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Disclaimer:

Huge field of technological solutions, applications, data analysis approaches

I will cover only a selection of topics and applications, mostly what I have

experience with

(Please apologize if your favourite detector is not covered...)



Track visualization in HEP
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Track visualization to identify: particle trajectories, particle decays points, interaction vertex

Full digital readout à reconstruction of particle trajectories using few sampling points
Minimal disruption of particle properties (see calorimeters)



Particle Identification

• Particles are uniquely identified by their velocity, momentum and sign of the charge combining the 
information from several subdetectors

• Curvature in magnetic field

• Velocity after time of flight measurements

• Ionization losses 

• Calorimetric measurements

• Typically, measurements are more than the number of searched parameters à multiple measurements 
used to over-constrain the values and to crosscheck systematic effects

• NB: at high energies (β-->1), the sensitivity of velocity measurements decreases. Complementary 
techniques used to infer the particle energy.
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Ionization energy losses

Main effect of energy loss in materials: continuous energy
losses by ionization from scattering off atomic electrons

Scattering off electrons: high energy losses, small trajectory deviation
Scattering off nuclei: small energy losses, high scattering angles
(multiple scattering)

Bethe-Block formula: energy loss per unit of grammage

Energy loss depends on particle and medium properties.

dE

dX
= 0.31MeV/(g/cm2) z2

Z

A

1

�2


1

2
log(f(�))� �2 � �(��)

�

<latexit sha1_base64="WJp9/g6NdAoAkMY2rWima9ZS0ks="></latexit><latexit sha1_base64="WJp9/g6NdAoAkMY2rWima9ZS0ks="></latexit><latexit sha1_base64="WJp9/g6NdAoAkMY2rWima9ZS0ks="></latexit><latexit sha1_base64="WJp9/g6NdAoAkMY2rWima9ZS0ks="></latexit>

X = ⇢x
<latexit sha1_base64="2oeigsaXQvHcMOpc8pCUn9+fEyg=">AAAB8nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4JuhKIblxXsBWaGkkkzbWgmGZKMWIY+hhsXirj1adz5NqbtLLT1h8DHf84h5/xRypk2rvvtlFZW19Y3ypuVre2d3b3q/kFby0wR2iKSS9WNsKacCdoyzHDaTRXFScRpJxrdTuudR6o0k+LBjFMaJnggWMwINtbyu+gaBWoog7OnXrXm1t2Z0DJ4BdSgULNX/Qr6kmQJFYZwrLXvuakJc6wMI5xOKkGmaYrJCA+ob1HghOown608QSfW6aNYKvuEQTP390SOE63HSWQ7E2yGerE2Nf+r+ZmJr8KciTQzVJD5R3HGkZFoej/qM0WJ4WMLmChmd0VkiBUmxqZUsSF4iycvQ/u87lm+v6g1boo4ynAEx3AKHlxCA+6gCS0gIOEZXuHNMc6L8+58zFtLTjFzCH/kfP4A9mqQYg==</latexit><latexit sha1_base64="2oeigsaXQvHcMOpc8pCUn9+fEyg=">AAAB8nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4JuhKIblxXsBWaGkkkzbWgmGZKMWIY+hhsXirj1adz5NqbtLLT1h8DHf84h5/xRypk2rvvtlFZW19Y3ypuVre2d3b3q/kFby0wR2iKSS9WNsKacCdoyzHDaTRXFScRpJxrdTuudR6o0k+LBjFMaJnggWMwINtbyu+gaBWoog7OnXrXm1t2Z0DJ4BdSgULNX/Qr6kmQJFYZwrLXvuakJc6wMI5xOKkGmaYrJCA+ob1HghOown608QSfW6aNYKvuEQTP390SOE63HSWQ7E2yGerE2Nf+r+ZmJr8KciTQzVJD5R3HGkZFoej/qM0WJ4WMLmChmd0VkiBUmxqZUsSF4iycvQ/u87lm+v6g1boo4ynAEx3AKHlxCA+6gCS0gIOEZXuHNMc6L8+58zFtLTjFzCH/kfP4A9mqQYg==</latexit><latexit sha1_base64="2oeigsaXQvHcMOpc8pCUn9+fEyg=">AAAB8nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4JuhKIblxXsBWaGkkkzbWgmGZKMWIY+hhsXirj1adz5NqbtLLT1h8DHf84h5/xRypk2rvvtlFZW19Y3ypuVre2d3b3q/kFby0wR2iKSS9WNsKacCdoyzHDaTRXFScRpJxrdTuudR6o0k+LBjFMaJnggWMwINtbyu+gaBWoog7OnXrXm1t2Z0DJ4BdSgULNX/Qr6kmQJFYZwrLXvuakJc6wMI5xOKkGmaYrJCA+ob1HghOown608QSfW6aNYKvuEQTP390SOE63HSWQ7E2yGerE2Nf+r+ZmJr8KciTQzVJD5R3HGkZFoej/qM0WJ4WMLmChmd0VkiBUmxqZUsSF4iycvQ/u87lm+v6g1boo4ynAEx3AKHlxCA+6gCS0gIOEZXuHNMc6L8+58zFtLTjFzCH/kfP4A9mqQYg==</latexit><latexit sha1_base64="2oeigsaXQvHcMOpc8pCUn9+fEyg=">AAAB8nicbZDLSgMxFIbP1Futt6pLN8EiuJAyI4JuhKIblxXsBWaGkkkzbWgmGZKMWIY+hhsXirj1adz5NqbtLLT1h8DHf84h5/xRypk2rvvtlFZW19Y3ypuVre2d3b3q/kFby0wR2iKSS9WNsKacCdoyzHDaTRXFScRpJxrdTuudR6o0k+LBjFMaJnggWMwINtbyu+gaBWoog7OnXrXm1t2Z0DJ4BdSgULNX/Qr6kmQJFYZwrLXvuakJc6wMI5xOKkGmaYrJCA+ob1HghOown608QSfW6aNYKvuEQTP390SOE63HSWQ7E2yGerE2Nf+r+ZmJr8KciTQzVJD5R3HGkZFoej/qM0WJ4WMLmChmd0VkiBUmxqZUsSF4iycvQ/u87lm+v6g1boo4ynAEx3AKHlxCA+6gCS0gIOEZXuHNMc6L8+58zFtLTjFzCH/kfP4A9mqQYg==</latexit>

