
Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
SS
 3
1 
Ju
ly
 2
02
4

Event Reconstruction 
at the LHC I



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4 The goal of event reconstruction...



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4 The goal of event reconstruction...



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4 The goal of event reconstruction...
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Cloud Chamber  

Invented 1911 

Nobel 1927

History of Event Reconstruction
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Bubble Chamber 

Invented 1952 

Nobel 1960

History of Event Reconstruction
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History of Event Reconstruction

Era of Human Scanners



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Discovery of the positron (1932 - Nobel 1936)

History of Event Reconstruction
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Discovery of the Omega-minus (1964)

But, data collection and analysis rates just too low!

History of Event Reconstruction
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Electronic Detectors:   

  Spark Chamber (1963)

History of Event Reconstruction
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Electronic  

Detectors:

History of Event Reconstruction

 Multiwire Proportional Chamber (1968 - Nobel 1992)
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 UA1/UA2 (1983 - Discovery of the W/Z)

History of Event Reconstruction

Electronic  

Detectors:
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 Era of computers

History of Event Reconstruction
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• Physics process => Partons

• Partons => 

• (decay or not to) visible particles

• Visible particles => 

• Detector hits

• Detector hits => 

• Reconstructed quantities  
(momenta, charge, energies, angles)

• Reconstructed quantities =>

• List of identified (candidate) particles 
{ , , charged/neutral hadrons}μ γ

• List of identified particles =>

• Reconstructed (candidate) partons  
{q/g (jets), W/Z, t, , e, ,  (MET),...}μ γ ν

• Reconstructed partons =>

• Physics process (hypothesis)
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• muon massless  

• large EM radiation losses 

(brem)  • behaves like electron

Muons above 1 TeV



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

• Lon
g l

ife
tim

e =
> s

tab
le 

par
tic

le 

• cτ 
≈ 70

0 m
 

• Ver
y p

ene
tra

tin
g! 

• typ
ica

l r
egi

me 
for

 ha
dro

n 

col
lid

ers

Muo
ns 

abo
ve 

1 G
eV

• Very good approximation 

• muon massless  

• large EM radiation losses 

(brem)  • behaves like electron

Muons above 1 TeV

See Kevin Black'sLecture on Muons
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nuclei produce hadronic 
showers 

• Nuclear interaction length 

much longer in high-Z 
materials than EM radiation 

length λ > X0 • Hadronic showers develop 

later than EM showers; 
more diffuse • Example: Lead   λ = 17 cm

Nuclear Interaction Length

� ⇡ 35 g cm�2A1/3
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What do we want to know

• Measure momentum first 
• Low material tracking 
• Minimally disrupt particle 

• Measure energy later 
• Dense calorimetry 
• Destroy particle 

• Note: there is redundant information in track momentum and calorimeter energy

How do we get that info?
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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 The tracker is not a TPC (too slow for LHC), but a silicon tracker

 Remember the TPC [mostly empty] ? ….  And here we are now [mostly full] !
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely

6 2 The CMS detector

η
-4 -3 -2 -1 0 1 2 3 4

Iλt/

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

η
-4 -3 -2 -1 0 1 2 3 4

0
t/X

0

0.5

1

1.5

2

2.5 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely

See Corrinne Mills'Lectures on Tracking Detectors



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

• Purpos
e: mea

sure m
omentu

m and 

charge
 of ch

arged 
partic

les 

• Minimi
se mul

tiple 
scatte

ring 

• Use as
 littl

e mate
rial a

s 

possib
le 

• Two ma
in tec

hnolog
ies: 

• Gas/wi
re dri

ft cha
mbers 

• Low ma
terial

 budge
t 

worse 
moment

um res
olutio

n 

slower
 

• Solid-
state 

(silic
on) 

• more m
ateria

l 

better
 momen

tum re
soluti

on 

faster

Inner
 Trac

king 
Detec

tors

• Mostly
 Empty

!
Wire 

Chamb
er

• Nearly Completely Empty!

Time Projection Chamber

Patrick Janot

Material budget (3)
 The tracker is not a TPC (too slow for LHC), but a silicon tracker

 Remember the TPC [mostly empty] ? ….  And here we are now [mostly full] !

 The CMS tracker looks very thick

5-Feb-2011

Particle Flow Event Reconstruction

54

• Mostly
 Full!

Silic
on Tr

acker

6 2 The CMS detector

η
-4 -3 -2 -1 0 1 2 3 4

Iλt/

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

η
-4 -3 -2 -1 0 1 2 3 4

0
t/X

0

0.5

1

1.5

2

2.5 Support Tube TOB Pixel

TEC TIB and TID Beam Pipe

CMS simulation

Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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 The tracker is not a TPC (too slow for LHC), but a silicon tracker

 Remember the TPC [mostly empty] ? ….  And here we are now [mostly full] !
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Particle Detectors
• Goal is to completely surround collision by arranging different types of

detectors in layers.
• We know how particles interact with matter and we identify them (to the best
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• Purpose: measure energy of EM 
particles 

• How? 

