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Particle Detection

Interaction of particles with matter
(a painless introduction)

Particle Detectors: a historical overview s

Image tradition Abookworth
: " reading if one likes
Logic tradition instrumentation

Electronics image
Tracking & Calorimetry
A real example: the ATLAS detector at the

LHC
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The Detection Process: from hits to histograms

Detector Electronics Storage
Data :
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The camera The film
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This course

From the small
LEGO blocksto the

whole system...

...the mosttortuous path... .
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Interaction of particles with matter

Interaction of particles with matter is the basis of all particle detection devices
s also the basis of many “troubles” and “interferences” with our own measurements.

Particles
Neutral particles Because of the electric
exhibit one-off charge they Interact
interactions, continuously with the
producing charged Nl ClrElges electrons in the medium
particles.
Photons and X-rays Electrons/Positrons ARV EENEE

particles

N
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Charged particles

Z, electrons, q=-¢,

M, q=Z, e, ‘

Interaction with the Interactions with the
atomic electrons. atomic nucleus. The
The incoming particle is deflected
particle loses (scattered) causing
energy and the multiple scattering.
atoms are exited or During this scattering a
ionized. Bremsstrahlung photon

can be emitted

If the particle's velocity is larger than
the velocity of light in the medium, the
resulting EM shock-wave manifests
itself as Cerenkov radiation. When the
particle crosses the boundary between
two media, there is a probability
(small) to produce an X ray photon
called Transition radiation.

Charged particlesloose there energy mainly by ionization of the atoms in the medium.
We can "calculate” the average energy loss per unit length: -dE/dx
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Charged particles: Bethe Block

proton number

_
neutron number

The stopping power

Is independent of
material since Z/A is
almost constant.

dE/dx depends on
density of target
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Particle Properties
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Charged particles: Bethe Block

Particle Properties

2m 2 (vB)' T 5 c(1,
_d_E:KpZ lln mec ()/2 ) max _/32_ (}//3)_2 ( )/[)))
dx A 2 I 2 YA
é e ; Corrections
- 8 We use By = p/Mc

neutron number

The stopping power

Is independent of
material since Z/A is
almost constant.

dE/dx depends on
density of target

t
T AR A

—dE/dx (MeV g lem?2)
w
|

which is a way of
expressing the
velocity.

0.1 1.0 10 100 1000 10000
By = p/Mc
|||||| 1 |||||||| ||||||| 1 ||||||||
0.1 . 100 1000
Muon momentum (GeV/c)
0.1 1.0 10 100 1000
Pion momentum (GeV/c)
0.1 1.0 10 100 1000 10000

Proton momentum (GeV/c)
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Charged particles

2, (YB) T | g O0B) _, (L)

I? 2 Z

Corrections

Proportional to z2 of the incoming particle.
Protons (z=1) lose less than a particles (z=2) and much less than Carbonions (z=6)

Nuclear emulsions: films were exposed to cosmic rays at high altitude by using balloons
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Charged particles
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Energy deposition

When expressing dE/dx as a function of the particle momentum (p=mv, so we

change the particle velocity, v, by p/m) we are adding a dependence with the
mass that can allow us to differentiate among different particles at low
momentum

B 10
Momentum (GeVig

At high momentum, the energy deposition is
"almost” the same forall particlesin the same

material
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Average Energy deposition

Interactions are of statistical nature
For a given thickness we obtain an energy probability
distribution rather than a fixed energy
The distribution depends on the thickness:
Thin: Landau
Think: Gauss (Law of Large Numbers...)

Signal distribution in 300pm silicon .

- - siC3
x=0 x=D ® 700 Nent = 9849
2 Mean =2.857e+04
E-A z AMS =1.1332+04
W goof— Chi2 / ndf = 112.8/75
> Width = 1920 +- 48.87
500F- MP  =22250404 +- 73.46
_ Area  =9.9186+08 +- 1.016e+05
> GSigma = 3136 +- 76.51
400 T
> Peak = 23512.3
200~ FWHM = 49.8%
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100
0 of i =21-o o S SV [
0 10000 20000 30000 40000 50000 BOOOO 70000 80000 S0000
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The Bragg curve

Plot of the stopping power along the track of a particle: The Bragg Curve
Most of the energy is lost at the end of the track: The Bragg Peak
Track length definesthe range of the particle

Energy Loss of Alphas of 5.49 MeV in Air
(Stopping Power of Air for Alphas of 5.49 MeV)

YB>3
dE/dx ~ constant

¥

Stopping Power [MeV/cm]

Bragg Peak

Path Length [cm]
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Range of Particles

Fora beam of particles, the range is the distance at which half of them have lost all
their energy. It depends on the particle, its “initial” kinetic energy (E,) and the material

|

NUMBER - OISTANCE CURVE

10

Transmission

v
\
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5 C ,’/
We compute it from the average energy loss: 2 /

0o _
R(Ey) = fEO WCZE

L5 R(Bovo) = =2 f(Bovo
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As|
H, liquid
He gas E

As Ey?

Independent of
material
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1.0 2 5 100 2 5 100.0
By =p/Mc

R/M ~ E,2before the MIP and
R/M ~ E, after MIP




Electrons and Positrons: Radiation

In additiontoionization, electrons and positrons may radiate o E
due to their small mass. \ :

N photon= Ez 'E1
Cross section for radiation (Bremsstrahlung) proportional to
Z422 \‘\‘ When the
N electron is
2 \\
M’E,... @ \ evistedby
: e . - - Nucleus %  the electric
Next heavier particle is the Muon: prob. is 40000 times \
field of the

smaller thanfor electrons L .
eg nucleus, it

' E k radiates a
2

i
/ photon
10°

/

A staniong loss | Radiation length (X ) : distance
. over which the electron energy

P PR L is reduced to a factor 1/e of its

energy due to Bremsstrahlung.

oL /ax [MEY = CITIgmy

| ﬂ.‘ll -
10! 10' 10? 10
Frerav MVl

C. Lacasta/C. Marinas Detectors for Colliders



Radiation Length

C. Lacasta/C. Marinas

The radiation length (X,) is the characteristic length that describes the energy

decay of a beam of electrons:

_x
E=Eoe X,

Why do we like it ?

Radiation loss is approx. independent of material when thickness expressed

in terms of Xo:

Xo~ 180

dE

-~ F
dt 0

ZZ

g/cm?

Where t is distance in radiation length and E, the initial energy.

