Compact Muon Sol

CMS is a world wide collaboration comprising 1543 physicists and engineers from 31 countries and 136 institutions

CMS is a general purpose proton-proton detector designed to run at the highest luminosity at the LHC
It is also well adapted for studies at the initially lower luminosities. The main design goals of CMS are:
i) a highly performant muon system
i) the best possible electromagnetic calorimeter consistent with (i)
i
i

i) a high quality central tracking to achieve (i) and (ii)
v) hermetic hadron calorimeter
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Hadron Calorimeter

A section through one sector of
the barrel module. The copper
absorber plates are bolted
together and trays of scintillator
tiles will be inserted in the gaps.

Installation

CMS s built around a long superconducting solenoid
(I = 13m) with a free inner diameter of 5.9 m and a
uniform magnetic field of 4T. The magnetic flux is
The underground experimental area and the CMS detector returned via a 1.5 m thick saturated iron yoke
instrumented with muon chambers.

Trigger and Data Acquisition

Collision rate 40 MHz
Level-1 Maximum trigger rate 100 kHz
Average event size =~ 1 NMbyte
No. of In-Out units (200-5000 byte/event) = 1

Event builder (1000 port switch) bandwidth 1000 Gbit's
Event filter computing power = 510 MIPS
Data production ~ Tbyte/day Centrally produced muons are measured 3 times: in the inner tracker, after the coil
and in the return yoke. They are identified and measured in four identical muon
stations using drift chambers in the barrel, cathode strip chambers in the endcaps and
RPCs to assure redundancy in triggering
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Calorimetry
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Electrons, photons and hadrons will be stopped by the calorimeters allowing
their energy to be measured. The first calorimeter layer is designed to meas-
ure the energies of electrons and photons with high precision. Since these
particles interact electromagnetically, it is called an electromagnetic calorim-
eter (ECAL). Particles which interact via the strong interaction, hadrons, de-
posit most of their energy in the next layer, the hadronic calorimeter (HCAL).
Neutrinos escape direct detection but their presence can be inferred as an
apparent energy imbalance in a collision

Electromagnetic Showers

The physics channel that imposes the strictest performance requirement for the electro-
magnetic calorimeter (ECAL) is the decay of the Higgs boson with mass in the range 100-
140 GeV into two photons. All the terms making up the energy resolution (i.e. stochastic,
constant and noise) have to be kept small and should be roughly equal at photon energies
corresponding to approximately half the Higgs mass.

10
H The resolution of the energy measurement of the
H electromagnetic calorimeter is driven by three
& major parameters:
) \\:._“ A * The shower containment and photostatictics
o « The electronic noise and pileup energy
° e « The constant term
H Lol The full energy resolution is the sum of these
[ Phot terms and is shown in the figure on the left.
oise
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The resolution of the two-photon mass depends on the energy E =280 GeV
resolution and on the uncertainty on the angle between the two olE = 045%

photons. If the vertex position is known, the angular error is negli-
gible. However, if the only information available is the average
spread of the interaction vertices, there is an additional 1.5 GeV
contributing to the diphoton mass resolution.

At low luminosity the longitudinal position of the Higgs production *
vertex can be localized using high transverse momentum tracks

found in the tracking system. Studies indicate that even at high lu-
minosity the correct vertex can be located for a large fraction of

the events using the same method. 2 T e
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The ECAL must also have good two-shower separation

capability to reject a sufficient number of n%s carrying moderate

transverse energy (20-40 GeV). The non-identification of these

(o n%s results in a very large background from photon+jet events,
/ as shown on the left.

"R The last requirement on the ECAL is that of a large rapidity
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e coverage. This is also true for the channel in which the Higgs
o it — boson decays to four charged leptons via one real and one

{ I virtual Z boson or via two real Z bosons.
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The expected signal from the decay
H°~>yy for MH:130 GeV, after 100 fb”
1 collected at high luminosity.

On the left is the total diphoton mass
spectrum, and on the right is the
Higgs excess after background
subtraction.
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Hadronic Showers

The performance required from a hadron calorimeter (HCAL) is less constrained by the
physics processes. The jet energy resolution is compromised by effects such as the jet-
finding algorithm, the fragmentation process, the magnetic field and energy pile-up when
running at high luminosity. The important characteristics are the transverse granularity and
the n coverage.
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Emphasis is laid on hermeticity to ensure a good missing transverse energy measurement.
Coverage up to Inl=5 is necessary for several reactions, e.g. a heavy Higgs decaying into
two Z bosons which in turn give a lepton pair and jet pair. Adequate depth is also needed
to contain high-energy jets and also to filter out the hadrons in jets for a cleaner muon
measurement and trigger. A relatively fine transverse granularity is important in measuring
the jet direction and also to separate two-jet combinations.

Distribution of missing
energy associated
with QCD dijets for
different detector cov-
erage; the figure justi-
fies an HCAL cover-
age over the range In|
< 5, particularly for
missing transverse
energy in the range
25 <E; <125 GeV.
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Left: shower profiles for pions of various momenta as a =
function of absorber depth in the calorimeter, as meas-
ured in beam tests. Right: depth of the calorimetry in
absorption lengths. The full depth corresponds to ap- e
proximately 11 absorption lengths of material.

The reconstruction of jets and dijet masses are keys to searches for high mass Higgs bo-
sons. It is also very important in searching for Higgs bosons predicted by supersymmetry.

h—bb in MSUGRA
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Possible signal from the production of a low mass 3 o ‘q
supersymmetric Higgs boson (h) decaying into two O L [\ )
b-jets. To identify this final state requires use of © ) tagging=100%, mistagging = 0%
both the tracking detectors, to identify displaced o™ \ i
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One of the principal CMS design objectives is to construct a very high per-
formance electromagnetic calorimeter. A scintillating crystal calorimeter of-
fers excellent performance for energy resolution since almost all of the ener-
gy of electrons and photons is deposited within the crystal volume. CMS has
chosen lead tungstate crystals which have high density, a small Moliere radi-
us and a short radiation length allowing for a very compact calorimeter sys-
tem. A high-resolution crystal calorimeter enhances the H—yy discovery po-
tential at the initially lower luminosities at the LHC

