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Introduction
Although the Standard Model (SM) of particle physics has so far been tested to exquisite precision, it is considered to be an effective theory up to some scale Λ ≈ TeV. The prime motivation of the Large Hadron Collider (LHC) is to elucidate the nature of electroweak symmetry
breaking for which the Higgs mechanism is presumed to be responsible. The experimental
study of the Higgs mechanism also can shed light on the mathematical consistency of the SM
at energy scales above about 1 TeV. However, there are alternatives that invoke more symmetry such as supersymmetry or invoke new forces or constituents such as strongly-broken
electroweak symmetry, technicolour, etc. An as yet unknown mechanism is also possible.
Furthermore there are high hopes for discoveries that could pave the way towards a unified
theory. These discoveries could take the form of supersymmetry or extra dimensions, the
latter requiring modification of gravity at the TeV scale. Hence there are many compelling
reasons to investigate the TeV energy scale. Hadron colliders are well suited to the task of
exploring new energy domains, and the region of 1 TeV constituent centre-of-mass energy
can be explored if the proton energy and the luminosity are high enough. The beam energy
(7 TeV) and the design luminosity (L = 1034 cm−2 s−1 ) of the LHC have been chosen in order to study physics at the TeV energy scale. Hence a wide range of physics is potentially
possible with the seven-fold increase in energy and a hundred-fold increase in integrated luminosity over the current hadron collider experiments. These conditions also require a very
careful design of the detectors.
The availability of high energy heavy-ion beams at energies over 30 times higher than at the
present day accelerators will allow us to further extend the range of the heavy-ion physics
programme to include studies of hot nuclear matter.
The focus of this volume is to present a concise yet complete overview of the strategy of
the Compact Muon Solenoid (CMS) experiment [1] to exploit the physics opportunities presented by the LHC, from the operational procedures of the detectors and the handling of
data to the tools needed to reconstruct high-level physics objects and perform the physics
analyses. This foundation will form the basis not only for the detailed studies on the physics
capability of CMS to be reported in Volume 2, but also for data-taking itself at LHC start-up.
The construction of the CMS subsystems [2]–[8] is nearly complete and installation and commissioning of some subsystems is well underway in the CMS surface assembly hall at Point 5
(Figs. CP 2–CP 12). Testing of the large superconducting 4 T solenoid, a key aspect of CMS,
and the concurrent operation of a slice of the experiment in the so-called “Cosmic Challenge” is foreseen in the second quarter of 2006, and the initial results will be summarized in
Volume 2 of this Report.
The software for the experiment is similarly well advanced, and has been used to perform
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detailed simulations of the detector response and to implement sophisticated reconstruction
algorithms already reported in [8], for example, as well as for most of the results reported
here. Recently, however, the need was identified to restructure the software framework in
preparation for CMS data-taking in order to implement calibration and alignment strategies,
ensure tractable reconstruction results, simplify and standardize the reconstruction modules, and facilitate interactive analyses. A description of this new framework and event data
model is described in Chapter 2.

1.1 The LHC machine
The machine parameters relevant for the operation of CMS are listed in Table 1.1. The LHC
machine comprises 1232 dipole magnets, with r.f. cavities providing a “kick” that results in
an increase in the proton energy of 0.5 MeV/turn. The luminosity is given by:
L =

γ f kB Np2
F,
4π εn β ∗

(1.1)

where γ is the Lorentz factor, f is the revolution frequency, kB is the number of bunches, Np
is the number of protons/bunch, εn is the normalized transverse emittance (with a design
value of 3.75 µm), β ∗ is the betatron function at the IP, and F is the reduction factor due to
the crossing angle. The nominal energy of each proton beam is 7 TeV. The design luminosity
of L = 1034 cm−2 s−1 leads to around 1 billion proton-proton interactions per second.
Table 1.1: The machine parameters relevant for the LHC detectors.
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For heavy-ion (HI) operation the design luminosity for Pb-Pb collisions is given.

Another relevant feature is the bunch structure (Fig. 1.1) of the beam, since the various gaps
are used for the purposes of synchronization, acquiring calibration data and providing resets to front-end electronics. The detailed beam structure is determined by the injection
scheme and properties of the dump system. The bunches are formed in the 26 GeV Proton
Synchrotron (PS) with the correct 25 ns spacing. The beam is subsequently accelerated to
450 GeV in the Super Proton Synchrotron (SPS) and transferred to the LHC. This operation
is repeated 12 times for each counter-rotating beam. At each transfer, enough space has to
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be reserved to accommodate the rise time of the injection kickers. Finally, a longer gap is
reserved for the rise time of the dump kicker by eliminating 1 PS batch.

Figure 1.1: The bunch structure of the LHC beam, from [9].
The commissioning of the LHC machine with beams is expected to start in the second half
of 2007 [10], first with a few bunches in single beams, followed by a low luminosity pilot
physics run. This run will consist of machine development periods interleaved with datataking runs. The number of bunches per beam is foreseen to be either 43 or 156, with a zero
crossing angle.
The expected evolution of the machine performance is given in Table 1.2. During the pilot
run the aim is to increase the bunch intensity from 1010 p/bunch to 4 × 1010 p/bunch and
decrease β ∗ from 18 m to 2 m. With 156 bunches, a luminosity of 2 × 1031 cm−2 s−1 could
be attained. Were it to be possible to approach full bunch intensity, a peak luminosity of
1032 cm−2 s−1 would be attainable. This would give on average 3 inelastic collisions per
bunch crossing. During a month-long pilot physics run, an integrated luminosity of 10 pb−1
could be collected.
In 2008, following the pilot run, operation will start at 75 ns and subsequently 25 ns bunch
spacing. The 75 ns operation is considered an important step in the commissioning of
the LHC and the experiments. It will be especially useful for establishing synchronization
quickly. In the 75 ns mode, each beam will comprise 936 bunches. A crossing angle will be
needed, though it can be smaller than for the 25 ns mode.
It will be desirable to move quickly to a bunch spacing of 25 ns. The number of bunches
will then be the nominal number (2808) with a crossing angle of 285 µrad. The beam current
cannot exceed half the nominal value as part of the beam dump and collimation systems are
staged. This will limit the initial luminosity to L = 2 × 1033 cm−2 s−1 until the 2010 run.

During the first full year of physics running, the LHC should reach a peak luminosity of
L = 2 × 1033 cm−2 s−1 . However, the integrated luminosity will most likely be limited by the
time taken to master LHC operation. The integrated luminosity is likely to be about 5 fb−1
[10] in the first year. It may well be lower, as prolonged machine development periods may
be required and higher than foreseen inefficiencies encountered. It should be noted that the
way to maximize the integrated luminosity will be to run at a bunch spacing of 75 ns.
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Therefore, we base the evaluation of the physics potential on several scenarios of integrated
luminosities: 1 fb−1 during the initial operation, 10–30 fb−1 in the “low luminosity” phase
(L = 2 × 1033 cm−2 s−1 ) and 100–300 fb−1 over several years of operation at design or “high
luminosity” (L = 1034 cm−2 s−1 ).
The first run with heavy-ion beams is expected in 2008, after the first pp physics run. Initially, 10 times less bunches will be filled and the beam will have a value of β ∗ 2 times larger,
resulting in a factor ≈ 20 reduced maximum luminosity of 5.4 × 1025 cm−2 s−1 . In the following year, depending on the machine performance, the luminosity is expected to reach the
nominal 1027 cm−2 s−1 that corresponds to a minimum-bias interaction rate of 8 kHz. The
average luminosity and the lifetime of the beam in the machine will depend on the number
of experiments collecting data, as well as the re-fill time of the accelerator, and the luminosity
is expected to be between 4–6 × 1026 cm−2 s−1 .
Table 1.2: Expected evolution of LHC performance parameters during 2007–2008 [11].
Number of bunches
β∗
Protons per bunch
Luminosity
Integrated Luminosity

