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Introduction

•broad physics program covered by LHC experiments
➡ 2 general purpose p-p experiments (ATLAS and CMS)                                 

cover: SM QCD/W/Z/top, Higgs, SUSY, Exotics, (b-physics) ... 
➡ LHCb as dedicated b-physics experiment (forward physics)
➡ ALICE as a heavy ion experiment

•detectors designed to optimize physics performance
➡ at design luminosities (1034 cm-2s-1) and pileup (~23 min.bias events)
➡ b-physics trigger (LHCb)
➡ heavy ion “central” event multiplicities (ALICE)

• task of event reconstruction is to identify objects
➡ e/μ/τ leptons, photons, (b) jets, missing ET, exclusive hadronic states...
➡ input to physics analysis of complete event signature
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Marrakech:   Andi, Andreas, Daniel, me, Heather

Event Reconstruction “in a Nutshell”
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• typical HEP detector
➡ tracker to measure 

charged particles
➡ e.m. and hadronic 

calorimeter to measure 
energy of particles (jets)

➡ muon spectrometer to 
detect muons penetrating 
the rest of the detector
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Event Reconstruction “in a Nutshell”
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•photons
➡ shower in e.m. calorimeter
➡ (ideally) no charged particle 

seen in tracker

•neutrons
➡ showers in hadronic 

calorimeter
➡ no particle seen in tracker
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Event Reconstruction “in a Nutshell”
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•electrons
➡ shower in e.m. calorimeter
➡ a charged particle seen in 

tracker

•protons/pions
➡ particle seen in tracker
➡ and leave a showers in 

hadronic calorimeter
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Marrakech:   Andi, Andreas, Daniel, me, Heather

Event Reconstruction “in a Nutshell”
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•muons
➡ charged particle seen in 

tracker
➡ little energy seen in 

calorimeters
➡ particle seen in muon 

spectrometer
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Marrakech:   Andi, Andreas, Daniel, me, Heather

Event Reconstruction “in a Nutshell”
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•neutrinos
➡ leave undetected
➡ missing transverse  energy

• jets
➡ bundle of showers in 

calorimeter
➡ bundle of charged particles 

in tracker

•vertex

Jet
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In Reality ?

ZZ*→4μ candidate
4

... a bit more complicated
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Tracking at the LHC

•object reconstruction to cover LHC physics program
➡ often requires combining information from tracking detector with 

calorimetric and muon spectrometer measurements
➡ TRACKING is a central aspect of the event reconstruction and analysis 

• requirements on tracking detectors
➡ precision tracking at LHC luminosities (central heavy ion event 

multiplicities) with a hermitic detector
➡ usually Pixel/Strip Detector for precise primary/secondary vertex 

reconstruction and to provide excellent b-tagging in jets
➡ reconstruction of electrons (and converted photons)
➡ tracking of muons combined with muon spectrometer, good resolution 

over the full accessible momentum range
➡ enable (hadronic) tau, exclusive b- and c-hadron reconstruction
➡ provide particle identi!cation, e.g.:

• transition radiation in ATLAS TRT/ALICE TRD for electron identi#cation
• dE/dx in Pixels/Silicon or ALICE TPC, Cherenkov detectors (LHCb) 

➡ not to forget: enable fast tracking for (high level) trigger
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Evolution of (Silicon) Detectors
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� LEP eg.'DELPHI'(1996)
� 1.8'm2 of'silicon
� 175k'readout'channels

� CDF'SVX'IIa (2001)
� 6 m2 of'silicon
� 175k'channels

� CMS'tracker
� full'silicon'tracker
� 210'm2 of'silicon
� 10.7'M'channels

P.Wells
➡ results from huge technology advancements to match requirements of 

every generation of experiments 
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Example for an LHC Tracking Detector 

•answer of the experiments to 
match physics requirements

•ATLAS:
➡ 3 layer Pixel system, 3 endcap disks

• 1744 Pixel modules
• 80.4 million channels
• pitch 50 μm × 400 μm 
• total of 1.8 m2

➡ 4 layers of small angle stereo strips,               
9 endcap disks each side (SCT)
• 4088 double sided modules
• 6.3 million channels
• pitch 80 μm, 40 mrad stereo angle  
• total of 60 m2

➡ Transition Radiation Tracker (TRT)
• typically 36 hits per track
• transition radiation to identify electrons
• total of 370K drift tubes

7
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Outline of Lectures on next 4 Days

•part 1 ~ Passage of Particles through Matter

•part 2 ~ LHC Tracking Detectors

•part 3 ~ Concepts for Track Reconstruction

•part 4 ~ Vertex Reconstruction and its Applications

•part 5 ~ Lessons from early Data Taking
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Feedback Welcome !

