

http://theses.gla.ac.uk/82756/
mailto:research-enlighten@glasgow.ac.uk

Hardware prototyping and thermal simulations of
strip sensor, and simulation of transmission lines for
the LHCb VELO upgrade.

lain Longsta
Primary Supervisor: Lars Eklund
Secondary Supervisor: Paul Soler

Thesis submitted for the degree
of Master of Science by Research

B University
of Glasgow

Particle Physics Experiment
School of Physics and Astronomy
College of Science and Engineering

January 17, 2022



Contents

Abstract ii
Declaration of Authorship iv
Acknowledgements \%
List of Figures Vi
List of Tables X
1 Introduction 1
1.1 The Large Hadron Collider . . . . . . . .. ... ... ... .. ...... 1
1.2 A summary of the four main LHC detectors . . . ... ... ....... 2

2 The LHCb Experiment 4
2.1 LHCboverview . . . . . . . . . e 4
2.2 Beampipe . . . . ... e 6
2.3 Particle tracking and dipole magnet overview . . . . . . .. ... ... .. 8
2.4 VErtex LOcator (VELO) . . . . . . . . . . . 9
25 VELO performance . . . . . . . . . . . . . . . 9
2.5.1 Electronicfront-end . . . . . ... ... .. 11

252 VELOcooling . . ... ... ... .. . .. .. 12

2.6 Silicon and straw trackers . . . . . . ... ..o 13
2.7 Calorimeters . . . . . . . . . . e 13
2.8 Muon detectors . . . . . . . . .. 14
2.9 Ring Image Cherenkov (RICH) detectors . . . .. ... ... ....... 17
2.10 LHCb trigger . . . . . . . . e 18
2.11 Data proCessing . . . . v v vt e e e e 20
212 LHCb upgrade . . . . . . . . e 21
2.12.1 VELO upgrade . . . . . . . . . i 22

2.12.2 Upgrade of the rest of the LHCb detector . . .. ... ... ... 25

3 VELO upgrade work 28
3.1 Strip prototype assembly . . . . . .. ... L L 28
3.1.1 Module construction . . . ... ... ..o Lo 29

3.1.2 Characterising the stripsensor . . ... .. ... ... ..... 32

3.1.3 Concluding remarks on module construction . . . .. ... .. .. 34

3.2 VELO strip prototype cooling . . . . .. ... ... ... .. .. ..... 35
3.2.1 Conceptual cooling solutions . . . . . . ... ... ......... 35

3.2.2 Modelling irradiated silicon sensors . . . . .. .. .. ... .... 38

3.23 Implementation . . . . . . ... ... 41

3.2.4 Concluding remarks on thermal simulation of the VELO strip sensor 47

3.3 VeloPixdatalines. . . . ... .. . . . .. . .. 48
3.3.1 Transmission linetheory . . . ... ... ... ... ....... 50

3.3.2 Exploring the ex-cable cross-section . . . ... ... ....... 53



3.3.3 Comparison to prototype measurements . . . .. .. .. ... ..

3.3.4 Concluding remarks on ex cables
4 Conclusion

Bibliography



Abstract

The LHCb experiment based at CERN’s Large Hadron Collider (LHC) particle acceler-
ator is undergoing upgrades to replace end of life detectors and take advantage of the
luminosity upgrades that the LHC machine is gaining.

The VErtex LOcator (VELO) is a particle tracking sub detector of LHCb and its
upgrade is designed to record up to an order of magnitude more data from proton-proton
collision events. During the development of the upgrade, silicon strip sensors and pixel
detectors were investigated as options.

A prototype of the strip sensor was assembled with readout hardware to characterise
its performance. Cooling methods were considered and thermal simulations were per-
formed to verify that cooling an irradiated silicon strip sensors after 50 fb ! of integrated
luminosity is viable. Using the technologically least aggressive and hence easier to imple-
ment cooling solution required liquid CO, to be below -18 C to avoid thermal runaway,
the upgraded CO, cooling infrastructure is capable of -30 C hence thermal control is
viable.

The silicon pixel sensor technology was chosen for its superior track reconstruction
performance as the upgrade technology. It requires around 2.85 Thits/s of data to be
transferred for processing o -site. The sensor’s readout electronics require multiple par-
allel transmission lines capable of each carrying 5.12 Gbits/s of data without signi cant
signal loss and also have su cient exibility to accommodate the 3 cm lateral movement
of the VELO sub detector halves.