Lead-Tungstate Crystals

The CMS electromagnetic calorimeter will consist of over
80,000 lead-tungstate (PbWO,) crystals equipped with
avalanche photodiodes or vacuum phototriodes and asso-
ciated electronics operating in a challenging environment:
a magnetic field of 4T, a time of 25 ns between bunch
crossings, a radiation dose of = 1-2 kGy/year for LHC oper-
ation at maximum luminosity, and also difficult access for
maintenance

After an intensive R&D program, lead tungstate crystals
were chosen because they offer the best prospects of
meeting these demanding requirements. The choice was
based on the following considerations:
* PbWO, has a short radiation length and a
small Moliére radius
« it is a fast scintillator
« it is relatively easy to produce from readily available
raw materials and substantial experience and pro-
duction capacity already exist in China and Russia
The crystals have a front face of
about 22x22 mm? — which
matches well the Moliére radius
of 22 mm. To limit fluctuations
on the longitudinal shower leak-
age of high-energy electrons and
photons, the crystals must have
a total thickness of 26 radiation
lengths — corresponding to a
s ~ crystal length of only 23 cm
PbWO, is intrinsically radiation-hard, but non-optimized
crystals do suffer from radiation damage. The R&D pro-
gram of the last few years has led to a better understand-
ing of the damage mechanism. The main conclusion is
that radiation affects neither the scintillation mechanism
nor the uniformity of the light yield along the crystal. It only
affects the transparency of the crystals through the forma-
tion of color centers and the transport of light is changed
by self-absorption of the crystals. This light loss can be
monitored by a light-injection system

Lasor systom
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The light monitoring sys-
tem, shown on the left,

2 Faroi is designed to inject light
pulses into each crystal
to measure the optical
transmission. The puls-
es are distributed via an
optical-fibre system.

The system is designed
to continuously monitor
the calorimete
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Preshower Detector

CMS will utilize a preshower detector in the endcap region
(rapidity range 1.65 < Inl < 2.6). Its main function is to
provide y-nt° separation

The preshower
detector contains two
thin lead converters
followed by silicon
strip detector planes
placed in front of the
ECAL.

The measurement of the energy deposition in the ~2 mm
pitch silicon strips allows the determination of the impact
position of the electromagnetic shower by a charge-
weighted-average algorithm with very good accuracy
(~300um at 50 GeV). The fine granularity of the detector
enables the separation of single showers from overlaps of
two close showers due to the photons from n° decays
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The active planes of silicon detectors are built from a large number of
identical modules each of which contains an individual detector, as
shown above. A module contains an aluminum tile (‘holder’) onto
which a ceramic support is glued. A silicon detector, subdivided into
32 strips at 1.9 mm pitch, is then glued and bonded to the ceramic.
The hybrid containing the analog front-end electronics is also glued
and bonded to the ceramic. The modules are then assembled on long
ladders which contain two columns of adjacent detectors

The n° rejection algorithm using the preshower compares
the highest signal (summed in 1, 2 or 3 adjacent strips) with
the total signal in 21 adjacent strips centered on the high-
est-signal strip. The fraction of the two energies, F, is then
used to select
photons (and
reject n°'s)

200

1l single protons

150l W photons from =*
The rejection ob-
tained with this
=17 simple algorithm
approaches a
O factor of 3 and is
fairly independ-
ent of Er.
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Readout

The scintillation light from the crystals must be captured by
a photodetector, amplified and digitized. A schematic of
the readout sequence is shown in the figure below

Energy  Light Current Voltage Bits

- -
Bits Light

- -
Current Voltage

APD  Preamp Floating-Point ~ Fiber
ADC Transmitter

Contol
Interface — Trigger
Interface - DAQ

‘ On-detector light-to-light readout ‘

The first element is the PboWO, crystal which converts en-
ergy into light. The light is converted into a photocurrent by
the photodetector. The relatively low light yield of the crys-
tal necessitates a preamplifier in order to convert the pho-
tocurrent into a voltage waveform. The signal is then ac-
quired and digitized. The resulting data are transported off
the detector via optical fibre to the upper-level readout

0

Photodetector (Avalanche Photodiode) princi-
ple: Photons convert in the p** layer. Photo-
electrons drift towards the abrupt p-n junction
where ionization starts and avalanche break-
down occurs. The avalanche breakdown re-
= sults in impact electron multiplication.

5 S avdaxche  Floding
photodode  point ADG
e

To avoid the design
and construction of
a very large quanti-
ty of radiation-hard
electronics, the data
are transported, im-
mediately after the
digitization step, to
the counting room
by fibreoptic links

@ Timing"

-/
Preamplifier

The upper level readout has four main functions:
« formation of trigger tower energy sums
« pipelining (storing the data until receipt of a Level-1
trigger decision)
* transmission of the data from the triggered event to
the Data Acquisition System
« providing interface functions for the on-detector

i

;

electronics Layout of the upper-level read-

T ~mee  out. The optical receiver deseri-

alizes the data from the Very

(= Front-Ends. The linearizer

Coom P&l == transforms the incoming data to

a representation which facili-

tates analysis by the trigger (e.g. formation of energy sums) without

further conversions
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The Hadronic Calorimeter (HCAL), plays an essential role in the identifica-
tion and measurement of quarks, gluons, and neutrinos by measuring the
energy and direction of jets and of missing transverse energy flow in events.
Missing energy forms a crucial signature of new particles, like the supersym-
metric partners of quarks and gluons. For good missing energy resolution, a
hermetic calorimetry coverage to Inl=5 is required. The HCAL will also aid in
the identification of electrons, photons and muons in conjunction with the
tracker, electromagnetic calorimeter, and muon systems

Barrel & Endcap

The hadron barrel (HB) and hadron endcap (HE) calorime-
tesr are sampling calorimeters with 50 mm thick copper
absorber plates which are interleaved with 4 mm thick scin-
tillator sheets.

Copper has been selected as the absorber material be-
cause of its density. The HB is constructed of two half-bar-
rels each of 4.3 meter length. The HE consists of two
large structures, situated at each end of the barrel detector
and within the region of high magnetic field. Because the
barrel HCAL inside the coil is not sufficiently thick to con-
tain all the energy of high energy showers, additional scin-
tillation layers (HOB) are placed just outside the magnet
coil. The full depth of the combined HB and HOB detec-
tors is approximately 11 absorption lengths.

