELO components: 

re-design of the cables only 

• fairly straightforward to install: could 

be done in a winter shutdown

• test of Timepix4 DAQ?
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LHCb Upgrade Ib: incremental 
improvements/prototype detectors LHCb Upgrade II installation

Hybrid pixel detectors
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2 1 Introduction
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Fig. 1.1. Schematic view of one pixel cell, the basic building block of a hybrid
pixel detector. The ionizing particle crosses the sensor and generates charges that,
moving in the depletion region under the action of an electric field, produce signals.
These are amplified, and hit pixels are identified and stored by the electronics. The
thickness of the sensitive part of the detector – the depletion zone – depends on
the bias voltage and on the sensor parameters, as explained in Sect. 1.2

This kind of device has been developed for the needs of particle physics, but,
as it will become evident in Chap. 5, it can be used in many other fields.
Particle physics applications demand high speed, good time resolution, and
the ability to select hit patterns, while applications in other fields emphasize
more high sensitivity and stability.

1.1.1 Motivations for Pixel Detectors in Particle Physics

The development of pixel detectors in particle physics has been primarily
triggered by two specific requirements, which both became recently important
and, in most applications, have to be simultaneously met:

(a) The possibility of studying short-lived particles

VeloPix

Sensor

• the technology is hybrid pixel detectors: 
‣ sensor: 200 µm thick n-on-p sensor 

used for the VELO upgrade  
‣ ASIC: VeloPix  

• each sensor bump-bonded to 3 ASICs

~43 mm

~1
4 

m
m

ASIC ASIC ASIC

Velo Upgrade Sensor EDR1-2 June 2015

Sensor Prototyping

1818

ASIC

~42 mm

Sensor tile 

ASIC ASIC

elongated  
pixels

~14 mm
Basic Unit: Triple Sensor 
4.3 x 1.5 cm 
Both triples and singles produced 
Bonded to dedicated Tpx3 hybrid 

17/07/2020
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Sensor
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also increasing the cluster size. As described in Section 3, this improves the resolution.
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Figure 8. The spatial resolution as a function of bias voltage for non-irradiated sensors (a) and for uniformly
irradiated sensors to the 8 ⇥ 10151 MeV neq cm�2 (b). Green for HPK n-on-p, blue for Micron n-on-p and
purple for Micron n-on-n.

5.2 Track angle

The spatial resolution is also measured as a function of the incident track angle. The results for
non-irradiated samples are shown in Figure 9 (a). All sensors show a similar trend which depends
on the thickness, as predicted by Equation (2.3). The optimum resolution is 6.5±0.5 �m at about
an angle of 15� and 21�. The quoted uncertainty is from the variation in the measured resolution
of the di�erent prototype devices tested of the same type. As described in Section 2, the Micron
n-on-n prototypes are thinner, and hence the best resolution occurs at a larger angle. After irradiation
the active sensor volume is shallower, due to the change in the e�ective doping concentration [6].
This leads to a less pronounced dependency as a function of the incident angle, even at the highest
operational bias voltage, as presented in Figure 9 (b). In this plot it can also be seen that the n-on-n
prototype behaves quite similar to the thicker sensors, which supports the conclusion that at these
fluence levels the sensor thickness is less relevant to the total collected charge.

5.3 Combined bias and track angle

In this section the cross dependence of bias voltage and angle of incidence is discussed. At bias
voltages lower than the full depletion, the e�ective active region of the sensor is thinner. This leads
to the e�ect shown in Figure 10, where the spatial resolution is plotted as a function of angle for
three di�erent bias voltages for an non-irradiated sensor.

For the irradiated sensors in Figure 11 a similar trend is seen, with the caveat that even at
the highest voltages the n-on-p sensors are not fully depleted, and only a fraction of the charge is
collected. At bias voltages smaller than the maximum operational value the cluster size is smaller
since more often a fraction of the shared charge is smaller than the threshold, and the resolution
versus angle continues to improve as the applied voltage increases.