Material | glml _______cm

36.20
36.08

6.37
13.84

21.82

Air
Water
Pb

Fe

Si

Nal
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30050.00
36.10
0.56

1.76

9.36

2.59




Multiple Scattering

Some times we want to detect the point at which a particle traverses a detector.

If we want high precision, about micrometers, we have to care about the particle path

inside the sensor.

In addition to inelastic collisions with the atomic electrons, particles passing through
matter suffer repeated elastic Coulomb scattering from nucleialthough with a
smaller probability. The energy transfer is small due to mass difference, but the

trajectory is changed

Detectors for Colliders

o

Thickness:
in radiation
length.
13.6 M
_ %e\/ p w/g;/XO{l-|—O.O?;Slrl(:lz/Xo)}
cp

\ \
6 8]

A Momentum and speed.
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Cerenkov Radiation

By mid 1930 the bluish glow that
accompanied the passage of radioactive
particles through liquids was analysed and
largely explained

(Cerenkov Radiation).

L-1ané

, 1
€080, = —

nf

with n=n(A) =1

Cerenkov lightis produced by
particles traversing a “radiator”
faster than the speed of lightin that
media.

Radiationis emitted at a
characteristic angle producing a
cone of light.

We can detect the light with a
photomultiplier
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Cerenkov Radiation

By mid 1930 the bluish glow that

accompanied the passage of radioactive Ltane
particles through liquids was analysed and 7

largely explained cosf. = n‘ﬂ s

(Cerenkov Radiation). b e it B

Godzilla’s atomic breath Cerenkov lightis produced by

particles traversing a “radiator”
faster than the speed of lightin that
media.

Radiationis emitted at a
characteristic angle producing a
cone of light.

We can detect the light with a
photomultiplier
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Cerenkov Radiation

By mid 1930 the bluish glow that
accompanied the passage of radioactive
particles through liquids was analysed and
largely explained

(Cerenkov Radiation).

Dr. Manhattan's glow (Watchmen)

~ e

L-and

l —> <—
nf : -
with n=n(4)=1

cos 0(‘ =

Cerenkov lightis produced by
particles traversing a “radiator”
faster than the speed of lightin that
media.

Radiationis emitted at a
characteristic angle producing a
cone of light.

We can detect the light with a
photomultiplier
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Magnetic Field

Motionof a charged particle in a magnetic field is determined by Lorentz Force

dp d’r _q dr
ds?  pds

The trajectory is an helix in case of a uniform field with the particle trajectory
deflectingin the plane transverse tothefield.

The radius of curvature depends on the transverse momentum: R ~ pr/B

We can “separate” particles by charge and momentum (“spectrometer”)
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Magnetic Field

We do see the helixin our detectors
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Photon interactions

Photonsinteract very differently.
Contrary to charged particles that deposit energy continuously due toionization,
photons usually suffer one-off interactions producing charged particles

Ejected ¢ Electron
electron

Compton Pair
Scattering production

( : : [
U Scattered Photon

Photon

Photoelectric

absorption/

[ 8

.
Photon
Emitted Ejected Positron
Photon (X-ray) O ~ Z/EY electron
L™

0.16 Range of

Secondary particles produced are
o Electrons

LaBr3 mainly electrons with sub-
m . .

S Nl millimetricrange.
0.08 BGO
0.06 LYSO .
0.04 They are absorbedin thedetector.
0.02
0.00

0.00 0.20 0.40 0.60 0.80 1.00 1.20
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Photon Interactio

ns

Ejected
electron

¢ Electron

Photoelectric ~ { Compton /_\\ Pair
absorption/s Scattering /—‘\ production
(© \
Scattered Photon
IS Photon
Photon
b (S
Photon
Emitted Ejected Positron
Photon (X-ray) electron
¢
6=0
dN/dE dN/dE / - dN/dE
2m,c?
l<— Compton continuum ; ‘—>3
Compton edge 3 3
E Eo E Eo
500
400 Aﬂ# ) Photo peaks
1 ’ VJ|‘i ! l“l -
[
» 300- J hPM\ Compton | i
5 1] | \ ’/ ! [J |
8 %‘ Compton | |
2001 E ‘»F Edge " 1 ! “'
41 %‘ 0 b _,‘-‘M, '*M""“' , .{& r &
100 g b V!
4 ‘rﬂ:\««m\n‘;#
o T 00 500 1000 1200
o 200 4 channels
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Radiation Length (revisited)

pair production

ANNNNN - 120 — —
N
When speaking about photon 2 ‘ Photoelectric effect Pair production
in teract iO ns g@ 5 dominant dominant
mmmnm € 80 | -
High energy photons lose energy by pair g
production. Mean free path for pair production 3 ot "
N 40| -
Compton effect
A - ;X 0 dominant
_ 0 | | |
For electrons (remember), A = X,. 0.0 0.1 I 10 100

Photon Energy hv, in Mev

Then we have high energy electrons that
generate high energy photons and the process |ABSORBER _
repeats: an electromagnetic shower. -7
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A particle detector

Particles deposit energy in the detector material.
The interactions are mainly with atomic electrons: ionization

If the particle does not ionize, produces secondaries that do.
Our goalis
Convert the energy deposited in an electrical signal that we can play with
There is some relationship, hopefully linear, between energy and signal properties.

Indirect detection Direct detection
Particle Particle
Energy excites Scintilator  $ T‘ ‘e The ionization
the medium that ¢ &EC creates mobile
AN * o
e s Photodetector Fotoconductor

converted into Light — Electric charge

charge

Charge Readout Charge Readout

Digitization Digitization
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The signal production

The energy deposited by the particle can produce

Excitation of individual atomsto produce electron-ion pairs in gas detectors,
electron-hole pairs in semiconductor detectors

Excitation of optical states in scintillators

Th.e"energy required to produce a pair of “charge-carriers”, the excitation
energy (g), depends on the detector material:

lonization in gases: 30 eV
Semiconductor detectors: 1-5 eV
Scintillators: 100-1000 eV

The average number of “signal quanta” will be

E
N==
€

This is a statistical quantity (Poisson), so the intrinsic energy resolution

can be written as
\/ 1 1
N \/N \/_

Poisson

E N
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Direct Detectors

lonization creates chargesin the detectorvolume.
Electron-ionsin gaseous detectors

Electron-hole pairsin semiconductordetectors
We apply an electric field to move them and “induce” an electric

current.
Detector Detector _o®
- @--9® v @
/f/.f{‘;o-
® .- +
. .- :.
0..
Charges created Zx -
at rest. Not We want the charges to
Photon really useful Photon move. The easiest is to

apply an electric field in the
/\ volume of the detector.
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Bubble chamber photograph
Image tradition
Representation of natural processes in all their
fullness and complexity