•after years in this #eld
➡ may take things for granted that in reality are technicalities that need to be 

explained 

•will try to give a balanced overview on tracking and 
vertexing relevant for all LHC experiments
➡ these lectures are written having a general audience of young PhD 

students in mind

•material is never the less biased towards ATLAS
➡ it’s anyway interesting to look outside the box at times...
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Tracking at the LHC (Part 1)
Passage of Particles through Matter

ATLAS HL-LHC event in ITK tracker
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Passage of Particles through Matter

•any device that is to detect a particle must interact 
with it in some way
➡ well, almost...
➡ in many experiments neutrinos are measured by missing transverse 

momentum 
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Outline of Part 1

•overview of charged particle interactions with matter

➡ provide not only the means to detect charged particles

•aim is to understand who they affect the tracking 
performance

➡ energy loss

➡ multiple scattering

➡ Bremsstrahlung

➡ hadronic interactions
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization 

primary ionisation can generate secondary 
ionisation 

primary 
ionization

primary + 
secondary 
ionization

typically: 
total ionization ≈ 3 x primary ionization
➡  ~ 90 electrons/cm in gas at 1 bar 
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization 

primary ionisation can generate secondary 
ionisation 

primary 
ionization

primary + 
secondary 
ionization

typically: 
total ionization ≈ 3 x primary ionization
➡  ~ 90 electrons/cm in gas at 1 bar 

dE/dx described by 
Bethe-Bloch formula

MIP

relativistic rise

   not directly used for particle identification
      by ATLAS/CMS
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization 
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization 

due to interaction with Coulomb field of 
nucleus
 
dominant energy loss mechanism for 
electrons down to low momenta (~20 MeV)
 
initiates EM cascades (showers)

Bremsstrahlung
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung

15



charged particles traversing a medium are deflected by many 
successive small-angle scatters 
 
angular distribution ~ Gaussian
          σMS ~ 1/p ∗ (x/X0)1/2

but also large angles from Rutherford scattering ~sin–4(θ/2)
 
➡ complicates track fitting, limits momentum measurement
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung multiple scattering
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Charged Particle Interactions with Matter

particles are detected through their interaction with the active detector materials 

Bremsstrahlung multiple scatteringenergy loss by ionization 
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Charged Particle Interactions with Matter

particles are detected through their interaction with the active detector materials 

Bremsstrahlung multiple scattering

material thickness in detector is measured in 
terms of dominant energy loss reactions at 
high energies:

   Bremsstrahlung for electrons
   pair production for photons

radiation length

definition: 
X0  = length over which an electron loses all 
         but 1/e of its energy by bremsstrahlung

      = 7/9 of mean free path length of photon 
         before pair production

 describe material thickness in units of X0

energy loss by ionization 
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Charged Particle Interactions with Matter

particles are detected through their interaction with the active detector materials 

Bremsstrahlung multiple scattering

material thickness in detector is measured in 
terms of dominant energy loss reactions at 
high energies:

   Bremsstrahlung for electrons
   pair production for photons

radiation length

definition: 
X0  = length over which an electron loses all 
         but 1/e of its energy by bremsstrahlung

      = 7/9 of mean free path length of photon 
         before pair production

 describe material thickness in units of X0

material X0 [cm]

Be 35.3

Carbon-fibre ~ 25

Si 9.4

Fe 1.8

PbWO4 0.9

Pb 0.6

ATLAS LAr 
absorber

CMS ECAL 
crystals

energy loss by ionization 
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung multiple scattering

radiation length
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Charged Particle Interactions with Matter 