A exible copper multilayer ribbon cable design, so called \ ex cables", is a compact
solution, with a thickness just over 400 m where each transmission line is 1200 m wide.
Simulations were performed to nd the optimal characteristic di erential impedance and
transmission properties which were used to guide the prototype development. Compar-
isons of impedance measurements against real world prototype versions showed a sys-
tematic bias of around 10  that could be explained by various factors explored within.
Comparisons of transmission versus frequency showed good agreement between simula-
tion and measurement. The ex-cable design has been nalised and the VELO upgrade
is being assembled in preparation for on site installation into the LHCb detector.
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1 Introduction

1.1 The Large Hadron Collider

The introduction gives a general description of CERN, the LHC accelerator, ATLAS,
CMS and ALICE detectors. Details about the LHCb detector are given in Chapter 2.1.

The European Organization for Nuclear Research, known as CERN?, is an interna-
tional research organisation with 22 member states and runs the world’s largest particle
physics laboratory located north-west of Geneva.

F—-—S\S)“—h
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B i ATLAS =
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.
.J S—A
ALICE X

| CMS LHC _‘_u““e\
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Figure 1: An overview of the LHC and the four main experiments, ATLAS, CMS, ALICE and
LHCDb

The facility hosts The Large Hadron Collider (LHC) [15], the most powerful syn-
chrotron particle collider ever built, and aims to reveal physics beyond the Standard
Model. It is built in the same 27.6 km underground tunnel that the Large Electron Posi-
tion (LEP) collider had been constructed in [16]. It has achieved a centre of mass energy
of 13 TeV and a luminosity of 2 10% cm 2s !. It has four main underground experi-
ments located at each of the collision points, two of them had new underground chambers
excavated to accommodate their large size. Figure 1 shows the four main underground
experiments located at the beam collision points along the 27 km long tunnel.

Hydrogen is ionised and accelerated to 50 MeV in a linear accelerator which is directed
into the Proton Synchrotron and its booster ring before being injected to the Super Proton

1 the acronyn comes from the original name, Conseil Europeen pour la Recherche Nucleaire.

1
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Figure 2: A cross-section of the main dipoles in the LHC.

Synchrotron at 25 GeV where the momentum in increased to 450 GeV. The nal injection
goes into the LHC ring where a 400 MHz Radio Frequency Acceleration System boosts
the beam energy up to 7 TeV.

The LHC ring has 1232 main dipole magnets sections, about 16 m long, shown in
cross section in Figure 2 which takes up the majority of the 27.6 km circumference. The
NbTi superconductors are cooled with super uid helium to around 1.9 K and provides
a eld of 8.3 T that allows each proton beam to be guided inside the LHC curvature and
reach 7 TeV.

The maximum |l with the LHC proton beams is organised into 2808 bunches per
ring separated by 25 ns with a length of 1 ns (within 4 ) and transverse emittance of
3.75 m [15].

There are plans to increase the luminosity of the LHC machine in order to increase
the data collected by all the LHC experiments. There is a new linear accelerator being
commissioned and other infrastructure upgrades will happen over the next decade to 2030
to increment the luminosity up to an order of magnitude by 2030. The linear accelerator
for example will be completed by the end of the second Long Shutdown (LS2) of the
LHC system in 2021 [17]. The underground experiments will also have their respective
upgrades to take advantage of the higher luminosity.

1.2 A summary of the four main LHC detectors

The ATLAS (A Toroidal LHC ApparatuS) is a general purpose detector fully enclosed
around the collision [18]. It is able to take advantage of the LHC collision energies to
measure a wide variety of phenomena related to Higgs, electroweak, top and avour
physics. The detector consists of a series of nested cylindrical sub detectors each with its



own function. At the core is the inner tracking detector which is within a 2 T solenoid,
the calorimeters are constructed outside the solenoid. Finally a large toroidal magnet is
built within the outer muon detector layer. The whole detector is 44 m in length and
25 m high.

The CMS Compact Muon Solinoid [19] is also a general purpose cylindrical detector
that has a similar physics program to ATLAS. Its silicon inner tracker and main calorime-
ters are within a 4 T solenoid, the muon detectors are built between steel yoke layers
that return the solenoid’s magnetic eld. The CMS is 21.6 m long and 15 m high.

