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Tracking and semiconductor tracking devices 
for high-energy physics

G. Calderini (LPNHE, Paris)
PART ONE
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In high-energy physics, many particles are produced during the collision of 
beams (or beam with target)

It is very important to determine with precision the particle trajectories to 
know their properties (momentum, position, direction etc) and to 
reconstruct the event  
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Some particles fly before they decay: a precise reconstruction of the 
tracks allows to know their impact parameter or to reconstruct the
decay points of the original particle 

Example of a LEP event (‘90s)

Useful also to tag (long)-living objects, or other mesons with finite 
lifetime, and to have information on the flavour of quarks

3Trans-European School of Physics, Suceava, Romania, 11-18 July 2026



Associating tracks to the right vertex is also important to reject background

Many collisions are produced at the same time 
Importance of excellent space resolution
Time information can change the game
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The reconstruction of charged
particle trajectories allows to
determine, among other information:
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Almost all High-Energy physics experiments done at accelerators have 
a magnetic field to characterize the produced charged particles.     
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In the reality the most common configuration are two:

Solenoidal magnetic field

cylindrical symmetry along the beam
deflection in the x,y (r,f) transverse 
plane

tracking detectors in cylindrical shells

curved trajectories in (r,f)  plane at 
fixed r 
z projection 

Dipole field

rectangular symmetry
deflection in the y,z plane

tracking detectors in parallel planes

curved trajectories in (y,z) plane at 
fixed x  
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Particle moves in the magnetic field
under Lorentz force 

Magnetic field does not change the
energy of the particle along the motion

We can use the path length s along 
the track instead of the time t

which gives the general expression

In case of inhomogeneous magnetic 
field, B(s) varies along the track and to 
find the trajectory r(s) we have to solve 
a differential equation.
In case of homogeneous magnetic 
field the trajectory is given by a helix
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Momentum of particle is 
decomposed in transverse
and longitudinal components

(r,f) plane is used to determine
the transverse momentum pt

y

(r,z) plane is used to extract
dip angle

Let’s give some order of magnitude

s sagitta
L length

For a track length of 1m :
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Basic idea:
Put sensitive planes to measure different points of the particle
trajectory along its path 

Tracking planes are generally the first device 
crossed by particles in the detector: 
very important not to perturb the particle 
trajectory changing energy or direction

Thin and light silicon planes (no stopping, small multiple scattering)
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How to optimize the configuration?

A gas device could be wonderful but not good in a densely populated
environment at high rate



Simple exercise: straight line fit See for instance:
P. Avery, Applied fitting theory (1991) 
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This is a well-known problem
N+1 measuring planes at z0, z1, ... , zN

A particle crossing the detector
N+1 coordinate measurements y0, y1, ... , yN

Each measurement affected by  uncorrelated 
errors s0, s1, ... , sN

Find the best solution which fits the 
track:  y = a + bz  ;   c2 minimization

with covariance matrix
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Let’s consider the case of equal spaced 
planes z0, z1, ... , zN with equal errors on
coordinates: s0 = s1 = ... = sN = s

We compute coefficients S and D of previous 
slide 

We extract the errors on intercept and slope

Important observations

• Both errors are linear in s

• Both errors go as  1/ N	

• The error on the slope goes as 1/L

• The error on the intercept increases 
      if zc/L increases
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But sa is basically the uncertainty on the 
impact parameter

Let’s re-write the same formula in a 
slightly different way

We want to have

• Small measurement errors s

• Large lever arm L

• The first plane as close as possible  
      to the production point: small zc/L 
• Large enough N

Technology of silicon sensors has typical s=10 µm 

Expensive: N and L cannot be too large

Gain in number of layers increase only as 1/ N	
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As an example: ATLAS pixels
(we’ll get back to it)

3 layers (+ IBL)

n + 1 = 4
s = 10 um
z0 = 4.1 cm; z2 = 13.5 cm
->    L = 9.4 cm; zc = 8.8 cm

-> sIP = 12 um
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Momentum resolution
As we saw, for a particle moving in a plane 
perpendicular to an uniform magnetic field B:

the trajectory is an arc of length L and radius R

suppose we have 3 measurements:
y1, y2, y3,  s = y3-(y1+y2)/2   ds~dy

Percentage error on p 
proportional to p itself
Inversely proportional to B
Inversely proportional to L2

Proportional to coordinate
measurement error
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Momentum resolution
If we have N measurement points distributed along the 
trajectory, is it possible to prove that (*): (*) see for instance: Gluckstern