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung multiple scattering

a relativistic charge particle traversing a 
dielectric medium with refraction index         
n > 1/β emits Cherenkov radiation in cone 
with angle θC around track: cosθC = (nβ)–1

n >1/β

Charged particle with 
momentum β

θC

 light cone emission when passing thin medium 

detector types RICH (LHCb), DIRC, Aerogel 
counters (not employed by ATLAS/CMS))

Cherenkov radiationradiation length
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Charged Particle Interactions with Matter

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung multiple scattering

Cherenkov radiationradiation length
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Charged Particle Interactions with Matter

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung multiple scattering

photon radiation when charged ultra-
relativistic particles traverse the 
boundary of two different dielectric 
media (foil & air)

foil air

Cherenkov radiation transition radiationradiation length
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Charged Particle Interactions with Matter

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung multiple scattering

photon radiation when charged ultra-
relativistic particles traverse the 
boundary of two different dielectric 
media (foil & air)

foil 

electron with 
boost γ

air

+
+

+

electrical dipole

photons
E ~ 8 keV

   significant radiation for γ  > 1000 
      and > 100 boundaries 

Cherenkov radiation transition radiationradiation length

 (unpolarized)(polarized)
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Charged Particle Interactions with Matter

particles are detected through their interaction with the active detector materials 

energy loss by ionization Bremsstrahlung multiple scattering

photon radiation when charged ultra-
relativistic particles traverse the 
boundary of two different dielectric 
media (foil & air)

foil 

electron with 
boost γ

air

+
+

+

electrical dipole

photons
E ~ 8 keV

   significant radiation for γ  > 1000 
      and > 100 boundaries 
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Effects are visible by Eye...

•give rise to beautiful old bubble-chamber photos
➡ energy loss by ionization, δ-electrons, pair production, ...

19

B
E

B
C

 c
an

 b
e 

se
en

 o
ut

si
de

 th
e 

M
ic

ro
co

sm
 E

xh
ib

iti
on

BEBC



Markus Elsing

... as well in modern Detectors
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GENERAL-PURPOSE DETECTORS FOR THE LARGE HADRON COLLIDER C-5

Figure 7 The display in the transverse plane of a simulated high- pT H → ZZ* 
→ e!e" #!#" decay (mH $ 130 GeV) in the ATLAS barrel Inner Detector and
calorimeters at a luminosity of 5 % 1033 cm"2 s"1. The four leptons and the recoil-
ing hadronic jet are visible. Hits in the Inner Detector are shown over the pseudora-
pidity range !&! ' 0.7 for both the precision tracker (three pixel layers and four 
silicon microstrip layers) and for the two half-barrels of the transition radiation track-
er (an average of 36 straws hit per track). High-threshold transition radiation hits in
the latter detector are drawn as red points. Reconstructed tracks with pT ( 1 GeV and
!&! ' 0.7 are shown (yellow). The reconstructed tracks are shown in red for the elec-
trons in the precision tracker and in blue for the muons in the precision tracker and
calorimeters. Red and brown histograms, with an arbitrary scale beyond the inner
radius of the active electromagnetic calorimeter, show the energy depositions in the
barrel liquid argon electromagnetic calorimeter (light green) and in the Hadronic Tile
Calorimeter (dark green), respectively, summed over the range !&! ' 0.7.

HI-RES-NS56-10-Sphicas.qxd  10/14/06  12:22 PM  Page 5
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History of Energy Loss Calculations: dE/dx

21

1915: Niels Bohr, classical formula, Nobel prize 1922.
1930: non-relativistic formula found by Hans Bethe
1932: relativistic formula by Hans Bethe

Hans Bethe
1906-2005

Born in Strasbourg, 
emigrated to US in 1933.
Professor at Cornell U.
Nobel prize 1967
for theory of nuclear
processes in stars.

Bethe’s calculation is leading order in perturbation theory,
thus only z2 terms are included.

additional corrections:

• z3 corrections calculated by Barkas+Andersen

• correction calculated by Felix Bloch (Nobel prize 1952,    
for nuclear magnetic resonance). Although the formula is 
called Bethe-Bloch formula the z4 term is usually not 
included.