The ALICE (A Large lon Collider Experiment) detector is a general-purpose heavy-ion
detector and is used when the LHC is colliding Lead - Lead and Lead - proton collisions.
The aim is to study the physics of quark gluon plasma and strongly interacting matter;
various Quantum Chronodynamics questions will be explored and will also improve un-
derstanding of the time in the early universe before gluons and quarks condensed into
hadronic matter [20].

The LHCDb (Large Hadron Collider Beauty) experiment is a forward angle spectrome-
ter designed for precision measurements of CP violation, Standard Model parameters and
clues beyond the Standard Model [1]. More information about the detector is in Chapter
2.1.



2 The LHCb Experiment

2.1 LHCDb overview

This section describes the main objectives of the LHCb detector, the hardware of the
detector and its performance up to the end of the second LHC run in 2018.

- e ‘\‘\
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Figure 3: A side view of the LHCb detector [1].

The Large Hadron Collider beauty (LHCb) experiment [1] is designed to take advan-
tage of the high number of b and c quarks produced in the LHC proton-proton collisions.
The LHCb is a forward arm spectrometer where the proton-proton collision happens at
the side of the underground chamber seen to the left in the Vertex Locator in Figure 3.
Most b quark events are produced in a narrow angle to the LHC beam, Figure 4 shows
a demonstration of bb pair production distributions generated by Pythia [21, 2]. About
27% of bb production can be reconstructed from the collisions while covering 1.8% of the
solid angle of the collision point [22].

When discussing the angular coordinates of the detectors, pseudorapidity is a com-
monly used spatial coordinate and is de ned as: = In(tan( =2)) where is the polar
angle from the z-axis of the detector along the LHC beam direction

A right-handed coordinate system is used in LHCb where the beam axis is the z axis,
the polar angle vertically from the beam line is in the y direction and the azimuthal
angle is from the beam in the x-z plane. The acceptance of the detector is designed to
cover 250 mrad in the y-z vertical plane and 300 mrad in the x-z horizontal plane



where charged particle de ections take place. Thus the LHCb has a pseudorapidity range

= In(tan[ =2]) of about 2-5 where is the angle from the beam. The coverage of
LHCDb sensors over the solid angle range and its gaps is known as the detector acceptance,
it can also imply di erent e ciencies in some detector regions.

S

Figure 4: The production of bb pair production is con ned to a narrow solid angle around the
LHC beam, according to hadronic event generator Pythia [2].

Data taking started in 2010 using 3.5 { 4 TeV energy beams with a Long Shutdown
from 2012-2015 where necessary upgrades were done to allow the LHC magnets to operate
at full strength. Data collection resumed in 2015 with 6.5 TeV energy beams. The design
luminosity of the LHCb was 2 10%? cm 2s ! but due to better than expected performance
in event reconstruction, the LHCb can run at about twice design luminosity. [23] Figure
5 shows that over 9 fb * has been collected before the second Long Shutdown period.

Magnets are used to steer and focus the beams to control the interaction rate of
each pair of counter-rotating proton bunches; this gives control on the collision rate and
hence data rate of the LHCb. There is a compromise between higher available luminosity
available and the LHCb detector occupancy limit. The LHCb upgrade will be able to
improve the capability of using higher luminosity by increasing this limit. More details
about the LHCb upgrade is found in Section 3.

The LHCb detector, seen in Figure 3, is made of several sub-detectors that specialise
in an aspect of particle measurement. The LHC beams collide at the centre of the VErtex
LOcator (VELO), Section 2.4, where precision tracking can locate decay positions of short
lived hadrons like b-mesons. The Ring Imaging CHerenkov (RICH) detector, Section 2.9,
allows measurement of particle velocity where, coupled with momentum information, al-
lows identi cation of hadrons, primarily kaons and pions. The other subdetectors are
more common to high energy detectors; the dipole magnet with more tracking sensors
allow momentum measurements of charged particles, Section 2.3, the calorimeters mea-
sure particle energy, Section 2.7 and detectors specialised for muons are located at the
far end, Section 2.8.
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Figure 5: Cumulative integrated luminosity of the LHCb detector. LHCb collaboration.

2.2 Beampipe

The LHCDb detector covers a high pseudorapidity region where there is a higher ux of high
energy particles. As a consequence, there are secondary collisions in the beam pipe that
increase the occupancy of detector modules nearby which can make event reconstruction
harder.