Cloud chamber, Emulsion, Bubble Chamber _
Logic tradition S )
Uses electronic counters coupled to electronic logic
circuits. Counting (rather than picturing) machines = ™ ==
that aggregate masses of data to make statistical

arguments.... Early coincidence
counting
experiment

Scintillator, Geiger Counter, Tip Counter, Spark
Counter
Electronics image:
The new instruments meld together the data-
sorting capability of the logic tradition with the
detail and inclusiveness of the image tradition

Wire chambers, Time ProjectionChambers,

semiconductor detectors Z discovery

at UA1
CERN in
1983
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Particle detector developments

Semiconductor

detectors
Bubble/
spark/
; ‘ o wire
v N Scintillator
- " counter
Films/Emulsions
, Encapsulation allows to
A Eoud produce more compact
chambers/Gei and complex systems.

ger Muller

Second World War.
Fantastic boost to
electronics systems
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Cloud Chamber

Wilson Cloud chamber 1911
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Cloud chamber

Probably the first particle detector.

Wilson wanted to study cloud formation and optical effects on moist air.

It is a chamber with super saturated vapor of water or alcohol.
When a particle traverses the environment droplets are formed along the track

X-rays, Wilson 1912 Alphas, Philipp 1926
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Wilson’s Cloud Chamber

1. Atrigger frees a metallic
weight that opens valve C
when falling.

n - 2. ConnectiontoVacuum

Trigger | § chamber makesthe

‘ movable pistonto drop

After volume increase, the

gas in Expansion Space is

now supersaturated

4. The weight starts a kind of
photographic“flash” that
illuminates the chamber

Y=
W

W almosphere ' 5. Particlesproduce droplets
Metallic that are registered by a
weight camera.

W
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Cloud Chambers: the positron

7

Positron discovery, Carl Andersen, 1933

C. Lacasta/C. Marinas
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Magneticfield 15000 Gauss,
chamber diameter agcm.

A 63 MeV positron passes
through a 6mm lead plate,
leaving the plate with energy
23MeV and a smaller radius.

The ionization of the particle,
and its behaviourin passing
through the foil are the same
as those of an electron but it
turns tothe wrongside...




Cloud Chamber

Anderson’s Cloud Chamber used to discover the positron
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Cloud Chambers: muon discovery

FiG. 12. Pike's Peak, 7900 gauss. A disintegration
produced by a nonionizing ray occurs at a point in the
0.35 cm lead plate, from which six particles are ejected.
One of the particles (strongly ionizing) ejected nearly
vertically upward has the range of a 1.5 MEV proton. Its
energy (given by its range) corresponds toan Hp=1.7 X 10%,
or a radius of 20 cm, which is three times the observed
value. If the observed curvature were produced entirely by
magnetic deflection it would be necessary to conclude that
this track represents a massive particle with an e/m much
greater than that of a proton or any other known nucleus.
As there are no experimental data available on the multiple
scattering of low energy protons in argon it is difficult to

Anderson and Neddermeyer
Phys. Rev. 50 (1936) 263

C. Lacasta/C. Marinas
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Anderson and Neddermeyer
observed for the first time
particles that curved differently
from electrons or protons given
the energy inferred from the
range.

They called this particle the
“mesotron”.

The existence of the muon was
confirmedin 1937 by J.C. Street
and C. Stevenson’s Cloud Chamber




Nuclear Emulsions

EXPLOSIVE' DISINTEGRATION OF

A NUCLEUS

A
77

5%

Film played animportant role in the discovery
of radioactivity but was first seen as a means
of studying radioactivity rather than
photographing individual particles.

Between 1923 and 1938 Marietta Blau
pioneered the nuclear emulsion technique.

E.g.

Emulsions were exposed to cosmic rays

at high altitude for a long time (months)
and then analysed under the microscope.

In 1937, nuclear disintegrations from cosmic

rays were observed in emulsions.

The high density of film compared to the
cloud chamber'gas’ made it easier to see
energy loss and disintegrations.

C. Lacasta/C. Marinas
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Nuclear Emulsions

Range- Energu curves for o - particles
Y v P
1 I

{

Emulsions are compact, have high density
and produce a cumulative record.

In 1939 Cecil Powell called the emulsion
‘equivalent to a continuously sensitive high
pressure expansion chamber’.

Energy in Mev
J

C 10 15 _._c”\?\. 25 30 .
Fro. 2a, Range-cnergy r,'u:i:g:n.r :X:-‘p:;:i('lm ;n the Hford ' Nuclear A reSU |t eqU Iva Ie nt to th e C IO Ud C h a m be r Ca n

Research’ emulsions.

be obtained with a picture 2000x smaller
(emulsion density is about 1000x larger than

; &5 4
| gasat 1 atm).
12 _ . ' .
/ Due to the larger‘stopping power’ of the
£ 10 : e . i
= emulsion, particle decays could be observed
5 3_/ Al | easier.
6/ Emulsion plates had to be developed before
e w6 W W the tracks could be observed.
Fig, 25, Range-onergy -"ur'.'v;i'ur \ |v-|‘u-|:;£<-:< i the Tiford “Nuclear

Research’ emulsions,
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Emulsions: Discovery of the pion

e il Discovery of the Pion:

\ [ : / \] ] The muon was discovered in the 1930ies and
| 4 JT was first believed to be Yukawa’s meson that
f ! l mediates the strong force.
[

.

4
%
|

The properties of the muon were however
causing contradictions with this hypothesis.

In 1947, Powell et. al. discovered the Pion in
Nuclear emulsions exposed to cosmic rays,
and they showed that it decaysto a muon and
an unseen partner.

.
ey

- ] ,' | J H
——n \ g \

. |
A

=TT

Discovery of muon and pion
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Nuclear Emulsions

The cosmicray composition was studied by putting emulsion
plates on balloons at high altitudes

Energy loss is proportional to Z2 of the particle
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Nuclear Emulsions

First evidence ofthe Kaoninto 3 pions was found in 1939

Small energy loss.
Fast particle

L
\! .
%+ Pion
, A
aet Vo IR L
4 :

for———p—ei

Large energy loss.
J Slow particle
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Bubble Chambers

In the early 1950’s Donald Glaser tried to build on the
cloud chamberanalogy:

Instead of supersaturating a gas with a vapour one
would superheat a liquid. A particle depositing energy
along it's path would then make the liquid boil and
form bubbles along the track.