• shell corrections:  atomic electrons are not stationary

• density corrections: by Enrico Fermi (Nobel prize 1938, for 
discovery of nuclear reaction induced by slow neutrons)
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The Bethe-Bloch Formula

➡ characteristics of the energy loss as a function of the particle velocity (βγ)

➡ with
• z         ~ charge of incident particle
• Z         ~ atomic number of absorber
• A         ~ atomic mass of absorber

• I           ~ mean excitation energy of absorber
• Tmax    ~ maximum energy transfer in a single collision

• δ(βγ)  ~ density effect correction to ionization loss

➡ x = ρ s   ~ surface density or mass thickness, with unit g/cm2, s is the length 
(dE/dx has the units  MeV cm2/g)

22
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Fig. 27.1: Stopping power (= 〈−dE/dx〉) for positive muons in copper as a
function of βγ = p/Mc over nine orders of magnitude in momentum (12 orders of
magnitude in kinetic energy). Solid curves indicate the total stopping power. Data
below the break at βγ ≈ 0.1 are taken from ICRU 49 [4], and data at higher
energies are from Ref. 5. Vertical bands indicate boundaries between different
approximations discussed in the text. The short dotted lines labeled “µ− ” illustrate
the “Barkas effect,” the dependence of stopping power on projectile charge at very
low energies [6].

27.2.2. Stopping power at intermediate energies :
The mean rate of energy loss by moderately relativistic charged heavy particles,

M1/δx, is well-described by the “Bethe” equation,

−
〈

dE

dx

〉
= Kz2Z

A

1
β2

[
1
2

ln
2mec2β2γ2Tmax

I2
− β2 − δ(βγ)

2

]
. (27.3)

It describes the mean rate of energy loss in the region 0.1 <∼ βγ <∼ 1000 for
intermediate-Z materials with an accuracy of a few %. At the lower limit the
projectile velocity becomes comparable to atomic electron “velocities” (Sec. 27.2.3),
and at the upper limit radiative effects begin to be important (Sec. 27.6). Both
limits are Z dependent. Here Tmax is the maximum kinetic energy which can be
imparted to a free electron in a single collision, and the other variables are defined

July 30, 2010 14:36

K
A = 4�NAr2

emec2/A = 0.307075 MeV g�1cm2, for A = 1g mol�1

Tmax = 2mec2�2⇥2

1+2⇥me/M+(me/M)2
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The Bethe-Bloch Formula
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6 27. Passage of particles through matter
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Figure 27.2: Mean energy loss rate in liquid (bubble chamber) hydrogen,
gaseous helium, carbon, aluminum, iron, tin, and lead. Radiative effects,
relevant for muons and pions, are not included. These become significant for
muons in iron for βγ >∼ 1000, and at lower momenta for muons in higher-Z
absorbers. See Fig. 27.21.

For a particle with mass M and momentum Mβγc, Tmax is given by

Tmax =
2mec2 β2γ2

1 + 2γme/M + (me/M)2
. (27.4)

In older references [2,7] the “low-energy” approximation
Tmax = 2mec2 β2γ2, valid for 2γme/M " 1, is often implicit. For a pion in copper,
the error thus introduced into dE/dx is greater than 6% at 100 GeV.

At energies of order 100 GeV, the maximum 4-momentum transfer to the
electron can exceed 1 GeV/c, where hadronic structure effects significantly modify

July 30, 2010 14:36

PDG

Bethe-Bloch formula:

except in hydrogen, particles 
of the same velocity have 
similar energy loss in different 
materials.

the minimum in ionization 
occurs at βγ = 3.0 to 3.5, 
as Z goes from 7 to 100

classical 1/β2 

dependency
(Rutherford
Scattering)

relativistic rise

Fermi plateau: 
density effect, 
polarization of 
medium “screens” 
particle charge
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Particle Identi"cation using dE/dx
•energy loss depends on particle velocity
➡ ≈ independent of particle mass M

•as a function of particle momentum
➡ p = Mcβγ      depends on particle mass !