dE

dX
/ z2

<latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit><latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit><latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit><latexit sha1_base64="AX5g6CLoQuNkMyWuCAUqz1tmMTM=">AAACEHicbZDLSgMxFIYz9VbrbdSlm2ARXZWZIuiyKILLCvYCnVoymUwbmkmGJCPWYR7Bja/ixoUibl26821M20G09YfAx3/O4eT8fsyo0o7zZRUWFpeWV4qrpbX1jc0te3unqUQiMWlgwYRs+0gRRjlpaKoZaceSoMhnpOUPz8f11i2Rigp+rUcx6Uaoz2lIMdLG6tmHXigRTr3IF3dpkF1kP9jOoBdLEWsB72+qPbvsVJyJ4Dy4OZRBrnrP/vQCgZOIcI0ZUqrjOrHupkhqihnJSl6iSIzwEPVJxyBHEVHddHJQBg+ME8BQSPO4hhP390SKIqVGkW86I6QHarY2Nv+rdRIdnnZTyuNEE46ni8KEQXPkOB0YUEmwZiMDCEtq/grxAJmEtMmwZEJwZ0+eh2a14hq+Oi7XzvI4imAP7IMj4IITUAOXoA4aAIMH8ARewKv1aD1bb9b7tLVg5TO74I+sj28dH53c</latexit>

proportionality to particle charge used to identify heavy nuclei
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Coulomb Multiple Scattering
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Particles moving through the detector material suffer many e.m.
interactions that randomly deviate their trajectory (stochastic process)

After crossing material with depth X, the particle trajectory undergoes:
- an angular deviation
- a trajectory offset (often negligible in thin detectors)

At low momentum, position and momentum resolution are dominated by multiple scattering

<latexit sha1_base64="0KKXjlSG0RBakzYzldybNtJ9KNw="></latexit>
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A typical collider particle detector
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ATLAS @ LHC

Momentum measurement
decay vertex recon.
Hadron identification
Low material (≲1X0)

Electron identification
Photon detection
(~20X0, 1-2λI)

Charged hadron absorption
Neutral hadron detection
5-6λI

Meaurement of muons
crossing calorimeters
(> 2-3 GeV)

*reference numbers



A typical space particle detector
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AMS @ ISS



Tracker goals
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Reconstruct charged-particle trajectories
- join seed points to create a track ("pattern recognition")
- measure direction and position
- measure momentum and charge (with magnetic field)
- two major configurations in colliders: inner spectrometers
and external muon systems

Reconstruct decay and interaction vertices
- primary vertex: collision point
- secondary vertex: decay of unstable particle or interaction 
with detector material

"Particle flow" @ CMS



Vertex detectors
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impact parameter d, defined at the distance between the daughter 
particle trajectory and the mother particle production point 

Vertex detectors measure the primary interaction vertex and secondary 
vertices from secondary decays

An experimental apparatus with decay vertex capabilities must be able 
to separate the production and decay vertices: σ(L) / L«1 

Uncertainty in d depends on detector radii and coordinate resolution

Small σ1 and σ2: precision coordinate measurement
Small r1, large r2
Measurement is degraded by multiple scattering in materials

NB: mostly independent on boost for ultrarel.particles

<latexit sha1_base64="B0T7igVkUXV+xRC5yxAguFea/mo="></latexit>
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Tracker technologies
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Gaseous detectors
- Based on ionization in gas

- Requires gas amplification O(104 or more) to achieve enough S/N

Silicon detectors
- based on creation of e/h pair carriers in semiconductor material

