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Particle Detection

[ Particles that exist long enough to fly and reach our detector:
® p, e, 7, v are stable.
o But v hardly interacts. ..
o n, u, K9, 7, K* all live for at least 10 ns.
0 10ns xc=3m
O There are two divisions to be done:
e Charged (p, e, p, m, Ki) vs. neutral (v, v, n, Kg)
* Hadrons (p, n, 7, K%, K?) vs. others (e, 7, p, v)
O Other particles have to be reconstructed from the particles we detect.
° Z%eJre*,tﬁWb%;wb
O To detect the particles, we have to make them interact with bulk matter.

[ After they interact, we have electric / light signals — to reconstruct the particles from
the data is a different problem, that will be tackled in the next lecture.
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Energy Loss of Charged Heavy Particles (1)

O The dominant energy loss is collision with atoms.
® Mainly excitation and ionisation.

Bethe-Bloch formula:

dE Z 22 2mecy2 32W, C
— (= = 2T Nar?mec?p= =5 |1 = X _ 982 — 5 —2—
(da: )co” TINATMeC pA 32 n 12 B AR
1 1 €2
= ————: Lorentz factor, and 8 = e = —— ———
v 11— 32 z B=vfeire Amey mec?
z: Charge of penetrating particle; I: mean excitation energy;
Z and A: Atomic and nuclear numbers of the W,,4.: Maximal energy transfer in a single
target; collision;
p: Target density; 6: Density correction;
N4: Avogadro constant; C': Shell correction.
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Energy Loss of Charged Heavy Particles (2)
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Energy Loss of Charged Light Particles: Electrons and Positrons

To the energy loss through collision it is
necessary to add effects from bremsstrahlung:

|'\\\ rTT H‘ LI \\H‘ T TTTTT]
L ‘;\‘.\ }simms Lead ( Z =82) 7:0'20 _ @ — _ @ _ @ .
10 | Electrons ‘.‘\ i dx tot dﬂf coll d.fU rad
ot ' %15 = [ lonisation losses decrease logarithmically
St \ Bremsstrahlung i 0 . i . .
waw | 1 % with E (and increase linearly with Z);
S ] <
\ — . . .
~w F \ Josization 1010 [0 Bremsstrahlung increases appr. linear with
05 wollereen) N\ . E (and quadratically with Z);
N\ ] . .
Hy‘wm \. 005 O Bremsstrahlung is the dominant
N \ . .
Dhosimm S ] process for high energies (> 1 GeV).
0, annipilafion | ne S 10;)0 e Critical energy F¢: electron ionisation
E (MeV) losses become equal to bremsstrahlung.

__ 610(710)MeV

~ f li
o~ 124(0.92) or solids (gases)
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Bremsstrahlung Approximation and Radiation Length

Then,

For high energies the energy loss through

L . A
radiation can be approximated as: Xo

- <Cﬁ>m(i = 4apNA@22rzEln (183Z%)

Integrating over it:

So,

T
dE E E(x) = Ey - exp [—]
dx rad m2

" 4apNaZ(Z +1)2221n (183275)

Rewriting the previous expression: The radiation length X is the dis-

tance in which the energy of the
dFE E .
G =< particle is reduced by 1/e due to
T/ rad 0 bremsstrahlung.
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Interactions of Photons — Low Energy

[ Photoelectric Effect
o ’y+Atom—>e_+Ion+ ) L
® E. = hv — Epinding R b} Lead (Z= 82) -
e Cross-section (approximation for IMpl % " -experimental Oior

“high energy” photons):

3 Mec?
Ophoton = §OK4UOZ5E7’Y7
1 kb
0 Compton Scattering
® v+ Atom - v+e +Iont
¥(1 — cos ) -
[ ] E = —hy = - = 7
7 =hro—h hy{qu'y(lfcos@) e
e Cross-section (approximation for
“high energy” photons):

Cross section (barns/atom)

10 mh
10eV 1 keV 1 MeV 1GeV 100 GeV

Photon Energy

2ra’? s 2
otal = 1 , —E
Ototal B 0g< 2) s cm(ey)

e
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Interactions of Photons — High Energy — Pair Production

[ Generation of an electron positron pair by
a photon in the field of a nucleus or an
electron.