•application in an experiment:
➡ measure momentum from curvature of particle track in 

magnetic #eld
➡ measure ionization along the track

24
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Fluctuations in Energy Loss

25

from L. Ropelewski

particle trace in
bubble chamber
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Multiple Scattering

•a particle which traverses a medium is de(ected
➡ by small angle Coulomb scattering in #eld of nuclei
➡ for hadronic particles as well the strong interaction contributes

•angular de!ection after traversing a distance x
➡ described by the Molière theory
➡ angle has roughly a Gaussian distribution, but with larger tails due to 

Coulomb scattering
➡ Gaussian approximation

• x/X0 ~ thickness of material in units of radiation length
• z       ~ charge of the particle

26
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(defined below). This value of θ0 is from a fit to Molière distribution [33] for
singly charged particles with β = 1 for all Z, and is accurate to 11% or better for
10−3 < x/X0 < 100.

Eq. (27.14) describes scattering from a single material, while the usual problem
involves the multiple scattering of a particle traversing many different layers and
mixtures. Since it is from a fit to a Molière distribution, it is incorrect to add the
individual θ0 contributions in quadrature; the result is systematically too small. It
is much more accurate to apply Eq. (27.14) once, after finding x and X0 for the
combined scatterer.

Lynch and Dahl have extended this phenomenological approach, fitting
Gaussian distributions to a variable fraction of the Molière distribution for
arbitrary scatterers [35], and achieve accuracies of 2% or better.

x

splane
yplane

Ψplane

θplane

x /2

Figure 27.9: Quantities used to describe multiple Coulomb scattering. The
particle is incident in the plane of the figure.

The nonprojected (space) and projected (plane) angular distributions are given
approximately by [33]

1
2π θ2

0

exp

−

θ2
space

2θ2
0


 dΩ , (27.15)

1√
2π θ0

exp

−

θ2
plane

2θ2
0


 dθplane , (27.16)

where θ is the deflection angle. In this approximation, θ2
space ≈ (θ2

plane,x + θ2
plane,y),

where the x and y axes are orthogonal to the direction of motion, and
dΩ ≈ dθplane,x dθplane,y. Deflections into θplane,x and θplane,y are independent and
identically distributed.

July 30, 2010 14:36

Multiple(Scattering

� Distribution*of*� is*nearly*
Gaussian*(central*98%)

�
K.*Nakamura*et*al.*(PDG),*J.*Phys.*G*37,*075021*(2010)*

Pippa*Wells,*CERN9*May*2011 24

x

�plane
�

� Higher*momentum,*p� less*scattering
� Best*precision*with*small*radius, r,*and*minimum*thickness*x

� Particle*incident*on*a*thin*layer,*
fraction*x/X0 of*a*radiation*length*
thick,*is*bent*by*angle*�

~2%
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27.2.6. Energy loss in mixtures and compounds : A mixture or compound can be
thought of as made up of thin layers of pure elements in the right proportion (Bragg
additivity). In this case,

dE

dx
=

∑
wj

dE

dx

∣∣∣∣
j

, (27.10)

where dE/dx|j is the mean rate of energy loss (in MeV g cm−2) in the jth element.
Eq. (27.1) can be inserted into Eq. (27.10) to find expressions for 〈Z/A〉, 〈I 〉, and 〈δ〉; for
example, 〈Z/A〉 =

∑
wjZj/Aj =

∑
njZj/

∑
njAj . However, 〈I 〉 as defined this way is

an underestimate, because in a compound electrons are more tightly bound than in the
free elements, and 〈δ〉 as calculated this way has little relevance, because it is the electron
density that matters. If possible, one uses the tables given in Refs. 18 and 27, which in-
clude effective excitation energies and interpolation coefficients for calculating the density
effect correction for the chemical elements and nearly 200 mixtures and compounds. If a
compound or mixture is not found, then one uses the recipe for δ given in Ref. 20 (repeated
in Ref. 1), and calculates 〈I〉 according to the discussion in Ref. 7. (Note the “13%” rule!)