In 1952 Glaser photographed first Bubble chamber
tracks. Luis Alvarez was one of the main proponents
of the bubble chamber.

The size of the chambers grew quickly

_ 1954:  2.5"(6.4cm)
o P VT R 1954: 4" (1ocm)

' 1956: 10" (25Ccm)

1950: 72" (283cm)

1963: 80" (203cm)

1973: 370cm
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Bubble Chambers

‘old bubbles’

Ubesdeuck Unterdruck

RaMpressions- Expansiorsvyentil

verhl
‘new bubbles’
_ Stempel _
B“rﬂi"fm -Bmflj[pen Contrary to Cloud Chambers, Bubble
Flilssigkeit 2 Chambers could not be triggered: the
H chamber hasto be in superheated state
nqﬁa when the particle arrives.
=_~.c:-.-nc-.cnn:cnnan.p«ﬂz:nu.;nuu% | | |
] % No useful for Cosmic physics, butin the
ER - 1950's particle physics moved to
- L3 Drucktenstfer accelerators and it was possible to
kamera synchronize chamber compression with the

arrival of the beam.
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Bubble Chambers
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R
Piye ' ‘ !

:. by, | .

‘;, |.t»'-\(>;'. 4 T

ERER B

| L4t )& In the bubble chamber, with a density about

1000 times larger that the cloud chamber, the
_ liquid acts as the target and the detecting
i <. medium.

Figure:

".\ ' A propane chamber with a magnet discovered
f . % ~a % theI°in1gs6.

! 7 A1300MeV negative pion hits a protonto

P 'y =] produceaneutral kaonand az° which decays
/ MY L« “y .
Ll Lke<#@  into aA°and aphoton. The latter converts
TluN i e g7 intoan electron-positron pair.
& il A
¥ ! s .‘ll - S
A2 '(vz‘-:r' v fk.
‘\‘: 1 % o -\"\ b:;‘ G,
el SN
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Bubble Chambers

The 80-inch Bubble Chamber

BNL, First Pictures 1963, 0.03s cycle Discovery of the ()" in 1964
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Bubble Chambers

Gargamelle, a very large heavy-liquid (freon)
chamber constructed at Ecole Polytechnique
in Paris, came to CERN in 1970.

It was 2 m in diameter, 4 m long and filled
with Freon at 20 atm.

With a conventional magnet producing a field
of almost 2 T, Gargamelle in 1973 was the tool
that permitted the discovery of neutral
currents.
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Bubble Chambers

The Big European Bubble Chamber

3.7 m bubble chamber at CERN, equipped
with the largest superconducting magnet
in the world
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Bubble Chambers

Can be seen outside the Microcosm Exhibition

C. Lacasta/C. Marinas

Detectors for Colliders

3.7 meter hydrogen bubble chamber at CERN,

equipped with the largest superconducting
magnet in the world.

During its working life from 1973 to 1984, the
"Big European Bubble Chamber" (BEBC) takes
over 6 million photographs.
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Bubble Chambers

The excellent position resolution (5um) and the fact
that target and sensing element are the same (in the
H chambers) makes the Bubble Chamber unbeatable

for reconstruction of complex decay modes.
The drawbacks:

Low rate capability (few tens/second).Eg. LHC produces
~109 collisions/s

Cannot be triggered selectively, so each interaction should
be photographed.

Images had to be analysed by “operators”.
This is why electronics detectors took over in the
1970's.
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Early days of “Logic Detectors”

Scintillating Screen:

Rutherford Experiment 1911:
Zinc Sulfide screen was used as

detector.

If an alpha particle hits the screen, a
flash can be seen through the

microscope.

C. Lacasta/C. Marinas
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Electroscope:

When the electroscope is given an electric
charge the two ‘wings’ repel each other and
stand apart.

Radiation can ionize some of the air in the
electroscope and allow the charge to leak
away, as shown by the wings slowly coming
back together.

Electrical
charges -

Victor Hess discovered
the Cosmic Rays by
taking an electroscope
on a Balloon

_.. Leaves of
metal foil




Geiger & Rutherford
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Rutherford and Geiger 1908

Original ionisation events
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Discrete avalanches
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In 1908, Rutherford and Geiger
developed an electric device to measure
alpha particles.

The alpha particles ionize the gas, the
electrons drift to the wire in the electric
field and they multiply there, causing a
large discharge which can be measured
by an electroscope.

They saw “random discharges” in the
absence of alphas.

This was interpreted as “instability” so
the device wasn’t used much.



Detector + Electronics

In 1928 Walther Miiller started
to study the spontaneous
discharges systematically and ‘Zur Vereinfachung von Koinzidenzzéhlungen’
found that they were actually caused W. Bothe, November 1929

by cosmic rays discovered by
Victor Hess in 1911. Coincidence circuit for 2 tubes
By realizing that the wild discharges
were not a problem of the counter, but
were caused by cosmic rays, the
Geiger-Muller counter went, without
altering a single screw from a device with
‘fundamental limits’ to the most sensitive
instrument for cosmic rays physics.
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Detector + Electronics

Cosmic ray telescope 1934

Rossi 1930: Coincidence circuit for n tubes

Gl G? GJ

l|l—<
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The Scintillator counter

First scintillators for science: spinthariscope in ~1903 (visual counting)

W. Crookes, 1903

Scintillator detectors see a breakthrough in the 1940s.

While Sir Samuel Curran was working in Berkeley, USA, on the Manhattan project in
1944 he needed a better method for the detection of small quantities of uranium.

He combined a scintillator (Zinc Sulphide) with a photomultiplier (known since 1930)
and produced a working detector: a Scintillator Counter

Photocathode

Incident

photon

\/\ Scintillator

/ Electrons

| Electrical

¥

Light

photon

-

™ connectors

]

2 \ .
]

J

Focusing
electrode
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Cerenkov Detectors

Threshold Cerenkov Counter

I N
L
i
1
1
1
1
1
!
!
!
1
|
i
I
L
1
\l
/

g g

&
Threshol/d

Differential Cerenkov Counter

‘}l":a------- - -_____h___-l_l‘_\
V\ a J'.‘.':'_'::: \
(PM}-44-----------""""" 17
]
Orfferentral

For a particle with a given mass, itis used
as a momentum threshold counter

For a fixed momentum, it only selects
particles with a given velocity (given by the
angle), itis a “mass counter”

The "n” of the gases changes with the pressure, so it is a sort of
knob to change the thresholds on momentum or mass.
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Logic Detectors

Scintillator counters and Cerenkov detectors
exploded into use in the 1940’s

This was mainly due to the electronics
revolution that begun during World War 1.