• High Z material causes EM 
shower  

• Total absorption / stops 
particle 

• Important parameter is  
(usually  = 15-30 mm)

X0X0

EM Calorimeters
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HAD Calorimeters

• Depends on the amount of photo-

statistics gathered • Recall for counting experiment 

 
     

 • Calorimeter energy resolution 

 
       

 •  is noise term •  is stochastic term •  is constant term

σ = N → σ
N = 1

N
σ

E = a
E ⊕ b

E
⊕ ca

b

c

Calorimeter Resolution
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• EM vs HAD response different 
 
 
 
 
 
 
 
 
 
 
 

• Large fluctuations in HAD shower composition (EM vs HAD) 
• Broadening of HCAL energy 
resolution

Non-Compensation

0.0  0.2   0.4   0.6   0.8   1.0

π±

π0
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1

1 Introduction

Modern general-purpose detectors at high-energy colliders are based on the concept of cylin-
drical detection layers, nested around the beam axis. Starting from the beam interaction region,
particles first enter a tracker, in which charged-particle trajectories (tracks) and origins (vertices)
are reconstructed from signals (hits) in the sensitive layers. The tracker is immersed in a mag-
netic field that bends the trajectories and allows the electric charges and momenta of charged
particles to be measured. Electrons and photons are then absorbed in an electromagnetic calor-
imeter (ECAL). The corresponding electromagnetic showers are detected as clusters of energy
recorded in neighbouring cells, from which the energy and direction of the particles can be de-
termined. Charged and neutral hadrons may initiate a hadronic shower in the ECAL as well,
which is subsequently fully absorbed in the hadron calorimeter (HCAL). The corresponding
clusters are used to estimate their energies and directions. Muons and neutrinos traverse the
calorimeters with little or no interactions. While neutrinos escape undetected, muons produce
hits in additional tracking layers called muon detectors, located outside the calorimeters. This
simplified view is graphically summarized in Fig. 1, which displays a sketch of a transverse
slice of the CMS detector [1].

1m 2m 3m 4m 5m 6m 7m0m

Transverse slice
through CMS

2T

3.8T

Superconducting
Solenoid

Hadron
Calorimeter

Electromagnetic
Calorimeter

Silicon
Tracker

Iron return yoke interspersed
with Muon chambers

Key:
Electron
Charged Hadron (e.g. Pion)

Muon

Photon
Neutral Hadron (e.g. Neutron)

Figure 1: A sketch of the specific particle interactions in a transverse slice of the CMS detector,
from the beam interaction region to the muon detector. The muon and the charged pion are
positively charged, and the electron is negatively charged.
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<latexit sha1_base64="PHSSCmdJBw8DaZjM9oMhMY3yYEs=">AAACGHicbVDJSgNBEO2JWxy3qEcvjUHwFCci0YsQ9OIxglkgM4SenkrSpKdn6O4JCUM+w4u/4sWDIl5z82/sLLgkPih4vFdFVT0/5kxpx/m0Miura+sb2U17a3tndy+3f1BTUSIpVGnEI9nwiQLOBFQ10xwasQQS+hzqfu924tf7IBWLxIMexuCFpCNYm1GijdTKnbl9oGk4wtfYdn3oMJHGIdGSDUb2wHXtoe2CCH60Vi7vFJwp8DcpLpI8mqPSyo3dIKJJCEJTTpRqFp1YeymRmlEOI9tNFMSE9kgHmoYKEoLy0uljI3xilAC3I2lKaDxVf0+kJFRqGPqm0xzYVYveRPzPaya6feWlTMSJBkFni9oJxzrCk5RwwCRQzYeGECqZuRXTLpGEapPlJISll5dJ7bxQLBVK9xf58s08jiw6QsfoFBXRJSqjO1RBVUTRI3pGr+jNerJerHfrY9aaseYzh+gPrPEXEf6f0g==</latexit>

~m =

✓
x
y

◆

<latexit sha1_base64="dXdJlpKzZyFTSigsawWI8f3fRII=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8B2KJn0ThuayQxJRihD/8KNC0Xc+jfu/BszbRFtPRA4nHMvOfcEieDauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjd5H7rEZXmsbw34wT9iA4kDzmjxkoP3YiaYRBkzUmvVHYr7hTkh3iLpAxz1Hulz24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1n08QTcmqVPgljZZ80ZKr+3shopPU4CuxknlAvern4n9dJTXjlZ1wmqUHJZh+FqSAmJvn5pM8VMiPGllCmuM1K2JAqyowtqWhLWDp5mTTPK161Ur27KNeu53UU4BhO4Aw8uIQa3EIdGsBAwhO8wKujnWfnzXmfja44850j+APn4xvIc5EC</latexit>V

Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter
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• And its covaria
nce matrix 

Measurement 
and Covarian
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<latexit sha1_base64="PHSSCmdJBw8DaZjM9oMhMY3yYEs=">AAACGHicbVDJSgNBEO2JWxy3qEcvjUHwFCci0YsQ9OIxglkgM4SenkrSpKdn6O4JCUM+w4u/4sWDIl5z82/sLLgkPih4vFdFVT0/5kxpx/m0Miura+sb2U17a3tndy+3f1BTUSIpVGnEI9nwiQLOBFQ10xwasQQS+hzqfu924tf7IBWLxIMexuCFpCNYm1GijdTKnbl9oGk4wtfYdn3oMJHGIdGSDUb2wHXtoe2CCH60Vi7vFJwp8DcpLpI8mqPSyo3dIKJJCEJTTpRqFp1YeymRmlEOI9tNFMSE9kgHmoYKEoLy0uljI3xilAC3I2lKaDxVf0+kJFRqGPqm0xzYVYveRPzPaya6feWlTMSJBkFni9oJxzrCk5RwwCRQzYeGECqZuRXTLpGEapPlJISll5dJ7bxQLBVK9xf58s08jiw6QsfoFBXRJSqjO1RBVUTRI3pGr+jNerJerHfrY9aaseYzh+gPrPEXEf6f0g==</latexit>