27.2.7. Ionization yields : Physicists frequently relate total energy loss to the
number of ion pairs produced near the particle’s track. This relation becomes complicated
for relativistic particles due to the wandering of energetic knock-on electrons whose
ranges exceed the dimensions of the fiducial volume. For a qualitative appraisal of the
nonlocality of energy deposition in various media by such modestly energetic knock-on
electrons, see Ref. 28. The mean local energy dissipation per local ion pair produced, W ,
while essentially constant for relativistic particles, increases at slow particle speeds [29].
For gases, W can be surprisingly sensitive to trace amounts of various contaminants [29].
Furthermore, ionization yields in practical cases may be greatly influenced by such factors
as subsequent recombination [30].

27.3. Multiple scattering through small angles
A charged particle traversing a medium is deflected by many small-angle scatters.

Most of this deflection is due to Coulomb scattering from nuclei, and hence the effect
is called multiple Coulomb scattering. (However, for hadronic projectiles, the strong
interactions also contribute to multiple scattering.) The Coulomb scattering distribution
is well represented by the theory of Molière [31]. It is roughly Gaussian for small
deflection angles, but at larger angles (greater than a few θ0, defined below) it behaves
like Rutherford scattering, with larger tails than does a Gaussian distribution.

If we define
θ0 = θ rms

plane =
1√
2

θrms
space . (27.11)

then it is sufficient for many applications to use a Gaussian approximation for the central
98% of the projected angular distribution, with a width given by [32,33]

θ0 =
13.6 MeV

βcp
z

√
x/X0

[
1 + 0.038 ln(x/X0)

]
. (27.12)

Here p, βc, and z are the momentum, velocity, and charge number of the incident particle,
and x/X0 is the thickness of the scattering medium in radiation lengths (defined below).

July 24, 2008 18:04
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Illustration of M.S. Effect

• toy simulation
➡ simulation of single particle traversing 

a set of individual thin material layers
• single scattering steps accumulate

27

θ
space

θ
proj

initial direction

direction after scattering

Nparticles

d0
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Illustration of M.S. Effect

• toy simulation
➡ simulation of single particle traversing 

a set of individual thin material layers
• single scattering steps accumulate

27

θ
space

θ
proj

initial direction

direction after scattering

Nparticles

d0

➡ repeat N times:
• central limit theorem predicts 

gaussian distribution
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Illustration of M.S. Effect

• toy simulation
➡ simulation of single particle traversing 

a set of individual thin material layers
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Effect on Momentum Resolution

•magnetic spectrometer
➡ charged particle describes a circle in a magnetic #eld

➡ measure sagitta s of arc to determine curvature R

•put into upper equation results in pT ≡ pT(s)
➡ relative error on momentum equals relative error on sagitta

➡ hence relative momentum uncertainty is proportional to                
momentum pT times sagitta uncertainty σs

➡ as well, one wants large #eld B and long path length L
28

� Circular(motion(transverse(to(uniform(B(field:(

� Measure(sagitta,(s,(from(track(arc(� curvature,(R

�

� Relative(momentum(uncertainty(is(proportional(to(pT times(
sagitta uncertainty,(�s.(Also(want(strong(B(field(and(long(path(
length,(L
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Effect on Momentum Resolution

•multiple scattering contribution to 
momentum uncertainty

•putting things together gives

➡ a ~ resolution term dominating at high pT                                                                   
b ~ multiple scattering term limiting at low pT
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Figure 1.2: The muon transverse-momentum resolution as a function of the transverse-momentum
(pT ) using the muon system only, the inner tracking only, and both. Left panel: |� | < 0.8, right
panel: 1.2 < |� | < 2.4.