- no amplification is needed (~100 carriers/µm)

Fiber trackers
- Based on light readout from scintillating fibers

- scintillation light materials with photodetectors sensitive to single electrons

Not covered

Slightly covered



Silicon sensors
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Moderate energy gap band
Eg = 1.12 eV ⇒ E(e-h pair) = 3.6 eV

≈ 30 eV for e-ion in gas detectors, ≈ 100 eV for photon in scintillators 
- High carrier yield 

- Improved energy resolution and high signal 

High density
~2.33 g/cm3 -> High specific energy loss

dE/dX (M.I.P.) ≈ 3.8 MeV/cm, ≈ 100 e-h/μm (average) 
- Thin detectors 

- Reduced range of secondary particles 
- Better spatial resolution 

High carrier mobility
μe=1450 cm2/Vs, μh= 450 cm2/Vs fast charge collection (<10 ns) 

Excellent physical properties
- Can be produced with high purity

- Rigid, allows the use of self-supporting structures
- Industrial technology, relatively low price, small structures workable 

- High intrinsic radiation hardness

Monocrystalline silicon lingot
(@SUMCO)

Silicon wafer substrate
(@Mi-NET)

(At this stage mostly all detectors look the same)



Position sensitive Silicon sensors
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Simple layout DC-coupled

Segmentation of one surface in sensitive elements
strips, pads, pixels

Typical parameters
- Thickness 150µm – 500µm
- Pitch (strip separation): 25µm – 150 µm
- Coordinate resolution down to few µm
- Charge collection O(10ns)
- Charge integration O(100ns)
- Operation voltage < 200V

Signal output
- Average energy loss of MIP in Si

3.6 eV/pair, ~ 80 pairs/µm (MP)
- 300µm thickness : O(25k) pairs/MIP
- Charge: O(5fC)

Landau energy distribution in thin sensors
Asymmetric probability function with a long “tail” due to 
large energy deposits

applies in thin O(100µm) Si sensors

Most probable: ≈ 80 e–h+ pairs per μm
Average value: ≈ 100 e–h+ pairs per μm

NB: Bethe Block describes <ΔE>



Intrinsic resolution
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sensitive segment

sensitive segment

signal amplitudes
Position measurement comes from segmentation / pitch

Digital resolution: 

Position = strip center
Resolution:

Improvement from signal sharing:
Assuming signal amplitude prop. to deposited energy

- requires analog signal readout
Position = charge center of gravity

Hits are defined as segments with S/N above threshold
Additional hits generated by:
- secondary charge spread inside the sensor volume
- inclined tracks

Signal sharing allows to achieve improved performances after proper calibration
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Double-sided silicon sensors
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Single sided sensors measure one coordinate only
- use stacks with strips running in different directions to achieve 3D 
trajectory reconstruction

Double sided sensors measure two coordinates in one layer
- backside implants run perpendicular to top strips

Pros:
- minimize material to measure 3D point in space

Cons:
- Production and handling is more complicated
- Test stations require peculiar modifications
- More expensive

Readout requires dedicated layouts to host FEE on one side only

@ Micron Technologies Ltd



Pixel silicon sensors
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Double sided silicon detectors measure 2D coordinate XY for single 
tracks crossing the sensor

If additional particles cross the sensor during the detector integration 
time (i.e, "pileup"), we get ambiguity in hit association: "ghost hits"

For N crossing particles
- N2 combinations
- N2 - N ghost hits
Peculiar strip geometries may mitigate the problem.
Pixel sensors completely tackle this issue

CCD MAPS Hybrid

@ RAL; PSI

Real track

Real track

Ghost track



Pixel silicon sensors
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Pixel size O(50µm x 50µm) or less

If signal amplitude is not recorded (digital readout) resolution            ~ O(10-5 µm)

Pros:
- Small pixel area:

√ low detector capacitance O(1fC / pixel)
√ large S/N > 100

- Small pixel volume:
√ low leakage current O(1pA /pixel)

Cons:
- Large number of readout channels per covered area
- Large number of electrical connections per covered area
- Large power consumption per covered area
- Unaffordable with standard bonding approaches
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Half of the SLD vertex detector, 
consisting of 307 Mpixels, three 
barrels and a pixel size of 
20 × 20 × 20 μm3. Each ladder 
of 16 cm active length contains 
two 8 cm-long stitched CCDs



Silicon sensor technology
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Strip and hybrid pixel detectors are mature technologies employed in almost every 
experiment in high energy physics 

Additional interesting silicon detector structures are:

Silicon Drift Detectors (SDD)
Monolithic Active Pixels (MAPS)
3D detectors 
Charged Coupled Devices (CCD) 
Depleted Field Effect detectors (DEPFET) 
Silicon On Oxide (SOI) 
Avalanche Photo Diodes (APD) and Silicon Photo Multiplier (SiPM)

Time performant Si detectors:
Low Gain Avalanche Diodes / Ultra Fast Silicon Detectors
may enable "4D tracking" with Si-detectors with timing performances < 100 ps