– 10 –

3 Results at perpendicular incidence

In this section, the time response of the di�erent sensor designs is studied prior to and after
irradiation, with some prototypes exposed to uniform and others to nonuniform irradiation profiles.
The prototypes are placed perpendicular to the incident beam, thus the charge is liberated along the
thickness of the sensor allowing for a direct measurement of the resolution per pixel.

3.1 Nonirradiated sensors
Five assemblies have been tested prior to irradiation in order to disentangle sensor e�ects from those
caused by radiation damage. For these sensors, the resolution and the time-to-threshold are shown
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Figure 3. Resolution (left) and time-to-threshold (right) as a function of operating voltage for di�erent
nonirradiated sensors.
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Figure 4. Resolution (left) and time-to-threshold (right) as a function of operating voltage for sensors
irradiated to full fluence at JSI.
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Figure 6. E�ciency as a function of bias voltage, for non-irradiated sensors (a) and irradiated sensors (b).
The colour of the markers indicates the vendor and sensor type, where green is for HPK n-on-p, blue is for
Micron n-on-p and purple for Micron n-on-n.
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Figure 7. Cluster finding e�ciency as a function of the intrapixel position for two 200 �m thick HPK sensors
operated at 300 V uniformly irradiated to the full fluence of 8 ⇥ 10151 MeV neq cm�2. The two sensors di�er
in implant size: S22 has an implant size of 35 �m (a) and S17 has an implant size of 39 �m (b).

resolution in G as a function of the bias voltage is shown in Figure 8 (a). The spatial resolution
is directly correlated to the cluster size distribution and therefore it follows similar trends as seen
in Figure 3. For the irradiated sensors, shown in Figure 8 (b), the worst resolution is observed
between ⇠300 V and 500 V depending on the sensor. At lower bias voltages, this is due to reduced
e�ciency especially at the corners, e�ectively decreasing the pixel area (Section 4). Only tracks
that pass through the centre of pixel are likely to lead to a measured signal, yielding a smaller
residual di�erence for size 1 clusters thus artificially improving the spatial resolution. At higher bias
voltages, the collected charge becomes larger, thereby recovering the e�ciency in the corners but
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Figure 12. Charge collected as a function of fluence from di�erent depths for a 200 �m HPK n-on-p sensor
(S8) operated at 1000 V (top left), at 750 V (top right), at 500 V (bottom left) and at 250 V (bottom right).
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Figure 5. MPV as function of bias voltage after uniform irradiation at JSI Ljubljana to 8⇥1015 1 MeV neq cm�2,
without additional controlled annealing. The uncertainties are not indicated in the plot, see the text for a
detailed explanation.

column-to-column is due to the charge calibration. The MPV is slightly lower for the two elongated
columns compared to the other columns in the figure. However, this di�erence still falls within the
total variation of the MPV over the columns, which is found to be 300 e� using the same method
as for the total variation over the pixel matrix. Therefore, it is concluded that the interchip region
collects all charge.

Irradiated assemblies
The MPV as a function of bias voltage after irradiation to full fluence at JSI is shown in Figure 5.
All of the assemblies follow the same trend, with the MPV increasing linearly from about 2500 e� at
200 V to about 8000 e� at 1000 V. The leakage current at bias voltages higher than 600 V for S24
was larger than the leakage current compensation in the ASIC, resulting in changes in the charge
calibration per pixel. Hence these points are excluded from this figure.

The measurements shown in Figure 5 were performed before any controlled annealing. A
subset of the assemblies were tested again with beam after having been annealed for 80 minutes
at 60 �C. As can be seen in Figure 6, the results before and after annealing are in agreement. The
leakage current at bias voltage of 900 V for S17 after annealing was larger than the leakage current
compensation in the ASIC, resulting in changes in the charge calibration per pixel. The sensors were
kept at room temperature for 11 days after irradiation, after which they were cooled at -15 �C, beside
the aforementioned additional controlled annealing.