For large N  ->   CN ~ 180 / (N+4)

Weak dependence on number of measurements:   sqrt(1/N)

Strong dependence on 1/BL2  

(it would be 1/BL if multiple scattering!)
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Intermezzo: an interesting formula of classical electrodynamics

X = 0.5 E(MJ)0.66 
E is the stored energy  :   E = B2V/2µ0 

where V is the volume    :   V ~ pR2d

So what is X  ?????  In which units  ?????
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Intermezzo: an interesting formula of classical electrodynamics

X = 0.5 E(MJ)0.66 
E is the stored energy  :   E = B2V/2µ0 

where V is the volume    :   V ~ pR2d

So what is X  ?????  In which units  ?????

X is the cost of the solenoid in M$ 
Answer:   (believe it or not !)

Unfortunately, solenoids with large B and large L are very expensive
The cost depends on the stored energy
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Intermezzo: an interesting formula of classical electrodynamics

X = 0.5 E(MJ)0.66 
E is the stored energy  :   E = B2V/2µ0 

where V is the volume    :   V ~ pR2d

So what is X  ?????  In which units  ?????

X is the cost of the solenoid in M$ 
Answer:   (believe it or not !)

Unfortunately, solenoids with large B and large L are very expensive
The cost depends on the stored energy

As a cross-check, the CMS solenoid stores 2.6 x 109 J and costed about 100M$  
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Baseline for our tracking system
We want a tracking device: 

made by (many but not too many) thin layers 

with a very good accuracy in the hit position 

well segmented 
(as you saw many tracks are passing close to each other) 

fast

first sensitive layers close to the interaction point, last one distant 
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More recently:  

Semiconductor detectors have been used since a long time in 
nuclear physics. 

Elemental semiconductors

Wide BandGap materials such as SiC (behaviour similar to diamond): 
Large band gap, requires no depletion zone, very radiation hard.
But low signal and high cost

Germanium: Used in nuclear physics - due to small band gap (0.66 eV) 
needs cold operation (usually liquid nitrogen at 77K)  

Silicon: Standard material for vertex and tracking detectors in high 
energy physics; can be operated at room temperature; profits of 
microelectronics industry 
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Composite semiconductors

Since we are dealing with tracking, I will mainly deal with Silicon, which has the most 
widespread application for this in high-energy physics
(but it would be different for other applications such as imaging, photon detection, low-noise and other detection 
needs)  
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Due to the crystalline structure, the discrete atomic 
level are giving rise to continuous bands in the crystal

Specific structure depends on the crystal type, occupancy depends 
on the available number of electrons

Last band completely filled -> valence band
Next one -> conduction band

Inside a lattice
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Just a reminder: conductors, semiconductors, insulators

In a metal, valence and conduction bands 
are overlapping

Abundance of free electrons and high 
conductibility
(n~1022 electrons /cm3)

In semiconductors and insulators
valence and conduction bands are 
separated
Insulators: Egap > 5 eV
Semiconductors: Egap < ~1eV

Si: Egap = 1.12 eV
Ge: Egap = 0.67 eV
Diamond: Egap = 5.47 eV

Thermal excitations favor 
transitions between bands
-> conductibility depends on 
temperature 
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They are fast, compact, active medium

Lithographic techniques allow very good segmentation

Low ionization energy to create electron hole pair 
for example    3.6 eV in Si    (~30eV in gas)

Good charge collection speed  O(ns)

High density (solid)
Si:   r = 2.33 g/cm3 ;  dE/dx = 1.66 MeV / g cm-2

In the ‘80s semiconductors started to be used in high energy 
physics as position-measuring detectors (particle tracking)
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Carrier lifetime very long (tau > 100us)
As we’ll see, it decreases with radiation damage

Few carriers at room temperature 
-> small leakage current  ->   small noise
As we’ll see, it increases with radiation damage

In addition

Si, Ge, valence = 4;   Si: Z=14, A=28   Ge: Z=32, A=73
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The basic idea…

V

U(t)

Use it as an ionization detector, amplifying the signal given by the 
drift of electrons and holes under the effect of the electric field  
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Problem…

S/N ~ 10-4 !   