O The kinetic energy transferred to the
target:
E, > 2mec?,
+ —
v 4+ nucleus — e + e~ 4 nucleus B, = hv ~1.022 MeV.

Positrn (e” O In the high energy approximation the cross

section reaches an energy independent
L
e ——} —————————— value:
8

Photon () Nucleus \’
Electron (¢) Opair ~ Z <4O‘T522 In 1813) == Z A .
y e e e 9 3 9 XO NA
p— ® X, appears here again because there is a
symmetry between the relevant diagrams!
e v
2022-11-03 Thiago Tomei — Aspects of HEP — Accelerators and Detectors 8




Electromagnetic Shower

Dominant processes at high energies: Introduce the scale variables

[ photons: pair production (PP)

PP

¥y +nucleus — e’e + nucleus

O electrons/positrons: Bremsstrahlung (BS) =

) [ _
€ for, toy, Eosy Bong

BS S S ——
B

0o 1 23 4 5 6 7 HXg)
PbWO0, CMS, X,=0.89 cm
heavy nucleus 94-{ s '
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Interaction of Hadrons with Matter (1)

Interaction of a hadron with nucleus

O elastic: p+ N — p+ N (0 ~ 10 mb)
[0 inelastic: p+ N — X (0inel)

® at high energies also :
diffractive contribution : : g

b - T by byt g
“ Wi PP
O total: 0tot = Tel + Tinel
e dominated by inelastic part: g . et
MW
0ol ~ 10 mb and oy x A%/3

ection (mb)

P,y GeVIc

The total cross section can be approximated:

Otot — Utot(PA) ~ Utot(PP) - A3

2022-11-03
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Interaction of Hadrons with Matter (2)

Hadronic interaction length:

A

~ A1/3
Utot(PP)A2/3 -pNa

Aint =

O Interaction length characterises both
longitudinal and transverse profile of
hadronic showers

O Similar to the electromagnetic case, but
for N particles

dN N
dx N >\int
N = Nyexp (—x/Aint)

2022-11-03

Interaction length x Radiation length:
>\int ~ A1/3

Dividing one by another

A int

~ AY3 N X,
XO — t > Xo

Hadronic calorimeter needs to be larger than
electromagnetic calorimeter (more layers).

C LAr Fe U Scint.

Aa(cm) 388 857 168 11.0 795
Xo(em) 193 140 176 032 424
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Scintillators

Working principle

A scintillator is a material that converts the energy of the passage of a particle into light that
will be collected by a photosensor.

This process is possible because of fluorescence, an effect that happens when an excited
electron moves from a higher energy level, to a lower one.

The scintillator material must be transparent to its own fluorescent light, the conversion must
be efficient, and the light needs to be detectable by photosensors.

Thin window Mu Metal Shield Iron Protective Shield

. .

Light

—>

Photomultiplier PMT Base

[or other photosensor] [voltage divider network etc.]

ﬁ

Scintillator

2022-11-03
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Scintillators
Types and applications
There are some very important uses for the scintillators:

0 Particle counters;

O Image displays;

[0 Energy measurements (at very high rate);

[0 Trackers (need multiple layers, or can be used as a type of trigger, as will be seen later).
Three types of scintillators can be used, each one with its advantages or disadvantages:

O Inorganic scintillators;
O Liquid noble gases scintillators;

O Organic scintillators.
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Gas Chambers

Working principle

The gas chamber detection principle is based on ionisation. A charged particle ionises the
gas (gas mixtures are commonly used), the electrons and ions drift through the gas (external
E applied) and generate an electric signal.

L i

U
’ Particle [\Amp
H H\
|| R

Drifting charges

due to electric field

Gas
—
—_—
8 e
3 3
< — <}
® Anode s
S noce ©

[e.9. wire or plane]

® Primary lonization
® Secondary lonization (due to 3-electrons)
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Gas Chambers — Gain and Relevant Effects

0% T T

ocounter )
I ]
. . . . ) - ! !
The gain of the electric signal is improved by 0L — Aogln 7 it ' E—
an avalanche of ions and electrons from ‘(o:m“  corecrion I{ z
. . . _— . |
secondary ionisation (delta electrons). 1O - eromser Tebemer | 1}—
N T .
Some relevant effects are: g | ! m Oischarge
- oy ] repon
O Recombination and electron attachment; :gm'_}l ! [ .
e | I
00 Delta electrons; gl 2 |
. . z,oaA}g o particle 1 |
O Diffusion; i | |
I | i |
O Mobility of charges; i | :
‘ot’_{ : '8 porticle | —
O Avalanche process. o | !
I
1 JI | | |
0 250 50 1000

500
Voltage, volts
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Semiconductor Detectors

Working principle

A semiconductor detector is a radiation damage resistant type of detector, which can be
produced with a few micrometers of precision but at a higher cost.