Several assemblies have been irradiated with either reactor neutrons or protons. As described
in reference [13], the damage to silicon from neutron irradiation is di�erent to the damage from
proton irradiation. Figure 7 shows the MPV as a function of bias voltage for two HPK single-chip
assemblies after uniform irradiation to a fluence of 4⇥1015 1 MeV neq cm�2 at KIT (assembly S4 -
proton irradiation) and JSI (assembly S15 - neutron irradiation). The curve for S15 does not extend
up to 1000 V because the assembly sparked, as it was not parylene coated and thus measurements
were performed only up to 675 V in a CO2 atmosphere.
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Figure 6. E�ciency as a function of bias voltage, for non-irradiated sensors (a) and irradiated sensors (b).
The colour of the markers indicates the vendor and sensor type, where green is for HPK n-on-p, blue is for
Micron n-on-p and purple for Micron n-on-n.
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Figure 7. Cluster finding e�ciency as a function of the intrapixel position for two 200 �m thick HPK sensors
operated at 300 V uniformly irradiated to the full fluence of 8 ⇥ 10151 MeV neq cm�2. The two sensors di�er
in implant size: S22 has an implant size of 35 �m (a) and S17 has an implant size of 39 �m (b).

resolution in G as a function of the bias voltage is shown in Figure 8 (a). The spatial resolution
is directly correlated to the cluster size distribution and therefore it follows similar trends as seen
in Figure 3. For the irradiated sensors, shown in Figure 8 (b), the worst resolution is observed
between ⇠300 V and 500 V depending on the sensor. At lower bias voltages, this is due to reduced
e�ciency especially at the corners, e�ectively decreasing the pixel area (Section 4). Only tracks
that pass through the centre of pixel are likely to lead to a measured signal, yielding a smaller
residual di�erence for size 1 clusters thus artificially improving the spatial resolution. At higher bias
voltages, the collected charge becomes larger, thereby recovering the e�ciency in the corners but
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the four links per ASIC will be active, therefore reducing the power consumption. The
specifications of the VeloPix ASIC are summarised in Table 4.

Table 4: Specifications of the VeloPix ASIC.

pixel size 55⇥ 55µm2

matrix size 256⇥ 256
timestamp resolution 25 ns
Time over Threshold low rate only
peak pixel hit rate 900 MHit/ s
power consumption < 3 W/ASIC
radiation hardness > 400MRad
single event upset robust yes
number of links 4
bit rate per link 5.12 Gbps

4.3 Electronics

The LumiTracker electronics is fully based on the system developed for the LHCb VELO
upgrade [18,19], of which a schematic view is shown in Figure 1. The main components
are described below:

• Six tiles of Si sensors, each composed of a triple of VeloPix ASICs, wire-bonded
onto a VeloPix hybrid. In total, the system will be composed of 18 VeloPix ASICs.
The sensor tile is glued onto a ceramic carrier plate which also holds the hybrid
electronics. The ASICs are also wirebonded to this kapton hybrid, which has the
connectors to link the ASICs to the GBTx hybrid.

• Three GBTx hybrids, equipped with a CERN GBTx chip [20] for timing, clock and
control distribution. One GBTx hybrid serves two VeloPix hybrids.

• Two Optical and Power Boards (OPB) that perform the optical conversion of data
from the transmission lines, monitor the voltages and temperatures and provide
the low voltage to all on-detector electronics, as shown in Figure 21. Each OPB is
equipped with CERN Versatile Links [21] for bidirectional communication (VTRx)
to the timing and control system and for simplex communication (VTTx) to the
readout boards. In addition, it is also equipped with the CERN GBT-SCA chip [22]
that is used to provide low-level communication protocols between each OPB and
the central control system.

• A PCIe40 board [23] for control and timing distribution, called SOL40 [24]. The
SOL40 board receives the timing and clock information from the central Timing
and Fast Control (TFC) system and distributes it to the VeloPix ASICs and the
OPBs via duplex GBT-encoded long-distance optical links. In addition, it interfaces
the VeloPix ASICs and the OPBs to the central Experiment Control (ECS) system,
whose command utilise the same optical link and are generated in software and
encoded in firmware.

23

VeloPix

• binary, data driven, zero suppressed readout  

• capable to handle significantly higher rate than needed 

• radiation hardness > 400 MRad (triple redundancy)

• given the low occupancy, expect only1-2/4 links active: 

power consumption reduced 
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Figure 6: Occupancy in the plane closest to the IP (a), reconstruction e�ciency for luminous
region tracks (b), luminous region resolution (c) and fraction of tracks from material interaction
(d) as a function of the x position of the LumiTracker, centred at di↵erent distance z from the
IP.

interaction decreases with increasing x and getting closer to the IP, partly because there
is less material in between the IP and the detector, partly because acceptance changes
and as a consequence the tracks sampled by the LumiTracker.