Fiber trackers
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Alternative technology for charge particle tracking based 
on SiPM + fiber-boundle coupling.
• Cheaper cost/area than Si-µstrip
• Mechanical flexibility and adaptability
• Fibers can be up to 2m long without significant light absorption.
• Spatial resolution ~ determined by fiber pitch (with small improvements by SiPM pitch and fiber cross-correlations)



Fiber trackers
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@ T. Kirn

The Sci-Fi tracker for the LHCb detector upgrade



Momentum measurement
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Determination of momentum of charged particles by measurement of the bending of a particle 
track/trajectory inside a magnetic field volume

@ E. Garutti
⇢ / R =

p

Ze
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Momentum measurement: fixed target

(outside magnetic volume)
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Momentum meas. in magnetic volume
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Momentum meas. in magnetic volume
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Spectrometer resolution worsens at high rigidities and can be improved with better coordinate 
measurement resolution and better bending power

• L ~ spectrometer dimensions, limited by space/mechanical constraints
• B limited by magnet size and technology (e.g., superconducting magnets in space)
• σ(x) position resolution, can be improved to resolutions depending on the application. Tipically O(10µm)
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Multiple Scattering effects
Sensors provide material budget to particle crossing that results in deflection of the trajectory
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Low energy momentum resolution is dominated by multiple scattering effects
When β<1 more complicated effects enter in
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Magnetic Spectrometers!
•  Charged particle bent in magnetic field
•  The sagitta is measured by sampling the 

particle trajectory through different planes
•  The particle rigidity is inferred via

•  Rigidity resolution scale linearly as

Simple 2D sagitta model!

•  Maximum Detectable Rigidity MDR
�R

R
= 1 ) R(MDR) / L2B

�s

•  L ~ Spectrometer dimensions, limited by the space constraints
•  B, limited by magnet size and technology (superconducting magnet in space?)
•  σS ~ position resolution ! experimental effort to achieve resolutions below 10μm

R(GV/c) =
0.3B(T )L(m)2

8 s(m)
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Figure of merit often used 
to compare spectrometer 
performances
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Performance parameter:

Maximum Detectable Rigidity (MDR): 

�R

R
= 1 ) R(MDR) / L2B

�s

At high energies



At low energies

(Multiple scattering)

  


�(p)

p
/ p
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“Spillover”: events that are reconstructed 
with opposite sign of charge


MS limit


~p
 µ = (1.8 TV)-1

σ = (1.8 TV)-1


16%


1 / Rigidity (TV-1) 

1σ


V. Vagelli (ASI-DSR) 27



Calorimetry

Cosmic ray detection in space
Valerio Vagelli
 52


Calorimeters !

Simple electromagnetic !
shower profile !

29

D. Electromagnetic showers

As explained in the previous section, high-energy elec-
trons and photons produce in matter secondary photons
by bremsstrahlung and electron-positron pairs by pair
production. These secondaries, in turn, can produce
other particles with progressively lower energy and start
an electromagnetic shower (or cascade). The process con-
tinue until the average energy of the electron component
falls below the critical energy of the material—at which
point the rest of the energy is released via ionization.

t = 0

t = 1

t = 2

t = 3

t = 4

t = 5

-e

γ -e

+e -e

FIG. 35: Sketch of the development of an electromagnetic
shower in the simplest possible toy model.

A simple toy model for an electron-initiated shower is
schematically represented in figure 35, where after t ra-
diation lengths of material, the cascade has developed in
2t particles (a mix of electrons, positrons and photons)
with average energy E0/2t. Rough as this model is (for
one thing we neglect the stocasticity of the process al-
together, along with the 9/7 in (42) and the fact that
the electron can—and does—radiate multiple photons of
di↵erent energy per radiation length) it is able to repro-
duce one of the main features of electromagnetic showers,
namely the fact that the position of the shower maximum
scales logarithmically with the energy. In fact the stop
condition reads

E0

2tmax
⇠ Ec, (45)

and hence

tmax ⇠ ln

✓
E0

Ec

◆
. (46)

At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as

dE

dt
= E0b

(bt)a�1e�bt

�(a)
, (47)

where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at

tmax =
(a� 1)

b
⇡ ln

✓
E0

Ec

◆
+ t0 (48)

where t0 = �0.5 for electrons and t0 = 0.5 for photons.
For the sake of clarity, the way one typically uses these re-
lation is to plug E0, Ec and t0 in (48) to find a (assuming
b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.

FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as

RM ⇡ 21X0

Ec [MeV]
MeV. (49)

E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood
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A simple toy model for an electron-initiated shower is
schematically represented in figure 35, where after t ra-
diation lengths of material, the cascade has developed in
2t particles (a mix of electrons, positrons and photons)
with average energy E0/2t. Rough as this model is (for
one thing we neglect the stocasticity of the process al-
together, along with the 9/7 in (42) and the fact that
the electron can—and does—radiate multiple photons of
di↵erent energy per radiation length) it is able to repro-
duce one of the main features of electromagnetic showers,
namely the fact that the position of the shower maximum
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condition reads
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2tmax
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At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as
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, (47)

where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at
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b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.