We could work at lower temperature (not very practical, even if it works for 
some applications)…

… or find other ways to reduce the density of free carriers
->> depletion

ni = 1.45 · 1010 cm-3   (at room temperature, intrinsic density)

ni d A = 1.45 · 1010 cm-3  x 0.03 cm x 1 cm2 = 4.35 108 eh pairs  

In a volume of 1 cm2 x 300 um of Silicon at room temperature

to be compared with the signal generated by a crossing particle

dE/dx d/Io = 3.87 · 106 eV cm-1  x 0.03 cm / 3.62 eV = 3.2 104 eh   
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How to obtain depletion 
First step: doping
By adding small amounts of impurities to semiconductors, their 
conductivity can be changed drastically 
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In the first case
(adding elements 

from group V, 
donors) 

one obtain n-type

In the second case
(adding elements 
from group III 
(acceptors)
one obtain p-type

Conduction Conduction

Valence Valence

Donor
Acceptor

Easy transition
Easy transition
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How to obtain depletion 
Second step: p-n junction
We put in contact a n-type block with a p-type block 

Electrons diffuse in p-region,
holes diffuse in n-region
This generates a potential
difference which at equilibrium 
stops the diffusion

So we were able to create a region
(depletion region) with no free 
carriers

(A. Peisert, Instrumentation in High 
Energy Physics, World Scientific) 
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Built-in depletion region is very small and any e-h pair 
generated there would finally re-combine at equilibrium 
->> Add an external (reverse) potential difference which creates an 
electrical field; the depletion region becomes larger and larger and 
finally the whole sensor is depleted 

Passing particle creates
e-h pairs which then
drift in the E field
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Current-voltage characteristics

Typical current-voltage curve of a pn-junction: 
- exponential increase in forward polarization
- saturation and breakdown in backward biasing
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Junction characteristics
reverse leakage current

The current is generated by thermal 
creation of eh pairs.
The effect of the applied electric field 
is to avoid recombination  



Depletion voltage
The depletion voltage is the minimum voltage necessary to 
fully deplete the bulk of the sensor. The operational 
voltage is generally chosen to be slightly higher.
High resistivity material (i.e. low doping) generally requires low depletion 
voltage. 

The depletion voltage obviously 
increases with sensor thickness
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Capacitance

For typical doping values:

Study of capacitance as 
function of bias voltage
very useful to determine
the depletion voltage
(where capacitance does
not change anymore) 
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But then, even if we can detect a signal,   
we need to identify the position… 
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We can have segmentation on one face…

V

U(t)

Each pad is connected to a different electronics channel;
This gives information on the coordinate at which the particle to detect has passed
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Junction Implant

Metal contact



Lithography can be used to design complex but precise structures 
(and technology much simpler than for new deep submicron 
electronics processes!)
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For example we could build strips

1-coordinate readout, but the advantage is that the electronics is at 
the side, out of the tracking volume
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Photo of real strip sensors 
In real devices you need to add one or more rings (called “guard rings”) 
around the sensor to prevent current to  flow from one face to the other 
through the edges of the sensors (the edges are very rich in defects due to 
the cut) 

Contacts
(strip in this 
case)

“Guard ring”

Bias line
(used to distribute
the high voltage) 
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We need two sensors to have a space point
(or a double-side sensor)
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Readout

Combining the x and y 
coordinates
we have information
on the hit position

But what happens if many particles at the
same time?
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Readout

More than one strip
are hit in the same
event

Ambiguity on the hit position !
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Readout

More than one strip
are hit in the same
event

Ambiguity on the hit position !

?

?
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Solved with pixel detectors

Here contacts are pads (instead of strips) in the sensor. 
Readout electronics super-imposed

Front-End Chip

Sensor
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… but increased construction difficulty
Sensors and front-end electronics need to be carefully aligned in 2-dimensions 
before connection

In addition the bump-bond procedure includes steps done at non-negligible temperature, 
which can not be compatible with all the processes
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Bump-bonding is also very sensitive to mechanical
issues (for example in the case of thin sensors)

In any case, pixels have become nowadays a well-established
technology, giving experiment an unprecedented tracking
capability for an affordable cost

It may happen that electrical
connection fails in extended
region of the sensor due to 
bonding problems
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Strip detectors Pixel detectors

Disadvantages:
- Only 1 coordinate
  (two sensors needed)

Advantages:
- Electronics at the end 
  of strip
  (out of sensitive volume)

Advantages:
- 2-coordinates readout
  (one sensor needed)

Disadvantages:
- Readout complicated
  (Chip on top of sensor)

Short comparison
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One last thing: timing could change the game

Dividing the event in time slices can help to clean up the vertices 
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We will see practical examples of vertex/trackers 
in the next hour of class
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