The acceptance of the LumiTracker for di↵erent x and z positions is shown in Figure 8a
and Figure 8b, respectively. The VELO acceptance for tracks going backwards is overlaid
for comparison. There is always full overlap with the VELO, independently on the position
of the LumiTracker within the probed range, which brings several advantages in terms of
calibration and alignment. Figure 9 shows the uncertainty on zBL as a function of the
acceptance for the di↵erent LumiTracker positions. Smaller the pseudorapidity, smaller the

9

expected occupancy specifications

VELO external 
sensors

LumiTracker
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Commonalities with TWOCRYST tracker?

12/12/2023

The di↵erence between the new VELO and old VELO (operating from 2010 until 2018) is sum-
marized in Tab. I, [3], [2]. The new VELO pixel pitch is 55⇥55µm. Its first sensor element is located
closer to the beam in comparison to 2010-2018 VELO, and the read-out rate is about 13 times higher.
The new VELO is designed for 19 times higher fluence than the 2010-2018 VELO could handle. Al-
though the cooling technology did not change, it has improved drastically, so the new VELO sensors
operate at the 3 times lower temperature than before.

Table I. Comparison between the old VELO (2010-2018) and the new VELO (since 2022).

VELO 2010-2018 VELO since 2022
Number of modules 42 (r,�) + 4r modules 52 modules
Geometry (r,�) (x,y)
Technology strips pixels
Pitch 48⇥120µm 55⇥55µm
Distance to the beam from the first sensor element, mm 8 5.1
Readout rate, MHits/s 70 900
Max fluence, 1013 neq · cm�2 43 800
Sensor temperature deg C -8 -25

Fig. 3. A VELO module connected to its readout and power chain: Vacuum Feedthrough Board (VFB),
Opto- and Power Board (OPB) and DAQ system.

Each VELO module is connected to the Vacuum Feedthrough Board (VFB), located on the edge
between the secondary vacuum of the VELO and the air, see Fig. 3 VFB transports data out of the
VELO module and delivers power to the module (both low and high voltage) from the Opto- and
Power Board (OPB). On top of the power delivery, OPB transforms the electrical signal to the optical
signal, which travels about 300 m via optical fibres to the DAQ system.

VELO module is shown in Fig. 4.
A VELO module construction starts from a silicon substrate with etched cooling microchannels,

which is attached to the carbon fibre legs. Four silicon sensors are glued to the substrate. Two sensors
per module’s side. Each sensor tile is bonded to 3 ASICs, called VeloPix. VeloPix is a LHCb specific
front-end ASIC, based on TimePix3 technology, [1] Front-end hybrids and GigaBit Transceiver ASIC
(GBTx) are also glued. Then connection wires and cables are attached.

Each VELO module is inserted into the aluminium RF-foil. RF-foil has to be robust to withstand
the pressure di↵erence between primary and secondary vacuums. While passing through VELO a

3

Fig. 4. A photo and schematic of a new VELO module with power, cooling and data connectors shown.

particle transverses the RF-foil multiple times. Due to multiple scattering, the amount of RF-foil
material has a big impact on final spacial and momentum resolution. The optimal width for the RF-
foil, which is strong enough and meets resolution requirements, was found to be 150µm, [6]. To
achieve this, a block of aluminium is first milled to the width of 250µm. Then, only parts closest to
the beam are etched down to the 150µm.

3. Production, assembly, installation and commissioning of the new Vertex Locator

3.1 Production, assembly and installation
The 2010-2018 VELO was removed from the cavern in February 2019. Because RF-foil enters

LHC primary vacuum, the RF-foil had to be installed as soon as possible to start the LHC machine
development. Due to the COVID-19 travel restrictions, RF-foil installation was done in the hybrid
mode by on-site experts with support of remotely connected experts in May 2020. Before installation,
RF-foils metrology was taken.