Light emission from the tiles is in the blue-
violet, with wavelength in the range A = 410-
425 nm. This light is absorbed by the wave-
shifting fibers which fluoresce in the green
at A = 490 nm. The green, waveshifted light
is conveyed via clear fiber waveguides to
connectors at the ends of the megatiles.

Megatiles are large sheets of plas-
tic scintillator which are subdivided
into component scintillator tiles, of
size An x A = 0.87 x 0.87 to pro-
vide for reconstruction of hadronic
showers. Scintillation signals from
the megatiles are detected using
waveshifting fibers. The fiber diam-
eter is just under 1 mm.

Megatiles are cut out on a
special milling machine called
aThermwood. The Therm-
wood is programmed to cut
tiles of varying dimension and
also to machine keyhole
grooves in the plastic into
which the waveshifting fibers
are inserted. The gaps be-
tween adjacent tiles are filled
with diffuse reflective paint to
provide optical isolation.

Forward

There are two hadronic forward (HF) calorimeters, one lo-
cated at each end of the CMS detector, which complete
the HCAL coverage to Inl = 5. The HF detectors are situat-

ed in a harsh radiation field and cannot be constructed
of conventional scintillator and waveshifter materials. In-
stead, the HF is built of steel absorber plates; steel suffers
less activation under irradiation than copper. Hadronic
showers are sampled at various depths by radiation-resist-
ant quartz fibers, of selected lengths, which are inserted
into the absorber plates.

—

Quartz fibers of 300

um diameter are shown
threaded into an early
prototype HF test mod-
ule which utilized cop-
per absorber. This view
is looking directly

into the beam.

The energy of jets is measured from the Cerenkov light
signals produced as charged particles pass through the
quartz fibers. These signals result principally from the
electromagnetic component of showers, which results in
excellent directional information for jet reconstruction. Fi-
ber optics convey the Cerenkov signals to photomultiplier
tubes which are located in radiation shielded zones to the
side and behind each calorimeter.

Spectral analysis of da-
ta taken during intense
radiation exposure of
an HF prototype, un-
derway at LIL. Quartz
fibers with various
claddings were

tested.

Supersymmetric particles may re-
veal themselves in some spectac-
ular events involving leptons, jets
and missing energy.

In this simulated event, jets are
observed in the HB calorimeter.
The hermeticity of the HCAL (the
HB, HE and HF detectors working
together) is used to identify the
substantial missing energy in the
event.

Readout

Light from waveshifting fibers is "piped" via clear optical
waveguide fibers to readout boxes located at the ends of
the barrel and endcap detectors at large radii relative to the
beam, yet within the region of high magnetic field. For
HCAL detector elements in the barrel region located be-
yond the magnet coil, the readout boxes are positioned on
the iron flux return outside the muon system.

Within the readout boxes, the opti-

cal signals from the megatile layers
— are grouped into "towers" accord-
" ing to An x Ag interval. These tow-
er signals are detected and con-
verted into fast electronic signals
by photosensors.

For the barrel and endcap detectors, the photosensors are
hybrid photodiodes (HPDs). For the forward detectors,
conventional photomultiplier tubes are used.

The HPDs are new de-
vices consisting of a fi-
ber-optic entrance win-
dow onto which a multi-
alkali photocathode is
deposited, followed by a
gap of several millime-
ters over which a large
applied electric field accelerates photoelectrons onto a silicon diode
target. The target is subdivided into individual readout elements called
pixels. For CMS, 19-channel and 73-channel HPDs will be used.

The gain of HPDs is typically 2000-3000 for applied voltag-
es of 10-15 kV. HPDs are capable of operating in high ax-
ial magnetic fields and provide a linear response over a
large dynamic range from minimum ionizing particles
(muons) up to 3 TeV hadron showers. The electronic sig-
nals from the HPDs are processed and digitized using spe-
cial front end integrated circuits called QIE chips. QIE is an
acronym for charge (Q) integration (I) and encode (E).

FADC vs. Energy
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The demand of large dynamic
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The most important aspect of the overall detector design is the configuration
and parameters of the magnetic field. The momentum measurement of
charged particles in the detector is based on the bending of their trajectories.
High momentum resolution is achievable either through a large bending pow-
er or through a very high precision on the spatial resolution and alignment of
the detectors. For a similar bending power, the overall size of a solenoidal
system is smaller than that of a toroid. The CMS design is thus based on a

solenoid providing a very high (4T) magnetic field

Muon measurement and trigger

A solenoid has been chosen for the following reasons:

* With the field parallel to the beam, the bending of the muon track is in the

transverse plane, determining the transverse position of the vertex to an

accuracy of better than 20 um. The strong bending in this plane allows triggers

based on tracks coming from the vertex.

* The momentum measurement in a solenoid starts at zero radial distance from

the beam line.
The CMS design utilizes a superconducting solenoid, 13 m long with a free inner diame-
ter of 5.9 m. The favorable ratio (length/radius) of the solenoid and the high field allow ef-
ficient muon detection and measurement up to a pseudo rapidity of 2.4. The inner coil ra-
dius is large enough to accommodate the inner tracker and the calorimeters. The mag-
netic flux is returned via a 1.5 m thick saturated iron yoke instrumented with four stations
of muon chambers. The yoke is thick enough to allow safe identification and powerful
trigger on muons.

Efficient triggering on muons is a difficult task in hadron colliders. From the outset the
CMS philosophy has been to optimize a design which assures a powerful trigger without
compromising the performance of other parts of the detector. The goal is to achieve
sharp trigger thresholds in order to keep the level-1 trigger rate low — and hence avoid
having to implement a hardware level-2 trigger system. As shown in the figure below, a
high magnetic field of 4T decreases the level-1 trigger rate by a significant factor. More-
over, the robustness of the CMS muon trigger relies on two independent measurements.
* The first, and more precise one, relies on the measurement of the direction of the muon
in the first muon station in the transverse plane. Lowering the field would require a corre-
sponding improvement in the spatial accuracy in the muon chambers.

* The second one uses the measurements in all four muon stations. With a 4T field, the
1.5m of iron in the return yoke is saturated. Lowering the field to 3T would reduce the
bending power by 25% and only 1.1 m of iron would be saturated. Four muon stations in
a reduced thickness of 1.1 m would not be optimal.