Its signal is generated by the passage of a charged particle, producing electron-hole pairs that
will be collected by the readout electronics.

A crystalline material can be modelled by the energy bands, that are separated as conduction
band and valence band, and the energy gap of the electrons energy.

2022-11-03
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Energy Bands

Energy of
electrons

Conduction Band

Fermi level in gap

Valence Band

a. Insulator

The large energy gap
between the valence
and conduction bands
in an insulator says
that at ordinary
temperatures, no
electrons can reach

In semiconductors, the band

gap is small enough that thermal
energy can bridge the gap for a
small fraction of the electrons. In
conductors, there is no band gap
since the valence band overlaps
the conduction band.

the conduction band.

Conduction Band

b. Semiconductor

Fermi
level

Conduction Band

Overlap

Valence Band

¢. Conductor
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n-type and p-type Semiconductors

Using Si as an example from now on. It's a tetravalent element that will form covalent bonds
with the other atoms in a lattice.

It's possible to insert other elements in the lattice to improve its detection capabilities
(doping).

Doping the semiconductor is extremely important to increase the resolution of the detector.
These materials are called N-type or P-type (increased number of electrons or holes).

N-Type P-Type
oY .. Acceptor
e .. impurity
; h Donor impurity 5 creates a
‘_ SI L] contributes ) hole
o N "‘_freeeleclrons Y v o

14 ¢ b4
Antimony 4 H : Boron
added as . SI . addedas
impurity N impurity .

2022-11-03
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pn Junction and Depletion Region

By putting a n-type material in contact with a p-type material, a depletion region is created,
altering the semiconductor conductivity.

If an external voltage is applied with the cathode connected to the p-type and the anode to
the n-type, the depletion zone is enlarged, which makes the current across the junction very
small (to improve the resolution). Right figure is an example of a Si detector in the form of
microstrips.

Si0. 15ym -u -—1:1-|—|H>
s - P
S 300 pm
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Charge Carrier Mobility and Drift Velocity

When a charged particle passes through the detector, it will generate several electron-hole
pairs. The drift velocity of those charge carriers in an external electric field is

€
D= ﬁ7' = pE, and vP ~ YD (distinct from gases);
M 2
where the mobility ;1 was measured as:
i =~ const for £ < 103 V/cm;
p o< LVE for 10 V/em < E < 10" V/cm;
o< /e for E > 10 V/cm,

and 7 is the mean time between collisions, also defined as 7 = A /vema With A = mean free
path. vp saturates at approximately 107 em/us.

In some detectors, the goal is to achieve constant vp, to determine the drift time At = L/uvp.
For a typical vp in 100 um, the drift time is 10 ns.
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Signal Rise Time

Another important property that come from vp is the signal rise time, which will be something
of the order of 1 ns for Si detectors, allowing a very high rate.

There are some details: o .
Q typical signal shape in
semiconductor detector

O p+ are not constant; 5
Lot
[ Loss of charges;

[ The charge is distributed over a surface, Q-
and some mismeasurements can happen. '

2022-11-03
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Trackers and Calorimeters

Tracker

0 Measures charged particle tracks in a
non-destructive way and it usually has:

® a medium that will produce one or more
signals as the particles pass through it;

® a strong surrounding B field to determine
particles’ charges and momenta.

O (At least) two types:

® Semiconductor tracker: use for high
particle rates (closer to interaction
point), more expensive.

® Gas tracker: use for lower particle rates
(farther away), cheaper.

® (Other possibilities also exist, of course.
Extensive R&D!)

2022-11-03

Calorimeter

[0 Measures the energy of charged or neutral
particles in a destructive way, since it
totally absorbs the particles after the
shower.

® Made of dense material to produce
particles' interaction.
® Made of active material to produce
measurable quantity.
O Two types:
® Sampling calorimeter: alternated layers
of passive absorbers and active detectors.