VELO modules were produced at the two sites: NIkhef (Amsterdam, the Netherlands) and Uni-
versity of Manchester (Manchester, UK). At the production sites, electrical, noise and cooling tests
were performed for each module with and without power. After meticulous testing, produced mod-
ules were shipped to the University of Liverpool, where they were assemmbeld into two halves by
experts from Liverpool, Nikhef, Manchester, Oxford, and CERN.

Upon arrival of modules in the University of Liverpool, electrical, noise and cooling tests were
repeated for each module. Only after successfully passing the tests, modules were installed in the
halves. Cooling loops were tested with and without power, as well as, under the vacuum for the
assembled halves. Modules in the assembled halves were then tested again. Metrology was measured
with and without cooling.

Assembled halves were then shipped to CERN for the installation. After the shipping and before
installation underground, electrical and noise tests were repeated on each half without cooling and
another set of metrology data was taken. Installed halves were checked for the cooling gas leaks
and connected to the safety alarm matrix. The safety alarm matrix is a system that is responsible for

4

FE

• 8 tiles

• 4 GBTx

• 8 hybrids 


DAQ

• 4 VFB (not vacuum compatible)

• 2 OPB

• cables: LV, HV, interconnect, data


Services 

• HV module

• LV module

• temperature and humidity sensors + ELMBs


Backend 

• 2 TELL40s

• 1 EB node

• 2 EB interfaces 

• 2 GPUs


Infrastructure

• water based cooling

• mechanics 

✓✓

✓✓✓✓
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• maximum sensor temperature allowed 20 C

• 2 solutions under discussion in 3D printed aluminum (0.5 mm wall thickness) with 

water flowing at 15 C

• both add ~1 mm of material: further development ongoing

• providing mechanical support for sensor and ASIC 

4 tubes prototype coldplate pins prototype3d printed aluminium Tube prototype

� 0,5mm Wall thickness
� Aluminum 6061
� Based on Anouar and Freeks design
� Close to final geometry

4 tubes prototype

3d printed aluminum cold plate prototype

� 0,5mm wall thickness
� Aluminium 6061
� Shape idea from fin cold plate
� Friction and surface area
� Optimized for 3d printing Coldplate pins prototype

12/12/2023
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4 tubes prototype coldplate pins prototype

Results and specifications

4-tubes prototype
� Short In heater

Cold plate prototype
� Sufficient cooling at low flow 

(0,34 LPM)

Results and specifications

4-tubes prototype
� Short In heater

Cold plate prototype
� Sufficient cooling at low flow 

(0,34 LPM)

• maximum sensor temperature allowed 20 C

• 2 solutions under discussion in 3D printed aluminum (0.5 mm wall thickness) with 

water flowing at 15 C

• both add ~1 mm of material: further development ongoing

• providing mechanical support for sensor and ASIC 

see Lucas’ talk

12/12/2023



Cooling

￼17Elena Dall’Occo

• maximum sensor temperature allowed 20 C

• 2 solutions under discussion in 3D printed aluminum (0.5 mm wall thickness) with 

water flowing at 15 C

• both add ~1 mm of material: further development ongoing

• providing mechanical support for sensor and ASIC 

see Lucas’ talk

12/12/2023

Test results and speci%cations

• Short in heater

• SuHcient cooling at low Jow (0,34 LPM)

Graph test results 2 prototypes
4-tubes prototype Cold plate prototype
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VeloPix assembly

(coldplate pins design) 

GBTx assembly

(coldplate pins design) 

Velopix cooling design

• VCR 

• Added carbon sheet

• Overall same dimensions ass prototype

• Thickness 2mm

Velopix glued on coldplate

Sec
on view 

Velopix assembly

Velopix cooling design

• VCR 

• Added carbon sheet

• Overall same dimensions ass prototype

• Thickness 2mm

Velopix glued on coldplate

Sec
on view 

Velopix assembly

GBTX cooling design

• Thickness of 1,5mm

• VCR

• Pins

GBTx assembly

GBTx sec
on view

GBTX cooling design

• Thickness of 1,5mm

• VCR

• Pins

GBTx assembly

GBTx sec
on view



The Cooling Frame
� Stainless steel frame
� Larger headers
� VCR

￼19Elena Dall’Occo12/12/2023

Mechanics

cooling frame

• stainless steel cooling frame 

• additional central slot available for DUTs

enclosure

• light sealed

• full enclosure angled of ~5 deg wrt IP 

• adjustable position along z 

• 0.2 mm thick stainless steel

• mylar window now added to the design 

Concept 1

• Posi�ves:

