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1 Summary

The Large Hadron Collider (LHC), CERNOs proton-prain collider, which will collide protons with a
centre of mass energy of 14 TeV, was switched on September 10, 2008. During that day, the LHC
operators managed to inject, in a step-wise approach, single proton bunches from the Super-Proton-
Synchrotron into the LHC and to complete a full turn of the 27 km ring in both beam-directions.
Commissioning went on until September 19 when an incident happened, which requires repair work
on some of the magnets. Investigations are ongoing; a detailed schedule can only be given after they
have been terminated. Very preliminary, the LHC should start up mid 2009.

In an enormous effort over more than 15 years the world-wide particle physicist community has
designed, developed, constructed and installed four detectors, in order to exploit the physics at the
TeV scale, which will shed light on the nature of electro-weak symmetry breaking and where
supersymmetric particles or extra spatial dimensions may be discovered (Scientific goals of the LHC:
see section 2.1).

Switzerland significantly contributed to three of the four experiments (ATLAS, CMS, and LHCb) with
contributions from the Universities of Berne, Geneva and Zurich', as well as from ETHZ and EPFL.
Section 2.2 of this document summarises the Swiss contributions to the three LHC detectorOs design,
construction, commissioning and operation.

" in addition, the Universities of Basel (until the retirement of Prof. Tauscher in 2004) and Lausanne (until the transfer of its

activities to the EPFL) have been involved.
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CERN in his role as the host laboratory of the LHC accelerator supports also the experiments
designed to measure the reaction products at the interaction regions of LHC. However, CERN
requests the funding agencies involved in the detector investments to contribute to the daily running
and maintenance expenses. In addition each institute, which has contributed to sub-detectors or to
other components of an experiment is expected to provide the necessary scientific and technical
manpower to operate that component and maintain it in good working order for the whole lifetime of
the experiment of at least 10 years. The details of CERNOs concept of maintenance and operation as
well as an overview of the expected costs, which Switzerland is supposed to cover, can be found in
section 2.3.

The budgets 2009 have been approved by CERNOs Resotce Review Board on 11/12 November; from
them, the following Swiss contributions have been calculated for that year: ATLAS B 252 kCHF,
CMS b 496 kCHF; LHCb B 228 kCHF. The detail is show in section 2.4.

2 Research Plan

2.1 Scientific goals of the LHC

Experimental results during the past two decades have shown outstanding agreement with the
Standard Model of electroweak and strong interactions. In particular, the combined results of the
CERN and Fermilab proton-anti-proton colliders, of the HERA electron-proton collider and of the LEP
electron-positron collider, have enabled comparisons of the properties of the fundamental interactions
at the percent level within the Standard Model. The fundamental particles of the model include three
families of pairs of quarks and leptons (u, d, e, /¢), (¢, s, W, /) and (t, b, *, /.), whose interactions are
described by a quantum field theory with a gauge structure involving the mediation by gluons for
strong interactions and by the triplet of vector bosons (W, Z°, #) for electroweak interactions.

Despite the convincing experimental verification, the Standard Model is incomplete. It is formally
inconsistent without the existence of the so-called Higgs mechanism or something equivalent to
generate the masses of the gauge bosons via spontaneous symmetry breaking. Furthermore there is
no natural explanation for the many parameters of the Standard Model, for instance the existence of
just three families of fundamental particles, the minimum needed to allow a matter-antimatter
asymmetry in the weak interactions of the quarks.

Even with a Higgs mechanism included, the Standard Model contains theoretical problems with
instabilities of quantum fluctuations of the Higgs field. Supersymmetry is a fundamentally new kind of
symmetry that associates each fermion with a bosonic partner and vice versa resulting in a doubling of
the particle spectra. Supersymmetry resolves many of the limitations of the Standard Model, including
unification of the three gauge couplings at a single point in energy at 10™® GeV and the possibility to
incorporate also gravity in a natural way into a general quantum field theory of fundamental
interactions. Furthermore the lightest supersymmetric particle is a convincing candidate to explain the
existence of the large amount of so-called dark matter in the universe, which has been first observed
by the astrophysicists in an indirect way through its gravity interaction.

So far no direct experimental evidence for the new supersymmetric particles has been found. The
search for the Higgs and the supersymmetric particles represents the compelling motivation for
constructing LHC and the two associated general-purpose detectors, ATLAS and CMS. In addition the
specialised experiment LHCb has been designed to study b quark interactions and to provide new
insights into the fundamental questions related to the matter-antimatter asymmetry, which enables
indirect searches for physics beyond the Standard Model.
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2.2 The Swiss contributions to the LHC experiments

The LHC will collide protons at an unprecedented energy (Ecy = 14 TeV) and luminosity (L = 10*
cm' s’ l). After having repaired the damage caused by the incident that happened during
commissioning, the start-up of operations is expected in summer 2009.