]
0

t [X
0 5 10 15 20 25 30

]-1 0
dE

/d
t [

G
eV

 X

0

1

2

3

4

5

6

7

8

9

10

100 GeV electron in BGO

FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as

RM ⇡ 21X0

Ec [MeV]
MeV. (49)

E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood

•  Calorimeters measures the energy releases 
of the particle
•  Homogeneous / Sampling
•  Electromagnetic / Hadronic

•  The energy 
resolution improves 
as the energy 
increases

•  BUT: energy resolution is not everything. Tipically the dominant systematic is the 
knowledge of the energy scale!!
•  Resolution ! Symmetric smearing of measured energy
•  Energy scale ! Systematic shift of measured energy

Statistical

fluctuations


Electronics


Inhomogenities,

calibration,


energy leaks,…


Calorimetry
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Magnetic Spectrometers! Calorimeters!
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D. Electromagnetic showers

As explained in the previous section, high-energy elec-
trons and photons produce in matter secondary photons
by bremsstrahlung and electron-positron pairs by pair
production. These secondaries, in turn, can produce
other particles with progressively lower energy and start
an electromagnetic shower (or cascade). The process con-
tinue until the average energy of the electron component
falls below the critical energy of the material—at which
point the rest of the energy is released via ionization.

t = 0

t = 1

t = 2

t = 3

t = 4

t = 5

-e

γ -e

+e -e

FIG. 35: Sketch of the development of an electromagnetic
shower in the simplest possible toy model.

A simple toy model for an electron-initiated shower is
schematically represented in figure 35, where after t ra-
diation lengths of material, the cascade has developed in
2t particles (a mix of electrons, positrons and photons)
with average energy E0/2t. Rough as this model is (for
one thing we neglect the stocasticity of the process al-
together, along with the 9/7 in (42) and the fact that
the electron can—and does—radiate multiple photons of
di↵erent energy per radiation length) it is able to repro-
duce one of the main features of electromagnetic showers,
namely the fact that the position of the shower maximum
scales logarithmically with the energy. In fact the stop
condition reads

E0

2tmax
⇠ Ec, (45)

and hence

tmax ⇠ ln
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At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as

dE

dt
= E0b

(bt)a�1e�bt
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, (47)

where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at

tmax =
(a� 1)

b
⇡ ln

✓
E0

Ec

◆
+ t0 (48)

where t0 = �0.5 for electrons and t0 = 0.5 for photons.
For the sake of clarity, the way one typically uses these re-
lation is to plug E0, Ec and t0 in (48) to find a (assuming
b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.

FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as

RM ⇡ 21X0

Ec [MeV]
MeV. (49)

E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood

�(p)

p
/ p, �(x),

1

B L2
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AMS-02 spectrometer
 AMS-02 electromagnetic calorimeter
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Tracker alignment
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Implicit hypothesis: "We know the absolute coordinate of the track sampling"

Tipically WRONG!
- Mechanical uncertainties and instabilities due to magnetic field, temperature etc...
- Drift speed variations (detector inhonogeneities)

True trajectories and True detector layout Detector layout assumptions and tracks 
built on this hypothesis

NB: relative point positions along the sensors are 
correct. Tracks are not.

Solutions in detector design are useful to mitigate this effect. But offline analysis corrections are needed
"Alignment"



Tracker alignment
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Example: effect of misalignment in CMS tracker systems

Reconstructed Z->μμ as function 
of Φ of μ-

Distribution of median residuals for 
tracker outer barrel



Simple tracker alignment at test beam

V. Vagelli (ASI-DSR) 32
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nominal plane orientation

z

xy

beam 

Simplified approach for 
alignment in a test beam layout



Tracker alignment
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Alignment parameters:
the track model depends on additional free factor, i.e. the sensor positions and orientations

Methods:
- Global alignment: fit all paramaters to minimize the overall chi2 of a set of tracks (Millipede algo.). Many 
parameters are involved.
- Local alignment: use tracks reconstructed with reference detectors or calibration lasers and align other 
detectors by using "reference" tracks and minimize the distribution of residuals (track-hit distance)

For all cases, use particle probes in simple data taking environemnts:
- low-multipicity events
- Muons
- High energy particles (no trajectory bending in magnetic field)
- possibly no magnetic field 



Applications
measurement of cosmic rays in space



Measurement of Cosmic Rays in Space
Particle physics detectors operated in the "laboratory" of space

CMS detector at LHC (CERN)
Source: particles accelerated in lab
Weigth / Volume: 14'000 tons / 15 x 15 x 21 m2

Electronics channels: ~ 100 M
Magnetic field: 4 T
Power consumption: ~ 5 MW (only detector, no services)

AMS detector in space (ISS)
Source: particles accelerated in the Cosmos
Weigth / Volume: 8 tons / 3 x 4 x 5 m2