When the LHC proton bunches travel down the beam pipe, the charge of the protons
attract the electrons in the surrounding pipe which creates a mirror current that follows
each bunch. To minimise proton bunch disturbance, the wake charge has to be allowed
to travel freely around the LHC ring beam pipe. This also applies to Lead ion beams.

The Beryllium used to make the beam pipe is toxic, brittle and expensive, but it has a
low material density to minimise multiple scattering of particles created in the collisions,
is strong enough to hold the LHC vacuum and is electrically conductive for the wake
charge. Figure 6 shows the layout of the beam pipe within the LHCb detector.

The VELO sub-detector is an unusual part of the LHC vacuum system. It is placed
inside an extra cylindrical vacuum tank 1.4 m long and 1.1 m diameter. This allows a
design where the sensors are separated from the beam vacuum, around 10 *? atmospheres
and 2 orders of magnitude lower than the detector vacuum, by a aluminium foil 0.3 mm
thick in the thinnest regions. The nearest foil and active sensor edges can then be moved
as close to the beam axis as 4.5 mm and 8.2 mm respectively [22].

The foil also acts as an electromagnetic prophylactic, allowing mirror charges gener-
ated by the proton bunches to pass through the VELO detector with minimal impedance
which reduces the disturbances to the proton bean and beam pipe heating. The mirror
charges also induces wake elds from which the foil protects the VELO sensors electronics
from disruption as a Faraday cage. Its is called the Radio Frequency foil or RF foil for
this reason.
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2.3 Particle tracking and dipole magnet overview

The tracking system of the LHCb plays an important role in providing precise positions
of where particles travel in collision events. These include locations of the primary vertex
(PV), where the original LHC beam collision occurs, secondary or displaced vertex, where
heavy hadrons originating from the PV decay into daughter particles, and de ection
through the magnetic dipole revealing momentum information.
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Figure 7: All the possible track types that the LHCb detector can measure and the magnetic
eld magnitude along the z axis [1].

There are three di erent technologies used in the tracking system. The original VELO
detector uses strip silicon sensors with a circular geometry and has the highest spatial
resolution, more details are provided in Section 2.4. There are linear silicon strip de-
tectors installed upstream of the dipole magnet called the Tracker Turcensis (TT), and
downstream of the dipole magnet called the Inner Tracker (IT). The detector planes at
T1, T2 and T3 have the IT installed close to the beampipe where higher spatial resolution
is needed, while the Outer Tracker (OT) covers the rest of the larger area with gas straw
tube modules using drift time. More details of the TT, IT and OT are found in Section
2.6.

The LHCb uses a large water-cooled dipole magnet to de ect charged particles so that
their momentum can be measured. It has a forward acceptance of 250 mrad vertically
and 300 mrad horizontally. While it is not a superconducting magnet as originally
proposed, it provides an integrated magnetic eld of 4 Tm for 10 m tracks with a peak

eld of 1.1 T. It had to balance the need for less than 2 mT at both RICH detectors
but maximise the eld strength between the VELO and Trigger Tracker to get the best
momentum resolution, the eld pro le can be seen in Figure 7.
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The eld of the magnet is reversed periodically to control for systematic biases in the
LHCDb detector; since charged anti-matter particles bend in the opposite direction, its
important to avoid biases due to any subtle di erence in one half of the detector. Hall
probes mapped out the eld during commissioning to account for any variability due to
e ects like hysteresis.

2.4 VErtex LOcator (VELO)

The VErtex LOcator (VELO) is the LHCb sub-detector that has precise enough tracking
to locate displaced secondary vertices from heavy b and c-hadron decays. These displaced
vertices will be up to a few cm away from the primary vertex of the proton-proton collision.
It is made of 42 modules of silicon strip detectors. Each module has two back-to-back
sensors, one measures radial distance from the beam called the r sensor and the other
the azimuthal angle called the sensor to give a coordinate on the x-y plane, Figure 9
shows a detailed layout of the strips on each sensor. Figure 8 shows the arrangement of
the modules in relation to the LHC beam collision volume with a cluster of 32 modules
close to the interaction region and 10 further downstream in the positive z direction.
The pile-up detectors, as mentioned in Section 2.10 is located upstream in the negative
z direction for fast vertex detection.