® Homogeneous calorimeter: absorber and
active detector at same time.
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Left: Cartoon of tracker hits. Center: Sampling calorimeter scheme. Right: simulated shower in ATLAS LAr calorimeter.
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Integrating All Detectors

1 ldeally, we want to measure (E, ), q, m of all particles produced in the collision.
[J Take non-destructive measurements before destructive measurements.
® Observe the passage of the particle without disturbing it much — small X, small Ajp.
® |n other words, track the particle and measure its momentum.
® Then, make it undergo a shower in bulk material — in a calorimeter — and measure the total
deposited energy.
[ Special case 1: muons!
® Muons have very high range — need ~12 meters of pure copper to stop a 20 GeV muon.
® Alternative: build calorimeters that let the muon pass through, re-track them at the end.
[ Special case 2: neutrinos!

® Interact only through the weak interaction — very small cross-section!
® Dedicated experiments — Super-Kamiokande, MiniBooNE, DUNE ...
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Multipurpose Detectors

I I I I 1 I 1 I
om m m im 4m sm om m
Key:
Muen
Electron
Charged Hadron (e.g. Pion)
— — — - Neutral Hadron (e.g. Neutron)
----- Photon

Silicon
Tracker

Electromagnetic
il ]l Calorimeter
Hadron Superconducting
Calorimeter Solenoid

Iran return yoke interspersed
with Muon chambers

Transverse slice
through CMS

O Baarney, CERW, Febwasuy 2004
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Tools of the Trade

6" GeanT4

Asmomen oL Geant4 is a toolkit for the simulation of the passage of particles through
matter. Its areas of application include high energy, nuclear and accelerator physics, as well as
studies in medical and space science.

DELPHES . . .
fast simulation Delphes is a C4++ framework, performing a fast multipurpose detector response

simulation. The simulation includes a tracking system, embedded into a magnetic field,
calorimeters and a muon system.
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http://geant4.web.cern.ch
https://cp3.irmp.ucl.ac.be/projects/delphes

~
o

SPRACE

We managed to detect the particles. . .

. time to reconstruct the datal


http://sprace.org.br

Introduction to Reconstruction

After our particles have interacted with our detector, we have to “read out” that information, and
format it in such a way that we can understand it. Generally, that entails some sort of transducer that
converts the energy deposited in our detector elements and transforms it into electrical signals. It is
also customary to digitise the signals for further data processing.

O Local reconstruction starts with the detector readout (e.g., channel #28 has 7 ADC counts),
and transforms it into intelligible data — a “hit”. This is usually low-level information localised to
one subsystem, e.g., for a tracker detector it represents not much more than “a charged particle
passed through this sensor”.

[ Global reconstruction starts with the hits and tries to group them at a higher-level. Connecting
the hits in a silicon detector to reconstruct the trajectory of a charged particle, or clustering the
hits in a scintillator to reconstruct the deposit of a photon, fall in this category.

[J Global event description uses the high-level objects to describe the event as a whole, ready to
be connected to a physics process interpretation. Connecting energy clusters to a track to try to
reconstruct an electron or a charged hadron, or connecting tracks in two different tracker systems
to reconstruct a muon, fall in this category.
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Introduction to Reconstruction

After our particles have interacted with our detector, we have to “read out” that information, and
format it in such a way that we can understand it. Generally, that entails some sort of transducer that
converts the energy deposited in our detector elements and transforms it into electrical signals. It is
also customary to digitise the signals for further data processing.

O Local reconstruction starts with the detector readout (e.g., channel #28 has 7 ADC counts),
and transforms it into intelligible data — a “hit”. This is usually low-level information localised to

one subsystem, e.g., for a tracker detector it represents not much more than “a charged particle
passed through this sensor”.
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Coordinate System

y (vertically upward)

A

x (radially towards center of LHC)

Interaction Point
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Local Reconstruction: Calorimetry as Example

Local reconstruction is very dependent on the detector implementation details. We will use
CMS'’s crystal electromagnetic calorimeter (ECAL) as an example.

ECAL

1 Around 80000 PbWO, (lead glass) scintillating crystals.
e High density (8.3 g/cm?), short radiation length (0.89 cm), small Moliere radius (2.2 cm).
e 80% of the light is emitted in 25 ns, ~420 nm wavelength, 4.5 photoelectrons per MeV.