The experiments at the LHC consist of various components to detect and measure the particles
produced by the proton collisions in the accelerator, to select interesting collision events, and to store
and analyse the data taken. After enormous intellectual and technical efforts in research and
development, detectors with optimal measurement accuracy were constructed and installed at the
collision points of the accelerator. Presently commissioning of all these very complex systems is going
on. Many of the contributing Swiss physicists were engaged in this preparatory work since the
beginning, more than 15 years ago.

Detector No. of institutions Swiss institutions | Swiss contributions to development and construction
involved worldwide | involved of detectors

ATLAS 169 Bern and Silicon strip tracking, calorimeter readout electronics,
Geneva high-level trigger, data acquisition, event building, data
University logging, coil-casings, superconducting cable

CMS 183 Basel’ and Pixel detector, silicon strip detector, crystals, photo-
Zurich University, | sensors and readout electronics for electromagnetic
ETHZ, PSI calorimeter, superconductor for the 4 Tesla solenoid,

magnet procurement

LHCb 51 EPFL, Zurich Silicon strip detectors, readout boards for

University subdetectors, vertex detector readout link, trigger

Table 1: The three LHC experiments with Swiss participation. The last column lists the corresponding
sub-detector hardware contributions. In addition all Swiss institutes involved are actively participating
in the preparation of physics data analysis.

The contributions of the Swiss particle physics community to three of the four experiments at LHC are
listed in Table 1. No Swiss groups are involved in the fourth experiment (ALICE), dedicated to heavy-
ion physics.

In addition, the Swiss community initiated through the Swiss Institute for Particle Physics (CHIPP) a
computing centre of type OTier-20, located at the Viiss National Computing Centre CSCS in Manno.
This Tier-2 is operating since a couple of years and is being upgraded yearly according to an
installation roadmap.

2.2.1 Swiss contributions to the ATLAS construction

The following institutes are involved in ATLAS:
University of Bern: Prof. A. Ereditato, PD H.P. Beck
University of Geneva: Prof. A. Blondel, Prof. A. Clark, Prof. M. Pohl, Dr. X. Wu, Dr. L. Rosselet

The ATLAS experiment is designed to optimally measure the energy and direction of photons,
charged leptons and other charged particles with high precision and within a dense tracking
environment, following proton-proton or heavy ion collisions at the centre of the experiment. It is
designed to operate at high LHC luminosity L=10* cm™s™ and to detect a range of physics signatures.

The overall detector layout is shown in Fig 1. The construction of detector components is complete
and the detector is now being commissioned in the ATLAS cavern.

2 until 2004
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The pattern recognition, momentum and vertex measurement, and electron identification of charged
tracks are achieved with a 7m length inner tracking detector: a combination of discrete semiconductor
pixel and micro-strip elements, and an external straw tube tracker with transition radiation capability.
The highly granular, very hermetic and radiation tolerant electromagnetic and hadronic calorimeters
provide excellent performance to within 1 degree of the beam-line. The calorimeters are surrounded
by a muon spectrometer, using a large high-field air-core toroid system that defines the overall size of
the experiment.

The magnet system is based on an inner thin superconducting solenoid surrounding the inner detector
cavity and large superconducting toroids consisting of eight independent coils arranged outside the
calorimeters.

The Swiss groups involved in ATLAS are founding members of the collaboration and were involved in
the design and physics evaluation of the experiment. After many years of research and development,
prototyping and construction, the groups made major construction and commissioning contributions as
shown in Figure 1.
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Bern and Geneva

Figure 1: The ATLAS experiment at the CERN LHC. Contributions to the construction of ATLAS by Swiss
groups are indicated.

They include:

- the provision of superconducting cable for the barrel toroid magnets and the aluminium coil
casings for these magnets;

- a major role in the micro-electronics design and prototyping for the readout of the inner silicon
tracking detector (SCT), the silicon module design and prototyping, the construction of 17% of the
silicon modules and the silicon tracker mechanics;

- amajor role in the design, construction and integration of the readout drivers (RODs) for the liquid
argon calorimeter readout;
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- the implementation of the event transfer from the level 2 trigger buffers to the Event Builder and
Event Filter at the final level of event selection;
- the implementation of data transfer towards the off-line reconstruction farms.

The major ongoing OconstructionO task of the Bernral Geneva teams is now the real-time selection of
events in the experiment.

Both teams are heavily involved in the commissioning of the experiment as a whole and in particular
the contributions noted above. The teams are also developing the local computing infrastructure
required for data analysis.

2.2.1.1 The silicon tracking detector (SCT)
University of Geneva: Prof. A. Clark

The Geneva group was a founding member in the study of tracking detectors at the CERN LHC and
accepted major R&D and construction responsibilities. The tracking detector is a technically
demanding aspect of the ATLAS system, since extreme performance of detector speed and signal
integrity is needed in regions requiring radiation hard technology. The central (barrel) section of the
SCT was installed in the ATLAS experiment in August 2006, and the forward (end-cap) sections were
installed in June 2007. The pixel detector and the beryllium beam pipe were installed inside the SCT
late in 2007 and cabling continued early in 2008. Figure 2 (left) shows the integration of the SCT barrel
as part of the Inner Detector and Figure 2 (right) shows one disc of the end-caps prior to installation.