Pilot run 2007
43→156
18 m→2 m
1010 → 4 × 1010 (1011 )
3 × 1029 → 2 × 1031 (1032 )
10 pb−1

First Physics 2008
936→2808
2 m→ 0.55 m
4 × 1010
32
10 → 2 × 1033
< 5 fb−1

1.2 Coordinate conventions
The coordinate system adopted by CMS has the origin centered at the nominal collision point
inside the experiment, the y-axis pointing vertically upward, and the x-axis pointing radially inward toward the center of the LHC. Thus, the z-axis points along the beam direction
toward the Jura mountains from LHC Point 5. The azimuthal angle φ is measured from the
x-axis in the x-y plane. The polar angle θ is measured from the z-axis. Pseudorapidity is
defined as η = − ln tan(θ/2). Thus, the momentum and energy measured transverse to the
beam direction, denoted by pT and ET , respectively, are computed from the x and y compomiss .
nents. The imbalance of energy measured in the transverse plane is denoted by ET
A one-quarter cross-sectional view of the CMS Experiment is shown in Figure CP 1 with
some dimensions and lines of constant η superimposed. Some of the labels used to name the
detector elements are also introduced.

1.3

Physics and detector requirements

Search for the Higgs Boson
In the design phase of CMS and ATLAS in the early 1990s, the detection of the SM Higgs
boson was used as a benchmark to test the performance of the proposed designs. It is a
particularly appropriate benchmark since there is a wide range of decay modes depending
on the mass of the Higgs boson.
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The current lower limit on the mass of the Higgs boson from LEP is 114.4 GeV/c2 . In the
vicinity of this limit, the branching fractions of the Higgs boson are dominated by hadronic
decays, which are difficult to use to discover the Higgs boson at the LHC due to the large
QCD backgrounds and the relatively poor mass resolution that is obtainable with jets. Hence,
the search is preferentially conducted using final states that contain isolated leptons and
photons, despite the smaller branching ratios.
The natural width of the Higgs boson in the intermediate-mass region (114 GeV/c2 < mH <
2mZ ) is only a few MeV, and the observed width of a potential signal will be dominated
by the instrumental mass resolution. In the mass interval 114–130 GeV/c2 , the two-photon
decay is one of the principal channels likely to yield a significant signal. Central exclusive
production of the Higgs might offer the only way to access the bb̄ decay mode. The Higgs
boson should be detectable via its decay into 2 Z bosons if its mass is larger than about
130 GeV/c2 (one of the Z’s is virtual when mH is below the ZZ threshold). For 2mZ <
mH < 600 GeV/c2 the ZZ decay, with its four-lepton final states, is the mode of choice.
In the region 600 < mH < 1000 GeV/c2 , the cross section decreases so that higher branching
miss from W or Z decays have to be used. The jets from W
fraction modes involving jets or ET
and Z decays will be boosted and may be close to each other in η-φ space.
The dominant Higgs-boson production mechanism, for masses up to about 700 GeV/c2 , is
gluon-gluon fusion via a t-quark loop. The W W or ZZ fusion mechanism becomes important for the production of higher-mass Higgs bosons. Here, the quarks that emit the W s or
Zs have transverse momenta of the order of W and Z masses. The detection of the resulting
high-energy jets in the forward regions (2 < |η| < 5) can be used to tag the reaction, improving the signal-to-noise ratio and extending the range of masses over which the Higgs can
be discovered. These jets are highly boosted and their transverse size is similar to that of a
high-energy hadron shower.
More recently, the fusion mechanism has also been found to be useful for detecting an intermediate mass Higgs boson through channels such as qq → qqH, followed by H → τ τ .
Search for supersymmetric particles

The decays of supersymmetric particles, such as squarks and gluinos, involve cascades that,
if R-parity is conserved, always contain the lightest SUSY particle (LSP). The latter is exmiss in the final state. The rest of
pected to interact very weakly, thus leading to significant ET
the cascade results in an abundance of leptons and jets (particularly b-jets and/or τ -jets). In
GMSB schemes with the LSP decaying into a photon and gravitino, an increased number of
hard isolated photons is expected.
Search for new massive vector bosons
The detector requirements for high momenta can be determined by considering decays of
high-mass objects such as Z " → e+ e− and µ+ µ− . The discovery of an object like a Z " boson
will, very likely, be limited by the statistical significance of the signal. Ways of distinguishing
between different models involve the measurement of the natural width and the forwardbackward asymmetry, both of which require sufficiently good momentum resolution at high
pT (∆pT /pT < 0.1 at pT ≈ 1 TeV/c) to determine the sign of the leptons and a pseudorapidity
coverage up to η = 2.4.
Extra dimensions
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The existence of extra dimensions can lead to a characteristic energy scale of quantum gravity, MD , which is the analogue of the Planck mass in a D-dimensional theory, and which
could lie just beyond the electroweak scale. In terms of experimental signatures, 3 regimes
can be distinguished [12]: i) Cis-Planckian, where E % MD , leading to signals involving the
miss ,
emission of gravitons that escape into extra dimensions, e.g. pp → jet+graviton → jet+ET
ii) Planckian, E ≈ MD , leading to model-dependent signatures. In string-theory motivated
models there are Regge-like excitations that manifest themselves as Z-like resonances with
≈ TeV separations in mass, iii) Trans-Planckian, E & MD , leading to mini black hole production with spectacular decays involving equal and democratic production of fundamental
particles such as leptons, photons, neutrinos, W , Z, jets, etc. The resulting production and
kinematic distributions could allow the determination of the Hawking temperature, the mass
of the black holes, the number of extra dimensions, etc.
Standard Model
The LHC will also allow studies of QCD, electroweak, and flavour physics. Precision studies
can give indications for physics beyond the SM, providing complementary information with
respect to direct searches. As an example, extensive tests of QCD will be possible through the
measurement of the production of jets and direct photons with transverse energies up to 3–4
TeV and from cross-section measurements which fall by 11 orders of magnitude. Top quarks
will be produced at the LHC with a rate measured in Hz, thus the opportunity to test the SM
couplings and spin of the top quark is available provided good identification of b-jets in the
decays is possible. Searches for flavour changing neutral currents, lepton flavour violation
through τ → 3µ or τ → µγ, measurements of Bs0 → µµ, measurements of triple- and quarticgauge couplings, etc. can open a window onto new physics. Finally, in association with
TOTEM, CMS will be able to cover the full range of diffractive physics as well.
Heavy-ion physics
The recent results from RHIC indicate that very strongly interacting nuclear matter is produced in high energy heavy-ion collisions. The most striking experimental signatures of
the produced matter are the suppression of high pT particles (jet quenching) and the strong
elliptical flow approaching the hydrodynamic limit. The increase in collision energy from
√
sN N = 200 GeV/c2 at RHIC to 5500 GeV/c2 at LHC will allow the extension of studies of
jet quenching to much higher pT and the identification of fully formed jets. The measurements of energy flow at LHC will stringently test the liquid-like behavior of the hot nuclear
matter. The increased energy will also allow studies of presently inaccessible hard probes
like Υ and Z 0 . The studies of jet quenching, energy flow, and quarkonium production will
require large-acceptance, high-resolution calorimeters and tracking devices, as well as a flexible trigger.