of the ECAL, for incident electrons as measured in a beam test, is shown in figure 1.3; the stochas-
tic (S), noise (N), and constant (C) terms given in the figure are determined by fitting the measured
points to the function
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The ECAL is surrounded by a brass/scintillator sampling hadron calorimeter (HCAL) with cov-
erage up to |� | < 3.0. The scintillation light is converted by wavelength-shifting (WLS) fibres
embedded in the scintillator tiles and channeled to photodetectors via clear fibres. This light is
detected by photodetectors (hybrid photodiodes, or HPDs) that can provide gain and operate in
high axial magnetic fields. This central calorimetry is complemented by a tail-catcher in the bar-
rel region (HO) ensuring that hadronic showers are sampled with nearly 11 hadronic interaction
lengths. Coverage up to a pseudorapidity of 5.0 is provided by an iron/quartz-fibre calorime-
ter. The Cerenkov light emitted in the quartz fibres is detected by photomultipliers. The forward
calorimeters ensure full geometric coverage for the measurement of the transverse energy in the
event. An even higher forward coverage is obtained with additional dedicated calorimeters (CAS-
TOR, ZDC, not shown in figure 1.1) and with the TOTEM [2] tracking detectors. The expected jet
transverse-energy resolution in various pseudorapidity regions is shown in figure 1.4.

The CMS detector is 21.6-m long and has a diameter of 14.6 m. It has a total weight of 12500
t. The ECAL thickness, in radiation lengths, is larger than 25 X0, while the HCAL thickness, in
interaction lengths, varies in the range 7–11 ⇥I (10–15 ⇥I with the HO included), depending on � .
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Effect on Impact Parameter Resolution

•uncertainty on the transverse impact parameter d0
➡ depends on the radii and space point precision
➡ simpli#ed formula for straight line and just two layers

➡ best performance:    small r1, large r2, small σ1 and σ2

30

d0

Impact'parameter'resolution
Uncertainty*on*the*transverse*impact*parameter,*d0,*
depends*on*the*radii*and*space*point*precision.*
Simplified*formula*for*just*two*layers:

Pippa*Wells,*CERN9*May*2011 23
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•precision is degraded by multiple scattering

➡ at low momentum scattering contribution becomes large
➡ best precision if small radius r and minimum thickness x

Multiple(Scattering

� Distribution*of*� is*nearly*
Gaussian*(central*98%)

�
K.*Nakamura*et*al.*(PDG),*J.*Phys.*G*37,*075021*(2010)*

Pippa*Wells,*CERN9*May*2011 24

x

�plane
�

� Higher*momentum,*p� less*scattering
� Best*precision*with*small*radius, r,*and*minimum*thickness*x

� Particle*incident*on*a*thin*layer,*
fraction*x/X0 of*a*radiation*length*
thick,*is*bent*by*angle*�

Multiple(Scattering

� Distribution*of*� is*nearly*
Gaussian*(central*98%)

�
K.*Nakamura*et*al.*(PDG),*J.*Phys.*G*37,*075021*(2010)*
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x
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� Higher*momentum,*p� less*scattering
� Best*precision*with*small*radius, r,*and*minimum*thickness*x

� Particle*incident*on*a*thin*layer,*
fraction*x/X0 of*a*radiation*length*
thick,*is*bent*by*angle*�

ΔΘ
Δd0 = r tanΔΘ ≈ r ΔΘ = r 0.0136
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Effect on Impact Parameter Resolution

• for tracks with Θ≠90°:  r→r/sinΘ   x→x/sinΘ

• constant term describing resolution
• multiple scattering term decreasing with pT

31

Transverse(IP(resolution

For$a$track$with

Resulting$in:$

Constant$term$depending$only$on$geometry$
and term$depending$on$material,$decreasing$with$pT

Pippa$Wells,$CERN9$May$2011 25
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For'the'rest:

ATLAS/CMS'expect:'
100'�m'@'1'GeV,'
20'�m'@'20'GeV

IP#resolutions

Pippa'Wells,'CERN9'May'2011 27

S.Alekhin'et'al.'HERA'and'the'LHC'N A'workshop'on'the'implications'of'

HERA'for'LHC'physics:Proceedings'Part'B,'arXiv:hepNph/0601013.



Markus Elsing

Effect on Impact Parameter Resolution

• for tracks with Θ≠90°:  r→r/sinΘ   x→x/sinΘ

• constant term describing resolution
• multiple scattering term decreasing with pT

31

Transverse(IP(resolution

For$a$track$with

Resulting$in:$

Constant$term$depending$only$on$geometry$
and term$depending$on$material,$decreasing$with$pT

Pippa$Wells,$CERN9$May$2011 25

Θ

x x/sinΘ

Momentum(resolution
Expected(relative(pT resolution(
for(muons vs |�|(and(pT.