Figure 2 (left): Integration of the SCT barrel on the surface before installation in the ATLAS pit.
Figure 2 (right): One disc of the SCT end-cap during integration

Extensive tests of the SCT on the surface before installation, and short tests on each module (in most
cases without cooling) after installation confirmed that only 0.03% of the 6.3 million silicon readout
channels are defective.

Cooling of the pixel and SCT detectors is essential to reduce the detector noise after irradiation. A
series of problems associated to the cooling plant prevented the turn-on of the full detector until
August 2008. In early August, cooling was provided for the beam-pipe bake-out and for initial pixel
commissioning. In later August, the full SCT was powered for the first time. Since then, the Geneva
group, in collaboration with other SCT institutes, has concentrated on the commissioning and data
monitoring of the SCT. At present, 97% of the SCT detector is operational, including the 27 modules
on 1 cooling loop that has a leak. Figures 3a and 3b show the noise occupancy measured for SCT
modules in respectively the barrel and end-cap regions. The mean value of 4.5 x 10® is in agreement
with measurements on individual modules before installation. Extensive calibrations will continue in
the coming months. Figure 4 shows a reconstructed cosmic ray track in the Inner Tracking Detector,
with reconstructed space points from both the SCT and pixel.
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The major future activity will involve maintenance and operational responsibilities.
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2.2.1.2 The Readout Modules (ROD) of the Liquid Argon  Calorimeter
University of Geneva: Prof. A. Blondel, Prof. A. Clark

The Geneva group collaborated with LAPP Annecy on the design, prototyping and implementation of
the readout driver electronics (ROD) for the ATLAS Liquid Argon calorimeter. This was a technical
challenge, since it involves high-speed data transfer and correction, and also calibration electronics
and software to maintain an accurate energy measurement in the LAr calorimeter. The group was
responsible for the technical coordination of the project, and for the development and construction of
the ROD motherboard.
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A total of 228 ROD boards, plus 17 spares, have been constructed and fully commissioned (see
Figure 5). The control and monitoring of the RODs has also been fully implemented by the group. The
major future activity involves maintenance and operational responsibilities.

2.2.1.3 Trigger, Data Acquisition, and Online Computi

Figure 5: One of the 245 read-out (ROD)
drivers constructed for

the LAr and

hadronic calorimeters.

ng

University of Bern: Prof. A. Ereditato, PD H.P. Beck
University of Geneva: Prof. A. Clark, Prof. M. Pohl, Dr. X. Wu

The Bern group has major responsibility for the Data Collection (H.P. Beck is convenor and a member
of TDAQ steering group), which provides the movement of detector data in real time to the Level 2
trigger, the Event-building and from there to the Event-filter, and the data logging system, which
handles accepted event data from the Event-filter before they can be sent to the Tier-0 centre for first
reconstruction (Figure 6), which handles accepted event data from the Event-filter before they can be
sent to the Tier-0 centre for first reconstruction.

Cosmic events recorded and processed by ATLAS since Sep 13, 2008
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Figure 6: Number of
cosmic events accepted
by all three trigger
levels, built in the Event
Builder, recorded by the
data logging system and
shipped to the Tier-0
centre within 45 days.

Almost a Peta-Byte of event data has been triggered, processed and recorded during this yearOs
commissioning activities, demonstrating that the TDAQ system can easily handle the required

performance figures during LHC operation.
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The Geneva group is strongly involved in the design and implementation of the Level 2 calorimeter
trigger algorithms, including electromagnetic calorimeter cluster correction, trigger monitoring,
integration with the pre-series, and overall coordination (X. Wu is Deputy Trigger Coordinator). A
second activity concerns the data preparation, algorithm timing and physics performance, calibration,
online integration and commissioning with cosmic rays, trigger. A third activity concerns the design
and implementation of the high-level trigger steering software to control the step-wise execution (for
early rejection) of the trigger algorithms.

The major construction expenses, shared between Bern and Geneva, are for the provision of
computing CPU and ancillary infrastructure, as well as networking switches. This was being delayed
as much as possible before the first beam in September 2008, and ~50% of the infrastructure is
installed. The remainder will be installed progressively with the ramp-up of luminosity, because of
expected cost reductions.

The groups played an active role in technical runs to prove the performance of the trigger and data
acquisition before and during the first LHC beams. Following the commissioning stage with the first
collisions now expected during 2009, the main activity will be the development and maintenance of the
hardware and software infrastructure and the evolution of trigger selections.

Both groups have also contributed to the trigger event-selection strategy.