1.3.1

Summary of detector requirements

The detector requirements for CMS to meet the goals of the LHC physics programme can be
summarized as follows:
• Good muon identification and momentum resolution over a wide range of momenta in the region |η| < 2.5, good dimuon mass resolution (≈ 1% at 100 GeV/c2 ),
and the ability to determine unambiguously the charge of muons with p < 1 TeV/c.
• Good charged particle momentum resolution and reconstruction efficiency in the
inner tracker. Efficient triggering and offline tagging of τ ’s and b-jets, requiring
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pixel detectors close to the interaction region.
• Good electromagnetic energy resolution, good diphoton and dielectron mass resolution (≈ 1% at 100 GeV/c2 ), wide geometric coverage (|η| < 2.5), measurement
of the direction of photons and/or correct localization of the primary interaction
vertex, π 0 rejection and efficient photon and lepton isolation at high luminosities.
miss and dijet mass resolution, requiring hadron calorimeters with a large
• Good ET
hermetic geometric coverage (|η| < 5) and with fine lateral segmentation (∆η ×
∆φ < 0.1 × 0.1).

The design of CMS, detailed in Section 1.5, meets these requirements. The main distinguishing features of CMS are a high-field solenoid, a full silicon-based inner tracking system, and
a fully active scintillating crystals-based electromagnetic calorimeter.

1.4 Experimental challenge
√
The total proton-proton cross-section at s = 14 TeV is roughly 100 mb. At design luminosity the general-purpose detectors will therefore observe an event rate of approximately 109
inelastic events/s. This leads to a number of formidable experimental challenges [13].
The online event selection process (“trigger”) must reduce the approximately 1 billion interactions/s to no more than about 100 events/s for storage and subsequent analysis. The short
time between bunch crossings, 25 ns, has major implications for the design of the readout
and trigger systems.
At the design luminosity, a mean of about 20 inelastic (hard-core scattering) collisions will
be superimposed on the event of interest. This implies that around 1000 charged particles
will emerge from the interaction region every 25 ns. The products of an interaction under
study may be confused with those from other interactions in the same bunch crossing. This
problem clearly becomes more severe when the response time of a detector element and its
electronic signal is longer than 25 ns. The effect of this pile-up can be reduced by using highgranularity detectors with good time resolution, resulting in low occupancy. This requires
a large number of detector channels. The resulting millions of detector electronic channels
require very good synchronization.
The large flux of particles coming from the interaction region leads to high radiation levels,
requiring radiation-hard detectors and front-end electronics.

1.5 CMS: the overall concept
The construction, installation and commissioning of CMS is progressing well, though not
without challenges, towards the goal of being ready for collisions in the second half of 2007.
An important aspect driving the detector design and layout is the choice of the magnetic
field configuration for the measurement of the momentum of muons. Large bending power
is needed to measure precisely the momentum of charged particles. This forces a choice of
superconducting technology for the magnets. The design configuration chosen by CMS [1]
is discussed below.
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The overall layout of CMS is shown in Figure 1.2. At the heart of CMS sits a 13-m-long, 5.9 m
inner diameter, 4 T superconducting solenoid. In order to achieve good momentum resolution within a compact spectrometer without making stringent demands on muon-chamber
resolution and alignment, a high magnetic field was chosen. The return field is large enough
to saturate 1.5 m of iron, allowing 4 muon “stations” to be integrated to ensure robustness
and full geometric coverage. Each muon station consists of several layers of aluminium drift
tubes (DT) in the barrel region and cathode strip chambers (CSCs) in the endcap region,
complemented by resistive plate chambers (RPCs).
Superconducting Solenoid
Silicon Tracker
Very-forward
Calorimeter

Pixel Detector

Preshower

Hadron
Calorimeter
Electromagnetic
Calorimeter

Muon
Detectors

C ompac t Muon S olenoid

Figure 1.2: An exploded view of the CMS detector.
The bore of the magnet coil is also large enough to accommodate the inner tracker and the
calorimetry inside. The tracking volume is given by a cylinder of length 5.8 m and diameter
2.6 m. In order to deal with high track multiplicities, CMS employs 10 layers of silicon microstrip detectors, which provide the required granularity and precision. In addition, 3 layers
of silicon pixel detectors are placed close to the interaction region to improve the measurement of the impact parameter of charged-particle tracks, as well as the position of secondary
vertices. The EM calorimeter (ECAL) uses lead tungstate (PbWO4 ) crystals with coverage
in pseudorapidity up to |η| < 3.0. The scintillation light is detected by silicon avalanche
photodiodes (APDs) in the barrel region and vacuum phototriodes (VPTs) in the endcap region. A preshower system is installed in front of the endcap ECAL for π 0 rejection. The
ECAL is surrounded by a brass/scintillator sampling hadron calorimeter with coverage up
to |η| < 3.0. The scintillation light is converted by wavelength-shifting (WLS) fibres embedded in the scintillator tiles and channeled to photodetectors via clear fibres. This light
is detected by novel photodetectors (hybrid photodiodes, or HPDs) that can provide gain
and operate in high axial magnetic fields. This central calorimetery is complemented by a
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“tail-catcher” in the barrel region—ensuring that hadronic showers are sampled with nearly
11 hadronic interaction lengths. Coverage up to a pseudorapidity of 5.0 is provided by an
iron/quartz-fibre calorimeter. The Cerenkov light emitted in the quartz fibres is detected by
photomultipliers. The forward calorimeters ensure full geometric coverage for the measurement of the transverse energy in the event.
The overall dimensions of the CMS detector are a length of 21.6 m, a diameter of 14.6 m and
a total weight of 12 500 tons. The thickness of the detector in radiation lengths (Fig. 1.3) is
greater than 25 X0 for the ECAL, and the thickness in interaction lengths (Fig. 1.4) varies from
7–11λI for HCAL depending on η. Also shown in both figures is the material depth at each
muon station. Details on the material budget of the inner tracker are given in Section 6.1.1.

1.5.1

Magnet

The required performance of the muon system, and hence the bending power, is defined
by the narrow states decaying into muons and by the unambiguous determination of the
sign for muons with a momentum of ≈ 1 TeV/c. This requires a momentum resolution of
∆p/p ≈ 10% at p = 1 TeV/c.

CMS chose a large superconducting solenoid, the parameters of which are given in Table 1.3 [2]. A large bending power can be obtained for a modestly-sized solenoid, albeit a
high-field superconducting one, as the bending starts at the primary vertex. A favourable
length/radius ratio is necessary to ensure good momentum resolution in the forward region
as well. The CMS magnet has been assembled in the surface experiment hall (Figure CP 2).
The solenoid will be taken up to full current in the second quarter of 2006.
Table 1.3: Parameters of the CMS superconducting solenoid.
Field
Inner Bore
Length
Number of Turns
Current
Stored energy
Hoop stress

4T
5.9 m
12.9 m
2168
19.5 kA
2.7 GJ
64 atm

The main features of the CMS solenoid are the use of a high-purity aluminium-stabilised
conductor and indirect cooling (by thermosyphon), together with full epoxy impregnation.
This technique was successfully used previously in the construction of the large solenoids for
ALEPH and DELPHI at LEP and for H1 at HERA. However, the large increase in some parameters such as magnetic field, Ampere-turns, forces and stored energy (2.7 GJ) necessitated
changes. In particular, a four-layer winding has been adopted using a novel conductor with a
larger cross-section that can withstand an outward pressure (hoop stress) of 64 atmospheres.
The conductor carries a current of 20 kA and has a compound structure. The Rutherford-type
cable is co-extruded with pure aluminium, which acts as a thermal stabiliser. This “insert” is
then electron-beam-welded to 2 “plates”, made of a high-strength aluminium alloy, for the
mechanical reinforcement. The overall conductor cross section is 64×22 mm2 . The conductor was manufactured in twenty continuous lengths, each with a length of 2.65 km. Four
lengths were wound to make each of the 5 coil modules. These modules were assembled
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Figure 1.3: Material thickness in radiation lengths after the ECAL, HCAL, and at the depth of
each muon station as a function of pseudorapidity. The thickness of the forward calorimeter
(HF) remains approximately constant over the range 3 < |η| < 5 (not shown).
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Figure 1.4: Material thickness in interaction lengths after the ECAL, HCAL, and at the depth
of each muon station as a function of pseudorapidity. The thickness of the forward calorimeter (HF) remains approximately constant over the range 3 < |η| < 5 (not shown).
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and connected together in SX5 at Point 5.