~m =

✓
x
y

◆

<latexit sha1_base64="dXdJlpKzZyFTSigsawWI8f3fRII=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8B2KJn0ThuayQxJRihD/8KNC0Xc+jfu/BszbRFtPRA4nHMvOfcEieDauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjd5H7rEZXmsbw34wT9iA4kDzmjxkoP3YiaYRBkzUmvVHYr7hTkh3iLpAxz1Hulz24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1n08QTcmqVPgljZZ80ZKr+3shopPU4CuxknlAvern4n9dJTXjlZ1wmqUHJZh+FqSAmJvn5pM8VMiPGllCmuM1K2JAqyowtqWhLWDp5mTTPK161Ur27KNeu53UU4BhO4Aw8uIQa3EIdGsBAwhO8wKujnWfnzXmfja44850j+APn4xvIc5EC</latexit>V

Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter

⃗m(A)

𝕍(A)



Ri
ch
ar
d 
Ca
va
na
ug
h,
 F
er
mi
la
b/
UI
C,
 H
CP
 S
um
me
r 
Sc
ho
ol
 3
1 
Ju
ly
 2
02
4

Tracks

• Measurement vec
tor 

 
 
 
 

• And its covaria
nce matrix 
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<latexit sha1_base64="PHSSCmdJBw8DaZjM9oMhMY3yYEs=">AAACGHicbVDJSgNBEO2JWxy3qEcvjUHwFCci0YsQ9OIxglkgM4SenkrSpKdn6O4JCUM+w4u/4sWDIl5z82/sLLgkPih4vFdFVT0/5kxpx/m0Miura+sb2U17a3tndy+3f1BTUSIpVGnEI9nwiQLOBFQ10xwasQQS+hzqfu924tf7IBWLxIMexuCFpCNYm1GijdTKnbl9oGk4wtfYdn3oMJHGIdGSDUb2wHXtoe2CCH60Vi7vFJwp8DcpLpI8mqPSyo3dIKJJCEJTTpRqFp1YeymRmlEOI9tNFMSE9kgHmoYKEoLy0uljI3xilAC3I2lKaDxVf0+kJFRqGPqm0xzYVYveRPzPaya6feWlTMSJBkFni9oJxzrCk5RwwCRQzYeGECqZuRXTLpGEapPlJISll5dJ7bxQLBVK9xf58s08jiw6QsfoFBXRJSqjO1RBVUTRI3pGr+jNerJerHfrY9aaseYzh+gPrPEXEf6f0g==</latexit>

~m =

✓
x
y

◆

<latexit sha1_base64="dXdJlpKzZyFTSigsawWI8f3fRII=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8B2KJn0ThuayQxJRihD/8KNC0Xc+jfu/BszbRFtPRA4nHMvOfcEieDauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjd5H7rEZXmsbw34wT9iA4kDzmjxkoP3YiaYRBkzUmvVHYr7hTkh3iLpAxz1Hulz24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1n08QTcmqVPgljZZ80ZKr+3shopPU4CuxknlAvern4n9dJTXjlZ1wmqUHJZh+FqSAmJvn5pM8VMiPGllCmuM1K2JAqyowtqWhLWDp5mTTPK161Ur27KNeu53UU4BhO4Aw8uIQa3EIdGsBAwhO8wKujnWfnzXmfja44850j+APn4xvIc5EC</latexit>V

Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter

⃗m(B)
𝕍(B)

⃗m(A)

𝕍(A)
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• And its covaria
nce matrix 
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<latexit sha1_base64="PHSSCmdJBw8DaZjM9oMhMY3yYEs=">AAACGHicbVDJSgNBEO2JWxy3qEcvjUHwFCci0YsQ9OIxglkgM4SenkrSpKdn6O4JCUM+w4u/4sWDIl5z82/sLLgkPih4vFdFVT0/5kxpx/m0Miura+sb2U17a3tndy+3f1BTUSIpVGnEI9nwiQLOBFQ10xwasQQS+hzqfu924tf7IBWLxIMexuCFpCNYm1GijdTKnbl9oGk4wtfYdn3oMJHGIdGSDUb2wHXtoe2CCH60Vi7vFJwp8DcpLpI8mqPSyo3dIKJJCEJTTpRqFp1YeymRmlEOI9tNFMSE9kgHmoYKEoLy0uljI3xilAC3I2lKaDxVf0+kJFRqGPqm0xzYVYveRPzPaya6feWlTMSJBkFni9oJxzrCk5RwwCRQzYeGECqZuRXTLpGEapPlJISll5dJ7bxQLBVK9xf58s08jiw6QsfoFBXRJSqjO1RBVUTRI3pGr+jNerJerHfrY9aaseYzh+gPrPEXEf6f0g==</latexit>

~m =

✓
x
y

◆

<latexit sha1_base64="dXdJlpKzZyFTSigsawWI8f3fRII=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8B2KJn0ThuayQxJRihD/8KNC0Xc+jfu/BszbRFtPRA4nHMvOfcEieDauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjd5H7rEZXmsbw34wT9iA4kDzmjxkoP3YiaYRBkzUmvVHYr7hTkh3iLpAxz1Hulz24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1n08QTcmqVPgljZZ80ZKr+3shopPU4CuxknlAvern4n9dJTXjlZ1wmqUHJZh+FqSAmJvn5pM8VMiPGllCmuM1K2JAqyowtqWhLWDp5mTTPK161Ur27KNeu53UU4BhO4Aw8uIQa3EIdGsBAwhO8wKujnWfnzXmfja44850j+APn4xvIc5EC</latexit>V

Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter

• Many ways to parameterise a track 
 
 
 
 
 
 
 
 

• And its covariance matrix 

State vector and Covariance
<latexit sha1_base64="bo3XjbcfvxyEKEKxxxcJnXAVl0o="></latexit>

