
1



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

2



UIC University of Illinois
at Chicago

Fermilab

3



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

4



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

5



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

6



UIC University of Illinois
at Chicago

Fermilab

7



UIC University of Illinois
at Chicago

Fermilab

7



UIC University of Illinois
at Chicago

Fermilab

7



UIC University of Illinois
at Chicago

Fermilab

7



UIC University of Illinois
at Chicago

Fermilab

7



UIC University of Illinois
at Chicago

Fermilab

8



UIC University of Illinois
at Chicago

Fermilab

Patrick Janot

A few subtleties : the devil is in the details (16)
� And what about electrons ? They radiate, and the brem J’s  convert  !
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Figure 14: Event display of a “golden” triply-tagged “1 + 2” candidate. In addition to the
analysis selection, an additional b tagging requirement is made on the candidate b jet in the
“type 2” hemisphere. Here, the yellow corresponds to the particle flow candidates of the “type
1” hemisphere jets, and the green corresponds to the particle flow candidates of the “type 2”
hemisphere jets. The height of the line is the energy measured by the particle flow algorithm
for the various particles. The lines are charged and neutral particles. The electromagnetic
calorimeter information is shown in red, and the hadronic calorimieter information is shown
in blue.
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Putting it all together…

100 GeV Jet
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Patrick Janot

A detector thought for Particle Flow : ALEPH
� ALEPH is not very different from the standard HEP detector

� Tracking, hermetic EM and HAD calorimetry, muon chambers, large axial B field
z So, what is so special about the design of this detector ?

5-Feb-2011
Particle Flow Event Reconstruction
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Patrick Janot

Basics of Particle-Flow Event Reconstruction (2)
� What particles are to be followed ?

� Ideally : build a detector to follow all the standard model (SM) particles
z By definition, any exotic particle decays to SM particles (+ dark matter) 

� Not  quite  …
z Only e, J, Q stable, and P o eQeQP but EJcW a 6 km/GeV, quasi stable

ÎQuarks and gluons hadronize to give jets of hadrons, W, W, Z decay to 
leptons and quarks, and H decay to pairs of every other particles

5-Feb-2011
Particle Flow Event Reconstruction
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z By definition, any exotic particle decays to SM particles (+ dark matter) 
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z Only e, J, Q stable, and P o eQeQP but EJcW a 6 km/GeV, quasi stable

ÎQuarks and gluons hadronize to give jets of hadrons, W, W, Z decay to 
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Patrick Janot

Does it work as initially designed for ? (1)

� Remember the ideal projection
� In hadronic Z decays, the energy is shared

z 65% are charged particles.

ÎWith perfect energy resolution

z 25% are photons. For single photons:

ÎV�EJ) = 20%�EJ

z 10% are neutral hadrons. For single hadrons

ÎV�EHad) = 100%�EHad

� The total energy resolution, if all particles were ideally identified, would be

5-Feb-2011
Particle Flow Event Reconstruction
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis

28 Muon Detection in the CMS Detector

CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.

η
-4 -3 -2 -1 0 1 2 3 4

0
x/X

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

η
-4 -3 -2 -1 0 1 2 3 4

0
x/X

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Tracker Material Budget

Outside
TEC
TOB
TIB+TID
Pixel
Beam Pipe

η
-4 -3 -2 -1 0 1 2 3 4

0
x/X

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

η
-4 -3 -2 -1 0 1 2 3 4

0
x/X

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

1.8

2

Tracker Material Budget
Outside
Other
Support
Cooling
Cables
Electronics
Sensitive
Beam Pipe

Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis

Patrick Janot

A few subtleties : the devil is in the details (11)
� A  tracking  efficiency  of  85%  :  why  ?  (cont’d)

� Remember : About 2X0 , or 0.4 O0 , of material in the tracker 
z About 20% of the hadrons interact in the tracker material

ÎSometimes in a spectacular manner
A single K0L (270 GeV) interacting in the tracker after 15 cm:

Blue : true particles
Green : reconstructed tracks

(well, not yet)

ÎWhat happens to these tracks ?
Not enough hits on the primary
Bad origin for the secondaries

5-Feb-2011
Particle Flow Event Reconstruction

85
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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A few subtleties : the devil is in the details (11)
� A  tracking  efficiency  of  85%  :  why  ?  (cont’d)

� Remember : About 2X0 , or 0.4 O0 , of material in the tracker 
z About 20% of the hadrons interact in the tracker material

ÎSometimes in a spectacular manner
A single K0L (270 GeV) interacting in the tracker after 15 cm:

Blue : true particles
Green : reconstructed tracks

(well, not yet)

ÎWhat happens to these tracks ?
Not enough hits on the primary
Bad origin for the secondaries
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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Figure 2.1: Tracker material budget in units of radiation length as a function
of pseudorapidity for the different subdetectors (left) and broken down into the
functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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� Remember : About 2X0 , or 0.4 O0 , of material in the tracker 
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CMS tracker in units of radiation length. It increases from 0.4 X0 at η ∼ 0 to
about 1.8 X0 at |η| ∼ 1.4, beyond which it falls to about 1 X0 at |η| ∼ 2.5.
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functional contributions (right).