High-gain photomultiplier tubes, amplifiers,
scalers, pulse height analysers saw the light

during this epoch.

A nice example is the experiment of the
Antiproton aiscovery
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Antiproton discovery

1955, at the Bevatron in Berkeley.
Segre and Chamberlain

Protons

Bevatron Bea
Copper target

/

7

Quadrupole magnets

Two Cerenkov counters to
trigger on a speed compatible
with antiproton, and a third
scintillator

Final detector
53

C2 B=p/m
C1 B> B(P)

S2

Scintillator

™

Turning magnet

Select particles with a given
charge and momentum

Scintillator

Detectors for Colliders
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I_IHI_I

Turping magnet

Protons are
slower than
pions. Seta At
compatiblewitha
proton



Antiproton discovery

A second group (G. Golhaber & E.
Amaldi) used emulsions obtained
with same experiment to look for

Evidence seen on electronics. proton-antiproton annihilation and to
measure mass.

S1S2 Ca

meson
antiproton
; Fis. 2. Reproduction of the P~ star. The description of the
Accidental prongs is given in Table II. The star was observed by A. G.
f'll Ekspong and the photomicrograph was made by D. H. Kouns,
c
Fic. 2. Oscilloscope traces showing from left to right pulses TR ¥ M sacdas omiki.
from 51, 52, and C1. (a) meson, (b) antiproton, (c) accidental Residual range
Ev,ent_ Method cm of emulsion Mass M/M,
Ionization-range 2,5.5,and 12 097 +0.10
Scattering-range 0-1 0.93 +0.14
(constant sagitta)
Momentum-range 12.1340.12 1.02540.037
(air and helium
equivalent)
Weighted mean 1.01340.034
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Spark Counters

Muon or
_Electron

The Spark Chamber was developed in the early 60ies.
A Plastic Scintillator

Schwartz, Steinberger and Lederman used it in
f':' &2 discovery of the muon neutrino

.3 . 1988 Nobel Prize in Physics

Plastic Scintillator " A

HV
Pulser

Coincidence
Circuit <
-10 kV %

A charged particle traverses the
detector and leaves an ionization
trail.

The scintillators trigger an HV
pulse between the metal plates
and sparks form in the place
where the ionization took place.
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Gas detectors

Visualisation of ion chamber operation

Anode E

Notused

Key

Cathode

Charge collected —log scale

Tube, Geiger-Miiller, 1928
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Practical Gaseous lonisation Detector Regions

Variation of ion pair charge with applied voltage in a wire cylinder system with constant incident

radiation.
‘,@C»
£
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< @ .9
«© (S
& &
o
SR
6}0

Notused \
a O

Limited proportionality - not used

Voltage applied-linear scale

+
a

o=>

If voltage not too high, the charge seen is proportional to the energy deposited.

Multiwire geometry, H. Friedman, 1949
(all wires connected)

.
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Charpak’s MWPC

The multi wire proportional chamber was a real break-through that
deserved the Nobel Prize in Physicsin 1992.

Multiwire proportional chamber with Individual wire readout: A charged
single wire readout, G. Charpak, particle traversing the detector leaves a
1968. : .
X trail of electrons and ions.
A A Zh The electrons drift to the wires in the

electric field and start to form an
avalanche in the high electric field close
to the wire. This induces a signal onthe
wire which canbe read out by an
amplifier.
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Measuring Energy

We measure energy by total absorption

. . . . Incident particle
of the particles. Scintillators used as first ‘
“calorimeters” (shower counters).

Detector volume

Electromagnetic Showers Hadronic showers
é ABSORBER
ABSORBER . Em
: component
B S }Nonem
é. A : \}"‘i‘[x* nuclear fragment component

Depth (X))
0 5 10 15 20 25 30
- | ‘ ‘ ' ' |
LA The showeris
51 Laoce Hadronic showers are governed by the nuclear
A AN governed by the : ion| h which call
5 . / F e o interaction length whichistypically ~20 cm.
= 1A M.,  radiationlength
[ / /./ / AN “ .. whichis of order1cm It takestons to contain hadronicshowers.
LY A AN N :
s e { Have both EM and Hadronic component
0 0 - 1‘0 20 = 30 *““; 50
Depth (cm)
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Measuring energy

Energy resolution of a homogeneous hadron calorimeter
(60 tonnes of liquid scintillator)

Smnsncalpmc esses are NOT
Ihe limiting factor here.
Resolution is limited by

= [luctuations in invisible

energy losses, related to e/h ~1.7

From: NIM 125 (1975) 447

Energy resolution (%)
!
[
[
|
s 2

0 | { | | | | |
o) 20 40 60 80 100 120 140 160

[ncident energy (GeV)
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Measuring energy

In the 70s, calorimeters took on new tasks

High energy neutrino experiments as target and
trigger (total energy)

Collider experiments: Energy flow (missing E+,

jets)

General: Particle ID (e, y, 1, V)
Only in the mid 8os hadronic calorimeters
were understood and simulated properly.
More in tomorrow’s talk...
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During the 1970’s the image and logic
devices merged into the electronic
imaging devices
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W/Z discovery at UA1/UA2, 1983

UA1 used a very large
wire chamber.

Can now be seen in
the CERN Microcosm
Exhibition

This computer reconstruction shows the tracks of charged
particles from the proton-antiproton collision. The two white
tracks reveal the Z's decay. They are the tracks of a high-
energy electron and positron.
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Electronic imaging

In the 1960’s bubble chamber experiments
are replaced by “spectrometers”in the
“forward region” of fixed target experiments.
Momentum from Lorentz Force
Energy (mass) from Time of Flight or dE/dx

Shower Counters (scint.) for gammas mainly from
T° decays

First 4Tt detectors appear in the beginning of
the 1970's
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Particle detectors for colliders

Top quark
Tevatron, Fermilab
CDF, 1989
Wand Z Do
bosons
SPS, CERN
UA1/UA2, 1981 FLC
DORIS, DESY FCC
PLUTO, 1973: LHC,
First detector _vvith LEP ATLAS, 2008
igfeenrocignductmg DELPHI, 1989 CMS
ALEPH, ,
OPAL Higgs boson
JH¥and T PETRA, DESY 3
SPEAR, SLAC: JADE, 1978
MARK |, First 4Tt Mark-J 3 generations of
detector, CELLO quarks and leptons
1973 PLUTO
TASSO
3 jetevents
(gluon)
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Mark | detector