~s =

0

BBBB@

q/p
dx/dz
dy/dz
x
y

1

CCCCA

<latexit sha1_base64="bL1wj4BG5xxTXkFS1+8utPA033o=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqmSKjO2u6MZlRfvAdiiZNG1DM5khyQhl6F+4caGIW//GnX9jpq2gogcCh3PuJeeeIBZcG4w/nNzK6tr6Rn6zsLW9s7tX3D9o6ShRlDVpJCLVCYhmgkvWNNwI1okVI2EgWDuYXGZ++54pzSN5a6Yx80MyknzIKTFWuuuFxIyDIL2Z9YslXMYWnocy4laxa0mtVq1UasidWxiXYIlGv/jeG0Q0CZk0VBCtuy6OjZ8SZTgVbFboJZrFhE7IiHUtlSRk2k/niWfoxCoDNIyUfdKgufp9IyWh1tMwsJNZQv3by8S/vG5ihlU/5TJODJN08dEwEchEKDsfDbhi1IipJYQqbrMiOiaKUGNLKtgSvi5F/5NWpex6Ze/6rFS/WNaRhyM4hlNw4RzqcAUNaAIFCQ/wBM+Odh6dF+d1MZpzljuH8APO2ycZypE7</latexit>S

⃗m(B)
𝕍(B)

⃗m(A)

𝕍(A)
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• Measurement vec
tor 

 
 
 
 

• And its covaria
nce matrix 

Measurement 
and Covarian
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<latexit sha1_base64="PHSSCmdJBw8DaZjM9oMhMY3yYEs=">AAACGHicbVDJSgNBEO2JWxy3qEcvjUHwFCci0YsQ9OIxglkgM4SenkrSpKdn6O4JCUM+w4u/4sWDIl5z82/sLLgkPih4vFdFVT0/5kxpx/m0Miura+sb2U17a3tndy+3f1BTUSIpVGnEI9nwiQLOBFQ10xwasQQS+hzqfu924tf7IBWLxIMexuCFpCNYm1GijdTKnbl9oGk4wtfYdn3oMJHGIdGSDUb2wHXtoe2CCH60Vi7vFJwp8DcpLpI8mqPSyo3dIKJJCEJTTpRqFp1YeymRmlEOI9tNFMSE9kgHmoYKEoLy0uljI3xilAC3I2lKaDxVf0+kJFRqGPqm0xzYVYveRPzPaya6feWlTMSJBkFni9oJxzrCk5RwwCRQzYeGECqZuRXTLpGEapPlJISll5dJ7bxQLBVK9xf58s08jiw6QsfoFBXRJSqjO1RBVUTRI3pGr+jNerJerHfrY9aaseYzh+gPrPEXEf6f0g==</latexit>

~m =

✓
x
y

◆

<latexit sha1_base64="dXdJlpKzZyFTSigsawWI8f3fRII=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8B2KJn0ThuayQxJRihD/8KNC0Xc+jfu/BszbRFtPRA4nHMvOfcEieDauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjd5H7rEZXmsbw34wT9iA4kDzmjxkoP3YiaYRBkzUmvVHYr7hTkh3iLpAxz1Hulz24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1n08QTcmqVPgljZZ80ZKr+3shopPU4CuxknlAvern4n9dJTXjlZ1wmqUHJZh+FqSAmJvn5pM8VMiPGllCmuM1K2JAqyowtqWhLWDp5mTTPK161Ur27KNeu53UU4BhO4Aw8uIQa3EIdGsBAwhO8wKujnWfnzXmfja44850j+APn4xvIc5EC</latexit>V

Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter

• Many ways to parameterise a track 
 
 
 
 
 
 
 
 

• And its covariance matrix 

State vector and Covariance
<latexit sha1_base64="bo3XjbcfvxyEKEKxxxcJnXAVl0o="></latexit>

~s =

0

BBBB@

q/p
dx/dz
dy/dz
x
y

1

CCCCA

<latexit sha1_base64="bL1wj4BG5xxTXkFS1+8utPA033o=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqmSKjO2u6MZlRfvAdiiZNG1DM5khyQhl6F+4caGIW//GnX9jpq2gogcCh3PuJeeeIBZcG4w/nNzK6tr6Rn6zsLW9s7tX3D9o6ShRlDVpJCLVCYhmgkvWNNwI1okVI2EgWDuYXGZ++54pzSN5a6Yx80MyknzIKTFWuuuFxIyDIL2Z9YslXMYWnocy4laxa0mtVq1UasidWxiXYIlGv/jeG0Q0CZk0VBCtuy6OjZ8SZTgVbFboJZrFhE7IiHUtlSRk2k/niWfoxCoDNIyUfdKgufp9IyWh1tMwsJNZQv3by8S/vG5ihlU/5TJODJN08dEwEchEKDsfDbhi1IipJYQqbrMiOiaKUGNLKtgSvi5F/5NWpex6Ze/6rFS/WNaRhyM4hlNw4RzqcAUNaAIFCQ/wBM+Odh6dF+d1MZpzljuH8APO2ycZypE7</latexit>S

⃗s(A)
𝕊(A)

⃗m(B)
𝕍(B)

⃗m(A)