[0 Readout: avalanche photodiodes (APDs) and vacuum phototriodes (VPTs) for barrel
(In] < 1.479) and endcap (1.479 < |n| < 3.0) regions, respectively.

® APDs exploit the photoelectric effect in an avalanche mode diode to convert light to
electricity.

e VVPTs are single stage (cathode—anode—dynode) photomultipliers.

2022-11-03
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ECAL Geometry

[
Eﬁiﬁiﬁiﬂﬁiﬁiﬁiﬁﬂt:

//// //r/ // VT 7 *y//// 2227

LT i Preshower (ES)

o_---22C —13.
ECAL (EE)
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ECAL Readout Chip
0 ECAL readout and precision performance requirements = front end signals digitised to

better than 12 bits.
[0 Strategy: multiple gain ranges (x12, x6, x1) to span the overall dynamic range.
® Digitise and transmit the signals only for the highest unsaturated range.

e 12-bit analog-to-digital converter (ADC) is now sufficient.
e Parallel gain channels in a multi-gain pre-amplifier (MGPA), coupled to a multi-channel ADC.

® "Channel-in-range” decision taken by digital logic following the conversion stages.

pulse shapes for all 3 gain
ranges (11 steps/range)

> =
> Loaic| [12bits) o 0]
X T H B
h T 2bits
its
—>
. > 3 __E>:> 0.5
opto-electric Multi-channel ADC
barrel: APD
endcap: VPT 0.0
T T T T
0 100 200 300 400 500

time [nsec.]
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ECAL Response vs Integrated Luminosity

Radiation damage leads to transparency loss!

CMS Preliminary
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ECAL Local Reconstruction

Hit reconstruction refers to the process of estimation of (energy, time, position) of an energy
deposit in an ECAL crystal.

At a given time sampling: 12-bit word for ADC counts + bits to encode the gain (x12, x6,
x1). For a given event we want to save, we take 10 time samples: 3 readings before the
selected bunch-crossing and 7 readings afterwards. That information comprises a “digi”,

From an ECAL “digi", we want to reconstruct four quantities: amplitude (the peak of the
pulse shape), pedestal (the baseline), jitter (the time when the maximum of the pulse shape

occurs) and x? of the fit (see next slides). After that we still want a global scale factor (ADC
counts to GeV) and intercalibration constants.
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Reconstruct the Pulse

The multifit method allows for better timing information on the pulse.

ECAL BARREL, hit E > 1 GeV \/§= 13 TeV, 25 ns

gSOOOO r " hod
£ m weight metho
CMS simulation, Vs=13 TeV PU=20/BX, 25 ns 345000 E CMs . M multifit method
S sf O] E Preliminary

8 ©40000F
> 7P e Observed signal £ £
g [ — Total pulse ©35000—
w s — In-time pulse =
= Out-of-time pulses 30000~
°F 25000
‘e 20000~
£ 15000~
i3 10000
= — F
1= = 5000F

PN o i = = L I LjJAu,ﬁu = Qb= L1 L AR

e s e s 888 40 -30 -20 -10 0 10 20 30 40

Time sample
hit time (ns)
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Calibrate the Energy

O Use particles of very well known mass to calibrate the detector.
o 70 — 47, mass of 135MeV.
e 7 — ee, mass of 91.1876 GeV.

O Exploit detector ¢-symmetry to intercalibrate crystals.
[ Exploit E/p ~ 1 for high-energy electrons.

CMS Preliminary 2017 9.8 fb™ (13 TeV)

1%} r L B B B U 105 [T T
3 [ ECAL Barrel —4 data § [ oMS2017 Prefiminary EB+ =100
; 10000[- N=0.03 — Fit molde\ 1 % L
L - Signal 3 I3 P P CMS Prelimi 1
g L N reliminary 2017 41.9 b7 (13 TeV)
5 r - Background | & 1r w ',i!' ﬂ“\llﬁh mm‘ #‘ 915 4 EBEB (u_((xw osz
g £ iy
Q r — o
5 [ 3
S so0ol 095 v = G 905
z [ i p— 3 v A -
[ £ opan R e P
4000 \ ] S eos - :
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L i‘* 885
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