• - Compact design

• - Easy mountable cooling

• - Easy to assemble and dis-assemble

• Nega�ves:

• - Limited use of tube %Lngs

• - Tight working space for wiring

• - Not much space for wrenches �ghtening tube %Lngs

Overview Inside

Enclosure

Mounting variable

• Concept

• Mount on beampipe

• Angle instead of staggered planes

Angle of 5 degrees

Mount to beampipe

Micro adjustment arm

Mounting variable

• Concept

• Mount on beampipe

• Angle instead of staggered planes

Angle of 5 degrees

Mount to beampipe

Micro adjustment arm

Enclosure

• 0,2mm stainless steel plates

• Light sealed

• Viton strips at plate gaps

• Press %Ied nuts

• Anodized

Sheet metal enclosure open

Sheet metal enclosure closed
Sheet metal enclosure anima
on

Press "9ed nuts on the 

corner piece of the 

enclosure

enclosure with cooling frame

cooling frame with 
cooling components

mount to flange



Wiring simpli%ed 

High voltage 

Data

Low voltage

• Overview
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Cabling

Wiring simpli%ed 

High voltage 

Data

Low voltage

• Overview

• cables routing and mounting designed 
together with corresponding feedthrough 
(replacing VELO VFBs) 


• re-design of (almost) straight cables ongoing 
in collaboration with TWOCRYST  Wiring

• Cable inlet unsure

• TPE

• Moun�ng concept

• Total view

Feedthrough

Wire rou
ng & 

moun
ng

Feedthrough

High Voltage

Data

Wiring simpli%ed 

High voltage 

Data

Low voltage

• Overview

Low Voltage



The Lumitracker

• Overview

• Angled 45 and 5 degrees 

Side view

Front view

The Lumitracker
� Overview
� Angled 
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• inspired by the Timepix4 telescope design

• whole telescope is tilted to optimise the acceptance for 

tracks from the luminous region 

• mount on flange and wires mounting designed 

• cooling frame + 0.2 mm thick enclosure in stainless steel  

Mechanics summary

Specifications of the Final design

The Mount 1360
The Enclosure 536
The Cooling frame 1950
The Cooling concepts 131
The wiring and electronics 395
Total 4372

Weight of all concepts and components in grams (g) CAD

side view

12/12/2023

front view



Timeline
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LumiTracker v2

• each plane: Timepix4 (~195 ps TDC) + fast sensor

• timing the track has multiple purposes:

‣ improve luminosity measurement by better 

discriminating the secondaries 

‣ measurement of satellites and ghost charges

‣ measurement of Machine Induced Background 

‣ more accurate luminous region reconstruction 

by folding in timing

‣ platform to test DUTs in the LHC: a DUT could be 

inserted in the middle of the telescope and 
replaced at TS
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LHCb Upgrade Ib: incremental 
improvements/prototype detectors LHCb Upgrade II installation

LumiTracker v1

• proof of concept of a luminosity 

detector based on track counting

• each plane = 200 µm thick n-on-p 

HPK triple + 3 VeloPix

• DAQ based on VELO components: 

re-design of the cables only 

• fairly straightforward to install: could 

be done in a winter shutdown
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LHCb Upgrade Ib: incremental 
improvements/prototype detectors LHCb Upgrade II installation

LumiTracker v2

• each plane: Timepix4 (~195 ps TDC) + fast sensor

• same mechanical structure as LumiTracker v1

• need to adapt the cooling plate/tubes to the 

Timepix4 size and shape

• DAQ to be fully developed 

3 iWiRiD2022                            Martin van Beuzekom                           27/6/2022

Timepix4 main specifications

Pixel electronics

Peripheral circuits
Wire bond extenders
(can be diced off)