2 F 1 The effect of a different mag-
19F 4 netic field strength on the sin-
F 1 gle-muon trigger rate is
18 F prompt j1u 4 shown on the left. The plot
1.7F shows the ratio of the trigger
=16 E |T]|< 2.1 1 rate with a magnetic field of
'I* “F 4 3T to the trigger rate with a
S 15F 1 magnetic field of 4T (CMS de-
o« 1.4 E 1 sign parameter) as function of
F J the transverse momentum of
1.3F 4 the muon. For high momenta,
12F 1 3T field would result in al-
E 4 most a factor two greater trig-
11F 1 gerrate.
1k E
1 10 10

Pyt (GeV)

Tracking and calorimetry

In addition to the multilayer muon system, the magnetic field is also coupled with a fully
active scintillating crystal electromagnetic calorimeter and a powerful inner tracking sys-
tem based on fine-grained microstrip and pixel detectors. These features allow a very
good measurement of the energies of muons, electrons, other charged particles and pho-
tons, typically with a precision of about 1% at 100 GeV. Such a high precision leads to ex-
cellent mass resolution for states such as intermediate mass Higgs bosons, new Z' bo-
sons, B mesons in proton-proton collisions or Y states in heavy-ion collisions. Given this
detector configuration and precision requirements, a high magnetic field is mandatory for
a compact detector based on a single and long solenoid.

Mass Resolution for various states at 4T and 3T.

State Mass Resolution at 4 T Mass Resolution at 3 T
Hyey B00GeV) — ZZ — 4p 2.1 GeV 2.8 GeV
Hyg, (150 GeV) — ZZ* — 4p 0.8 GeV L1 GeV
B, » nmn 27 MeV 36 MeV/
Y - up 36 MeV 48 MeV

A field of 4T brings substantial benefits not only to the muon tracking but also for the calo-
rimetry. Maximum benefit from the CMS crystal electromagnetic calorimeter can only be
derived if it can be calibrated to an accuracy of a fraction of a percent. This is possible by
using copiously produced isolated electrons from the decay of Ws, Zs and b quarks. The
energy of the electrons measured in the calorimeters is compared with their momenta
measured in the tracker. The number of electrons required is proportional to the square of
the standard deviation of the quantity energy/momentum. Optimally both the inner tracking
momentum and the electromagnetic calorimeter energy resolutions should be comparable
in the relevant range of the energy of the electrons. At present (with a field of 4T) this is
indeed the case and the two resolutions are evenly matched.

Changing the magnetic field from 4T to 3T the occupancy in the inner tracker increases by
about 40% in the outmost parts of the barrel region and by about 25% in the outer parts of
the forward disks. In contrast, it decreases by about 20% in the innermost areas like the
silicon barrel detector. For the electromagnetic calorimeter, the trapping of low-momentum
charged particles results in a reduced particle flux. As shown in the table below, the flux
reduction with increasing field is very significant.

Charged particle energy density/minimum bias event/m? in the
electromagnetic calorimeter.

Magnetic Field Mean Transverse Energy Density (GeV/m*)
Barrel Endcap
mi=0 ni=15 Inl=24
0T 0.5 0.55 1.3
2T 0.3 0.25 0.7
4T 0.15 0.1 0.4
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Central barrel yoke, coil, and cables

Radial belts

The magnetic yoke contains the muon chambers while the barrel part of the
hadron calorimeter, HB, of the electromagnetic calorimeter, EB, and the

tracker are situated inside, and supported from the inner shell of the
Open view of the superconducting coil inside its vacuum tank vacuum tank

The CMS magnet system consists of a superconducting coil, the magnet
yoke (barrel and endcap), a vacuum tank and ancillaries such as cryogenics,
power supplies and process controls. The main parameters are a uniform
axial magnetic field of 4 Tesla, a yoke diameter of 14 m across flats, an axial
yoke length including endcaps of 21.6 m and a total weight of about 12000
tons. It will be the largest superconducting magnet system in the world: the
energy stored into it, if liberated, will be large enough to melt 18 T of gold

The magnetic flux generated by the superconducting coil is returned viaa 1.5 m
thick saturated iron yoke. This yoke is a 12-sided cylindrical structure, divided
into endcap and barrel regions. The barrel yoke is divided in 5 rings, is 13.2 m
long and has a mass of about 7000 T. Each barrel ring is made up of three iron
layers. Connecting brackets join together the steel plates forming the three lay-
ers and provide the required structural rigidity. The central barrel ring is the only
stationary part around the interaction point and it is used to support the vacuum
tank and the superconducting coil. The other four barrel rings and the endcap
disks slide on common floor rails, running in the beam direction, to allow inser-
tion and maintenance of the muon stations . Each endcap is built from three in-
dependent disks which can be separated to provide access to the forward muon
stations. Due to the axial magnetic field the two inner disks must withstand an
attraction force of about 85 MN and resist the large bending moments induced.
Therefore these two disks are 600 mm thick whereas the outer disk is only

250 mm thick. Each endcap weighs 2300 tons. The vacuum tank is made of
stainless steel and houses the superconducting coil. The outer shell of the vac-
uum tank is attached to the inner part of the central barrel ring and the coil is
symmetrically supported from it. All the barrel sub-detectors, HB, EB and tracker
are supported by the inner shell of the vacuum tank via a system of horizontal
rails.

The superconducting coil system consists of the coil and the ancillary subsys-
tems required for its operation and the protection system. The structure of the
superconducting coil is self-supporting , whereby magnetic forces are resisted
where they are produced. The reinforced conductor of the four layer CMS coil
can sustain by itself all the induced magnetic forces. As the forces induced in
the conductor by the magnetic and thermal loads go beyond the yield stress of
the pure aluminum a metallurgically bonded mechanical reinforcement is need-
ed. The best way is to have this reinforcement acting axially and tangentially to
the coil thus minimizing the conductor construction and winding operation.
Ancillaries for the superconducting coil are:

-the external cryogenic system from the flanges of the outer cryostats,

-the power supply from the current breakers,

-the vacuum system from the flange on the pumping line,

-the process control and the interface to the Slow Control system of the

experiment.