2.2.1.4 First Protons in ATLAS

The Large Hadron Collider (LHC), CERNOs proton-prain collider, was switched on September 10,
2008. During the day, in a step-wise approach, single proton bunches of 450 GeV energy from the
CERN SPS were injected into the LHC and to make a full turn in both beam-directions. The beam was
initially stopped by closed collimators, before reaching ATLAS, producing a "splash" of particles
produced. A reconstruction of the 1st event recorded by ATLAS is shown in Figure 7. The event was
recorded by all sub-detectors excepting the pixels (the Pixel Detector was turned off as a precaution
and the SCT was operated with a bias voltage of 20 V for the same reason). During the first week of
operation, prior to the machine incident, these events proved valuable in constraining optimisations of
the detector alignment.
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first beam event seen in ATLAS

Figure 7: The first clock-wise circulating proton beam was initially stopped by collimators preceding the
detector, producing "splash" from the particles hitting the blocks.
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2.2.2 Swiss contributions to the CMS construction

The following institutes are involved in CMS:

ETH Zurich: Prof. G. Dissertori, Prof. Ch. Grab, Prof. U. Langenegger, Prof. F. Pauss
Paul Scherrer Institute (PSI): Dr. R. Horisberger, Dr. Q. Ingram, Dr. D. Renker
University of Zurich: Prof. C. Amsler

CMS is designed to measure the energy and momentum of photons, electrons, muons and other
charged particles with high precision, resulting in an excellent mass resolution for particles decaying
into these final states. CMS consists of a powerful inner tracking system based on silicon technology
(microstrip and pixel), a scintillating crystal calorimeter (Lead-Tungstate (PbWQ,) crystals) followed by
a sampling hadronic calorimeter made out of plastic scintillator tiles inserted between brass absorber
plates, and a high magnetic field (3.8 Tesla) superconducting solenoid coupled with a multi-layer
muon system.

The Swiss groups involved in CMS are members of the CMS Collaboration since 1994 and have been
involved in the design and physics evaluation since the early phase of CMS. After many years of
research and development activities, prototyping and construction, all sub-detectors where Swiss
teams have been involved (Figure 8) are installed in the CMS detector.

The CMS Detector
Weight: 12'500 t
Diameter: 15 m
Length: 21.6 m '

Magnetic field: 4 T |

Crystal calorimeter
ETHZ, PSI

Organization of magnet
procurement
ETHZ

WMS CONDUCTOR
R T ]

Pixel detector
PSI, ETHZ, UniBa, UniZh

e PN
e \ :

&3 )
Software & Physics \ -
ETHZ, PSI, UniBa, Unizh e

UniBa until 2004

Figure 8: The CMS experiment at LHC. The contributions to the construction of CMS by the different Swiss
groups are also indicated.

During 2008 impressive progress has been achieved in assembling, testing and commissioning the
CMS detector in the experimental hall located 100 m below ground level. Enormous efforts went into
the timely installation of both endcaps of the electromagnetic calorimeter (ECAL) as well as the barrel
pixel detector. In both sub-detectors Swiss groups played a major role, as described in more detall
below.
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The detector transfer into the underground experimental cavern was very successful. Particularly the
transfer of the central barrel wheel (YBO), supporting the magnet coil and its cryostat and weighing
about 2000 tons, was a worldwide press and media event. Directly after the transfer of YBO into the
underground cavern the installation of the central barrel detectors and their services could start. After
the completion of the HCAL barrel detector, the ECAL barrel installation followed and the preparations
for the installation of the central Tracker detector were initiated just before Christmas 2007. On
December 20" the central Tracker was successfully installed. New Year 2008 started with the
completed CMS barrel detector (Figure 9) and preparations for detector commissioning and End-cap
detector completion could be launched.

In parallel, the installation of barrel detector cables and services onto the magnet cryostat was a highly
complex engineering project due to physics constraints for the routing of, particular timing-critical,
optical fibre cables. Furthermore, this had to be consistent with Muon detectors access and
maintenance. The Muon detector system is installed inside the YBO magnet yoke pockets and is partly
covered by cables and services from the central barrel detectors (Figure 10). An additional
complication is the resistive heating of cables, which provide electrical power to the detectors. In order
to guarantee the thermal balance of the CMS detector an active cooling is used. This thermal screen
covers all detector cables and services.

Figure 9: The finished installation of the ECAL barrel and the
barrel tracker detectors (January 2008).

Figure 10: The complex cables and
services installation onto the magnet
cryostat, part of the CMS central barrel.

End of August 2008 all detectors have been installed and by now the detector commissioning is well
advanced. This includes the ECAL End-cap detectors, which could be installed after an optimization of
schedules for crystal delivery, parts production, mechanical and electronics integration and installation.

Figure 11 shows the status just before the final detector configuration is reached, with the beam pipe
passing through the CMS end-cap, suspended by a very thin titanium rod and stabilized by three
stainless steel wires. The HF detector is shown ready to be raised to beam height, waiting on two
(yellow) raisers. After moving the HF upward with a screw jack system, two additional raisers are slid
underneath one by one. This operation completed the closure of CMS.

Through its leadership in the CMS integration and engineering centre at CERN, ETH plays an
important role in the coordination of the activities described above.

10
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Figure 11 (above): Detail of the CMS-LHC beam pipe
suspended from wires inside the End-cap detector.