1.5.2

Muon system

1

∆ p/p

∆p/p

Centrally produced muons are measured 3 times: in the inner tracker, after the coil, and in
the return flux. Measurement of the momentum of muons using only the muon system is
essentially determined by the muon bending angle at the exit of the 4 T coil, taking the interaction point (which will be known to ≈ 20 µm) as the origin of the muon. The resolution
of this measurement (labelled “muon system only” in Figure 1.5) is dominated by multiple
scattering in the material before the first muon station up to pT values of 200 GeV/c, when
the chamber spatial resolution starts to dominate. For low-momentum muons, the best momentum resolution (by an order of magnitude) is given by the resolution obtained in the
silicon tracker (“inner tracker only” in Figure 1.5). However, the muon trajectory beyond the
return yoke extrapolates back to the beam-line due to the compensation of the bend before
and after the coil when multiple scattering and energy loss can be neglected. This fact can be
used to improve the muon momentum resolution at high momentum when combining the
inner tracker and muon detector measurements (“full system” in Figure 1.5).
0.0<η<0.2

1.8<η<2.0

10-1

10-1

10-2

10-2

10-3

Full system

Full system

Muon system only

Muon system only

Inner Tracker only

Inner Tracker only
-3

10

102

103
p[GeV/c]

10

10

102

10

3

p[GeV/c]

Figure 1.5: The muon momentum resolution versus p using the muon system only, the inner
tracker only, or both (“full system”). a) barrel, |η| < 0.2; b) endcap, 1.8 < |η| < 2.0.
Three types of gaseous detectors are used to identify and measure muons [4]. The choice
of the detector technologies has been driven by the very large surface to be covered and
by the different radiation environments. In the barrel region (|η| < 1.2), where the neutron
induced background is small, the muon rate is low and the residual magnetic field in the
chambers is low, drift tube (DT) chambers are used. In the 2 endcaps, where the muon
rate as well as the neutron induced background rate is high, and the magnetic field is also
high, cathode strip chambers (CSC) are deployed and cover the region up to |η| < 2.4. In
addition to this, resistive plate chambers (RPC) are used in both the barrel and the endcap
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regions. These RPCs are operated in avalanche mode to ensure good operation at high rates
(up to 10 kHz/cm2 ) and have double gaps with a gas gap of 2 mm. A change from the
Muon TDR [4] has been the coating of the inner bakelite surfaces of the RPC with linseed
oil for good noise performance. RPCs provide a fast response with good time resolution
but with a coarser position resolution than the DTs or CSCs. RPCs can therefore identify
unambiguously the correct bunch crossing.
The DTs or CSCs and the RPCs operate within the first level trigger system, providing 2
independent and complementary sources of information. The complete system results in a
robust, precise and flexible trigger device. In the initial stages of the experiment, the RPC
system will cover the region |η| < 1.6. The coverage will be extended to |η| < 2.1 later.

R (c m)

The layout of one quarter of the CMS muon system for initial low luminosity running is
shown in Figure 1.6. In the Muon Barrel (MB) region, 4 stations of detectors are arranged in
cylinders interleaved with the iron yoke. The segmentation along the beam direction follows
the 5 wheels of the yoke (labeled YB−2 for the farthest wheel in −z, and YB+2 for the farthest
is +z). In each of the endcaps, the CSCs and RPCs are arranged in 4 disks perpendicular to
the beam, and in concentric rings, 3 rings in the innermost station, and 2 in the others. In
total, the muon system contains of order 25 000 m2 of active detection planes, and nearly
1 million electronic channels.
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Figure 1.6: Layout of one quarter of the CMS muon system for initial low luminosity running.
The RPC system is limited to |η| < 1.6 in the endcap, and for the CSC system only the inner
ring of the ME4 chambers have been deployed.
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Drift tube chambers

The Barrel Detector, shown partially installed into the YB+1 yoke in Figure CP 3, consists
of 250 chambers organized in 4 layers (stations labeled MB1, MB2, MB3 and MB4 with the
last being the outermost) inside the magnet return yoke, at radii of approximately 4.0, 4.9,
5.9 and 7.0 m from the beam axis. Each of the 5 wheels of the Barrel Detector is divided
into 12 sectors, with each covering a 30◦ azimuthal angle. Chambers in different stations are
staggered so that a high-pT muon produced near a sector boundary crosses at least 3 out of
the 4 stations. There are 12 chambers in each of the 3 inner layers. In the 4th layer, the top
and bottom sectors host 2 chambers each, thus leading to a total of 14 chambers per wheel
in this outermost layer. The MB1, 2 and 3 chambers consist of 12 planes of aluminium drift
tubes; 4 r-φ measuring planes in each of the 2 outermost “superlayers,” separated by about
20 cm and sandwiching a z-superlayer comprising 4 z-measuring planes. The MB4 station
does not contain the z-measuring planes. The maximum drift length is 2.0 cm and the singlepoint resolution is ≈ 200 µm. Each station is designed to give a muon vector in space, with a
φ precision better than 100 µm in position and approximately 1 mrad in direction.
Each DT chamber has 1 or 2 RPCs coupled to it before installation, depending on the station.
In stations MB1 and MB2, each package consists of 1 DT chamber sandwiched between 2
RPCs. In stations MB3 and MB4, each package comprises 1 DT chamber and 1 RPC, which
is placed on the innermost side of the station. A high-pT muon thus crosses up to 6 RPCs
and 4 DT chambers, producing up to 44 measured points in the DT system from which a
muon-track candidate can be built.
1.5.2.2

Cathode strip chambers

The Muon Endcap (ME) system comprises 468 CSCs in the 2 endcaps. The complete installation of 1 disk is shown in Figure CP 4. Each CSC is trapezoidal in shape and consists of 6 gas
gaps, each gap having a plane of radial cathode strips and a plane of anode wires running
almost perpendicularly to the strips. All CSCs except those in the third ring of the first endcap disk (ME1/3) are overlapped in phi to avoid gaps in the muon acceptance. There are 36
chambers in each ring of a muon station, except for the innermost ring of the second through
fourth disks (ME2/1, ME3/1, and ME4/1) where there are 18 chambers. The gas ionization
and subsequent electron avalanche caused by a charged particle traversing each plane of a
chamber produces a charge on the anode wire and an image charge on a group of cathode
strips. The signal on the wires is fast and is used in the Level-1 Trigger. However, it leads to
a coarser position resolution. A precise position measurement is made by determining the
centre-of-gravity of the charge distribution induced on the cathode strips. Each CSC measures up to 6 space coordinates (r, φ, z). The spatial resolution provided by each chamber
from the strips is typically about 200 µm (100 µm for ME1/1). The angular resolution in φ is
of order 10 mrad.
1.5.2.3

Forward resistive plate chambers

The system described in the Muon TDR [4] comprises 4 stations covering the pseudorapidity
region up to |η| < 2.1. However, a shortfall of funds has led to the staging of the chambers
sitting beyond |η| > 1.6. RPCs in the first endcap station are also used to help resolve ambiguities in the CSCs. There are 36 chambers mounted in each of 2 rings in each of the endcap
stations.
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Electromagnetic calorimeter