The external cryogenic sub-system consists of the compressors, the cold box,
the vessels containing the 200 m? of pressurized helium gas, the 5000 | LHe
container and the cryogenic lines. The cold box and LHe container will be instal-
led near the magnet whereas the compressors and pressure vessel will be at
the surface level. The complete system will be installed temporarily on the sur-
face for refrigerator commissioning and coil tests.
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CMS Endcap
Magnetic and gravity loads along the
beam direction
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Cross-section through the end of the solenoid
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CMS will use three types of gaseous particle detectors for muon identifica-
tion: Drift Tubes (DT) in the central barrel region, Cathode Strip Chambers
(CSC) in the endcap region and Resistive Parallel Plate Chambers (RPC) in
both the barrel and endcaps. The DT and CSC detectors are used to obtain
a precise measurement of the position and thus the momentum of the
muons, whereas the RPC chambers are dedicated to providing fast informa-

tion for the Level-1 trigger

Drift Tubes

Drift Tubes are used in the Barrel where the Magnetic field
is guided and almost fully trapped by the iron plates of the
Magnet Yoke. Each tube contains a wire with large pitch (4

m), and the tubes are arranged in layers. Only the signals
from the wires are recorded — resulting in a moderate num-
ber of electronic channels needed to read out the detectors.
When an ionizing particle passes through the tube, it liber-
ates electrons which move along the field lines to the wire,
which is at positive potential. The coordinate on the plane
perpendicular to the wire is obtained with high precision
from the time taken by the ionization electrons to migrate to
the wire. This time (measured with a precision of 1ns), mul-
tiplied by the electron drift velocity in the gas, translates to
the distance from the wire.

40 mm

A DT layer is put together gluing to an aluminium plate a
set of parallel aluminium | beams. The wires are stretched,
held by appropriate end plugs, and the layer is closed by
another aluminium plate. Groups of four layers are grown in
this way on a precision table. Copper strips are previously
glued to the Al plates in front of the wire to better shape the
electrostatic field. A full-size final prototype of a DT
chamber is shown below. The chamber is 2m x 2.5m in
size. The largest DT chambers to be used in CMS will have
dimensions of 4m x 2.5m in size.

Cathode Strip Chambers

Cathode Strip Chambers are used in the Endcap regions
where the magnetic field is very intense (up to several Te-
sla) and very inhomogeneous. CSCs are multiwire propor-
tional chambers in which one cathode plane is segmented
intro strips running across wires. An avalanche developed
on a wire induces a charge on several strips of the cathode
plane. In a CSC plane two coordinates per plane are made
available by the simultaneous and independent detection of
the signal induced by the same track on the wires and on
the strips. The wires give the radial coordinate whereas the
strips measure ¢.

In addition to providing precise space and time information,
the closely spaced wires make the CSC a fast detector suit-
able for triggering. CSC modules containing six layers pro-
vide both a robust pattern recognition for rejection of non-
muon backgrounds and also efficient matching of external
muon tracks to internal track segments.

Position is obtained from
gaussian fitto’

Artist scheme of a CSC
chamber, with a sketch of
the mechanism of signal
detection. The electrons are
collected by the wire,
whereas a cloud of positive
ions moving away from the
wire of the wire and toward
the cathode induces a
current on the cathode
strips perpendicular to the

siow
signals
from
cathodes
are held

by track
finder

A six-layer CSC is built assembling together 7 Honeycomb
panels. Three of them support two wire planes each, one on
each face of the plate, wired at the same time as shown in
the photograph below. The other four plates have the etched
strip. The two inner plates have strips on both faces,
whereas the two outer plates (closing the chamber) have
strips on only one face.

Resistive Parallel plate Chambers

Resistive Parallel plate Chambers are fast gaseous detectors
whose information is at the base of the triggering process.
RPCs combine a good spatial re-solution with a time resolu-
tion of 1 ns, comparable to that of scintillators. The RPC is a
parallel plate counter with the two electrodes made of very
high resistivity plastic material. This allows the construction
and operation of very large and thin detectors that can oper-
ate at a high rate and with a high gas gain without Resistive
Parallel plate Chambers are fast gaseous detectors whose
information is at the base of the triggering process. RPCs
combine a good spatial re-solution with a time resolution of 1
ns, comparable to that of scintillators. The RPC is a parallel
plate counter with the two electrodes made of very high re-
sistivity plastic material. This allows the construction and op-
eration of very large and thin detectors that can operate at a
high rate and with a high gas gain without developing
streamers or catastrophic sparks. The high gain and thin
gap result in a small but very precise delay for the time of
passage of an ionizing particle. The high resistivity electro-
The electric field inside a
RPC is uniform. Electrons
made free by the ionizing
particle near the cathode
generate a larger number of
s Res‘w‘s‘:‘v:s secondary electrt_)n; _
(exponential multiplication).
The detected signal is the
cumulalive effect of all the
avalanches. A proper threshold setting allows the detection of a signal
dominated by the electrons generated near the cathode. The threshold
setting determines to a large extent the time delay of the pulse, the time
resolution and also the efficiency. With a proper choice of the resistivity
and plate thickness, the rate capability can reach several thousand Hertz
per cm2.
The drawing shows the simplicity of an RPC detector: one of
the two resistive plates holds a glued array of small 2mm thick
spacers having a typical pitch of 10 cm. Also glued on the
plate is the border that will guarantee the chamber tightness.
The second plate is then placed on top and the detector is
completed.
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Muons are expected to provide clean signatures for a wide range of physics
processes. The task of the muon system is to identify muons and provide, in
association with the tracker, a precise measurement of their momentum. In
addition, the system provides fast information for triggering purposes — a

challenging problem at the LHC.

The muon detectors, placed behind the calorimeters and the coil, consist of
four muon stations interleaved with the iron return yoke plates. They are
arranged in concentric cylinders around the beam line in the barrel region,
and in disks perpendicular to the beam line in the endcaps

Muon identification

Muon identification is
ensured by the large
thickness of the ab-
sorber material (iron)
which cannot be trav-
ersed by particles other
than neutrinos and
muons.

There are at least 10
interaction lengths (L)
of calorimeters before
the first station and an
additional 10 A of iron
yoke before the last station. The identification is ach-
ieved by lining up the hits in at least two out of the four
muon stations. The presence of multiple stations also
enables the control of hadronic shower punchthrough
and hard muon bremsstrahlung.

pt=3.5,4.0,4.5, 6.0 GeV

With multi- Q)Ie
ple cham- 4T ®
ber layers in

each station
providing many
distributed
measurement
points, the pattern
recognition of track
segments is greatly
simplified.