Electronics channels: ~ 300 k
Magnetic field: 0.14 T
Power consumption: ~ 2 kW (whole experiment)

V. Vagelli (ASI-DSR) 35



Space technology development

V. Vagelli (ASI-DSR) 36© ESA

Well established technology for 
ground applications

Export of technology into space



Requirements of detectors in space

performance a la ‘particle physics’:
– high resolution measurements of momentum, velocity, charge and energy

characteristics to properly access and work in space:
– Vibration (6.8 G rms) and acceleration (17 G)
– Temperature variation (day/night ΔT = 100oC)
– Vacuum (10-10 Torr)
– Orbital debris and micrometeorites
– Radiation (Single Event Effect)

limitation in
– weight  O(tons)
– power (few kW), bandwidth and maintenance

Compliant with EMC (e.m. compatibility) specs

(all stress factors depend on the details of the mission. here AMS-02 reference values are reported)
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Operations in space

V. Vagelli (ASI-DSR) 38



The long process to fly….

THERMO-VACUUM TESTS VIBRATION TESTS

THERMAL MODELS

V. Vagelli (ASI-DSR) 39



The extreme thermal environment
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Measurement of Cosmic Rays in Space
Access to space with long duration

missions allows direct measurements of 
CRs before the interaction with atmosphere.
Limited acceptance prevents investigation at
highest energies but allows measurement of 

CR spectra and composition

V. Vagelli (ASI-DSR) 41



Trackers for cosmic ray measurements

V. Vagelli (ASI-DSR)

Magnetic Spectrometer
Matter-Antimatter separation

Rigidity measurement
Nuclei Z measurement
Direction reconstruction
(e.g. PAMELA, AMS-02)

Converter Tracker
Photon vertex reconstruction

Nuclei Z measurement
Direction reconstruction

(e.g.: Fermi-LAT, DAMPE)

42



AMS-01 Silicon Tracker

V. Vagelli (ASI-DSR) 43

First verification of silicon tracker spectrometer in space (1998)



AMS-02 Silicon Tracker
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AMS-02 on the ISS

DIRECT MEASUREMENT OF COSMIC RAYS IN SPACE
ONBOARD ISS SINCE 2011

Cosmic ray antimatter
Indirect search for DM
Spectra and composition 
of cosmic rays
Solar Physics

V. Vagelli (ASI-DSR) 45



The AMS-02 detector

~2KW
10Mpbs

• 5 m x 4 m x 3m
• 7.5 tons
• 300k channel

• More than 600 µprocessors 
for data reduction from 
7Gb/s to 10 Mb/s

• Power consumption < 2.5 kW

V. Vagelli (ASI-DSR) 46



The AMS-02 detector

~2KW
10Mpbs
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The AMS-02 detector
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The AMS-02 tracker

V. Vagelli (ASI-DSR) 49

BENDING COO
strip pitch: 27.5 µm

readout pitch: 110 µm

NON-BENDING COO
strip pitch: 104 µm

readout pitch: 208 µm



The AMS-02 tracker performances
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The AMS-02 Tracker Rigidity resolution has been checked comparing Test 
Beam data and Monte Carlo Simulations to Space data.

Protons Helium
Coordinate resolution

The redundant measurement of the e+/- energy with the 
ECAL is used to further control the Tracker rigidity scale

Resolution Function
400 GeV Monte Carlo
400 GeV Test Beam

Monte Carlo
Space Data



The AMS-02 tracker performances
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Redundant measurements of the nuclear charge at different depths of the detector.

Precise understanding of nuclear fragmentation in the materials.

Charge Measurements of 
Light CR Nuclei



The AMS-02 tracker alignment

V. Vagelli (ASI-DSR) 52

Inner tracker (layers 2 to 8) is arranged in a stiff and lightweight carbon 
shell and cooled by a mechanically pumped CO2 bi-phase system
- Thermally and mechanically stable within few mm, relative 

displacements are  continuously monitored by 20 laser beams from 
layer 2 downwards.

External layers (1,9) are mechanically linked to TRD, ECAL and are 
affected by thermal movements of the structure

Seasonal effects of the space environment on 
tracker

PoS(ICRC2015)690

The AMS 02 Silicon Tracker X. Qin

3.2 Alignment

Due to the temperature variation on orbit, displacements of the outer Tracker layers of up to
few hundreds microns were observed at a time scale of tens of minutes. A long-term movement of
the sensors correlates with the evolution of the solar beta angle (⇠ 2 months cycle), while a shorter
term variation is caused by the temperature cycle within a single orbit. Figure 4 shows this time
dependence.
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Figure 4: Shift of Layer 1 (Layer 9) based on nominal position in the bending (Y) and non-bending (X) side

Figure 5: Layer 1 (Layer 9) Y coordinate stability after alignment

5



The AMS-02 tracker alignment
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Inner tracker (layers 2 to 8) is arranged in a stiff and lightweight carbon 
shell and cooled by a mechanically pumped CO2 bi-phase system
- Thermally and mechanically stable within few mm, relative 

displacements are  continuously monitored by 20 laser beams from 
layer 2 downwards.