Mark | @ SPEAR (SLAC), 1973

Mark | or the SLAC-LBL Magnetic Detector

was the first 41 detector built with different detector
types arranged in layers around the interaction point.
Had the known sensors at the moment:

*  Wire chambersand

* "“ShowerCounters” or calorimeters

/: | Muon Wire Chambers

s 55 B 7
i wuow | \wwow | Iron (20 cm)
i e <= Shower Counters (24)
= *= Coil
o ~ "\ Trigger Counters (48)
, — N
7 vz s g P Y|
- oo I _— ( Wire Chambers smlll
[ s — ] / [ ‘ A l \\ | ;\“
AN - COMPENSATE , \ ‘ ‘
WIRE SPARK CHAMBERS \:?;f;:: . I [/ \ ‘ l
— WONITOR | ‘ { I 4 ® s—Trigger | i‘
T OPOATION [ BEAM Pl | ‘ | Beam Pipe —{ )" Counters (4) |
/ — \ RERF o
— -::" =i ' ‘ ‘: | \\ ! \ \‘\\":‘\\\‘\\ \\ //D// // // J‘ |l
T (| L - Proportional / | |
#ire coomTe Il \,\ ;\(\‘\ ‘Supp‘oni\:—‘:'rghambers (2) |
. X Post (6) “‘I/// w
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Mark | detector: The tau lepton

The e-u events seen at Mark |

x
Muon track
. —  Sherd-Lived, Unesan —
W, I
et +e —— 1 + T
— ut vy + L. & +V o+ Vq
X Sean 7 Sean v
L Unseen Meulrinos —
a-
? o
. ==" & - T ¥ o q",rg:
1|r'|:r," d +
; . 3 H
’ Y Vo
* %
!
L !
1|-rl_| L]

Electron
\”3 track

7243A30

9-92

M. Pearl, 1975
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Mark I: The Psi resonance
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Particle detectors for colliders

DORIS, DESY
PLUTO, 1973:

First detector with
super conducting
solenoid

Yandt
SPEAR, SLAC:

MARK |, First 4Tt
detector,

1973

C. Lacasta/C. Marinas

Wand Z
bosons
SPS, CERN
UA1/UA2, 1981

PETRA, DESY
JADE, 1978
Mark-J

CELLO
PLUTO
TASSO

3 jetevents
(gluon)

Detectors for Colliders

Top quark
Tevatron, Fermilab
CDF, 1989
Do
FLC
ILD, SiD
LHC,
LEP ATLAS, 2008
DELPHI, 1989 CMS
ALEPH, ,
OPAL Higgs boson
L3

3 generations of
quarks and leptons

Since the Mark | times at 1970's
quite some detectors have been
built with increasing complexity




UA1: the W and Z discovery

UA1 was a multipurpose detector.

The central detector of UA1 was a six-
chambered cylinder, 5.8 metres long and 2.3
metres in diameter. It was the largest
imaging drift chamber of its day.

UA1 recorded the tracks of charged particles
curving in a 0.7 Tesla magnetic field,
measuring

e their momentum,
* the sign of their electric charge and
* their rate of energy loss.

Outside the magnet were the calorimeters:
one hadronic and another electromagnetic.

Surrounding the detector, the muon
chambers
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Drift Chambers

In the 1980's most of the tracking in Collider detectorsis made with Drift
Chambers.They allowed torecoverthe “image” that Bubble chambers had
provided until the end of the 1960's

scintillator |
incident particle drifting electrons
i

Py e -
“\j . / wire chamber

- _/ " 7

\ / 7 \\ T //

cathode wires 4 anode (sense) wires

Measuring this drifttime, i.e. thetime
between passage of the particle and the
arrival time of the electrons at the wires,
made this detectora precision positioning
device.
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Particle detectors for colliders

Top quark
Tevatron, Fermilab
CDF, 1989
Wand Z Po
bosons
SPS, CERN
UA1/UA2, 1981 FLC
DORIS, DESY ILD, SiD
PLUTO, 1973: LHC,
First detector _vvith / ATLAS, 2008
DELPHI, 1989 Higgs boson
Yandt PETRA, DESY ALEPH,
SPEAR, SLAC: JADE, 1978 OPAL
MARK |, First 4Tt Mark-J -3
detector, CELLO 3 generations
1973 PLUTO of quarks and
TASSO leptons
3 jetevents
(gluon)
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LEP detectors

LEP was a Z and W factory and dreamed
about finding the Higgs.

They claimed to have hints of a 115 GeV/c? Higgs.

Detectors at LEP introduced some new
concepts that helped performing much better
than expected:

Time Projection Chamber (TPC)

Ring Imaging Cherenkov (RICH)

Silicon Vertex Detectors for “vertexing”
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Time Projection Chambers

TheTime Projection Chamber was
introduced in 1976 by D.R. Nygren

i\

= High Voltage Plane

X Cathode "Pads"”

Anode
Sense Wires

A volume filled with gasin an electric field. When the particle traverses the
volume, ions drift to the cathode and electrons to the anode which is
segmented.

From the drift time one determines Z, from the endplate segments one
determines X and Y. We have a 3D reconstruction of the particle trajectory.
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Time Projection Chambers

Energy deposit per unit length (keV/cm)

32

[\
o0

)
=

\®)
]

16

12

0.1 1 10
Momentum (GeV/c)

PEP4/9-TPC energy-deposit measurements
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The TPC provides particle
identification by dE/dx




Ring Imaging Cerenkov (RICH) Detectors

Proposed by J. Seginot and T.Ypsilantins in 1977.

Project the Cerenkov light back into a detectorwhere we can reconstruct thecircles ofthe
Cerenkov light cone traversing the detector.

Fora known momentum (from curvature ina magnetic field) we can determine the mass
by measuring the speed..

Land
detector surface spherical mirror

L
l —> <
cosb, = D

nf ~

with n=n(A)=>1

[ RICH Hit Map, w.r.t. track | rich 2d_1

Entries 412449
Mean x -0.09929
Meany -0.4329
RMS x 43.24

radiating medmm

particle
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Silicon detectors

The working principle of silicon detectors s like the gaseous detectors.

We have a volume where ionization produces charge carriers that drift under the effect
of an electric field. While moving they induce electric currents that we can measure.

The sensitive volume is the depletion region of a reverse biased pn-junction.

It sounds like electronics, and it is indeed profiting from almost electronics industry
standards.