Pippa(Wells,(CERN9(May(2011 32

ATLAS(ID(only

CMS

(More(material)

2008(JINST(3(S08004(CMS(Experiment

2008(JINST(3(S08003(ATLAS(Experiment• similarly momentum resolution term                         
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q,M,E γ

γ

q,M,E-E’

Z,A• charged particle de(ected by #eld of nucleus
➡ de(ecting a charged particle means “acceleration”
➡ therefore radiates a photon → Bremsstrahlung
➡ effect is strong for light particles (electrons), as acceleration is large for given force
➡ for heavier particles (muons), bremsstrahlung only important at energies of a few 

hundred GeV (important for ATLAS/CMS at the LHC!)
➡ presence of a nucleus is required to restore energy-momentum conservation

Bremsstrahlung

32
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20 27. Passage of particles through matter
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Figure 27.11: The normalized bremsstrahlung cross section k dσLPM/dk in
lead versus the fractional photon energy y = k/E. The vertical axis has units
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incomplete, and near y = 0, where the infrared divergence is removed by
the interference of bremsstrahlung amplitudes from nearby scattering centers

July 30, 2010 14:36

PDG

X0 ∝
M 2A
q4ρZ 2

E(x) ≈ E0e
−x/X0

•Bremsstrahlung proportional to
• Z2/A and ρ of the material
• q4 and 1/M2 of incoming particle

➡ energy lost ~ proportional to energy of particle:

• radiation length X0 ~ characteristic amount of                                                              
material traversed before it looses 1/e of its energy

➡ Bremsstrahlung of electrons in tracker material is limiting 
reconstruction efficiency !

important above
critical energy Ec
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Z,A

γ e

e

e

γ

Pair-Production
• γ→e+e- conversion process in #eld of nucleus
➡ described by diagram similar to Bremsstrahlung
➡ conversion probability:

➡ radiation length X0 is 7/9 of mean free path for pair production by a high 
energy photon

➡ pair production in tracker material main source of inefficiency for photons

33

P(x)∝ e
−
7
9
x
X0

ϒ→e+e-
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Simulation of 
electromagnetic 
shower

P(x)∝ e
−
7
9
x
X0

ϒ→e+e-

• together they give rise to electromagnetic showers
➡ processes contributing to showers, detection in EM calorimeters
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nuclear interaction length λ : mean free path of hadrons between strong collisions

material λ [cm]

Si 45.5

Fe 16.8

Pb 17.1

interactions with nuclei lead to hadronic (HAD) showers

• λ > X[X0] , can separate EM (close) from HAD (far) showers

• detection of HAD showers in hadronic calorimeters

Hadronic Interactions
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nuclear interaction length λ : mean free path of hadrons between strong collisions

material λ [cm]

Si 45.5

Fe 16.8

Pb 17.1

interactions with nuclei lead to hadronic (HAD) showers

• λ > X[X0] , can separate EM (close) from HAD (far) showers

• detection of HAD showers in hadronic calorimeters

a hadronic shower consists of:

• EM energy (e.g., π0 → γγ) O(50%)

• non-EM energy (e.g., dE/dx from π±,µ±,K±) O(25%)

• invisible energy 
 (nuclear fission/excitation, neutrons) O(25%)
• escaped energy (e.g. neutrinos) O(2%)

Simulation of 
hadron shower

hadronic shower in material of tracking detector 
is main source of inefficiency for pions, kaons 
and protons ! 

Hadronic Interactions
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Effect on Expected Performance

•ATLAS/CMS tracking resolution and efficiency mostly 
driven by interactions in detector material

ATLAS
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Let’s Summarize... 

•discussed the most relevant physics processes for 
particles passing through (detector) material

•discussed some of the consequences

➡ provide the means to detect charged particles and to identify them
• measuring the ionization of charged particles in a medium (gas, silicon...)
• detecting transition and Cherenkov radiation

➡ as well, limiting factor for the performance of a detector
• e.g. multiple scattering effects or effects from hadronic interactions...

•next is to talk about LHC tracking detectors

36


