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INSTRUMENTATION

“New directions in science are launched by new
tools much more often than by new concepts.
The effect of a concept-driven revolution is to
explain old things in new ways. The effect of a
tool-driven revolution is to discover new things
that have to be explained”

Freeman Dyson

1 “Instrumentation for the 21st
century. No one does it better than
physicists when it come to
innovation for instrumentation, and
thus the future of all scientific fields

rests on our hands.”

- Michael S. Turner
D. Bortoletto  Lecture 1
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PARTICLE DETECTION

1 What is a particle 1 What is a detector
— Irreducible representation of the — an instrument to measure the all
Poincare group (Wigner) properties (E, p, m, lifetime,
quantum numbers,...) of a particle
and identifying it

Elementary particles

g

Weak

Interaction interaction

= Forces
Electro- ==
=9 magnetic
Interaction
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FProton

. I\/Iesons and Baryons

Spln 1

s=—3

Spin=3/2




Particle Physics Timeline

1890 1900 1910 1920 . .
{ Ll I I N A A I [ N O B A I | TOday > 200 part|C|eS listed
4 4 in PDG:
e P
1920 1930 1940 1950 - 27 have ct > 1 MM

Illlllllll.lllllllllllllll

L L - .
| | |  Yield tracks in a
: et Ii 11 it detectors
1950 190 *13 have ct < 500 ym

* Yield displaced vertices
...and many

more!
The Quark Idea

(up, down, strange) (bottom)

(charm)
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NOBEL PRIZES FOR ntp/wwwlihc-closer.es/

php/index.php?

INSTRUME NTATl ON i=18s=9&p=28e=0

Y o - i
y

1927:CTR.  1939:E. O. 1948: PM.S. Blacket, 1950: C. Powell,
Wilson, Cloud Lawrence, Cyclotron Cloud Chamber Photographic Method
Chamber - g

1960: Donald ~ 1968: L. Alvarez, 1992
1954: Walter Bothe,  Gjaser, Bubble  Hydrogen Bubble ~ Multi Wire Proportional

Coincidence method Chamber Chamber Chamber ,




Particle discoveries

By 1959: 20 particles

e : fluorescent screen
n : ionization chamber

7 Cloud Chamber: 6 Nuclear Emulsion:
et nt, o
wh anti-A°

Z+

K* K-

2 Bubble Chamber:

=0
—

3 with Electronic techniques:
anti-n

>0 anti-p
0

T
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Imaging Detectors: Cloud Chamber

1 The cloud chamber
contains a supersaturated
vapor of water or alcohol.

— Acharged particle
interacting with the
mixture, creates ions.

— |lons act as
condensation nuclei
around which a mist will
form

If a magnetic field is applied

positively and negatively 1 High energy a and B particles
charged particles curve in leave a track due to the ions they
opposite directions. produce along their path
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The positron
1 Positron discovery, Carl Andersen 1933 [Nobel price 1936]

1 Magnetic field 15000 Gauss, .
: C'OUE chamber
chamber diameter 15cm. in manetic field

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

The ionization of this particle,
and its behavior in passing
through the foil was the same
as those of an electron but
with positive charge

6 mm.lead plate

Positron

D. Bortoletto  Lecture 1




The muon

Muons were discovered by Carl
D. Anderson and Seth
Neddermeyer at Caltech in 1936
with a cloud chamber while
studying cosmic radiation

"The other double trace of the same type (figure 5) shows closely
together the thin trace of an electron of 37 MeV, and a much more strongly ionizing
positive particle whith a much larger bending radius. The nature of this particle is
unknown; for a proton it does not ionize enough and for a positive electron the ionization
is too strong. The present double trace is probably a segment from a “shower" of
particles as they have been observed by Blackett and Occhialini, i.e. the result of a
nuclear explosion".

Kunze, P., Z. Phys. 83, (1933) 1
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The muon and relativity

-

Muons produced in the upper
atmosphere =10 km

Lifetime t,=2.2 x 10° s

— s=vr=600m

— Therefore no muon should
reach Hearth!