External layers (1,9) are mechanically linked to TRD, ECAL and are 
affected by thermal movements of the structure

Seasonal effects of the space environment on 
tracker

Monitor of external layers with CR by means of 
the study of Residuals distance from 
extrapolated track as reconstructed with the 
other layers and hit on the layer under study 

PoS(ICRC2015)690

The AMS 02 Silicon Tracker X. Qin

3.2 Alignment

Due to the temperature variation on orbit, displacements of the outer Tracker layers of up to
few hundreds microns were observed at a time scale of tens of minutes. A long-term movement of
the sensors correlates with the evolution of the solar beta angle (⇠ 2 months cycle), while a shorter
term variation is caused by the temperature cycle within a single orbit. Figure 4 shows this time
dependence.
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AMS-02 Reloaded
Tracker Thermal Control System initially developed for 3-year operations.

First evidence of defective behavior of the TTCS pumps in 2014.
After 8 years, no more redundancy to guarantee the continuous operations of AMS-02

2014: Start of the UTTPS program
(Upgrade Tracker Thermal Pump System)
in collaboration with NASA.

Replacement of the old TTCB box with new
upgraded system

The intervention requires a set of EVA with
operations outside ISS involving cutting
and handling of 8 gas tubes

AMS-02 not developed to be upgraded --> one of the most challenging EVA operations in the last decade

OLD SYSTEM
• One only pump working

• Not enough C02 left on last loop
• No pump health monitor

NEW SYSTEM
• 4 improved pumps
• CO2 fill/refill system

• Additional sensors for 
pump monitoring

V. Vagelli (ASI-DSR) 54



The EVA in pills

2019/11/15
Removal of AMS debris shield
Toolboxes for next EVAs
Installation of 6 handrails
Removal of MLI and VSB structure to facilitate the 
access to gas tubes

2019/11/22
Rough cut of 2 tubes to release CO2 in space
Rough cut of 6 additional tubes
Installation of protection/identification caps

2019/12/03
Transport of UTTPS and installation on AMS-02
Connection of power and data cables

2020/01/25
Optical leak check
Cover AMS with MLI

V. Vagelli (ASI-DSR) 55



Anti-Helium candidates in AMS-02
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Anti-Helium	Search	Status	
Anti-helium	is	a	“golden”-channel,	there	is	no	p,K,π	contamination,	|Z|	is	well	separated,	and	
rigidity	resolution	is	better	than	|Z|=1	particles	(MDR	=	3.2	TV).	

Date:	2011-269:11:19:32	

|Z|	=	1.97	±	0.05	
Momentum	=	-33.1	±	1.6	GeV/c	
Mass	=	2.93	±	0.36	GeV/c2	

Mass/M(3He)	=	1.04	±	0.13	

Y	

Z	

X	

Anti-helium is a “golden”-channel, there is no p,K,π contamination, |Z| is well separated, 
and rigidity resolution is better than |Z|=1 particles (MDR = 3.2 TV). 

S. J. Ting, AMS collab.
AMS Days 2018



Challenges for next-generation
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Electron and positron spectra above 1 TeV
Cosmic ray composition up to PeV

Precise determination of low energy abundances and time depencies
Search for rare antimatter components (anti-D, anti-He, …)

…..
Experimental requirements:

Increasead detector acceptance
Improved detector technology

Novel layouts and idea



Cosmic ray detection in space
Valerio Vagelli


Energy measurements

53


Magnetic Spectrometers! Calorimeters!

29

D. Electromagnetic showers

As explained in the previous section, high-energy elec-
trons and photons produce in matter secondary photons
by bremsstrahlung and electron-positron pairs by pair
production. These secondaries, in turn, can produce
other particles with progressively lower energy and start
an electromagnetic shower (or cascade). The process con-
tinue until the average energy of the electron component
falls below the critical energy of the material—at which
point the rest of the energy is released via ionization.

t = 0

t = 1

t = 2

t = 3

t = 4

t = 5

-e

γ -e

+e -e

FIG. 35: Sketch of the development of an electromagnetic
shower in the simplest possible toy model.