The Electromagnetic Calorimeter (ECAL) is a hermetic, homogeneous calorimeter comprising 61200 lead tungstate (PbWO4 ) crystals mounted in the central barrel part, closed by 7324
crystals in each of the 2 endcaps.
CMS has chosen lead tungstate scintillating crystals for its ECAL. These crystals have short
radiation (X0 = 0.89 cm) and Moliere (2.2 cm) lengths, are fast (80% of the light is emitted
within 25 ns) and radiation hard (up to 10 Mrad). However, the relatively low light yield
(30 γ/MeV) requires use of photodetectors with intrinsic gain that can operate in a magnetic
field. Silicon avalanche photodiodes (APDs) are used as photodetectors in the barrel and
vacuum phototriodes (VPTs) in the endcaps. In addition, the sensitivity of both the crystals
and the APD response to temperature changes requires a temperature stability (the goal is
0.1◦ C). The use of PbWO4 crystals has thus allowed the design of a compact calorimeter
inside the solenoid that is fast, has fine granularity, and is radiation resistant.
The barrel section (EB) has an inner radius of 129 cm. It is structured as 36 identical “supermodules,” each covering half the barrel length and corresponding to a pseudorapidity
interval of 0 < |η| < 1.479. The crystals are quasi-projective (the axes are tilted at 3◦ with
respect to the line from the nominal vertex position) and cover 0.0174 (i.e. 1◦ ) in ∆φ and
∆η. The crystals have a front face cross-section of ≈ 22×22 mm2 and a length of 230 mm,
corresponding to 25.8 X0 .
The endcaps (EE), at a distance of 314 cm from the vertex and covering a pseudorapidity
range of 1.479 < |η| < 3.0, are each structured as 2 “Dees”, consisting of semi-circular aluminium plates from which are cantilevered structural units of 5×5 crystals, known as “supercrystals.” In the ECAL TDR [5] the basic mechanical unit was envisaged to hold 6×6
crystals. The change was accommodated by a corresponding increase in the lateral size of
the crystals. The endcap crystals, like the barrel crystals, off-point from the nominal vertex
position, but are arranged in an x-y grid (i.e. not an η-φ grid). They are all identical and have
a front face cross section of 28.6×28.6 mm2 and a length of 220 mm (24.7 X0 ). A preshower
device is placed in front of the crystal calorimeter over much of the endcap pseudorapidity
range. The active elements of this device are 2 planes of silicon strip detectors, with a pitch
of 1.9 mm, which lie behind disks of lead absorber at depths of 2 X0 and 3 X0 .
1.5.3.1 Electronics readout
After amplification by a multi-gain preamplifier, the signal, shaped to peak after about 50 ns,
is sampled and digitized at 40 MHz in 1 of 3 selected 12-bit ADCs used for each channel. A
dynamic range of over 15 bits is attained. For each trigger, consecutive digitizations within a
defined time frame (250 ns) are read out. In order to obtain the amplitude of a digitized pulse,
the samples within the time frame are weighted and summed. The noise performance has
been measured in several supermodules and found to be close to the original specification of
approximately 40 MeV/channel.
1.5.3.2 Performance of the electromagnetic calorimeter
The performance of a supermodule was measured in a test beam. Representative results
on the energy resolution as a function of beam energy are shown in Figure 1.7. The energy
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resolution, measured by fitting a Gaussian function to the reconstructed energy distributions,
has been parameterized as a function of energy:
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where S is the stochastic term, N the noise and C the constant term. The values of these
parameters are listed in the figure.
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Figure 1.7: ECAL supermodule energy resolution, σE /E, as a function of electron energy
as measured from a beam test. The upper series of points correspond to events taken with
a 20×20 mm2 trigger and reconstructed using a containment correction described in Section 4.3.2.2. The lower series of points correspond to events selected to fall within a 4×4 mm2
region. The energy was measured in an array of 3×3 crystals with electrons impacting the
central crystal.

1.5.4

Hadron calorimeter

The design of the hadron calorimeter (HCAL) [3] is strongly influenced by the choice of magnet parameters since most of the CMS calorimetry is located inside the magnet coil (Fig. CP
1) and surrounds the ECAL system. An important requirement of HCAL is to minimize
the non-Gaussian tails in the energy resolution and to provide good containment and hermiss measurement. Hence, the HCAL design maximizes material inside the
meticity for the ET
magnet coil in terms of interaction lengths. This is complemented by an additional layer
of scintillators, referred to as the hadron outer (HO) detector, lining the outside of the coil.
Brass has been chosen as absorber material as it has a reasonably short interaction length, is
easy to machine and is non-magnetic. Maximizing the amount of absorber before the magnet requires keeping to a minimum the amount of space devoted to the active medium. The
tile/fibre technology makes for an ideal choice. It consists of plastic scintillator tiles read
out with embedded wavelength-shifting (WLS) fibres. The WLS fibres are spliced to high-
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attenuation-length clear fibres outside the scintillator that carry the light to the readout system. This technology was first developed by the UA1 collaboration [14] and at Protvino [15]
and has been used in the upgrade of the CDF endcap calorimeter [16]. The photodetection
readout is based on multi-channel hybrid photodiodes (HPDs). The absorber structure is assembled by bolting together precisely machined and overlapping brass plates so as to leave
space to insert the scintillator plates, which have a thickness of 3.7 mm. The overall assembly
enables the HCAL to be built with essentially no uninstrumented cracks or dead areas in φ.
The gap between the barrel and the endcap HCAL, through which the services of the ECAL
and the inner tracker pass, is inclined at 53◦ and points away from the centre of the detector.
1.5.4.1 Hadron barrel
The hadron barrel (HB) part of HCAL consists of 32 towers covering the pseudorapidity
region −1.4 < η < 1.4, resulting in 2304 towers with a segmentation ∆η×∆φ = 0.087×0.087.
The HB is constructed in 2 half barrels (see Fig. CP 8). Details of the HB design, together
with the performance of production modules measured in CERN test beams, may be found
in [17]. The HB is read out as a single longitudinal sampling. There are 15 brass plates, each
with a thickness of about 5 cm, plus 2 external stainless steel plates for mechanical strength.
Particles leaving the ECAL volume first see a scintillator plate with a thickness of 9 mm
rather than 3.7 mm for the other plates. The light collected by the first layer is optimized to
be a factor of about 1.5 higher than the other scintillator plates.
1.5.4.2

Hadron outer

The hadron outer (HO) detector contains scintillators with a thickness of 10 mm, which line
the outside of the outer vacuum tank of the coil and cover the region −1.26 < η < 1.26. The
tiles are grouped in 30◦ -sectors, matching the φ segmentation of the DT chambers. They sample the energy from penetrating hadron showers leaking through the rear of the calorimeters
and so serve as a “tail-catcher” after the magnet coil. They increase the effective thickness of
the hadron calorimetry to over 10 interaction lengths, thus reducing the tails in the energy
miss resolution of the calorimeter.
resolution function. The HO also improves the ET
HO is physically located inside the barrel muon system and is hence constrained by the
geometry and construction of that system. It is divided into 5 sections along η, called “rings”
−2, −1, 0, 1, and 2. The fixed ring-0 has 2 scintillator layers on either side of an iron absorber
with a thickness of about 18 cm, at radial distances of 3.850 m and 4.097 m, respectively. The
other mobile rings have single layers at a radial distance of 4.097 m. Each ring covers 2.5 m
in z. HO scintillators follow the HCAL barrel tower geometry in η and φ.
1.5.4.3

Hadron endcap

Each hadron endcap (HE) of HCAL consists of 14 η towers with 5◦ φ segmentation, covering
the pseudorapidity region 1.3 < |η| < 3.0. For the 5 outermost towers (at smaller η) the
φ segmentation is 5◦ and the η segmentation is 0.087. For the 8 innermost towers the φ
segmentation is 10◦ , whilst the η segmentation varies from 0.09 to 0.35 at the highest η. The
total number of HE towers is 2304.
Details of the HE design, together with the performance of production modules measured in
CERN test beams, may be found in [18].
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1.5.4.4