But we see them

— Relativity y=E/m c?
— s=vyrt = 12.5 kKm
Pions: t.= 2.6X10% s,
— s=vyr=115m

[
o

9
8
7
6
5
4
3
2
1
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The Pion

1 The pion was discovered in Nuclear emulsion techniques, Powell 1947,
Nobel Prize 1950

Discovered in 1947 in nuclear
emulsions exposed to cosmic rays,
and they showed that it decay to a
muon and an unseen partner.

The constant range of the decay

muon from the pion decay indicate
that this is a two body decay

D. Bortoletto  Lecture 1




The kinematics of two body decays

 Relativistic Kinematics

Pv =(Ev’ﬁv)

m, =0
m_=~140MeV
m, =106 MeV

- R . FRA :
T~ REST FRAME L AB. FRAME In the pion rest frame, the muon has

KE = 110 MeV-106 MeV =4 MeV
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3-body kinematics: the neutrino

Neutrinos do not carry any
charge = take part in the
electroweak and gravitational

interaction = neutrinos hardly

interact with matter

Existence of neutrinos was = '
inferred from studies of the "| have done a
lepton spectrum in beta decays. | terrible thing.

) i ! - Observed =eclad armi’s idea to
n d > d p 2 spectrum of electron h
3 energies energy easure the
d ——v— u - sutrino mass
\ O
\ o 2
W_\ =
\ Z
Ener N
o Endpoint of r——
spectrum

Single beta decay energy spectrum. The observed spectrum .y of beta docay, sbhowing

is continuous and not at a constant energy as was initially o vanes with nentring mass
expected. [D. Stewart]
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Imaging techniques: Nuclear

Emulsions
o CHARM DECAY
. ’ Photon exp .WAS59 ~ 1985
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The discovery of the Kaon

1 First evidence of the decay of the Kaon
into 3 pions was found in 1949 in
Nuclear emulsion

-
-

. Brtoetto Lecture 1




Invented in 1952 by Glaser

I mag | ng DeteCtO IS (1960 Nobel Pin Physics)
the Bubble chamber

1 Abubble chamber is a vessel filled with a
superheated transparent liquid (for ex. Hydrogen
at T=30K). A charge particle initiate boiling. Particles

1 The size of chambers grew quickly:
1954: 2.5’ (6.4 cm)
1954: 4’ (10 cm)
1956: 10" " (25 cm)
1959: 72’ (183 cm)

1963: 80"’ (203 cm
1973: 370 cm 1 Urban history: Glaser was

inspired by the bubbles in a
1 Some disadvantages: glass of beer

— It cannot be triggered 1 In a 2006 talk he said that
— Low rate capability he did experiments using

— The photographic readout: for data analysis beer to fill early prototypes.
one had to look through millions of photos

Magnet coils

Q0000 OOPOOOOO
0]0]0]0]0]0]0]e]0]0]0]0]e)

Magnetic field
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scovery of the Omega

The 80-inch Bubhle Chamber

BNL, First Pictures 1963, 0.03s cycle () =sss Confirmation of the quark model
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The dlscovery of neutral currents

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

2 m in diameter, 4 m long and filled with Freon at
20 atm, in 2 T B field

Gargamelle in 1973 was the tool that permitted the

discovery of neutral currents.

' Mlcrocosm Exh|b|t|on
g <"'*i;-a« e N e TR

20 D. Bortoletto e~




Electronics detectors

1 In the 70ies the logic
(electronic) detectors took over
— Geiger counters
— Scintillator + photomultipliers
— Spark counters

1 The particle is not “seen” but

Its nature and existence
“deduced” via a logic
experiment (coincidences, Scintillating Screen:

triggers, detection of decay 1 Rutherford Experiment 1911:
products ...) — Zinc Sulfide screen used as

detector.

— If an alpha particle hits the
screen, a flash could be detected
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Spark Chamber

\ Electron The Spark Chamber was developed in the
early 60ies.

Schwartz, Steinberger and Lederman used it
in the discovery of the muon neutrino

A Plastic Scintillator

Mel-Schwartz :

Plastic Scintillator * A

HV
Pulser
Coincidence ;
Circuit
-10 kV

1 A charged particle traverses the
detector and leaves an
jonization 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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Multi-wire proportional chambers

Tube, Geiger- Muller, 1928
Multi Wire Geometry, in H. Friedmann 1949

\

G. Charpak 1968, Multi Wire Proportional Chamber,
readout of individual wires and proportional mode working point.

A charged particle traversing the detector leaves a trail of electrons and ions.
Wires are kept at positive HV.