In order to keep the occupancy at or below 1%, pixelated detectors have to
be used at radii below 10 cm. For a pixel size of 100×150 µm2 in r-φ and z,
respectively, which is driven by the desired impact parameter resolution, the
occupancy is of the order 10−4 per pixel and LHC bunch crossing (i.e., 4 Hz
per pixel). At intermediate radii (20 cm < r < 55 cm) the reduced particle
flux allows the use of silicon micro-strip detectors with a typical cell size of
10 cm × 80 µm, leading to an occupancy of up to 2-3% per strip and LHC bunch
crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
the strip pitch can be further increased.

A schematic drawing of the CMS tracker is shown in Fig. 2.2. At radii of
4.4, 7.3 and 10.2 cm, three cylindrical layers of hybrid pixel detector modules
surround the interaction point. They are complemented by two disks of pixel
modules on each side. The pixel detector delivers three high precision space
points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.

The radial region between 20 cm and 116 cm is occupied by the silicon strip
tracker. It is composed of three different subsystems. The Tracker Inner Barrel
and Disks (TIB/TID) extend in radius toward 55 cm and are composed of 4
barrel layers, supplemented by 3 disks at each end. TIB/TID deliver up to 4
r-φ measurements on a trajectory. Their strips are parallel to the beam axis
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crossing (i.e., ∼ 1 kHz per strip). In the outer region (55 cm < r < 110 cm)
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surround the interaction point. They are complemented by two disks of pixel
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points on each charged particle trajectory. In total the pixel detector covers an
area of about 1 m2 and has 66 million pixels.
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 High Interaction Rate
! pp interaction rate   1 billion interactions/s
! Data can be recorded for only ~102 out of 40 million crossings/sec!
! Level-1 trigger decision takes ~2-3 µs
!  a electronics need to store data locally (pipelining)

 Large Particle Multiplicity
! ~ <20> superposed events in each crossing
! ~ 1000 tracks stream into the detector every 25 ns
! need highly granular detectors with good time resolution for low occupancy
  !a large number of channels (~ 100 M ch)

 High Radiation Levels
!  a radiation hard (tolerant) detectors and electronics

CMS is radically different from detectors                                            
of the previous generations
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Very good muon identification and momentum 
measurement
Trigger efficiently and measure sign of TeV muons dp/p < 10%

High energy resolution electromagnetic calorimetry
~ 0.5% @ ET ~ 50 GeV

Powerful inner tracking systems
Momentum resolution a factor 10 better than at LEP

Hermetic calorimetry
Good missing ET resolution

(Affordable detector)
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Hadron Collider detector – Magnetic FieldHadron Collider detector – Magnetic Field

Latest technology in HEP - Superconducting magnets from CMS

ILC (SiD) proposed to use “similar technology” up to 5 T field

- upper bound at which such a large aluminium stabiliser/structure magnet 

        can be operated in a fail safe manner

100 TeV detector (large field): Increases central bending power for muons ~1 TeV

Based on absorber choice, can accommodate the large absorbing length > 12 ̧

For this study use magnetic field of 5T (baseline)

24th Feb. 2014 “1st CFHEP Symposium on circular colliders”          11                                                                                           Sanjay Padhi
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DESY, 7/7/2008 Mark Thomson 44

Radius vs Field

100 GeV jets

LDC00Sc

Radius more important
than B-field 

ÍStarting to obtain necessary input to optimise detector 
design from point of view of Particle Flow Calorimetry

ÍNeed to extend to physics sensitivity
ÍNeed to match this with detector cost model
ÍIn very near future should have a much better idea of the

parameters of a cost-performance optimized ILC detector
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Parametrized detector for 100 TeV proton collider (baseline)Parametrized detector for 100 TeV proton collider (baseline)

1. Large Solenoid + return yoke: Magnetic Field: 5T, 24m long and 5m radius

2. Central Tracker (including pixel detector)

     - Acceptance within |η| < 4

     - Momentum resolution 

     - Efficiencies similar (not same) to CMS Phase-II ECFA studies

3. EM Calorimeter (PbWO4)

4. Hadronic Calorimeter

5. Forward Calorimeter (needed for VBF and other studies) up to |η| ∼ 6

6. Muon detector 

     - Acceptance within |η| < 4

     - Momentum resolution 

     - Efficiencies similar (not same) as CMS Phase-II ECFA studies

¾=pT ¼ 1:5£ 10¡4 © 0:005

¾=E = 2:0%=
p
E © 0:5%

¾=E = 50%=
p
E © 3%

¾=E = 100%=
p
E © 5%

¾=pT ¼ 1%@100 GeV ¡ 10%@10s TeV
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