Hadron forward

Coverage between pseudorapidities of 3.0 and 5.0 is provided by the steel/quartz fibre
Hadron Forward (HF) calorimeter. Because the neutral component of the hadron shower
is preferentially sampled in the HF technology, this design leads to narrower and shorter
hadronic showers and hence is ideally suited for the congested environment in the forward
region. The front face is located at 11.2 m from the interaction point. The depth of the absorber is 1.65 m. The signal originates from Cerenkov light emitted in the quartz fibres,
which is then channeled by the fibres to photomultipliers. The absorber structure is created
by machining 1 mm square grooves into steel plates, which are then diffusion welded. The
diameter of the quartz fibres is 0.6 mm and they are placed 5 mm apart in a square grid.
The quartz fibres, which run parallel to the beam line, have two different lengths (namely
1.43 m and 1.65 m) which are inserted into grooves, creating 2 effective longitudinal samplings. There are 13 towers in η, all with a size given by ∆η ≈ 0.175, except for the lowest-η
tower with ∆η ≈ 0.1 and the highest-η tower with ∆η ≈ 0.3. The φ segmentation of all
towers is 10◦ , except for the highest-η one which has ∆φ = 20◦ . This leads to 900 towers and
1800 channels in the 2 HF modules.
1.5.4.5

Performance of the hadron calorimeter
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In Chapter 11 the simulated single particle energy response and resolution is compared with
test beam data from all 3 geographic parts of the HCAL. However, for gauging the performance of the HCAL, it is usual to look at the jet energy resolution and the missing transverse energy resolution. The granularity of the sampling in the 3 parts of the HCAL has
been chosen such that the jet energy resolution, as a function of ET , is similar in all 3 parts.
miss ) resolution is given by
This is illustrated
in Figure 1.8. The missing transverse energy (ET
√
miss ) ≈ 1.25 ΣE , if energy clustering corrections are not made.
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Figure 1.8: The jet transverse energy resolution as a function of the simulated jet transverse energy for barrel jets (|η| <1.4), endcap jets (1.4< |η| <3.0) and very forward jets
(3.0< |η| <5.0). The jets are reconstructed with the interative cone R = 0.5 algorithm. See
Section 11.4 for further details.
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1.5.5

Inner tracking system

By considering the charged particle flux at various radii at high luminosity (Table 1.6), 3
regions can be delineated:
• Closest to the interaction vertex where the particle flux is the highest (≈ 107 /s at
r ≈ 10 cm), pixel detectors are placed. The size of a pixel is ≈ 100 × 150 µm2 ,
giving an occupancy of about 10−4 per pixel per LHC crossing.
• In the intermediate region (20 < r < 55 cm), the particle flux is low enough to enable use of silicon microstrip detectors with a minimum cell size of 10 cm ×80 µm,
leading to an occupancy of ≈ 2–3%/LHC crossing.

• In the outermost region (r > 55 cm) of the inner tracker, the particle flux has
dropped sufficiently to allow use of larger-pitch silicon microstrips with a maximum cell size of 25 cm × 180 µm, whilst keeping the occupancy to ≈ 1%.

Even in heavy-ion (Pb-Pb) running, the occupancy is expected to be at the level of 1% in
the pixel detectors and less than 20% in the outer silicon strip detectors, permitting track
reconstruction in the high density environment.
The layout of the CMS tracker is shown in Figure 1.9. The outer radius of the CMS tracker
extends to nearly 110 cm, and its total length is approximately 540 cm.
Close to the interaction vertex, in the barrel region, are 3 layers of hybrid pixel detectors
at a radii of 4, 7, and 11 cm. The size of the pixels is 100×150 µm2 . In the barrel part, the
silicon microstrip detectors are placed at r between 20 and 110 cm. The forward region has
2 pixel and 9 microstrip layers in each of the 2 Endcaps. The barrel part is separated into an
Inner and an Outer Barrel. In order to avoid excessively shallow track crossing angles, the
Inner Barrel is shorter than the Outer Barrel, and there are an additional 3 Inner Disks in the
transition region between the barrel and endcap parts, on each side of the Inner Barrel. The
total area of the pixel detector is ≈ 1 m2 , whilst that of the silicon strip detectors is 200 m2 ,
providing coverage up to |η| < 2.4. The inner tracker comprises 66 million pixels and 9.6
million silicon strips [19].

Figure 1.9: The tracker layout (1/4 of the z view).
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Strip tracker

The barrel tracker region is divided into 2 parts: a TIB (Tracker Inner Barrel) and a TOB
(Tracker Outer Barrel). The TIB is made of 4 layers and covers up to |z| < 65 cm, using
silicon sensors with a thickness of 320 µm and a strip pitch which varies from 80 to 120 µm.
The first 2 layers are made with “stereo” modules in order to provide a measurement in
both r-φ and r-z coordinates. A stereo angle of 100 mrad has been chosen. This leads to a
single-point resolution of between 23–34 µm in the r-φ direction and 23 µm in z. The TOB
comprises 6 layers with a half-length of |z| < 110 cm. As the radiation levels are smaller
in this region, thicker silicon sensors (500 µm) can be used to maintain a good S/N ratio for
longer strip length and wider pitch. The strip pitch varies from 120 to 180 µm. Also for the
TOB the first 2 layers provide a “stereo” measurement in both r-φ and r-z coordinates. The
stereo angle is again 100 mrad and the single-point resolution varies from 35–52 µm in the
r-φ direction and 52 µm in z.
The endcaps are divided into the TEC (Tracker End Cap) and TID (Tracker Inner Disks).
Each TEC comprises 9 disks that extend into the region 120 cm< |z| < 280 cm, and each
TID comprises 3 small disks that fill the gap between the TIB and the TEC. The TEC and TID
modules are arranged in rings, centred on the beam line, and have strips that point towards
the beam line, therefore having a variable pitch. The first 2 rings of the TID and the innermost
2 rings and the fifth ring of the TEC have ”stereo” modules. The thickness of the sensors is
320 µm for the TID and the 3 innermost rings of the TEC and 500 µm for the rest of the TEC.
The entire silicon strip detector consists of almost 15 400 modules, which will be mounted on
carbon-fibre structures and housed inside a temperature controlled outer support tube. The
operating temperature will be around −20◦ C.
part
TIB
TOB
TID
TEC
TEC(2)
1.5.5.2

Table 1.4: Detector types in the silicon tracker
No. detectors thickness ( µm) mean pitch ( µm)
2724
320
81/118
5208
500
81/183
816
320
97/128/143
2512
320 96/126/128/143
3888
500
143/158/183

Pixel tracker

The pixel detector consists of 3 barrel layers with 2 endcap disks on each side on them (Fig. 1.10).
The 3 barrel layers are located at mean radii of 4.4 cm, 7.3 cm and 10.2 cm, and have a length
of 53 cm. The 2 end disks, extending from 6 to 15 cm in radius, are placed on each side at
|z| = 34.5 cm and 46.5 cm.