Electrons drift to the wires in the E field and form an avalanche close to the wire.
This induces a signal on the wire which can be read out by an amplifier.
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The merge of electronic Images
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Discover of the W and Z (1983)

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 e-and e*.




Particle Detection and stable particles

1 The most frequent “stable” particles (ct > 500 ym) are:
Electrons (e), muons (u), photons (y), pions (1), kaons (K),
protons (p) and neutrons (n)

1 A particle detector must be able to identify and measure at
least the energy & momentum of these 8 particles.

EM Interactions: Electrons (m,=0.5 MeV ), muons (m ,;=105.7 MeV),
photons (m,=0)

EM & Strong interaction: pion (m_=139.6 MeV),

Charged kaons (my*=493.7 MeV), protons (m;,=938.3 MeV)

Strong interaction: Neutral K (m,° = 497.7 MeV) and n (m_=939.6 MeV)

The difference in Mass, Charge, Interaction
are keys to particle identification
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Unstable Particles

’ CDF Run 2 Preliminary, 6 pb '1, 27 Feb 2002
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Quark confinement and Jets

Hadron-level jets

Hadronization

Parton-level jets é

)

Underlying event
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Particle Identification

Tracking Electromagnetic Hadron Muon
chamber calorimeter calorimeter chamber

photons 4

TNE<

Innermost Layer... ———ie- ... Qutermost Layer

2l High p Highp  Tracking
Low p

Electrons ionize and bremsstrahlung due to their small mass

Photons do no ionize but undergo pair production in high Z material
Charge hadrons ionize and produce hadron shower in dense material
Neutral hadron do not ionize but produce hadron shower in dense material
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The advent of silicon

1 The measurement of the lifetime of c and b quark

Misaing EE
Et-285.7 phi-4.5

Liakt of YTcacka

Id pt phi eta
Cdf Tecacka: ficakb 3

4628 -33.5 -0.7 -0.3
438 25.9 2.9 -D.3&
%93 21.2 1.6 -0.3 “
469 -l16.4 0.9 0.5 j
500 2.7 0.7 -0.1

To aglect Eeack Eypa
Se¢lectCdfXcack(Id)

secondary vertex

Svt Tcacka: ficat 3
] 120.2 1.2
2 45.2 3.5
1 -15.1 3.2 M‘
5 9.5 2.4 / \
3 1.4 4.6 ~ 1 mm

primary vertex

I

N

To agleck bteack Eype

S¢lectSvEXcack(Id)

Missing enerqy

Tracking and vertex detectors were crucial to the discovery of top

pp—1tt = W'bW b — bl*vb (v



Detector Optlmlzatlon

Which kind of “particle” we have to detect? .’w--éésjj:' 'Ifﬁ

-'aoavvu;x'.'. ------- o

.,..sg-‘

What is the required dimension of the '@R
detector? | | '"""Tm in

fdd
: o,

Which “property” of the particle we have to
know?

Position
Lifetime
Quantum numbers
Energy
Charge
What is the maximum count rate?
What is the “time distribution” of the events?
What is the required resolution ?
What is the dead time?
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Measurement Resolution

Resolution generally defined as 1 standard deviation (10) for a
Gaussian distribution, or the FWHM (Az)

— For a Gaussian o=FWHM/2.36
If the measurement is dominated by Poisson fluctuations

E resolution= o/E

\..
\

Voltage

1 What if the distribution is not Gaussian ?
— Box distribution: o,= pitch/ V12 [ Dlx,)ax
— Other distributions: RMS —‘g D(x) =1 uniform distribution of tracks

X =0 pixel centre
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Configuration of HEP Detectors

Fixed target geometry

“Magnet spectrometer”

interaction  tracking muon filter

LHCb point

ALICE

beam magnet calorimeter (bothgeometries)

(dipole)

LHCDb

Muon system
Electromagnetic calorimeter

Hadronic calorimeter

Tracking system

D. Bortoletto  Lecture 1

Collider geometry

“47r multi purpose detector”