24.64 mm

28
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� 65 nm CMOS
� Matrix of 512 x 448 pixels
� 55 x 55 um2 pixels

� Electronics in 55 x 51.4 um2

� Active area 6.94 cm2

� 4-side buttable, using redistribution layer
� Many modes, for telescope: 

simultaneous Time-Of-Arrival and Time-
Over-Threshold

� 195 ps TDC bins
� Data driven readout: 16 x 10.24 Gbps
� Min. threshold: ~500 e-

X. Llopart et al. 2022 JINST 17 C01044

Timepix4 chip

VeloPix



LumiTracker v2: performance

￼24Elena Dall’Occo16/02/2021

• first look at performance by smearing the true hit time by 150 ps 
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• tail in reconstructed distribution due to secondaries from material interaction

• resolution with strict selection on track pointing: σ~70 ps, bias~-10 ps

• bias compatible with time of flight dispersion
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• difficult to discriminate secondaries from primary tracks just by using timing or 
extrapolated position only


• …but potentially exploitation of the correlation could be very powerful (WIP)
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…but if we exploit the correlation between zbl and tbl can be very powerful!

LumiTracker v2: performance



Outlook
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• feasibility studies, projected performance and integration with LHCb described in 
LHCb-INT-2020-026

LumiTracker v1 todo:

• validate the recent developments in mechanics and cooling with simulation

• converge on the choice of cooling substrate (further development probably needed)

• procurement of the parts ongoing in collaboration with TWOCRYST, currently missing:

‣ hybrids

‣ cables (partly to be redesigned) 

‣ OPBs

‣ HV+LV modules 

‣ temperature and humidity sensors + ELMBs


• aiming at installation during YETS 24/25 (subject to approval)

LumiTracker v2:

• very promising as luminometer and beam monitoring device 

• could be exploited as platform for testing VELO upgrade 2 prototypes with LHC beam 

in Upgrade 1b 

Hope to keep collaborating with TWOCRYST in the future!



Back Up
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The idea: where?

￼28Elena Dall’Occo16/02/2021

• optimal location and detector layout choices mainly based on:

‣ detector occupancy

‣ fraction of reconstructed tracks from material interactions 

‣ resolution of the luminous region

‣ reconstruction efficiency for lumi region tracks
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Figure 6: Occupancy in the plane closest to the IP (a), reconstruction e�ciency for luminous
region tracks (b), luminous region resolution (c) and fraction of tracks from material interaction
(d) as a function of the x position of the LumiTracker, centred at di↵erent distance z from the
IP.

interaction decreases with increasing x and getting closer to the IP, partly because there
is less material in between the IP and the detector, partly because acceptance changes
and as a consequence the tracks sampled by the LumiTracker.

The acceptance of the LumiTracker for di↵erent x and z positions is shown in Figure 8a
and Figure 8b, respectively. The VELO acceptance for tracks going backwards is overlaid
for comparison. There is always full overlap with the VELO, independently on the position
of the LumiTracker within the probed range, which brings several advantages in terms of
calibration and alignment. Figure 9 shows the uncertainty on zBL as a function of the
acceptance for the di↵erent LumiTracker positions. Smaller the pseudorapidity, smaller the
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interaction decreases with increasing x and getting closer to the IP, partly because there
is less material in between the IP and the detector, partly because acceptance changes
and as a consequence the tracks sampled by the LumiTracker.

The acceptance of the LumiTracker for di↵erent x and z positions is shown in Figure 8a
and Figure 8b, respectively. The VELO acceptance for tracks going backwards is overlaid
for comparison. There is always full overlap with the VELO, independently on the position
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Rotation of LumiTracker

￼29Elena Dall’Occo14/012021

• Freek suggested to move the LumiTracker at positive y and rotate to better 
fit the cables


• The rotation mechanically would work between 30 and 60 deg

edge of PLUME box a pipe will stick 

out from here



Optimisation of the angle

￼30Elena Dall’Occo14/012021

• if we keep the radial position constant, all the considerations done so far for 
the position are still valid


• the difference is that now we have staggering both in x and y
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Optimisation of the angle
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