𝕍(A)
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• And its covaria
nce matrix 
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and Covarian
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<latexit sha1_base64="PHSSCmdJBw8DaZjM9oMhMY3yYEs=">AAACGHicbVDJSgNBEO2JWxy3qEcvjUHwFCci0YsQ9OIxglkgM4SenkrSpKdn6O4JCUM+w4u/4sWDIl5z82/sLLgkPih4vFdFVT0/5kxpx/m0Miura+sb2U17a3tndy+3f1BTUSIpVGnEI9nwiQLOBFQ10xwasQQS+hzqfu924tf7IBWLxIMexuCFpCNYm1GijdTKnbl9oGk4wtfYdn3oMJHGIdGSDUb2wHXtoe2CCH60Vi7vFJwp8DcpLpI8mqPSyo3dIKJJCEJTTpRqFp1YeymRmlEOI9tNFMSE9kgHmoYKEoLy0uljI3xilAC3I2lKaDxVf0+kJFRqGPqm0xzYVYveRPzPaya6feWlTMSJBkFni9oJxzrCk5RwwCRQzYeGECqZuRXTLpGEapPlJISll5dJ7bxQLBVK9xf58s08jiw6QsfoFBXRJSqjO1RBVUTRI3pGr+jNerJerHfrY9aaseYzh+gPrPEXEf6f0g==</latexit>

~m =

✓
x
y

◆

<latexit sha1_base64="dXdJlpKzZyFTSigsawWI8f3fRII=">AAAB8XicbVDLSgMxFL3js9ZX1aWbYBFclRmR6rLoxmUF+8B2KJn0ThuayQxJRihD/8KNC0Xc+jfu/BszbRFtPRA4nHMvOfcEieDauO6Xs7K6tr6xWdgqbu/s7u2XDg6bOk4VwwaLRazaAdUouMSG4UZgO1FIo0BgKxjd5H7rEZXmsbw34wT9iA4kDzmjxkoP3YiaYRBkzUmvVHYr7hTkh3iLpAxz1Hulz24/ZmmE0jBBte54bmL8jCrDmcBJsZtqTCgb0QF2LJU0Qu1n08QTcmqVPgljZZ80ZKr+3shopPU4CuxknlAvern4n9dJTXjlZ1wmqUHJZh+FqSAmJvn5pM8VMiPGllCmuM1K2JAqyowtqWhLWDp5mTTPK161Ur27KNeu53UU4BhO4Aw8uIQa3EIdGsBAwhO8wKujnWfnzXmfja44850j+APn4xvIc5EC</latexit>V

Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter

• Many ways to parameterise a track 
 
 
 
 
 
 
 
 

• And its covariance matrix 

State vector and Covariance
<latexit sha1_base64="bo3XjbcfvxyEKEKxxxcJnXAVl0o="></latexit>

~s =

0

BBBB@

q/p
dx/dz
dy/dz
x
y

1

CCCCA

<latexit sha1_base64="bL1wj4BG5xxTXkFS1+8utPA033o=">AAAB8XicdVDLSgMxFL1TX7W+qi7dBIvgqmSKjO2u6MZlRfvAdiiZNG1DM5khyQhl6F+4caGIW//GnX9jpq2gogcCh3PuJeeeIBZcG4w/nNzK6tr6Rn6zsLW9s7tX3D9o6ShRlDVpJCLVCYhmgkvWNNwI1okVI2EgWDuYXGZ++54pzSN5a6Yx80MyknzIKTFWuuuFxIyDIL2Z9YslXMYWnocy4laxa0mtVq1UasidWxiXYIlGv/jeG0Q0CZk0VBCtuy6OjZ8SZTgVbFboJZrFhE7IiHUtlSRk2k/niWfoxCoDNIyUfdKgufp9IyWh1tMwsJNZQv3by8S/vG5ihlU/5TJODJN08dEwEchEKDsfDbhi1IipJYQqbrMiOiaKUGNLKtgSvi5F/5NWpex6Ze/6rFS/WNaRhyM4hlNw4RzqcAUNaAIFCQ/wBM+Odh6dF+d1MZpzljuH8APO2ycZypE7</latexit>S

• Transformati
on from stat

e to measure
ment 

space 
 
 

• So that: 

Transform:
 state to 

meas

<latexit sha1_base64="0qIsUuLbHCOavKzXDE95PVwPTI4="></latexit>

H =
@mi

@sj

<latexit sha1_base64="OxEG61HBPfH3Kw38EZR8CY67MPo=">AAACCXicdVDLSsNAFJ3UV62vqEs3g0VwVZIisV0IRTddVrC10IQymU7aoZNJmJkUSkiXbvwVNy4UcesfuPNvnLQVVPTAwJlz7uXee/yYUaks68MorKyurW8UN0tb2zu7e+b+QUdGicCkjSMWia6PJGGUk7aiipFuLAgKfUZu/fFV7t9OiJA04jdqGhMvRENOA4qR0lLfhO6E4DTM4OxiBt0QqZHvp039XRgy65tlq2JpOA7MiV2zbE3q9Vq1Wof23LKsMlii1Tff3UGEk5BwhRmSsmdbsfJSJBTFjGQlN5EkRniMhqSnKUchkV46vySDJ1oZwCAS+nEF5+r3jhSFUk5DX1fmu8rfXi7+5fUSFdS8lPI4UYTjxaAgYVBFMI8FDqggWLGpJggLqneFeIQEwkqHV9IhfF0K/yedasV2Ks71WblxuYyjCI7AMTgFNjgHDdAELdAGGNyBB/AEno1749F4MV4XpQVj2XMIfsB4+wTW+Jp4</latexit>

~m = H ~s

⃗s(A)
𝕊(A)

⃗m(B)
𝕍(B)

⃗m(A)

𝕍(A)
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• And its covaria
nce matrix 