In order to achieve the optimal vertex position resolution, a design with an “almost” square
pixel shape of 100×150 µm2 in both the (r,φ) and the z coordinates has been adopted. The
barrel comprises 768 pixel modules arranged into half-ladders of 4 identical modules each.
The large Lorentz effect (Lorentz angle is 23◦ ) improves the r-φ resolution through charge
sharing.
The endcap disks are assembled in a turbine-like geometry with blades rotated by 20◦ to
also benefit from the Lorentz effect. The endcap disks comprise 672 pixel modules with 7
different modules in each blade.
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Figure 1.10: Layout of pixel detectors in the CMS tracker.
The spatial resolution is measured to be about 10 µm for the r-φ measurement and about
20 µm for the z measurement. The detector is readout using approximately 16 000 readout
chips, which are bump-bonded to the detector modules.
1.5.5.3 Tracker control and readout scheme
The Silicon Strip Tracker (SST) readout system is based on a front-end APV25 readout chip
[20], analogue optical links [21] and an off-detector Front-End Driver (FED) processing board
[22]. The APV25 chip samples, amplifies, buffers and processes signals from 128 channels of
a silicon strip sensor. Each microstrip is readout by a charge sensitive amplifier with τ =
50 ns. The output voltage is sampled at the beam crossing rate of 40 MHz. Samples are
stored in an analogue pipeline for up to the Level-1 latency of 3.2 µs. Following a trigger,
a weighted sum of 3 samples is formed in an analogue circuit. This confines the signal to a
single bunch crossing and gives the pulse height. The buffered pulse height data from pairs
of APV25 chips are multiplexed onto a single line and the analogue data are converted to
optical signals before being transmitted via optical fibres to the off-detector FED boards. The
output of the transmitting laser is modulated by the pulse height for each strip. The FEDs
digitize, process and format the pulse height data from up to 96 pairs of APV25 chips, before
forwarding zero-suppressed data to the DAQ online farm. The electronics noise/channel of
the tracking system is about 1000 to 1500 electrons before and after irradiation, respectively.
The SST control system comprises ≈300 control rings that start and end at the off-detector
Front-End Controller (FEC) boards [23]. Slow-control commands, clock and Level-1 triggers
are distributed via digital optical links to Digital Opto-Hybrids (DOH) [24], which perform
optical-to-electrical conversion before the control signals are distributed to the front-end electronics.
The Pixel Tracker readout system is described in detail in [6]. A single pixel barrel module
is readout by 16 Read-Out Chips (ROCs). In the endcaps, the number of ROCs per module
varies from 2 to 10. Each ROC reads an array of 52×80 pixels. Analogue signals and corresponding pixel addresses are stored in a data buffer, waiting for the Level-1 trigger decision.
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Following a Level-1 trigger accept, data are transmitted on optical links to FED boards. In
the barrel, groups of 8 or 16 ROCs are connected to 1 link, whereas in the endcaps there are
21 or 24 ROCs per link. The 40 Pixel FEDs perform digitization and data formatting.
1.5.5.4

Performance of the tracker

The performance of the tracker is illustrated in Figure 1.11, which shows the transverse momentum and impact parameter resolutions in the r-φ and z planes for single muons with a
pT of 1, 10 and 100 GeV/c, as a function of pseudorapidity. Track reconstruction efficiency
as a function of pseudorapidity for single muons and pions is shown in Figure 1.12. The
material inside the active volume of the tracker increases from ≈ 0.4X0 at η = 0 to around
1X0 at |η| ≈ 1.6, before decreasing to ≈ 0.6X0 at |η| = 2.5.

1.5.6

Trigger and data acquisition

The LHC bunch crossing rate of 40 MHz leads to ≈ 109 interactions/sec at design luminosity.
Data from only about 102 crossings/sec can be written to archival media; hence, the trigger
system has to achieve a rejection factor of nearly 106 .
The CMS trigger and data acquisition system [7, 8] consists of 4 parts: the detector electronics, the Level-1 trigger processors (calorimeter, muon, and global), the readout network, and
an online event filter system (processor farm) that executes the software for the High-Level
Triggers (HLT).
1.5.6.1 Level-1 trigger
The size of the LHC detectors and the underground caverns imposes a minimum transit time
for signals from the front-end electronics to reach the services cavern housing the Level-1
trigger logic and return back to the detector front-end electronics. The total time allocated for
the transit and for reaching a decision to keep or discard data from a particular beam crossing
is 3.2 µs. During this time, the detector data must be held in buffers while trigger data is
collected from the front-end electronics and decisions reached that discard a large fraction of
events while retaining the small fraction of interactions of interest (nearly 1 crossing in 1000).
Of the total latency, the time allocated to Level-1 trigger calculations is less than 1 µs.
Custom hardware processors form the Level-1 decision. The Level-1 triggers involve the
calorimetry and muon systems, as well as some correlation of information between these
systems. The Level-1 decision is based on the presence of “trigger primitive” objects such
as photons, electrons, muons, and jets above set ET or pT thresholds. It also employs global
miss . Reduced-granularity and reduced-resolution data are used to form
sums of ET and ET
trigger objects. At startup the Level-1 rate will be limited to 50 kHz (the design value is
100 kHz). Taking a safety margin of a factor of 3 into account for simulation uncertainties, as
well as beam and detector conditions not included in the simulation programs, leads to an
estimated rate of 16 kHz. The design value of 100 kHz is set by the average time to transfer
full detector information through the readout system.
Much of the logic in the trigger system is contained in custom Application Specific Integrated
Circuits (ASICs), semi-custom and gate-array ASICs, Field Programmable Gate Arrays (FPGAs), Programmable Logic Devices (PLDs), and discrete logic such as Random Access Memories that are used for memory Look-Up Tables (LUTs). Where possible and where the added
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Figure 1.11: Resolution of several track parameters for single muons with transverse momenta of 1, 10 and 100 GeV/c: (upper) transverse momentum, (lower left) transverse impact
parameter, and (lower right) longitudinal impact parameter.
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Figure 1.12: Global track reconstruction efficiency for muons (left) and pions (right) of transverse momenta of 1, 10 and 100 GeV/c.
flexibility offers an advantage and is cost effective, designs incorporate new FPGA technology.
During the Level-1 decision-making period, all the high-resolution data is held in pipelined
memories. Commodity computer processors make subsequent decisions using more detailed information from all of the detectors in more and more sophisticated algorithms that
approach the quality of final reconstruction.
1.5.6.2

High-Level triggers

Upon receipt of a Level-1 trigger, after a fixed time interval of about 3.2 µs, the data from the
pipelines are transferred to front-end readout buffers. After further signal processing, zerosuppression and/or data-compression, the data are placed in dual-port memories for access
by the DAQ system. Each event, with a size of about 1.5 MB (pp interactions), is contained in
several hundred front-end readout buffers. Through the event building “switch,” data from
a given event are transferred to a processor. Each processor runs the same high-level trigger
(HLT) software code to reduce the Level-1 output rate of 100 kHz to 100 Hz for mass storage.
The use of a processor farm for all selections beyond Level-1 allows maximal benefit to be
taken from the evolution of computing technology. Flexibility is maximized since there is
complete freedom in the selection of the data to access, as well as in the sophistication of the
algorithms.
Various strategies guide the development of the HLT code. Rather than reconstruct all possible objects in an event, whenever possible only those objects and regions of the detector that
are actually needed are reconstructed. Events are to be discarded as soon as possible. This
leads to the idea of partial reconstruction and to the notion of many virtual trigger levels,
e.g., calorimeter and muon information are used, followed by use of the tracker pixel data
and finally the use of the full event information (including full tracking).
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1.5.7

Software and computing

The CMS software and computing systems need to cover a broad range of activities including the design, evaluation, construction, and calibration of the detector; the storage, access,
reconstruction and analysis of data; and the support of a distributed computing infrastructure for physicists engaged in these tasks.
The storage, networking and processing power needed to analyse these data is well in excess of today’s facilities and exceed any reasonably projected capabilities of CERN’s central
computing systems. The CMS computing model [25] is therefore highly distributed, with a
primary “Tier-0” centre at CERN being supplemented by Tier-1 and Tier-2 computing centres
at national laboratories and universities worldwide.
New computing grid technologies will be used to facilitate the seamless exploitation of these
distributed centres. Close collaboration is maintained with running HEP experiments to
learn from their experience and adopt and extend appropriate computing technologies they
have developed. The “LHC Computing Grid,” a joint project of the experiments and laboratories, is proceeding towards integration and deployment of grid technologies for LHC.
Much software has to be developed and verified for simulation and physics analysis, as well
as for common libraries, tools and frameworks. All of this has to be ready and tested by the
start of data taking in 2007. To this end, “Data Challenges” of increasing size and complexity
are being performed by CMS in order to subject the steadily developing computing environment and software to progressively more realistic tests. Of particular note is the Computing,
Software and Analysis challenge foreseen in the second half of 2006.