Track segment identifi-
cation is minimally distur-
bed by rejection of hits affected by noise or back-
ground such as soft 3-rays and electrons from
neutrons and gammas. The thickness of the ab-
sorber between the stations (30 to 75 cm) also
prevents station-to-station correlations due to
high energy muon radiation.

Momentum measurement

The momentum measurement utilises the bending of
charged tracks in the magnetic field produced by the
coil and conducted by the return yoke. The solenoidal
field of CMS bends tracks in the (r,0) plane
perpendicular to the beam axis. The muon transverse
momentum, p,, may be determined in three ways:

* bending angle measurement immediately

after the coil,
* sagitta measurement in the return yoke.
* measurement of the sagitta of the track in the
inner tracker

The first two measurements are performed by the muon
detectors alone, independently of the inner tracker for a
"stand alone" measurement and can be used both by
the trigger and the off-line reconstruction program. The
reconstruction procedure is naturally robust against
backgrounds because of the redundancy of the
measurements. The best off-line resolution is obtained
when all three methods are combined with the vertex
constraint of 15 um.

10 T T T T T
Drift Tubes CSC stand alone_
stand alone P
L] . -
—_ L 1 L] o o |
S 10 L e " 0 . .
= .o .
£ ° + tracker
E . "
1k e +tracker - o E
.
barrel:n= 0.5 forward: n=2.0
107‘ L L > L L L > L
10 10 10° 10 10 10°

p, (GeV)
The resolution at low p; is limited by multiple Coulomb
scattering; the resolution at high p, is limited by the
chamber resolution. The strong bending due to the high
field is a great benefit in both cases. With resolutions of
the order of 100 um per station, the standalone meas-
urement is dominated by multiple Coulomb scattering
for p; below 200 GeV. With the full measurement, includ-
ing the tracker, the muon sign can be recognised in the
entire kinematical range (p < 7 TeV, Inl < 2.4).

Triggering on muons

A fundamental aspect of the CMS muon system design is
that it allows for the identification of muons and the estima-
te of their transverse momentum online, for triggering
purposes. The muon trigger system has to perform these
tasks with high efficiency and precision in order to reduce
the proton-proton interaction rate of ~ 1GHz to a few kHz
by demanding that the transverse momentum of the muons
seen exceeds a certain threshold.

ooen. <1t from anything

10 o i 7 The need for a fast determination of

1 the muon momentum also guided

¥ 1ufrom2° the choice of the CMS magnet

“e,s 1ihomsb 1 which bends muon trajectories in the
B! §  transverse plane. A few trigger

planes with modest azimuthal

1 segmentation can then be used to

measure the muon direction after

1 the solenoid and apply a cut on the

*.]  muon transverse momentum, p,.

4 The figure on the left shows the rate

1 with which muons are produced

from various physics processes.
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Another basic requirement of the muon trigger system is to
reject efficiently many different types of background hits
that can simulate genuine, high-p, prompt muons. These
backgrounds arise from hadronic punchthroughs, debris
from muon interactions with matter, thermal neutrons,
beam halo in the forward direction and finally noise in the
electronics. A key feature of the design is to combine infor-
mation from different muon detectors: Resistive Plate
Chambers (RPC) and Drift Tubes (DT) in the barrel and
RPCs and Cathode Strip Chambers (CSC) in the endcaps.
These detectors have different responses to the various
backgrounds. As an example, RPCs provide a very accu-
rate time measurement, whereas DTs provide an accurate
position measurement. The efficiencies for triggering on
real muons are complementary
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The system will provide analogue data from ~10 million channels of the
microstrip tracker with minimal power and material. Electronic noise should
be sufficiently low to ensure high efficiency and bunch crossing identification.
Performance is ultimately limited by the speed and magnitude of detector
signals and the radiation environment. Lifetime doses of 100kGy (10Mrad)
and fluences of 2 x 1014 hadrons cm2 are expected in the innermost layers

The target is an equivalent noise charge below 2000 electrons over the detector lifetime for
front-end power consumption ~2mW/channel. Analogue data are preferred for good position
resolution, from charge sharing between strips, and robustness, as common mode noise may
be a challenge. The system minimises custom radiation hard electronics inside the tracker. Zero
suppression of data outside the tracker allows possible upgrades through technology and cost
evolution of commercial components

APV Front End circuit

Each microstrip is read out by a charge sensitive amplifier
whose output voltage is sampled at the LHC 40MHz rate.
Samples are stored in an analogue pipeline for up to 4us
and, following a trigger, are processed by an analogue
circuit using a weighted sum algorithm to measure signal
amplitude and associate the bunch crossing with the hit.
Pulse height data are multiplexed from pairs of front-end
chips, sending differential signals over a short twisted pair
cable to a laser where electrical signals are converted to
infra-red pulses and transmitted over a 100m fibre optic
cable to the counting room adjacent to the cavern

l(\\\\ 5
\

Optical link

The optical link employs edge-emitting semiconductor laser
transmitters operating at the telecommunications wavelength
of 1310 nm. The lasers are assembled with single mode fibre
pigtails in a low mass package developed in collaboration with
industry. All link components have been shown to be
extremely radiation hard. A minimum current is required before
laser action starts. Above threshold the light output power is
extremely linear with -
drive current. After g
irradiation, an increase
in threshold currentis 5
observed but the laser 3
characteristic remains
linear
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Front End Driver

Pulse height data are received by a photodiode-amplifier on
the Front End Driver which digitises and processes the
signals, including reordering and pedestal subtraction, and
stores results in a local memory for the higher level data
acquisition. In high luminosity conditions when CMS is
operating at the maximum trigger rate, cluster finding will be
carried out on the FED to reciyce the data volurr:

1 T
Control system
The Front End Controller supervises control and monitoring
of the front-end electronics and is the interface to the CMS
Timing Trigger and Command system. Digital optical links,
using the analogue link components, transmit triggers,
clocks and control data. Internally, digital transitions are
recovered by photodiode-amplifiers and distributed
electrically by a Communication and Control Unit (CCU) to
detector modules. Clocks are recovered by Phase Locked
Loop (PLL) chips on each module for high reliability and
minimum phase jitter. CCU modules can be configured as
rings to match the tracker topology and reduce cost

Data out
to FED

Optical
transmitter
‘module

Control Modules
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Diameter 2,4 m Silicon strip detector

Length 5,4 m

Volume 24,4 m®

Running temperature -10° C
Dry atmosphere for 10 years
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solution for the tracker. In total the CMS tracker implements
25000 silicon strip sensors covering an area of 210 m2. Connected to 75000
APV chips, one has to control 9600000 electronic readout channels, needing
about 26 million microbonds. This large detector system will be realized,
applying industrialized methods in production and quality assurance.