Measurement 
and Covarian
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<latexit sha1_base64="PHSSCmdJBw8DaZjM9oMhMY3yYEs=">AAACGHicbVDJSgNBEO2JWxy3qEcvjUHwFCci0YsQ9OIxglkgM4SenkrSpKdn6O4JCUM+w4u/4sWDIl5z82/sLLgkPih4vFdFVT0/5kxpx/m0Miura+sb2U17a3tndy+3f1BTUSIpVGnEI9nwiQLOBFQ10xwasQQS+hzqfu924tf7IBWLxIMexuCFpCNYm1GijdTKnbl9oGk4wtfYdn3oMJHGIdGSDUb2wHXtoe2CCH60Vi7vFJwp8DcpLpI8mqPSyo3dIKJJCEJTTpRqFp1YeymRmlEOI9tNFMSE9kgHmoYKEoLy0uljI3xilAC3I2lKaDxVf0+kJFRqGPqm0xzYVYveRPzPaya6feWlTMSJBkFni9oJxzrCk5RwwCRQzYeGECqZuRXTLpGEapPlJISll5dJ7bxQLBVK9xf58s08jiw6QsfoFBXRJSqjO1RBVUTRI3pGr+jNerJerHfrY9aaseYzh+gPrPEXEf6f0g==</latexit>
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Detector Layer A
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Track finding & reconstruction:  Kalman Filter

• Many ways to parameterise a track 
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~m = H ~s
• Matrix 

 that p
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that: 
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ation 
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~s(B) = F(B|A) ~s(A)
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Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter

• Many ways to parameterise a track 
 
 
 
 
 
 
 
 

• And its covariance matrix 

State vector and Covariance
<latexit sha1_base64="bo3XjbcfvxyEKEKxxxcJnXAVl0o="></latexit>
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that: 
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𝔽(B |A)
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• And its covaria
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Detector Layer A

Detector Layer B

Track finding & reconstruction:  Kalman Filter

• Many ways to parameterise a track 
 
 
 
 
 
 
 
 

• And its covariance matrix 

State vector and Covariance
<latexit sha1_base64="bo3XjbcfvxyEKEKxxxcJnXAVl0o="></latexit>
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on from stat
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• So that: 

Transform:
 state to 

meas

<latexit sha1_base64="0qIsUuLbHCOavKzXDE95PVwPTI4="></latexit>

H =
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@sj
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 that p
ropagat

es a st
ate fro

m 

positio
n A to 
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that: 
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~s(B) = F(B|A) ~s(A)

• Due to Multiple Scattering, etc: 𝕎

Noise Model

𝔽(B |A)
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𝕊(A)

⃗s(B)
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⃗m(B)
𝕍(B)

⃗m(A)

𝕍(A)
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• Propagate seed state from k=1 to k=2 

 
 

• Propagate state COV from k=1 to k=2

State vector and Covariance

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector
• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {HT(k) V�1(k)

~smeasz }| {
H(k) ~m(k)

◆
|

{z

}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75
|

{z
}

inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {H(k) ~spred(k)

◆
|

{z
}residual
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4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector
• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {HT(k) V�1(k)

~smeasz }| {
H(k) ~m(k)

◆
|

{z

}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75
|

{z
}

inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {H(k) ~spred(k)

◆
|

{z
}residual
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• Propagate seed state from k=1 to k=2 

 
 

• Propagate state COV from k=1 to k=2

State vector and Covariance

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector
• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {HT(k) V�1(k)

~smeasz }| {
H(k) ~m(k)

◆
|

{z

}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75
|

{z
}

inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {H(k) ~spred(k)

◆
|

{z
}residual

13

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector
• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {HT(k) V�1(k)

~smeasz }| {
H(k) ~m(k)

◆
|

{z

}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75
|

{z
}

inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {H(k) ~spred(k)

◆
|

{z
}residual
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• Propagate seed state from k=1 to k=2 

 
 

• Propagate state COV from k=1 to k=2

State vector and Covariance

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector
• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {HT(k) V�1(k)

~smeasz }| {
H(k) ~m(k)

◆
|

{z

}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75
|

{z
}

inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {H(k) ~spred(k)

◆
|

{z
}residual

13

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector
• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {HT(k) V�1(k)

~smeasz }| {
H(k) ~m(k)

◆
|

{z

}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75
|

{z
}

inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {H(k) ~spred(k)

◆
|

{z
}residual
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• Recall:  uncorrelated uncertainty of an average is 
 

• By analogy, the updated full COV for the average is 

1
σ2avg

= 1
σ2

1
+ 1

σ2
2

Update (Filter) with measurement information

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector

• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:
~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {

HT(k) V�1(k)
~smeasz }| {

H(k) ~m(k)
◆|

{z
}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75|
{z

}
inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {

H(k) ~spred(k)
◆

|
{z

}residual

13

⃗sseed 𝔽 ⃗spred

𝕊pred𝕊seed
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• Recall:  uncorrelated uncertainty of an average is 
 

• By analogy, the updated full COV for the average is 

1
σ2avg

= 1
σ2

1
+ 1

σ2
2

Update (Filter) with measurement information

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector

• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:
~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {

HT(k) V�1(k)
~smeasz }| {

H(k) ~m(k)
◆|

{z
}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75|
{z

}
inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {

H(k) ~spred(k)
◆

|
{z

}residual

13

•
Recall:

  uncer
tainty 

weighte
d avera

ge is 

 

• By anal
ogy, th

e updat
ed stat

e for t
he aver

age is 

xavg = σ2
avg (

x1

σ2
1

+
x2

σ2
2 )

Update
 (Filt

er) wi
th mea

sureme
nt inf

ormati
on

4 Kalman
Filter

• The state
vector

~s and its covari
ance matrix

S

• A covari
ance matrix

for the proces
s noise

W in the coordi
nate space

of the

state
vector

• The measur
ement

vector
~m in the coordi

nate space
of the measur

ement
(can

be differ
ent dimens

ionali
ty than ~s) and its covari

ance matrix
V

• A matrix
H that transf

orms a state
~s in state

space
to a measur

ement
~m in

measur
ement

space

If ~s is the state,
then

~m = H~s is the corres
pondin

g measur
ement

• A matrix
F that transf

orms (propa
gates)

a state
from the last positi

on to

the next positi
on.