A

T
TERY

T barrel T
endcap endcap

ATLAS
CMS




Multipurpose Detectors
Particle flow reconstruction

T
Oom

Muon Spectrometer
C M S . Drift Tubes and Resistive Plate Chambers
Hadronic

Calorimeter Tail Catcher
Calorimeter

N
Electromagnetic QR N\
Calorimeter \‘,Afj\;:'\‘\"/'{‘“ff‘.*-‘“ \
\7 * BN \‘\ \\ \
Silicon Tracker 0 ? : (\,\ ‘
Pixel Vertex = \\ \\\\\\Q )j(\g
Detector - = [l ":;"
(@ gt [ ([ T R B 4
v
' /
Magnetic Field ///////

Instrumented
Iron Return Yoke

Superconducting Solenoid
and Cryostat
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Particle Flow and Missing E;

Particle Flow: reconstruct stable ;

HCAL
Clusters

MET Resolution

particles in the event ( e, u, y & charged noutral |

and neutral hadrons) from the

hadron !

information from all sub-detectors, to
optimize the determination of particle
types, directions and energies

N N
o o

—
o
IIIl|||||||||||IIII|IIII

o(Calibrated Ex'y) (GeV)

T T T

—+— type2 calof, (Data
— type2 calof; (MC)
—+— tcE, (Data)

— tck; (MC)

—+— pfE; (Data)

— pfE; (MC)

LN LS LI L L L |

Using calorim

—r—

sing also fra

CMS \s=7TeV

||||||||||||Q|||||m|||||:

1 1 | 11 11 I 1 11 1 | 11 11
200 250 300 350 400
Calibrated pfZE, (GeV)

» At the LHC an unknown proportion of the
energy of the colliding protons escapes
down the beam-pipe.

« If invisible particles (neutrinos,
neutralinos ?) are created their
momentum can be constrained in the
plane transverse to the beam direction

B = -3 pr(y
1




Application of HEP
Detectors: PET

detectors norganic Scintillator
TTO” BGO, LSO

comncidence
electronics

=y

image
reconstruiction

i » IIC, I3N,ISO’I8F

51 kev' [ electron

posiron 4 6' *511 kev

nucleus
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FUNDAMENTAL PHYSIC PRIZE

Cal'Arenys

Moducte elaborat per Ca Fveys, 51

Panastpge del R, L2
OR289 Vailn fe Torvosie
B ebval

YRS S ereyg o
D L W

00 1047 LOT: 267
B 25 RGS: J0.10621/8

CONSUM PREF. / BEST BEFORE:

02014

ingredients: sigua, malts, Tupols, Bevats
| Ooxtrosa. / Ingredients: water, malts

hops, yeasts and dextrose

March 2013

45%

QUIICU

RAFT bEER - HTTER

Peter M gEs s o British

theoretical physiost and a  professor
ementus at the Universty of Edinburgh. He
5 best known for his 196805 proposal of a
spontanecus symmetry breaking scheme
that gives mass to fundamental particies
In edectroweak theory in particular  gves
mass to the W and Z bosons. Thes so-called
Higgs mecharssm, proposed by several
physicists at about the same time
predicts the exstence of a new particle
the Hggs bosor

This ale was concerved and brewed t

recopnse s caroer. Our most sncere

homage!

. - cconlENPSTURNIUUCSN L f




Useful material &
acknowledgments

1 | have taken part of the content of these lecture from Werner Riegler’s
summer student lectures in 2011 and Erika Garutti's DESY lecture notes

1 Useful books

Detector for particle radiation, Konrad Kleinknecht
Techniques for Nuclear and Particle Physics Experiments, W. R. Leo

Particle Detectors, Claus Grupen

Introduction to Experimental Particle Physics, R. Fernow

The Physics of Particle Detectors, D. Green

Review in data particle book on Passage of particles through matter
Review in data particle book on Particle Detectors at accelerators
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Historical legacies

1 CDF pioneered the silicon
vertex detector in the s
hadron collider environment R
and pioneered the silicon 3
vertex trigger separating b-
hadrons
CDF and DO developed
multi-level triggering with

fast microprocessor farms to
select interesting events.

Tracker information at L2
triggering with associative

. s
memories CDF’s first Silicon Vertex Detector at the
Smithsonian Museum, Washington

Many of these advances have been adopted and
improved for the LHC experiments
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