PN-junctions can be made with strips (1D information) or pixels (2D information)

|on|§|ng SiO, insulation
particle Capacitive coupling

- - N

Veo n-bulk = 300pum
+T 1‘ 1“1/@
n++ \V
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Silicon detectors

Silicon detectors.

In the early 1980s silicon sensors
appeared in the game.

The increasing number of channels and
how to connect the detector to the

readout electronics soon starts to be an

issue.
3
-
wmoll.  Microstrips CNS
£F  Pixels ATLAS
50l CCD
0 B 0
% A ATLAS
alf g
10-12*
107}
3 ACCMOR
107}
10"
= ACCMOR
o 5llllllllllllllllllllllllllllllllll
== = 1975 1980 1985 1990 1995 2000 2005 2010
<00 Tagiy P [TAESS t ” PRy t?lt lyl wilhi l\l\\\*‘O P! b Year
=2 ; gt ol |rgpezs
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Why silicon detectors where so important ?

Quark tagging and spectroscopy of short-lived particles demanded
high precision tracking with flavour tagging possibilities by
identifying secondary decay vertices.

Lifetimes of the order of 0.2-1.5 psrequired spatial resolutions
better than a few um

The life time of B-
mesons can be
measured from the
decaylength |, if
the momentum of
the B-meson (y-
factor)is measured
as well.
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The resolution of the “vertex detectors”

Resolution has three main components
Intrinsic resolution of the detectors
Geometry and,

Multiple scattering ("material budget”)
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The resolution of the “vertex detectors”

A particle
: A simplified example: 2 layers
:
|
I
: Soft lepton
| ,
: G1>0 ’/
r, : impact parameter

<= Beampipe ¢ o track
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The resolution of the “vertex detectors”

<

A particle

A simplifiedexample: 2 layers

" Multiple
| -
Y — Small !! Small It scattering
N 2 A" 2
T T 5
- o= (- r02+r 01 + 0% ys
L1 2 2 I'1 2 '
: c,>0
1
|
|
! Sort of large Small x/X,!!
|
|
1 |x
My %
! o) r r
X 2 2 1
W_/
Gp
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DELPHI micro-vertex

7.5cm

DELPHI
26024/1730

00cyr  2.0cm
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Physics improvements

5000 [~ 225 2
200
[ 1.8
175k
150 | 1.6
125 - =
[ S 1.4
L m
I 100 - =
2000 [ :
[ -y 1.2
1000 |- S0
I [ 1
sk
: | b
ol 0 i 08
1.8 1,85 1.9 1,95 1.8 1.85 1.9 1,95
M(K*n™n") GeV/c M(K*n"n") GeV/c

D* - Kmirt peak without (left) and
with Vertex detector cut removing
background.
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Particle detectors for colliders

DORIS, DESY
PLUTO, 1973:

First detector with
super conducting
solenoid

Yandt
SPEAR, SLAC:

MARK |, First 4Tt
detector,

1973

Wand Z
bosons
SPS, CERN
UA1/UA2, 1981

PETRA, DESY
JADE, 1978
Mark-J

CELLO
PLUTO
TASSO

3 jetevents
(gluon)

Top quark
Tevatron, Fermilab
CDF, 1989
Do
FLC
ILD, SiD
//
LHC,
LEP ATLAS, 2008
DELPHI, 1989 CMS
ALEPH, _
OPAL Higgs boson
L3

3 generations of
quarks and leptons

Since the Mark | times at 1970's
quite some detectors have been
built with increasing complexity
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Particle Detectors for colliders

ATLAS (25x45 m)

PLUTO (4X4 m) Volume of both detectors and

collaborations have grown
considerably.

AN Y, DELPHI iinel

The working model has also
changed dramatically

Mark | (4x4 m)
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LHC era: 2 order of magnitude larger GATLAS

A EXPERIMENT
http://atlas.ch

A 7000 ton detectorwith 100
million electronic channels
and 3000 km of cables that

could eventually float if a big
enough bag could be found...
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The ATLAS tracker

Y AR t A IR ] w\\\\\\\\\\\\\\\\\“‘“
L A

‘ ! \,\\\l\\\\:“,“"\\\:\\ |\\\| \\”‘\\\\“‘l\\\

e
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New pixel detectors

LEP used silicon strip sensors as vertex detectors and gas detectors as trackers.
LHC uses silicon strip detectors astrackers and the new vertex detectorsare
made with pixels ) A

They provide almost 3D information
in high rate environments like LHC.

Very fine intrinsic resolution.

10000 channels/cm?. Encapsulation

The amount of services is huge.
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DELPHI microvertex — CMS Tracker

e, - e . X
! = — > - — . e !
L+ "..‘ ! i
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There i1s more than sensors in a Detector
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Particle Trackers

All the interesting stuff happens within the
first 1012 seconds after the beams collide

We can only see “final state” particles

Our knowledge is based on “"working backwards in
time"” to infer what actually happened in the initial
collision

The more precisely the final state particles are
measured, the more accurately we can determine
the parameters of their parents.
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A collider detector in a nutshell

Detectorsat colliders

aim at measuring
the particle
trajectory,
charge,
momentum,
energy and
dotheirbest to
figure out which
particleitis...
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Muon
Spectrometer

Hadronic
Calorimeter

Electromagnetic
Calorimeter

Solenoid magnet

Transition
Radiation
Tracking Tracker

detector
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Pixel/SCT

Proton

.
1
]
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.
.

Neq’tron

The dashed tracks
are invisible to
the detector
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Why Tracking ?

Tracking provides precise measurements of

Particle production position
Can reveal the presence of long-lived particles

Particle charge
Particle momenta

Complementary to calorimeter at low energy
dE/dx to helpin the identification

Particle trajectories

Can associate information with calorimeters and muon
chambers

Allows for “global pattern recognition” of physics objects
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Why Tracking ?

We can reconstruct disintegration chains
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Why Tracking ?

We can accurately find resonances....

CDF: WZ and ZZ analysis LHCDb: exclusive charm reconstruction
S [ I | | | |

E - CDF R || P l- - Ldt = E fb-1 - [— T T T T T T T T T T T T T T T T T T 4
B30 dn i reimnay > 140~ | HC) Preliminary 2010 THCD
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Why Tracking ?

We can differentiate an electron depositing EM energy on the
calorimeter

Froma photon

Lacasta/C. Marinas Detectors for Colliders



Why Tracking ?