Figure 11 (left): The CMS forward Hadron calorimeter
ready for closure around the CMS-LHC beam pipe.

2.2.2.1 The CMS electromagnetic calorimeter (ECAL)

ETH Zurich: Prof. G. Dissertori, Prof. F. Pauss (Co-Chair of ECAL Steering Committee)
PSI: Dr. Q. Ingram (chairperson of the ECAL Institution Board), Dr. D. Renker (APD project leader)

CMS has chosen a high precision electromagnetic calorimeter using about 760000 Lead-Tungstate
(PbWOQ,) crystals, which cover a pseudo-rapidity range of Il < 3. The crystals are produced in Russia
and China (F. Pauss contact person).

The insertion of supermodules in CMS took place during two campaigns, the first half-barrel in May
and the second one in July 2007. The final cabling of the barrel was completed in November 2007. All
supermodules were connected to their services (high and low voltage supplies, cooling plant, detector
safety and control system) and to their readout/trigger electronics, and have been successfully
commissioned, reconfirming the excellent quality. The ECAL barrel is integrated in the general CMS
DAQ system and contributes regularly to the CMS global runs, recording cosmic events.

The last ECAL endcap crystals were delivered on schedule on March 7, 2008. The endcaps consist of
4 ODeesO each comprising 3,662 scintillating leadihgstate crystals. The assembly of the Dees (one
half endcap) was a challenging task, given the very tight time schedule for installation in CMS, before
the final closure of CMS.

The first Dee was transported from the ETH electronics integration centre in building 867 to point 5 on
July 8. It took less than six weeks to mechanically install, connect the services and the data/trigger
links and finally commission the readout of this complex detector. Probably one of the most stressful
moments was when the second Dee (a 12-tonne, 3.5-metre-high object containing the fragile crystals)
had to closely approach the first one, with a clearance of less than one millimetre (Figure 12). As
usual, experience plays an important role and the installation of Dee 3 and Dee 4, on the other side of
CMS, was easier and faster. On August 18, the installation of both endcaps was completed. ETH
physicists, engineers and technicians were involved in this huge effort.

The commissioning of the DAQ and of the readout electronics represented a challenge, too. However,
it took only eight days to take the endcaps from a state where they were just powered on to a state
where a fair fraction participated in a global run in mid-August.

11
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Figure 12 (above): Approach of Dee2 versus Deel with a very
small clearance, one of the most difficult operations in the
mechanical installation.

Figure 12 (right): Deel and Dee2 attached to the endcap
hadronic calorimeter.

2.2.2.2 The Barrel Pixel Detector

PSI: Dr. R. Horisberger (CMS pixel project manager)
ETH Zurich: Prof. Ch. Grab, Prof. U. Langenegger
University of Zurich: Prof. C. Amsler

The pixel detector is the innermost tracking device of the CMS experiment. The pixel detector is
composed of 1440 modules arranged in three barrel layers (at a radial distance of r = 4.4, 7.3 and 10.2
cm from the beam pipe) and two endcap disks, providing three-dimensional space-point
measurements. With a pixel size of d# $ dz = 100 um $ 150 pum, a hit resolution of 10 B 20 um is
achieved.

The pixel detector modules consist of a sensor segmented into pixels by implantation plus 16 readout
chips (ROC) bump-bonded to the sensor. This bare module is glued onto silicon nitride base strips to
provide mechanical strength. A high-density interconnect (HDI) flex print is glued on top of the sensor.
The ROCs are connected via wire bonds to the HDI, which distributes the readout and control signals.

PSI, ETH Zurich and the University of Zurich have designed the pixel sensor and the readout chip,
and have made major contributions to other system components. These institutions are also
responsible for the construction and commissioning of the barrel pixel detector (BPIX).

The BPIX was constructed and tested at PSI. The barrel support tube construction and the optical fibre
dressing were done at the University of Zurich. The Pixel detector was thoroughly tested for a last time
at PSI, prior to its transport to CERN and its installation into CMS at Point 5. Each of the two half
shells was mounted and pre-cabled with the corresponding supply tube half cylinders in a so-called
transport and installation cassette. The transport from PSI to the SX5 building on July 15 went
smoothly. Upon arrival in SX5 a subsequent test with a portable DAQ system showed that none of the
~120000 pixel readout chips got damaged during the260 km ride from Viligen to Geneva. The
installation of the BPIX system started on July 22 at noon with its lowering by crane through the main
shaft. The actual installation procedure started in the late afternoon and after a couple of hours the
first half-shell of the barrel Pixel detector rolled on its rails into its final position in the very centre of
CMS. The installation of the second barrel Pixel half-shell was successfully accomplished on July 24
(Figure 13).

12
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Figure 14: Picture of CMS in the final closed position, ready for
data taking.

Figure 13: Pictures taken during the Barrel Pixel installation.