The VELO gains precision of particle tracking due to its proximity to the interaction
region, but it means it has to endure high levels of ionising radiation. It also had to be
retractable when the LHC beam is being injected into the beam pipes before the proton
bunches can be declared stabilised once full energy is reached. When the two halves
close, seen in Figure 8, both sides give full sensor coverage around the beam where the
innermost strips are 8.2 mm away from the beam.

2.5 VELO performance

The VELO was optimised to nd displaced vertices with enough precision. It is designed
to cover the forward region of 15-300 mrad, or pseudorapidity from 1.6 < <4.9, where
all tracks will cross a minimum of three VELO stations. The tracking precision needs to
be su cient to measure the impact parameter? and the ight distance of heavy mesons
like B® or B?. The track reconstruction also needed to be e cient so that the High Level
Trigger can reduce the event rate from 1 MHz to a few kHz in a manageable time frame.

The performance numbers in this section is based on the 2014 paper on VELO per-
formance [22], which included 3 fb ! of data from before the rst Long Shutdown. The
exceptions are decay time resolution and thermal performance gures found later in this
section.

The average signal to noise ratio is around 20:1 and varies due each channel having a
di erence strip length and routing lines, as seen in Figure 9, which a ects its capacitance
and hence the noise for the electronic front-end.

The resolution of a particle track hit through the sensor is dependant on the angle
of the track with respect to the normal of sensor plane and the strip pitch. The best
precision is when the angle is around 8 with the minimum pitch of 40 m. Having at

2impact parameter is the closest distance of a track to a primary vertex
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Figure 8: 42 VELO modules and 4 pileup detectors, each giving a position on the x-y plane.
Each half of the detector can retract and close in to give full coverage around the LHC beam

[1].

least 3 hits on the VELO station further constrains the precision of the tracks down to
4 m.

The detector occupancy describes the fraction of channels hit per event in a sensor.
If it is too high it will increase the rate of incorrectly reconstructed tracks and the time
taken when reconstructing an event. Having more strips per unit area reduces occupancy
but increases cost and complexity, so higher density sensors are only placed where the
particle ux is expected to be higher. The occupancy in the VELO sensors were found
around 0.7% to 1.2% depending on the distance from the beam and position on the
beam axis from the collision point. If channels are less than 10% or three times the
normal occupancy, they are deemed dead or noisy and can be disabled in the front-end
electronics. Only about 1.1% of channels have been lost but the cluster nding e ciency
remains at 99.97%.

The tracking reconstruction e ciency is found by using a tag-and-probe method where
J= ¥ *  decays are fully constructed on one muon, an example of a full track is seen
in Figure 7, while the other muon is only reconstructed in the VELO. If most J= masses
are correctly reconstructed, it gives an indicator on the tracking e ciency of the VELO.
It was found that there is 98% e ciency across the range of pseudorapidity, momentum
of 10 to 150 GeV/c, azimuthal angle and number of tracks in the same event.
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A good accuracy of the primary vertex (PV) resolution is critical to determining the
decay time for CP violating and rare processes. It is highly dependent on the number
of tracks produced from the PV. From the 2011 data the resolution in x-y plane is 35-
10 m with the number of tracks from 5-40 respectively. It ranges from 270-60 m in
the z direction.

The impact parameter (IP) allows for identifying tracks of heavy mesons and their
decay products; background tracks can then be eliminated to give a clean data set. The
IP resolution of a track is inversely proportional to the transverse momentum of the
particle. The low momentum around 5 GeV/c yields a maximum of 90 m resolution
but levels out 30 to 20 m in the 30 to 70 GeV/c momentum range.

The decay time resolution is critical for precision measurements of decay times, a key
example was the measurement of BY- B ¥ D, * which revealed the B2-B? oscillation
frequency to be 17.63  0.11 (stat) 0.02 (syst) ps ! [24]. For short decay times, where
typically heavy mesons decay within the VELO detector, secondary vertex resolution
dominates. The average decay resolution from 2012 data is about 50 fs using the B?
¥ J= decay channel as a control [22].

R sensor Phi sensor

16 mm
84 mm

stri{)_s .
routing lines

Figure 9: Layout of strips and routing lines in R and  sensor. The routing lines carry the
charge pulses from the strip to wire bonds onto the Beetle chips.