First:
update

the state
and covari

ance matrix
to the curren

t positi
on, includ

ing

the proces
s noise:

~spred(k
) = F(k|k � 1) ~supdate

(k � 1)

Spred
(k) = F(k|k � 1) Supdate

(k � 1) F
T (k|k � 1) + W(k)

Second
: take ~spred(k

) as the prior
and update

our knowle
dge with the additi

onal

inform
ation

from a measur
ement

~m(k).

S
�1
update

(k) = S
�1
pred

(k) + H
T (k) V

�1 H(k)

| {z
}

S
�1
meas

~supdate
= Supdate

(k)

✓
S
�1
pred

(k)~spred
(k) +

S
�1
meas

z
}|

{

H
T (k) V

�1 (k) H(k)

~smeas

z }| {

H
T (k) ~m(k)

◆

|

{z

}

uncer
taint

y weigh
ted avera

ge

Equiva
lent,

but altern
ate and common

expres
sion -- define

the Kalman
gain matrix

to be:

K(k) = Spred
(k)

2

64 H
T (k)

⇣
V(k) +

Vpred
(k)

z
}|

{

H(k) Spred
(k) H

T (k)
⌘�1

3

75

|

{z

}

inver
se of total

covar
iance

in state
space

Then,
the update

d state
at the curren

t positi
on and its update

d covari
ance matrix

are:

~supdate
(k) = ~spred(k

) + K(k)

✓
~m(k)�

~mpred
(k)

z }| {

H(k) ~spred(k
)

◆

|
{z

}

resid
ual

13

⃗sseed 𝔽 ⃗spred
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• Recall:  uncorrelated uncertainty of an average is 
 

• By analogy, the updated full COV for the average is 

1
σ2avg

= 1
σ2

1
+ 1

σ2
2

Update (Filter) with measurement information

4 Kalman Filter
• The state vector ~s and its covariance matrix S

• A covariance matrix for the process noise W in the coordinate space of the

state vector

• The measurement vector ~m in the coordinate space of the measurement (can

be different dimensionality than ~s) and its covariance matrix V

• A matrix H that transforms a state ~s in state space to a measurement ~m in

measurement space

If ~s is the state, then ~m = H~s is the corresponding measurement

• A matrix F that transforms (propagates) a state from the last position to

the next position.
First: update the state and covariance matrix to the current position, including

the process noise:
~spred(k) = F(k|k � 1) ~supdate(k � 1)
Spred(k) = F(k|k � 1) Supdate(k � 1) FT(k|k � 1) + W(k)

Second: take ~spred(k) as the prior and update our knowledge with the additional

information from a measurement ~m(k).
S�1
update(k) = S�1

pred(k) + HT(k) V�1
H(k)| {z }

S
�1
meas~supdate = Supdate(k)

✓
S�1
pred(k)~spred(k) +

S
�1
measz }| {

HT(k) V�1(k)
~smeasz }| {

H(k) ~m(k)
◆|

{z
}

uncertainty weighted average

Equivalent, but alternate and common expression -- define the Kalman gain matrix

to be:

K(k) = Spred(k)

2

64 HT(k)
⇣
V(k) +

Vpred(k)z }| {H(k) Spred(k) HT(k)
⌘�1

3

75|
{z

}
inverse of total covariance in state space

Then, the updated state at the current position and its updated covariance matrix

are:

~supdate(k) = ~spred(k) + K(k)
✓

~m(k)�
~mpred(k)z }| {

H(k) ~spred(k)
◆

|
{z

}residual
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4 Kalman
Filter

• The state
vector

~s and its covari
ance matrix

S

• A covari
ance matrix

for the proces
s noise

W in the coordi
nate space

of the

state
vector

• The measur
ement

vector
~m in the coordi

nate space
of the measur

ement
(can

be differ
ent dimens

ionali
ty than ~s) and its covari

ance matrix
V

• A matrix
H that transf

orms a state
~s in state

space
to a measur

ement
~m in

measur
ement

space

If ~s is the state,
then

~m = H~s is the corres
pondin

g measur
ement

• A matrix
F that transf

orms (propa
gates)

a state
from the last positi

on to

the next positi
on.

First:
update

the state
and covari

ance matrix
to the curren

t positi
on, includ

ing

the proces
s noise:

~spred(k
) = F(k|k � 1) ~supdate

(k � 1)

Spred
(k) = F(k|k � 1) Supdate

(k � 1) F
T (k|k � 1) + W(k)

Second
: take ~spred(k

) as the prior
and update

our knowle
dge with the additi

onal

inform
ation

from a measur
ement

~m(k).