2.2.2.3 First Protons circulation in CMS

The Large Hadron Collider (LHC), CERNOs proton-prain collider, started operation on September 10,
2008. During that day, the LHC operators managed to inject, in a step-wise approach, single proton
bunches from the Super-Proton-Synchrotron into the LHC and to complete a full turn of the 27 km ring
in both beam-directions. At 10:00 a.m. CMS (Figure 14) saw the proton beam of LHC at an injection
energy of 450 GeV passing through the experiment for the first time ever, in the clockwise direction.
The beam was initially intentionally stopped by blocks around 150 meters before CMS at Point
5, producing debris (or a "splash") from the particles hitting the blocks, as illustrated in Figure 15. The
CMS data taking system proved to be ready and up to the challenge by producing these events
displays right after data recording.

Figure 15: The first
clock-wise circulating
proton beam was
initially  stopped by
blocks around 150
meters before CMS,
producing these
images of the debris or
"splash" from the
particles hitting the
blocks.

13
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2.2.3 Swiss contributions to the LHCb construction

The following institutes are involved in LHCb:
EPFL Lausanne: Prof. A. Bay, Prof. T. Nakada (Physics coordinator), Prof. O. Schneider
University of Zurich: Prof. U. Straumann

LHCb is an experiment dedicated to B physics, which will be ready to start data taking at soon as LHC
delivers its first collisions in 2009. The goal of this experiment is to perform systematic measurements
of CP violation and rare b-hadron decays, with unprecedented precision and in many different decay
channels. Several CP-violating and CP-conserving observables sensitive to New Physics will be
measured and compared to the Standard Model predictions. This indirect search for New Physics is
complementary to the direct searches to be performed by ATLAS and CMS.

The expected b#production cross section at the LHC is 500 pb, which at the nominal LHCb luminosity
ofL=2" 10¥ cm'?s'* results in a production rate for b quarks that is three orders of magnitude larger
than at present-day e'e’ colliders. Taking into account the more difficult event selection and
reconstruction at a hadron collider, detailed studies show that LHCb will reach, on observables
necessitating flavour-tagged B% decays into charged particles, a statistical error in one year similar to
that currently obtained at the B factories with full statistics. In addition, LHCb will collect much larger
samples of B%, B, and b-baryon decays than previously achieved by any experiment.

Figure 16: Side view of the LHCb detector. The LHC pp interaction region is located in the centre of the LHCb
Vertex Locator and defines the origin of the indicated coordinate system.

Since the bBoquark-pair production at the LHC is strongly peaked towards small angles with respect to
the beam axis, the detector is laid out as a single-arm forward spectrometer, using a large dipole
magnet. A side view of the detector is shown in Figure 16. The Vertex Locator (VELO) will serve to
reconstruct the primary interaction vertex as well as secondary vertices from b-hadron decays. The
Tm dipole magnet and the four tracking stations (TT and T1-T3) will permit to reconstruct the
trajectories and momenta of charged particles. Two detector technologies are employed in the tracking
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system: the Silicon Tracker is a silicon micro-strip detector that covers the entire acceptance of the TT
station and the innermost region of tracking stations T1-T3; the Outer Tracker is a straw drift-tube
detector that covers the outer regions of stations T1-T3. The RICH detectors (RICH1 and RICH2), the
electromagnetic and hadronic calorimeter systems (SPD, PS, ECAL and HCAL) and the five muon
stations (M1-M5) will be used for particle identification.

During the past year, physicists and technicians at University of Zurich and EPFL have been heavily
involved in the detector commissioning; this consisted both in the commissioning of each individual
sub-subsystem, and of the global commissioning which took place during Summer 2008. Cosmic rays
were exploited as much as possible, despite LHCb's unfavourable geometry and orientation in space
for this purpose (see an example event in Figure 17). Beam injection tests in the LHC allowed for the
first time the measurement of machine-induced tracks (one event in the VELO is shown in Figure 18).

The participating Swiss groups concentrate on the development, construction, operation and data
analysis of the LHCb Silicon Tracker (ST) and a common readout electronics system for Silicon
Tracker and the VErtex LOcator (VELO).

Figure 17: Computer display of a cosmic-ray event in LHCb with signal seen (from left to right) in the muon
chambers, calorimeters and tracking chambers; the Inner Tracker hits are displayed in yellow close to the
beam pipe.

2.2.3.1 The Silicon Tracking Detectors (ST)

EPFL: Prof. A. Bay, Prof. O. Schneider
University of Zurich: Prof. U. Straumann

The Silicon Tracker is a large-surface (12 m2), wide-pitch (180D200 pm) silicon-strip detector that will
be used in the online triggering and in the offline reconstruction of charged-particle trajectories in the
LHCb magnetic dipole spectrometer. R&D on detector components for the Silicon Tracker has been
completed in 2005. Mass production of detector elements and mechanical supports is completed as
well and presently the detectors are installed and commissioned in the experimental hall at CERN.
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The Swiss groups are responsible for the design, construction, operation and data reconstruction of
the LHCb Silicon Tracker, which comprises the Trigger Tracker (TT), located at the entrance of the
dipole magnet, constructed at University of Zurich, and the Inner Tracker (IT), the inner part of the T1-
T3 stations, located at the exit of the dipole magnet (see Figure 16), constructed at EPFL in Lausanne.