A simple toy model for an electron-initiated shower is
schematically represented in figure 35, where after t ra-
diation lengths of material, the cascade has developed in
2t particles (a mix of electrons, positrons and photons)
with average energy E0/2t. Rough as this model is (for
one thing we neglect the stocasticity of the process al-
together, along with the 9/7 in (42) and the fact that
the electron can—and does—radiate multiple photons of
di↵erent energy per radiation length) it is able to repro-
duce one of the main features of electromagnetic showers,
namely the fact that the position of the shower maximum
scales logarithmically with the energy. In fact the stop
condition reads

E0

2tmax
⇠ Ec, (45)

and hence

tmax ⇠ ln

✓
E0

Ec

◆
. (46)

At a slightly higher level of sophistication, the longi-
tudinal profile of an electromagnetic shower can be e↵ec-
tively described as

dE

dt
= E0b

(bt)a�1e�bt

�(a)
, (47)

where a and b are parameters related to the nature of the
incident particle (electron or photon) and to the charac-
teristics of the medium (b = 0.5 is a reasonable approxi-
mation in many cases of practical interest). The position
of the shower maximum occurs at

tmax =
(a� 1)

b
⇡ ln

✓
E0

Ec

◆
+ t0 (48)

where t0 = �0.5 for electrons and t0 = 0.5 for photons.
For the sake of clarity, the way one typically uses these re-
lation is to plug E0, Ec and t0 in (48) to find a (assuming
b = 0.5) and then use (47) to describe the longitudinal
profile of the shower.

FIG. 36: Average longitudinal profile of the shower generated
by a 100 GeV electron in a homogeneous slab of BGO.

Figure 36 shows the average shower profile for 100 GeV
in BGO. With a critical energy of 10.1 MeV, the position
of the shower maximum is located, according to equa-
tion (48), at 8.7 X0.
We mention, in passing, that the transverse develop-

ment of an electromagnetic shower, mainly due to the
multiple scattering of electrons and positrons away from
the shower axis, scales with the so-called the Molière ra-
dius, that can be empirically parameterized as

RM ⇡ 21X0

Ec [MeV]
MeV. (49)

E. Hadronic showers

While the development of electromagnetic showers is
determined, as we have seen, by two well-understood
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AMS-02 spectrometer
 AMS-02 electromagnetic calorimeter


Spectrometer:
energy reach limited by MDR

Calorimeter:
energy reach limited by statistics
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Challenges for next-generation



Silicon µstrip detectors in space
Most of space detectors for charged cosmic ray and γ-ray measurements require solid state tracking systems

based on Si-microstrip (SiMS) sensors.
SiMS detectors are the only solution to instrument large area detectors with larger number of electronics channels 

coping with the limitations on power consumption in space
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Next generation calorimeter mission: HERD

This generation (DAMPE, CALET, AMS-02, …): only CRs from top are detected
Next generation: "Calocube" approach: develop a calorimeter that is sensitive also to particles from the side 

--> increase statistics without increasing volume and weight
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Next generation calorimeter mission: HERD

Key features:
- acceptance 10-20 times than existing experiments
- weight limited to fit space constraints

Scientific goals:
- search of dark matter signatures
- investigate origin of cosmic rays
- study of the highest energy particles

R&D activity to define the best layout of the detector:
- Silicon tracker and Sci-Fi tracker
- Si-based charge detector
- Calorimeter layout optimization
- Deployment of novel detectors in space (SiPM)
- Mechanical structure
- .... 3D Calorimeter

Tracker
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Next generation calorimeter mission: HERD
PSD
Gamma identification
Charge measurement

Tracker
Charge measurement
CR trajectory
Gamma converting & tracking
TRD
TeV CR calibration

CALO: 3-d imaging calorimeter: Energy measurement & Particle identification

AMS-02 CALET DAMPE HERD

The novel design of 3-d imaging calorimeter could significantly increase GF, improve 
particle discrimination and reduce systemic error



The future of magnetic spectrometers
HERD will be the workhorse cosmic ray observatory in space in 2030.

However, without a spectrometer, the legacy of AMS-02 for antimatter physics in space will not be continued.
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Next-gen spectrometer mission: ALADInO
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Next-gen spectrometer mission: ALADInO
An Antimatter Large Acceptance Detector in Orbit

High Temperature Superconducting (HTS) magnetic spectrometer (SMS) to measure the 
particle rigidity, charge magnitude and sign with MDR>20 TV and acceptance >10 m2 sr

Time of Flight (ToF) system to measure the particle velocity and charge magnitude; 
Large acceptance (~9 m2 sr) 3D imaging calorimeter (CALO)
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Next-gen spectrometer mission: ALADInO
The best place to operate a cryogenic superconducting magnet  in space is Lagrangian point L2, like the Webb 

space telescope, to minimize the active cooling of the cryo-magnet

ALADiNO
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Next-gen spectrometer mission: ALADInO
The core: a symmetric LYSO calorimeter 
with 61 X0 depth

The spectrometer: 0.8T 
average field generated by 
HTS coils and silicon tracker 
system with optmized 
geometry
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The future of magnetic spectrometers
ALADINO will improve by a factor of 100 the current acceptance of AMS-02
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Next-gen spectrometer mission: ALADInO
ALADINO with extend the physics of HERD including the capability to separate matter/antimmatter CR in the TeV 

energy range (which is the current limit of the AMS-02 spectrometer in operation)

Positron and electron spectra at energies > 1TeV will provide unique information 
to understand the origin of the positron excess observed by AMS-02

Heavy anti-matter CRs (anti-D, anti-He) will be 
in reach to be measured by ALADInO
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