2.5.1 Electronic front-end

Each VELO module use on each side, 20 Beetle Application Speci ¢ Integrated Chips
(ASIC). They are radiation hardened and use 0.25 m CMOS technology. Each chip has
128 inputs analogue coming from the silicon strip sensor with signals arriving at a rate
of 40 MHz from the LHC bunch crossings, or every 25 ns. The output is an analogue
signal which needs to match the 1 MHz accept rate of the LO trigger. The Beetle uses
12C protocol for con guration [25].
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Each channel has a charge sensitive pre-ampli er and shaper and has a bu er That
holds 160 analogue signals that are stored for up to 4 s which allows for the latency of
the 1 MHz LO trigger. The trigger will select an event and the Beetle will read out the
appropriate slot before it is shifted out of memory. The 128 channels are multiplexed
into four output lines, hence 80 lines go out of each side of a module.

Figure 10 show how kapton cables are used to connect the output lines and some of
the input lines related to chip control. The long kapton cables have to be exible to
accommodate the movement from the two VELO halves. The Repeater board is located
just outside the VELO vacuum tank and while repeating output and control signals,
houses voltage regulators for the front-end and trigger electronics.

To motion and Status from cooling,
cooling vacuum, motion, BCM
VELO
hardware
interlock
CAN <> Temperature
USB board L 4
Repeater
data TELL1 board Bee
DAQ |€—HGBE Cﬁie; N
Driver cards
60 m analogue
TrggeLTF S — long short [0
: data transmission Pl—>1>2f ¢
Sl ECS card kapton cables S
Control

SPECS

e <P boards LV card

[ v Vpatoh |____ 4
CAEN panels
HV HV patch
> ISEG panels

Figure 10: The electronic chain from the VELO module [1].

2.5.2 VELO cooling

When the VELO sensors are irradiated, the conductivity of the silicon changes, and the
sensors are prone to rapidly overheating. More on the e ects of silicon irradiation on the
VELO and thermal runaway is discussed in Section 3.2.2.

The VELO uses a CO; cooling system to prevent the silicon sensors going at least
above -5 C. At the base of each VELO module, ve aluminium cooling blocks are attached
to the substrate which has stainless-steel cooling capillaries plumbed into the blocks.
The core of the substrate is 400 m thick thermal pyrolytic graphite (TPG) which has
excellent thermal conductivity parallel to the planes of the TPG molecular layers. The
silicon sensors and the hybrid electrical circuit layer with its components are glued onto
this TPG substrate [26].

The CO; cooling is bi-phase; when performing nominally, the capillaries at the VELO
modules will have a mix of liquid and gaseous CO,. The liquid CO, is designed to boil
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while absorbing heat from the aluminium blocks to take advantage of the latent heat
of evaporation. The CO, is around -28 C and the sensors are kept at -7 C. The heat
produced by each module is about 20 W, most of which is coming from the beetle chips.
When the silicon material is irradiated, there is a process of self-annealing naturally
occurs over a period of time and is highly temperature dependant. Occasionally during
maintenance opportunities the VELO sensor is brought up to room temperature for a few
days where the thermal energy is enough to change the characteristics of lattice defects
accumulated during irradiation and reduces the required depletion voltage. However,
there is also a reverse-annealing e ect that increases the depletion voltage and so it is
important to otherwise keep the silicon sensors below -5 C to stave o the unwanted
self-annealing [10]. The cooling system has redundant systems to ensure 24/7 cooling.

2.6 Silicon and straw trackers

Downstream of the VELO there are other tracking detectors. The Tracker Turicensis
(TT) [27] and the Inner Tracker (IT) [28] using silicon strip technology suited for the
higher occupancy from higher particle ux. The Outer Tracker (OT) [29] surrounds the
IT stations and uses straw tube drift chambers to cover a larger area. Figure 11 shows
relative positions of the trackers; the TT is upstream of the dipole magnet and the rest
downstream.

Both the TT and IT uses silicon micro-strips with a pitch of 200 m, the strip lengths
vary with the expected occupancy depending on its position the beam pipe. Each station
of the tracking detectors have four layersina (x u v Xx) pattern where x are vertical
strips, u is tilted 5 and v is +5 from the vertical. By having slanted planes of strip
detectors, it is optimised for higher horizontal precision than vertical; a desirable feature
for measuring momentum from charged particle de ection from the dipole magnet.

The TT and IT have similarities to the VELO detector. They use Beetle chips for
readout, Kapton cables and have an active cooling system although CgFy4 is used. The
tracker detectors are isolated in boxes from heat, electrical interference and external light
and is ushed with nitrogen to avoid condensation on the detectors which is kept below
5C.