The LHCb Silicon Tracker project as a whole is coordinated by O. Steinkamp and M. Needham
(deputy).

Figure 18: Event recorded in the VELO during LHC injection tests on August 24, 2008; the reconstructed tracks
correspond to particles produced in a beam stopper located at the end of the TI8 transfer line between the SPS
and the LHC; only VELO strips with a signal are displayed, either in yellow (when linked to a track) or gray (not
linked).

The IT consists of 12 detector boxes containing 28 or 56 silicon sensors each, arranged in four
different planes. Four such boxes are mounted around the beam pipe for each of the three tracking
stations T1, T2 and T3. All IT boxes have been installed on the detector, after they have passed
electronic and mechanical tests in the lab. The data obtained by photographic survey is now in the
database describing the geometry of the detector.

Figure 19 shows a photograph of the TT during its installation in LHCb. The detector is fully installed
and its commissioning is well advanced. The installation of the detector modules took place in several
batches between beginning of February and end of April 2008. After each installation campaign, the
freshly installed modules were extensively tested and debugged. In the process various issues, mostly
related to cabling and readout electronics, were identified and solved. At the end of September 2008,
more than 97% of the 2480000 detector channels argully working.

First beam-related events in the IT and TT were recorded during LHC injection tests on September 5,
2008. The full detector was powered at nominal bias voltage and data samples were taken with
different time delays between trigger and signal sampling. This permitted to determine the optimal
signal sampling time, to adjust the timing of the different parts of the IT and TT with respect to each
other and with respect to other LHCb detectors, and to obtain a rough measurement of the signal
shape at the output of the pre-amplifier. The reconstructed signal shape is compatible with
expectations from beam tests. Figure 20 shows some results from these tests.

In order to guarantee the long-term maintenance of the detector modules it is planned to set up a test-
stand at the experiment site at CERN.

16



M&O Request 2008 b final B 20081120

Figure 19 (left): Installation of the first TT detector module on February 1, 2008
Figure 19 (right): view of the detector in April 2008; one half of the detector box is open and the detector
modules can be seen.

Figure 20 (left): Pulse-height distribution (Landau curve)
Figure 20 (right): pulse shape (most probable signal amplitude as a function of trigger delay).
[measured in the TT during the LHC injection test on September 5, 2008]

2.2.3.2 Digital optical readout link
University of Zurich: Prof. U. Straumann

The readout electronics of the Silicon Tracker consist of a part that is located on the detector and that
is used to amplify and digitise the detector data, and a part that is located in the counting house where
the data are received and pre-processed (see Section 2.2.3.3). A. Vollhardt, Zurich, is responsible for
the development, construction and commissioning of the on-detector part. This digital optical data
transfer system developed at University Zurich is also used by almost all other sub-detectors of LHCb.
The system installation and commissioning at CERN has been completed in 2008. A few links show
very rare, but observable transmission errors, the respective electrical-optical converters (VCSEL) will
be replaced.
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2.2.3.3 LHCDb off-detector TELL1 boards and the VELO  vertex detector
EPFL: Prof. A. Bay

The TELL1 boards, developed by the Lausanne group, are the implementation of the LHCb Ooff-
detector electronicsO, i.e. the DAQ subsystem place in a radiation-safe area. The TELL1 has been
adopted by all tracking systems, calorimeters, muons, and trigger systems, i.e. all LHCb sub-detector
systems apart from the RICHes.

Except for the vertex detector, all the LHCb data are digitised close to the detector and transported by
optical fibres to the TELL1 boards. In particular the TELL1 boards connected to the ST are equipped
with optical receivers plug-in boards (O-RX) developed by Heidelberg MPI, which receive the digital
signals from the service boxes described in the Section 2.2.3.2.

The Lausanne group at EPFL has also developed Orepater boardsO to transmit the VELO data
through 60 m of shielded twisted-pair cable. On the TELL1 the Oanalogue receiver boardsO contain the
line receiver and the FADC for digitisation. Another responsibility of EPFL for the VELO subdetector is
the low voltage system to power hybrids and repeater boards.

Complex data processing is performed in the 5 FPGAs mounted on each TELL1 to prepare the data
for the high-level trigger, including event and sampling clock synchronisation, pedestal and common
mode subtraction etc. The system control is performed by a credit-card sized PC running a Linux
kernel and connected to Ethernet.

All the required TELL1 boards (360) have been produced, tested and installed in the pit.

Unfortunately, about 50 boards showed internal electrical conductivity failures during the
commissioning phase. We observed the loss of typically one or two (but up to ten) inter-FPGA
connections, while the pre-production batch did not suffer from this problem. The problem has now
been identified to be a slow degradation of the electrical conductivity of "vias", the thousands of
metallised holes connecting the 12 different layers of the TELL1 PCB. The PCB production was done
under CERN contract and the purchase office is now investigating on how to proceed with the
manufacturer. In the meantime a new production was started to replace 60 modules.