1.5.8

Performance: mass resolutions

An indication of the performance of CMS can be obtained by looking at the mass resolution
for various states (Table 1.5).
Table 1.5: Mass resolution for various states at a luminosity of L = 2 × 1033 cm−2 s−1 .
CMS
GeV/c2
B → ππ
0.031
0
B → J/ΨKS
0.016
Υ → µ+ µ−
0.050
2
H(130 GeV/c ) → γγ
0.90
H(150 GeV/c2 ) → ZZ ∗ → 4µ
1.3
2
A(500 GeV/c ) → τ τ
75.0
W → jet-jet
10.0
Z " (1 TeV/c2 ) → µ+ µ−
45.0
Z " (1 TeV/c2 ) → e+ e−
5.0

1.5.9

Radiation levels in CMS

The high particle fluxes emanating from the interaction region lead to high radiation levels
requiring radiation hard detectors and front-end electronics. The expected radiation levels
in CMS for the various detectors are given in Tables 1.6 and 1.7 for an integrated luminosity
of 500 fb−1 , corresponding to the first 10 years of running.
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Table 1.6: Hadron fluence and radiation dose in different radial layers of the CMS Tracker
(barrel part) for an integrated luminosity of 500 fb−1 (≈ 10 years).
Radius (cm) Fluence of fast hadrons Dose (kGy) Charged Particle Flux
(1014 cm−2 )
(cm−2 s−1 )
4
32
840
108
11
4.6
190
22
1.6
70
6 × 106
75
0.3
7
115
0.2
1.8
3 × 105
Table 1.7: Radiation dose in CMS Calorimeters for an integrated luminosity of 500 fb−1 (≈ 10
years).
Pseudorapidity (η) ECAL Dose (kGy) HCAL Dose (kGy) ECAL Dose Rate (Gy/h)
0–1.5
3
0.2
0.25
2.0
20
4
1.4
2.9
200
40
14
3.5
–
100
–
5
–
1000
–

1.6 The current state of the construction, installation and commissioning of CMS
The CMS detector is being assembled in the surface assembly hall, SX5, at Point 5 in Cessy.
For ease of assembly, installation and maintenance, CMS has been designed along the following lines:
• All the subdetectors should be maintainable by opening CMS in large sections,

• The movements of these sections should be possible without un-cabling the attached subdetectors and without breaking the chain of services (cooling, LV, etc.)
allowing fast re-commissioning after closing,
• access must be possible to the Tracker flange for at least 1 day during a 10-day
shut-down.
The main design consequences are as follows:
• The Barrel yoke is sectioned into 5 ring-sections and each Endcap yoke into 3 disksections (4 with YE4) to allow maintenance of the Muon stations.
• The Hadron Forward (HF) calorimeters have been pushed outside of the yoke to
allow easy sliding of the Endcaps along the beam-pipe.
• This allows the beam-pipe to flare out, which reduces the background from secondary interactions, and improves pumping without having to put a vacuum
pump too near the interaction point.
Civil Engineering (CE) work at Point 5 (located at Cessy, France) has finished. Installation
of the counting room and service infrastructure in cavern USC55 is advancing well. The
counting room is expected to be ready for subdetector readout crate installation in the second
quarter of 2006. The experiment cavern will be ready to receive detector elements in May
2006.
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The magnet yoke has been assembled at Point 5 for some time. The assembly of the solenoid
(coil integrated into the vacuum tank) is expected to be finished in January 2006 and cooldown started. The coil will be powered to full current in the second quarter of 2006.
There are 3 main phases in the assembly of the Tracker: module production, assembly of
modules into TOB-rods, TIB-shells, and TEC-petals, and finally the integration of TOB rods,
complete TIB and complete TEC structures into the Tracker Support Tube. The first phase
is almost complete, the second is progressing and the third is expected to be completed by
the summer of 2006. The commissioning of the full tracker, 25% at a time, is foreseen in the
autumn of 2006, before transport to Point 5 at the end of 2006.
The delivery of crystals defines the critical path for the ECAL. At the time of writing, some
46 000 out of 61 200 barrel crystals have been delivered. The serial integration of electronics into bare supermodules (SMs) has started. These SMs comprise 1700 crystals, which are
tested after assembly in the laboratory for a period of 1 week and with cosmic rays for another 1 week. The first half-barrel should be lowered into UX5 by mid-2006. The whole
barrel ECAL should be ready for the pilot physics run in 2007.
All HCAL module types [HB (barrel), HE (endcap), HO (outer) and HF (forward)], including
absorber and optics, are completed. Photodetectors and electronics have been installed or are
being installed prior to a comprehensive calibration of HCAL using Co-60 sources. HF will
be the first subdetector to be lowered in May of 2006.
All of the CSC chambers (a total of 496, including 6% spares) are at CERN. At the time of
writing, some 342 (75%) have been installed on the magnet yoke disks; almost all of the
installed chambers have been fully commissioned using cosmic rays.
The assembly of DT chambers should be completed by the beginning of 2006, except for
the MB4 chambers which will be finished by April 2006. The installation of DT chambers
in yoke wheels YB+2 and YB+1 (84 DT and RPC packages) is complete. The installation
will be completed in the other wheels before they are lowered. The commissioning of YB+2
chambers using cosmic rays has been finished and the cabling operation has just started.
The installation of RE1 chambers should be completed by the end of this year.
The muon-alignment hardware for the magnet test is in production. All MABs (carbonfibre position reference structures) are at CERN. Installation and cabling of components has
started on YE+.
The trigger system is mostly in production. Production of some trigger components has
already finished. There is much work underway on software and firmware. Integration tests
of detector primitive generators, trigger system and DAQ are underway. Components of the
trigger system are being thoroughly exercised and integrated with other trigger and detector
electronics systems in the Electronics Integration Centre (Building 904 on the Prevessin site)
in preparation for installation in USC55. Some components of the final system will be used
in data taking during the magnet test at SX5 in early 2006.
The production of the Data-to-Surface (D2S) custom components has been completed and
the electrical and functional tests have been passed. The final system tests have started in
Building 904. The D2S FED builder system (1024 Myrinet 2XP link boards, 10 Myrinet crates
and switches) has been delivered, and part of the modules have been installed in the preseries system at Point 5. The D2S components (except PC and fibres) are ready for installation
and the start of the readout commissioning in USC. A 16×16 readout builder with 16 FRL-
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FED columns is permanently running in Point 5 and used to test the integration of the central
DAQ with the detector systems participating in the Magnet Test.
In the current CMS Master Schedule, v34.2, the initial detector is foreseen to be installed and
closed for beam on 30 June 2007 and be ready for first collisions in late summer of 2007.
Installation of the pixel tracker, although ready in summer 2007, and the ECAL endcaps is
foreseen during the 2007/2008 winter shutdown, in time for the first physics run in spring
2008. The staged items include part of the fourth endcap muon station ME4/2, RPC chambers at low angles (|η| > 1.6), 60% of the DAQ online farm and the third pair of forward pixel
disks.