The outer tracker uses 70% Argon and 30% CO, which gives a drift time below 50 ns
and a drift-coordinate of about 200 m. The OT is also enclosed in a box and water
cooled. Like the silicon detectors both halves are able to be moved horizontally to give
maintenance access to other detectors like the RICH detector.

2.7 Calorimeters

The Calorimeters provide measurements for particle identi cation, trigger and some en-
ergy and position information. A pre-shower detector (PS) is placed in front of the
Electromagnetic Calorimeter (ECAL) to improve discrimination from a large charged
pion background. A scintillator pad detector (SPD) located in front of the PS to distin-
guish between electrons and high traverse momentum ©s. Photons and charged particles
can be distinguished by a lead sheet placed between the SPD and PS; the lead causes
showering from the photon and lights up the SP, but charged particles will light up both.
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Figure 11: Layout of tracking detectors beyond the VELO, purple is the silicon detectors

including Tracker Turicensis and Innner Tracker, light blue is the straw tube Outer Tracker, red
is the beam pipe [1].

The ECAL allows identi cation of potential electrons, photons and hadrons candi-
dates. It is a Shashlik layout where there are 66 layers of lead and scintillator plates
normal to the LHC beam, 2 mm and 4 mm thick respectively. It is 25 radiation lengths
for photons to ensure that they are fully contained in the ECAL for better energy res-
olution. The light from the scintillators are transferred via bre optic cables to Photo
Multiplier Tubes (PMT). Fibre optic cables and PMTs are also used for the PS and
HCAL [30].

The hadronic calorimeter (HCAL) is 1.65 m thick and has iron and scintillator plates
parallel to the LHC beam and is segmented in a manner to avoid a straight line of sight
through the scintillator plates.

Its main purpose is to provide useful data for the LO hadron trigger. There is also
some data for particle identi cations; electrons can be ruled out in HCAL events for
example. The material in both the ECAL and HCAL attenuates almost all of LHCDb’s
interacting particles except for muons which continue through to the downstream muon
detectors.

2.8 Muon detectors

The muon detectors are an important part of the rst level trigger together with the
calorimeters. The time resolution must be below 25 ns to distinguish from separate LHC
bunch crossings. The rst muon detector station situated in front of the calorimeters is
dedicated to the rst level trigger only. During event reconstruction the four remaining
muon detectors provide key information due to the clarity of the signal, there is virtually
no background making the trigger especially e ective. It also is useful for opposite side
tagging for semileptonic B decays [31].

Multi-wire proportional chambers (MWPC) are used, using an Ar/CO,/CF, gas, with
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Figure 12: A side view of the muon system. The di erent regions from R1 to R4 are shown,
based on the expected occupancy of the detector space. The R1 region in the M1 station are
Gas Electron Multiplier (GEM) detectors in red. The rest are Multi-wire proportional chambers
(MWPC) sensors with di erent readout technology; mixed wire-cathode pads in yellow, cathode
pads in orange and wire pads in green [1].
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276 chambers per station. The exception is the rst trigger station that uses 12 triple
layer GEM detectors in the inner most region which is subjected to the highest radiation
and occupancy. The other areas have di erent readout systems for the MWPC technology
to adapt to the di erent rates of occupancy and required spacial resolution which vary
over the acceptance of the LHCb as shown in Figure 12.

Each station is split in two halves vertically which allows them to slide outwards to
allow access to the beam pipe and other inner detectors for installation and maintenance,
similar to the calorimeters [32].
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2.9 Ring Image Cherenkov (RICH) detectors

The RICH detectors are important for distinguishing primarily protons, kaons and pions
in nal state charged particles and improves the yield for many decay channels of interest
to the point that analysis is possible.

When a charged particle passes through the medium of a RICH detector, it polarises
the gas and causes the wake to emit light. Since the particle is travelling faster than the
speed of light in the medium, the photons constructively interfere to create a series of
light cones emerging at a characteristic angle as seen in Figure 13a. The Cherenkov angle

¢ Is related by

(1)

where v is the speed of the particle, c is the speed of light and n is the refractive index
of the medium.