2.3 CERNOs concept of Maintenance and Operation

It is a principle of the experimental research at CERN that each institute within an experimental
collaboration participates in both maintenance and operation of the experiment as a whole.
Furthermore an institute that has contributed to sub-detectors or to other components of an
experiment will also provide the necessary scientific and technical manpower to operate that
component and maintain it in good working order for the whole lifetime of the experiment. The LHC
experiments are designed to operate for 10 years at least.

The expenses to maintain and operate the experiments are divided into three different categories, as
defined by the CERN management:

¥ Category A expenses are shared by the whole collaboration. Typical items maintained under
this category are gas consumption, magnet, cooling system, general technical support, control
rooms, on-line computing, communication and collaboration secretariat.

¥ Category B expenses are shared by part of the collaboration only. For instance the institutes,
which have designed and constructed a sub-detector, share also its maintenance and
operation costs. These include repairs and spare parts for normal operation. The manpower is
mostly provided directly by the institutes involved in this sub-detector.

¥ Category C expenses are provided to the collaboration by CERN, acting in its role as host
laboratory. Typical items in this category are safety and radio protection, access system,
elevators, insurances, cleaning and office space.
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The electrical power consumption is treated by special agreements with the different countries.
Switzerland as a member state of CERN does not need to pay for electricity consumption.

In a Memorandum of Understanding for Maintenance and Operation [1] between the national funding
agencies and CERN these sharing rules were defined for each of the LHC experiments. This
memorandum defines also which countries should contribute to which sub-detectorOs category B costs.

The budgets for the maintenance and operation for category A and B are proposed by the
collaborations on a yearly basis to the so-called Resources Review Board (RRB) [2]. The RRB
consists of representatives of each funding agency, the CERN management and the collaboration
managements and meets twice per year in separate meetings for each of the four LHC experiments.
Switzerland is represented in these meetings by a member of the CHIPP Executive Board (EB) and a
physicist of the participating institutes of each experiment. A special scrutiny group [3] checks the
budgets in detail. In its autumn meeting (usually end of October) the RRB endorses these budgets.

The necessary funds for category A and B in future years were estimated according to standard rules
based on the invested funds and the operation experience from earlier experiments. For instance, for
standard commercially available electronic equipment the yearly maintenance is estimated to 5% of
the investment. For custom-built electronics enough spare parts are expected to be built during the
construction phase, so no additional costs for spare parts are expected. For mechanical devices the
estimation consists of 2% of the investment plus maintenance work on moving parts.

The sharing of the cost for category A among the funding agencies is in proportion to the number of
their scientific staff holding PhD or equivalent qualifications, who are authors of the scientific
publications of the collaboration. CERN Member States are not charged for electricity consumption.
For category B the sharing method between the participating institutions is proposed by the
collaboration to the RRB for endorsement. Switzerland is asked to contribute to category B costs
according to the sub-detector contributions described in Table 1.

2.4 Required funding

On November 11/12, 2008 the RRB approved the budgets 2009 for the maintenance and operation
costs and took note of the estimates for 2010 B 2012. The estimates are made to the best knowledge
of the collaboration managements, using the rules defined by the CERN management as described in
Section 2.3. More details on the estimated costs and the sharing among the collaborating funding
agencies have been documented [4] by the collaborations and presented to the RRB meeting.

Table 2 (see overleaf) summarises the expected Swiss contributions (in kKCHF) to the (categories A
and B) for the years 2009 to 2012.
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| | in KCHF | 2009 2010 2011 2012 | Total |
ATLAS | Total 252 244 268 251 1015
Cat. A: 157 153 183 166 659
Cat. B 95 91 85 85 356
"""" Cat. B: Silicon strip tracking (SCT) | 44 45 45 45  [179
Cat. B: Inner detector (IDGEN) | 41 39 32 32 144
Cat. B: Lig. Argon calo. (LAr) | 10 7 8 8 33
CMS Total 496 541 515 522 2074
Cat. A 263 308 289 296 1156
Cat. B 233 233 226 226 918
""""""""""" Cat. B: Pixel tracking | 102 102 102 102 | 408
Cat. B: El.magn. calorimeter (ECAL) | 131 131 124 124 510
LHCb Total 228 229 230 231 918
Cat. A 137 138 139 140 554
Cat. B 91 91 91 91 364
""""""" Cat. B: Vertex locator (VELO) | 40 40 40 40  |[160
Cat. B: Silicon tracking (ST) | 51 51 51 51 204
| Sum | | 976 1014 1013 1004 | 4007 |

Table 2: Swiss part of the maintenance and operation expenses in KCHF for the period 2009 B 2012. The
numbers for 2009 are according to the approved budgets 2009, whereas the 2010 to 2012 numbers are best
estimates. Switzerland as a CERN member state will not be charged on energy consumption.
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