S
�1
update

(k) = S
�1
pred

(k) + H
T (k) V

�1 H(k)

| {z
}

S
�1
meas

~supdate
= Supdate

(k)

✓
S
�1
pred

(k)~spred
(k) +

S
�1
meas

z
}|

{

H
T (k) V

�1 (k) H(k)

~smeas

z }| {

H
T (k) ~m(k)

◆

|

{z

}

uncer
taint

y weigh
ted avera

ge

Equiva
lent,

but altern
ate and common

expres
sion -- define

the Kalman
gain matrix

to be:

K(k) = Spred
(k)

2

64 H
T (k)

⇣
V(k) +

Vpred
(k)

z
}|

{

H(k) Spred
(k) H

T (k)
⌘�1

3

75

|

{z

}

inver
se of total

covar
iance

in state
space

Then,
the update

d state
at the curren

t positi
on and its update

d covari
ance matrix

are:

~supdate
(k) = ~spred(k

) + K(k)

✓
~m(k)�

~mpred
(k)

z }| {

H(k) ~spred(k
)

◆

|
{z

}

resid
ual
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• 3rd iteration:  

• 3 pixel hits,  
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• 4th iteration: 
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pT > 0.3 GeV 

• 93% efficiency,  
1-2% fake rate 

• down to very low momentum! 

• Recall original situation 

• 85% efficiency, 20% fake rate

And so on...with more iterations

Patrick Janot

A few subtleties : the devil is in the details (14)
 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)

 And so on with more iterations :
 Third iteration : 3 pixel hits, tight origin constraint, pT > 0.2 GeV/c
 Fourth iteration : 2 pixel hits, looser origin constraint, pT > 0.3 GeV/c

 And  even  try  to  catch  secondary  tracks  (interactions,  conversions,  decays  …)
 Fifth : TIB/TID seeding, loose origin constraint, pT > 0.5 GeV/c
 Sixth : TOB/TEC seeding, very loose origin constraint, pT > 0.8 GeV/c

 After 4 iterations
 93% efficiency, 1-2% fake rate
 Down to very low momentum 

85% efficiency, 20% fake rate

5-Feb-2011
Particle Flow Event Reconstruction
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CTF, 0.9 GeV/c, 5 hits
CTF, 0.3 GeV/c, 5 hits
Iterative, 4 iterations
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CTF, 0.9 GeV/c, 5 hits
CTF, 0.3 GeV/c, 5 hits
Iterative, 4 iterations
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f

pT

• Interactions, conversions, 

decays,... • 5th iteration:  • Inner tracker seeding, loose origin 

constraint, pT > 0.5 GeV 
• 6th iteration:   • Outer tracking seeding, very loose 

origin constraint, pT > 0.8 GeV

And even try to catch secondary 
tracks 
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6 2 The CMS detector
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely

Patrick Janot

A few subtleties : the devil is in the details (15)
 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)

 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 
 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries
 Create  a  “link  by  vertex”  between  primary  and  secondaries

And chose the best energy determination
Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !

5-Feb-2011
Particle Flow Event Reconstruction

91
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ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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A few subtleties : the devil is in the details (15)
 Increasing  the  tracking  efficiency  :  Iterative  tracking  (cont’d)

 Nuclear interactions, photon conversions, decays in flight :

 Many tracks reconstructed 
 With TIB/TID and TOB/TEC seeding

 Small fake rate dealt with by PF protections

 Next problem : avoid double counting from primary vs secondaries
 Create  a  “link  by  vertex”  between  primary  and  secondaries

And chose the best energy determination
Most likely the primary if more than 5-6 hits, secondaries otherwise

 Typical particle-flow attitude : reconstruct/identify as many particles as possible !
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barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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Figure 3: Total thickness t of the inner tracker material expressed in units of interaction lengths
ll (left) and radiation lengths X0 (right), as a function of the pseudorapidity h. The acronyms
TIB, TID, TOB, and TEC stand for “tracker inner barrel”, “tracker inner disks”, “tracker outer
barrel”, and “tracker endcaps”, respectively. The two figures are taken from Ref. [18].

2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s
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=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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2.3 The electromagnetic calorimeter

The ECAL [19, 20] is a hermetic homogeneous calorimeter made of lead tungstate (PbWO4)
crystals. The barrel covers |h| < 1.479 and the two endcap disks 1.479 < |h| < 3.0 . The barrel
(endcap) crystal length of 23 (22) cm corresponds to 25.8 (24.7) radiation lengths, sufficient to
contain more than 98% of the energy of electrons and photons up to 1 TeV. The crystal material
also amounts to about one interaction length, causing about two thirds of the hadrons to start
showering in the ECAL before entering the HCAL.

The crystal transverse size matches the small Molière radius of PbWO4, 2.2 cm. This fine trans-
verse granularity makes it possible to fully resolve hadron and photon energy deposits as close
as 5 cm from one another, for the benefit of exclusive particle identification in jets. More specifi-
cally, the front face of the barrel crystals has an area of 2.2⇥2.2 cm2, equivalent to 0.0174⇥0.0174
in the (h, j) plane. In the endcaps, the crystals are arranged instead in a rectangular (x, y) grid,
with a front-face area of 2.9⇥2.9 cm2. The intrinsic energy resolution of the ECAL barrel was
measured with an ECAL supermodule directly exposed to an electron beam, without any at-
tempt to reproduce the material of the tracker in front of the ECAL [21]. The relative energy
resolution is parameterized as a function of the electron energy as

s

E
=

2.8%p
E/ GeV

� 12%
E/ GeV

� 0.3%. (1)

Because of the very small stochastic term inherent to homogeneous calorimeters, the photon
energy resolution is excellent in the 1–50 GeV range typical of photons in jets.

The ECAL electronics noise sECAL
noise is measured to be about 40 (150)MeV per crystal in the barrel

(endcaps). Another important source of spurious signals arises from particles directly ionizing
the avalanche photodiodes (APD), aimed at collecting the crystal scintillation light [22]. This
effect gives rise to single-crystal spikes with a relative amplitude about 105 times larger than
the scintillation light. Such spikes would be misidentified by the PF algorithm as photons
with an energy up to 1 TeV. Since these spikes mostly affect a single crystal and more rarely
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