Pixel Detectors Silicon Strip Detectors

At the smallest radii from the beam line (at 4 and 7 cm at The layout for the silicon strip detector has four inner barrel (TIB) layers assembled in <

low luminosity and at 7 and 11 cm at high luminosity) the shells, layers 182 are double sided , complemented by two inner endcaps (TID) Ougg, g/e S

interaction region is surrounded by two barrel layers of Sili- each composed of three small discs. The outer barrel (TOB) structure, where %

con Pixel detectors. Two endcap disks cover radii from the modules are assembled in six concentric layers (layers 1&2 double

6¢cm to 15cm. sided), closes the tracker towards the calorimeter.
Two endcaps (TEC) ensure a pseudorapidity coverage of n = 2.5. §
The endcap modules are mounted in 7 rings on 2x9 discs 3
consisting of wedge shaped petals, each covering 1/16 of 2 . o
The detectors of ring 1,2,5 are made of double sided modules. %
Each one is composed out of two single sided sensors mounted %
back to back, one tilted by an angle of 100 mrad with respect to &
the other sensor giving the phi coordinate. g

The pixel layers are composed of modular detector units. Silicon'sensors are highly suited fqr high occupancy and high .

Each module consists of a thin, segmented sensor plate resolution experiments, due to their fast response and small \\Q;\

pitches, ranging from 80 to 205 um. In the outer regions, higher
noise due to "long" strips is compensated by larger signal height
using 500 um thick sensors instead of 300 um. 6 inch wafer
technology made this huge construction at a reasonable prize and
effort possible.

with highly integrated readout chips connected to them
using the bump bonding technique, as shown below.

Schematic view
of a pixel detec-
tor element.
Each sensor
pixel is connect-
ed via a solder
bump to a pixel
unit on the read-
out chip, where
the signal is amplified. The hit data are stored on the edge
of the chip where they wait for the trigger information.

A detector module is the basic functional
sub-unit of the silicon tracking system.
Each module consists of three elements:
a set of single sided sensors, a
mechanical support structure and the
readout hybrid.

Quality assurance, assembly and bonding will be
realized under quasi industrial conditions with high
multiplicity : 4 centers are surveilling the overall
sensor quality using fully automatic probe stations,
3 centers are monitoring the process quality and
finally 2 centers are checking the radiation
hardness. Assembly robots in 7 centers plus
industrial bonding machines in 12 places ensure
high quality and reliability over the long
construction period. All parameters and logistics
are monitored using a special global database.

The cell size in the Pixel detectors is 150x150 um?. The
pixels used are n-on-n devices so that, in the barrel, their
response is strongly affected by the 34° Lorentz angle of
the drift of electrons. The barrel Pixel geometry is deliber-
ately arranged so that this large Lorentz angle induces sig-
nificant sharing of charge across neighboring cells and this
results in spatial resolutions of = 10 and 15 um in the ¢ and
z coordinates respectively.

Charge sharing induced by the
& B-Field (4T) - pixelimplants | orentz drift. The sensor mate-
rial is silicon in which the elec-
tron drift angle is three times

Robotic assembly

larger than for holes. There- Fully automatic probe statio
fore, n-type pixels, which col-
lect electrons, will be used. How to survive 10 years in the harsh LHC environment!
T When the electrons arrive at - To compensate interstrip capacitance increase, resulting in higher noise, CMS uses silicon with <100> crystal orientation, which is less
L the pixel surface, they are affected by irradiation.
ionizing Jpam‘e "ac;\ spread over an r¢ distance of = - Low resistivity silicon in the inner region starts with a higher depletion voltage but ending with lower depletion voltage after type inversion
p+ impant(-300V)  (detector thickness) x tan(34°). and 10 years of LHC operation. New strip layout optimizes the field configuration, avoiding strip breakdown at high voltage.
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A robust and versatile tracking system is of the utmost importance for an ex-
periment designed to address the full range of physics which can plausibly
be accessed at the LHC. The CMS tracking system is designed to recon-
struct high-p; muons, isolated electrons and hadrons with high momentum
resolution and an efficiency better than 98% in the range Inl<2.5. It is also
designed to allow the identification of tracks coming from detached vertices.
Such vertices arise from decays of b quarks, which provide very useful sig-
natures for a broad spectrum of new physics

Track identification

The LHC environment (with its high radiation levels shown
below), the varied nature of the interesting physics signa-
tures, and the constraints of compatibility with the excellent
electromagnetic calorimetry of CMS, present formidable
challenges which a successful tracking system must over-
come.

Dose (Gy) Neutrons (cm?) Ch. Hadrons (cm") Lo,
s 2410 hem’ls
10 76m, -3 g0 Pixels (~ 10° um’)
| s IRT) — occupancy ~ 10°
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The strategy adopted to address these challenges is to
provide a set of coordinate measurements of sufficient pre-
cision and robustness such that track reconstruction can
be reliably performed based on a relatively small number
of measurements per track. In addition, the tracking sys-
tem is embedded in a 4T magnetic field which forces low-
p; particles into small-radius helical tracks, resulting in re-
duced occupancy at larger radii.

Micro Strip Gas Chambers

Three detector technologies are employed, each best
matched to satisfying the stringent resolution, granularity
and robustness requirements in the high, medium and low
occupancy regions. These are Pixels, Silicon Microstrip
and Micro Strip Gas Chambers (MSGC) respectively.

To achieve reliable track identification, the detector seg-
mentation is such that typical channel occupancies are
kept at about the 1% level everywhere in the tracker.

“Rapiay

Momentum measurement

The momentum of electrically charged particles is deter-
mined from the bending of the track trajectory in the mag-
netic field of CMS.