The Cherenkov light is collected on a spherical mirror, re ected on at mirrors and
onto a plane of photon detectors positioned at the focal plane of the spherical mirror.
The optics of the mirrors ensure that the focal image on the photo-detector plane is
independent of where the source of the light cone is along the particle’s ight path. All
the light from a charged particle will therefore form a ring onto the photo-detector plane
where the size of the ring indicates the Cherenkov angle ..

The detector mediums of RICH1 is C4F10 and RICH2 is CF4. Figure 13b shows how

¢ varies with particle momentum, by comparing the particle’s de ection through the
dipole magnet, to the Cherenkov angle from the RICH detectors, a likelihood of whether
it is a pion, kaon or proton can be calculated and used for the trigger systems.

The aerogel has a promising refractive index that has potential to distinguish protons,
kaons and pions in a lower momentum range that the uorocarbons gasses could not
give. However, its performance was not as good as expected and its mass reduced the
momentum precision. The aerogel was removed in the long term shut down of 2013 [33].
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Figure 14: The RICH1 subdetector is located just after the VELO module, while the RICH2
is just after the tracking stations as seen in Figure 3.

The photon detectors used are Hybrid Photon Detectors (HPD) which are able to
convert photons around 200-600nm with a quartz input window into photo-electrons
which are accelerated in the HPD’s vacuum vessel to strike onto a 32 32 silicon pixel
array [1].

2.10 LHCb trigger

The LHCD uses a trigger system to discriminate the millions of events per second during
its operation in real time [34, 35]. For example at LHCb design luminosity, 2 1032 cm?
s I, it was expected that the rate of bb pair events occur at the rate of 100 kHz with a
15% subset with its decay products measurable with the LHCb’s acceptance; CP violating
and rare decays of interest have cross-sections that reduce the event rate three orders of
magnitude. The hardware trigger layer, Level-0 (LO), operates at a rate of 40 MHz input
and 1 MHz output. The software based High Level Trigger (HLT) was designed to output
event data around 2 kHz [1] but it has been improved to output around 12.5 kHz and
the luminosity has be increased, as detailed later in this section.

The LO trigger takes 2048 channels from the pile-up detector in the VELO detector,
19420 channels from the calorimeter detectors, and 25920 channels from the muon detec-
tor and combines the data the Decision Unit (DU) to select potential event candidates.

The pile up detector is four planes of silicon strip detectors as seen in Figure 8, similar
to the VELO modules detailed in section 2.4, and located in the negative z direction to
the beam collision centre. The pile-up data can quickly determine if an beam crossing
has multiple primary vertices and reject events that are too busy. It turns out the LHCb
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Figure 15: Level-0 hardware trigger which operates at 40 MHz and selects for high transverse
momentum, energy and displaced vertices[1].

detector can cope with a bigger occupancy than expected which meant Run Two ran at
twice the design luminosity. The pile up detector is not used as intended but it has been
useful for specialised triggers focusing on low multiplicity events.

The calorimeter channels provide data on the transverse energy (Et) of electrons,
photons, °s and hadron candidates. The threshold for E; is 3 GeV for e and , and
3.7 GeV for hadrons. These give an indication that the candidate event has some heavy

avour of interest.

The muon trigger gives information on high transverse momentum (pt) which also
indicates heavy avour events. To pass the selection, muon tracks need to pass through
all ve planes of the muon detectors and have a pr threshold of 1.5 GeV=c for single muon
and average 1.3 GeV=c for di-muon candidates [36].

The LO-DU collects and bu ers the channels coming from all the LO sensors, with the
large size of the LHCD detector, signals from the same event take di erent times to arrive
at the DU depending on the location of its local sensor. The DU does simple logic within
2 s to pass or fail each event and pulls out its data from the bu er to be passed on to
the HLT

The HLT is a C++ software based trigger which is run on the Event Filter Farm
(EFF) with thousands of CPU cores each executing an algorithm related to the HLT.
There are two subsections to the HLT, the HLT1 and HLT2.

The HLT1 does partial reconstruction of events using similar data that LO uses, such
as transverse momentum estimation from track reconstruction, but in a more complete
way. In this respect it con rms the LO trigger and applies more stringent cuts and about
15% of events pass a subset of the sub-triggers of the HLT1.

The HLT?2 uses all the detector information to reconstruct composite particles from
each event’s nal state particlessuchas K ¥K™*™ *orJ= ¥ * | More sophisticated
selection like reconstructed mass cuts or the kinematics of heavy hadrons can be used.
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