We can create “"global objects” associating hits and
trajectories from different subsystems

C. Lacasta/C. Marinas

Detectors for Colliders

W->pv candidate in 7 TeV collisions;

Run Number: 152221, Event Number: 383185

Date: 2010-04-01 00:31:22 CEST
PT(u+) = 29 GeV, n = 0.66
ETmis = 24 GeV

MT =53 GeV

- muon track




The Basic Ingredients

C. Lacasta/C. Marinas

Detectors for Colliders

A detector with high spatial
resolution to measure the
trajectory.

A magnetic field to curve
the trajectory and
determine the momentum
and charge

A algorithm to “reconstruct”
the trajectory from the hits
in the detector

...and a good understanding
of the interactions of our
particle with matter




The ATLAS and CMS choices for p tracking...

The choice of the magnet system...

Names CMS (Compact Muon System), ATLAS (A Toroidal LHC Aparatus) have the muon system behind

C. Lacasta/C. Marinas

Detectors for Colliders

CMS

Momentum measured in
tracker and B return flux
Solenoid with Fe flux return.
Property: u tracks point back to
vertex in R-Z plane

ATLAS

Standalone g momentum
measurement. Safe for high
multiplicities.

Air-core toroid.

Property: o, constant in n




The ATLAS and CMS choices for p tracking...

The reason behind the choice

Large (4T) field with very short
(Fe) X,
o) Oy
p B\ Xy, x L
¢ ATLAS ! ATLAS
& ) ] Small (0.5T) toroidal field
o ZE with very large (air) X,
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Signal “cooking”

From raw data (hits) to
tracks
The detectorintrinsic
resolution comes here. ]
Need to distinguish /
genuine signals from noise |
Flag bad channels (*noisy”)

Produce fake tracks
B
The set of bad channels S

might not be static
Operation conditions may

changetheset... /

Dead channels: P [ R R
Inefficiency '

Tracking resolution might /

be affected

Real trajectory
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Signal “cooking”

From raw data (hits) to
tracks

The detectorintrinsic

resolution comes here. N\
Need to distinguish /

genuine signals from noise |
Flag bad channels (*noisy”)

Produce fake tracks

The set of bad channels
might not be static

Operation conditions may

changetheset... / Noisy hit
Dead channels: TN

Inefficiency /

Tracking resolution might /

be affected

Real trajectory
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Signal “cooking”

From raw data (hits) to
tracks
The intrinsic detector
resolution comes here.
Need to distinguish
genuine signals from noise
Flag bad channels (*noisy”)

Produce fake tracks

The set of bad channels
might not be static

Operation conditions may
changetheset...

Dead channels:
Inefficiency

Tracking resolution might
be affected

C. Lacasta/C. Marinas Detectors for Colliders

Real trajectory

g /
/
\/
j
/
] / ] ]
| |
/ o
/ P
/
— I * ] ]
, | |
/
;o ‘
/ / \
/ [ | ] ]
Dead channel
/ f |
/= / > - Bigger error




Momentum Measurement: solenoid

The Trajectory is an helix
The momentum of the particleis projected along 2 directions

p“ P R

..................... Loy, P
A

b

e

d) A A -
We measure Y | T X e, i We measure
P; inthe d-p P N dipangle Ain
plane the p-z plane

> -

Pr=PcosA=03BR

The rule of the game: measure R with highestaccuracy
What we really measure is the sagitta.
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Momentum measurement: sagitta

Pr=03BR » —=—

Ya Y2

s = R(1—cosa)
o’ I?
2~ 8R

200 =

=

The relative error of the momentum
Degrades linearly with dy and p+
Improves linearly with B
Improves quadratically with L

3 point measurement:y,, y, any,
With a single hitresolutionof oy
The trackhas alength L

+ 3
S = Y3 _N > 2 0s = \/;Sy~6y

_L* S8R L? 6p
8RR S8R Yp

oS

Sy

op  8p
p  0.3BL2

Sy

5}? Isa good measure of
—  atracker

p performance

Improves as+/N with N the number of measurements (Gluckstern formula)
A good momentum resolution calls for along track.

Detectors for Colliders
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The price of High Accuracy

Multiple Coulomb Scattering

We already know thisquy...
Introduces random angular errors and...
Adds an additional error to the momentum

o(pr)| _ 28MeV |x pr
03BL |XyB cp

Pt lms

lonization Energy Loss
Curvature decreases with path length.
Fluctuationsin energy loss can be large if there is a

lot of material/

o(pr) 1x
pT Ejoss p XO

Both effects decrease with p.
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Momentum resolution: ATLAS

dP/P (%)

60

50

40

30

20

We can estimate what the
performance would be for ATLAS.

Assume high momenta (no MS)
L ~75¢cm,B=2T, 0y ~20 um

op

57 = papE 0y~ 10T

At 5oo GeV, dp/P ~ 20 %

Simulation

P;=500 GeV

Why isit
not
constant ?

10

0

0 0.25 05 0.75 1 125 15 175 2 225 25
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rR =1082 mm
0 = 28um TRT ' \%s%%‘%h
(3§ layers \{p@:i
with 170 um)
TRT
LR = 554 mm
(R=514 mm
R =443 mm
sc
0 =16 um T< R =371 mm
. R=299 mm
SCT
o=12um R=122.5 mm L
Pixels {R = 88.5 mm
R =50.5 mm /
R=0mm]

Radiation length [XO]

N
n &) w

-
8]

IIIIIIlIIIIIIlIIIIIlIIIl

T T e
ATLAS I services
. . ; TRT
Simulation =

[ scT

B Pixel

[ ] Beam-pipe
L .:'-.‘ === Extra material

1l rermr i P IR

0 05 1 15 2 25 3 35 4 45

ml
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That's not all, folks !

There are many thingswhich are not covered here and are worth

mentioning

Pattern recognition
Track fitting
Alignment ...

They make possible that a detectoraslarge and complexas ATLAS (or

CMS) turn out to be so accurate...

= ' | ' | 3

10° & Al I L~40pb" -

= op o -

_. 10%E -

%; 10° ¢ Reconstructed _;

) ' invariant masses of =

E% 102 - Hupairs -

o 3

- ]
= 10 §

©

1

ATLAS
Data 2010,\/s= 7 TeV

1 10 102
m,, [GeV]

10
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HEP data does not grow in trees. It does not
come in cans or paper boxes neither...
| hope litis clear that the road from collision to
digested data for analysis is tortuous, yet rewarding...
Up to here a bit biased towards tracking.
Very important missing ingredients:
calorimeters.. Do not be impatient...
Next session deals with them and their integrationin
the whole system: particle flow
Finally, a thorough analysis of an existing
detector: ATLAS
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