The trajectory of a charged particle inside a B
magnetic field of strength (in Tesla), perpern-

dicular to its velocity, v, is a circle of radius R

(in meters). Reconstructing this trajectory

yields R. The particle's momentum trans- q
verse to the B field, [ measured in GeV/c,

Vertex identification

The ability to reconstruct the decay vertices of long-lived
particles is crucial for numerous physics analyses. The po-
sition of such vertices in the tracking volume depends on
the lifetime of the decaying particle. Long-lived particles
(e.g. K, mesons) travel several cm before decaying. B mes-
ons decay more rapidly (they decay within 1-2 mm) but
their decay point is still discernible thanks to the excellent
resolution of the impact parameter measurement.

A vertex displaced from the primary

is then given by p. =0.3 B R
o hdler M proton-proton collision point also
High transverse momen-  ’ iy ar]sgs from deciys_r%f hadrons con-
isolated tracks A fpize . taining a b quark. The reconstruc-
tum (py) isolate: C # tion of such vertices is crucial for "b-
are reconstructed with a N g tagging", i.e. in the identification of a
transverse momentum N 2 jet as arising from a b quark. b-tag-
resolution of better than A g o ging is a very important tool for
8p./p~(15p,®0.5)% 2 A sl P s ® el many physics studies, from the
T T ’ SN o B e L search of low-mass Higgs bosons
with p;in TeV, in the | B " N
T L to studies of the top quark (which
central region |n|§1 .6, g 88 o o o' always decays to a b quark).
gradually degrading to ; NPy Mistagging probabilty The figure displays the efficiency for
3p;/p~(60p;®0.5)% as pr= 1 G tagging b-jets with E;=100 GeV as a function of the probability of misi-
Inl approaches 2.5. dentifying jets originating fromlight quarks or gluons.
a5 g (e g

w0,
Combining the tracking system with the outer muon cham-
ber system, the resolution of the measurement of the mo-
mentum of muons above about 100 GeV is given by
3p/p=(4.5p'?)%, with p in TeV, even for pseudorapidities
extending to at least In|=2. This results in a momentum
resolution better than 10% even at a momentum of 4 TeV.

10 10 b (GeV) 10

Track reconstruction is especially challenging in a dense
jet environment. The fine granularity of the CMS tracking
system results in a high efficiency of reconstruction (95%)
for charged hadrons with p; above 10 GeV. The recon-
struction efficiency for muons is better than 98% over the
full pseudorapidity range. High energy electrons are re-
constructed with an efficiency above 90%.

K, identification is very important

0 pf=2Gev © pt=7Gev
for the reconstruction of the decay & o RSy DiEmey
B° —sJ/yK, which will be used to & = e
study CP violation in the B system. § LI
As shown in the figure on the right, § o4
the average efficiency of recon- g Lo 8 s
strucing K/'s from B meson decays £ ]
is typically 50% when the K  de- 8 02 D Y
cays inside the barrel tracking vol- & e o o 8
ume (and =33% when itdecaysin g [ ° —o |
the forward tracking volume). o = : = 5

The high efficiency for reconstructing secondary vertices,

is supplemented by the very high resolution of the recon-

strution of both the invariant mass of the decaying particle
and its proper decay time.

M, g

“Mass (MeVicd) Proper time resolution  (fsec)
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At the LHC, the proton beams cross each other 40,000,000 times each sec-
ond. At the highest LHC beam intensities, there will be roughly 25 proton-
proton collisions for each crossing. Recording all the information from these
collisions in the CMS experiment, requires, for every second of operation,
the equivalent of 10,000 Encyclopaedia Britannica

The task of the Trigger and Data Acquisition System is to select, out of
these millions of events, the most interesting 100 or so per second, and
then store them for further analysis. An event has to pass two independent
sets of tests, or Trigger Levels, in order to pass the TriDAS examination.
The tests range from simple and of short duration (Level-1) to sophisticated
ones requiring significantly more time to run (High Levels 2, 3, ...)

16 Million channels At Level-1 (LV1), the selection is carried out by special hardware pro-

3 Gigacell buffers cessors seeking simple signs of an interesting event, e.g. a group of cal-
orimeter cells with a lot of energy in them or muon chamber hits lying on
given paths. The LV1 Trigger is very fast: it runs for less than one mil-
lionth of a second and selects the best 100,000 events each second.

1 Megabyte After Level-1 accepts an event, the data for that event is stored in 500

/
z -

40 MH.
COLLISIONs

B~

Clustors Segmens EVENT DATA / : :
100 kHz LEVEL-1 independent memories (RDPMs), each one connected to a different part
TRIGGER of the CMS detector
| Terabits | The next test, “Level-2” uses information from more than one piece of f-‘*s‘;’:;'c‘i;‘zgezeg;o:gs"s":; Zgg‘:‘:p‘pelme 4 atonoy < 1
READOUT ggg g(‘agaadtgﬁtebuﬁers the detector. The next step is therefore to assemble the data corre- ~ Local patiern ftion and energy evaluation on prompt granul
50,000 data links sponding to the various pieces of the CMS detector in a single location, information from calorimeter and muon detectors _ -
- a task referred to as “event building”. In CMS, there will be a large - Particle identification: high p, electron, photon, muon, jets, missing E,
A\l swiching netvor switch that will connect all 500 RDPMs to a farm of computers. The lat-
2"%55%&;‘5&?&5’?;“? ter are ready to accept data and run the Level-2 and Level-3 tests
1Tegabive SrEy e e " Level-2, running on commercial processors, has more time and informa-
NETWORK i tion to make a decision: it can take roughly thousandths of a second to

tors and distributes

Biiing cormands (read/dear.) decide, and the detector information available is more detailed

o
g

5 TIPS (5 x 10° MIPS) Finally, at Level-3, the full event has been assembled, and one can run
500 GPU farm very sophisticated physics algorithms looking for complex signatures.
Eﬂfﬁﬂﬁ?mgn This is where particle tracks are matched to hits in the muon chambers,

igh trigger levels (>1). 100 KHz input :

100 Hz — i
FILTERED EVENT % -

and where a photon is identified as a cell with high electromagnetic en- - Large network of processor farms
I o "“g ergy and no track pointing to it! Throughout this process, the DAQ sys- - Clean particle signature. All detector data
Gigabit/s CPU processes one event t it the CMS detect d ts f i ti - Finer granulamy precise measurement
SERVICE LAN Petabyte ARCHIVE em monitors the etector and corrects for any malfunction - Effective mass cuts and event topology

- Track reconstruction and detector matching
- Event reconstruction and analysis
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