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WHAT IS APARTICLE DETECTOR ?

An apparatus able to

detect the passage of a particle
and/or localise it

and/or measure its momentum or energy
and/or identify its nature
and/or measure its time of arrival

First observed 2~ event
[BNL Bubble Chamber]
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WHY DO WE NEED PARTICLE DETECTORS ?

An astronomer uses a telescope
A biologist uses a microscope
We (a lot of us at least) use a camera to take a snapshot of reality

Particle physicists invent, build and operate detectors to record the products of
initial particles interactions:

Initial state to record the final state
KNOWN : for physicists to
Inter?)ctlon > interpret the nature of
] > the interaction

Final state
UNKNOWN
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WHAT ARE WE LOOKING FOR ?

Proton 2 ———
Do ———

Proton 1
D1
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PARTICLES
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KNOWN PARTICLES

HOW CAN A PARTICLE DETECTOR

DISTINGUISH
THE PARTICLES WE KNOW

MEASURE PROPERTIES
of PHYSICS PROCESSES

IDENTIFY THE EXISTENCE
OF ANEW PARTICLE
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ELEMENTARY PARTICLES MASS
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Mass of elementary particles in not
predicted by the Standard Model of
Particle Physics.
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PARTICLES MASSES
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PROPERTIES of PARTICULES

Scale factor/ p
7~ DECAY MODES Fraction (I';/T) Confidence level (MeVjc)
Modes with one charged particle
particle™ > 0 neutrals > 0K?© Uy (85.35 +0.07 ) % S=1.3 -

(“1-prong”)
particle™ > 0 neutrals > OKgu,- (84.71 +0.08 ) % S$=1.3 -
TR 77 [g] (17.41 +0.04 )% S=1.1 885
[T 7 [e] (36 404 )x10—3 885
€ Vely [g] (17.83 +0.04 ) % 888
€ VelsY [e] (1.75 £0.18 )% 888
h~ > 0KY v, (12.06 +£0.06 ) % S=1.2 883
h~ v, (11.53 £0.06 ) % S$=1.2 883
T Uy [g] (10.83 +0.06 ) % S=1.2 883
K~ v, [g] (7.00 £0.10 )x10—3  S=1.1 820
h™ > 1 neutralsv; (37.10 £0.10 ) % S$=1.2 -
h= > 170, (ex.KO) (36.58 +0.10 ) % S=1.2 -
h~7Ou, (25.95 +£0.09 ) % S=1.1 878
v, lg] (2552 +0.09 )% S=1.1 878
7~ 7%non-p(770) v, (30 +32 )x10-3 878
K~ m0u, lg] (429 +0.15 )x10~3 814

28th June-4th July 2017

Tables of decay
modes for known
particles

(here for lepton 1)
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LIMITED SIZE DETECTOR

Among these 180 listed
particles,

27 have a long enoughm===3p

lifetime

such that, for GeV energies,
they travel more than one
micrometer

Among these 27,

14 have c.t <0.5 mm and
leave a very short track in
the detector

28th June-4th July 2017
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THE 13 PARTICLES A DETECTOR MUST BE ABLE

TO MEASURE AND IDENTIFY

e m - 0.51 MeV
T m, = 105.7 NeV ~ 200 m, EM

Mp=0 , Q=0 7

' m, ~ #93.F HeV/ ~ 1000w, |~ 3.5 m,

/4./(.
T
X m, - 43% 6 MeV ~ 270 me | EM, Slvong
K
p* mp = 3383 RelV ~2000m.

K

" Mo ~ 4‘5?; ﬂeV Q=0 } .Si
Yoh
n m,~ 338 6 Ml Q-0 ~

T :’.e :D_'ﬂue&& n

MOSS/ C&_av(v, Ilu’lvécéfoh
I.S Me k€7 +0 He Id@xf{f(b&/’fon,

28th June-4th July 2017

W. Riegler/CERN
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UNITS in HEP & International System

Quantity HEP units S| Units
length 1 fm 10" m
energy 1 GeV 1.602-1010 J
mass 1 GeV/c? 1.78-1027 kg
h=h/2 6.588-102° GeV s 1.055-1034 Js

C 2.988-10% fm/s 2.988-108 m/s
hc 0.1973 GeV fm 3.162-1026 Jm

Natural units (h=c = 1)

mass 1 GeV
length 1 GeV'1=0.1973 fm
time 1GeV'=6.59-10%°s

28th June-4th July 2017 15




HOW to MEASURE PARTICLE PROPERTIES

Particles are characterized by eV=16-10"J
c = 299 792 458 m/s
Mass Unit: eV/c2 or eV] e =1.602176487(40)-107°C
Momentum Unit: eV/c or eV]
Energy Unit: eV]
Charge Unit: €]

[+ Spin, Lifetime ...]

Relativistic kinematics:

E? = 32 + m2c*

B B 1

e TR )
E = m~yc* = me® + Exn D= mfyﬁc 5 —

28th June-4th July 2017 16



EXAMPLES of INTERACTIONS

lonisation

Charged
Particle

Electron

Charged
Particle
. . \
Q =
Electron
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Electron
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Photon

/ 7
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Electron
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RADIATION LENGTH

The radiation length is a “universal” distance, very useful to describe
electromagnetic showers (electrons & photons)

Xo is the distance after which the incident electron has radiated (1-1/e) 63% of

its incident energy, via Bremsstrahlung.
Vo
3 /4

\-\,\’\
\ J
| Y 1X
Consider electrons: 0
dE VA 183 |
& ~loNa i Elny > E = Ege %/Xc
@ - £ with Xop = A After passage of one X electron has
dr X 4aNy Z?r2 In ;Lf lost all but (1/e)" of its energy
[Radiation length in g/cm?) _ [l.e. 63%]

28th June-4th July
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TOTAL ENERGY LOSS by ELECTRONS

from | I‘\lllllll | | lllllll | | llllll_
PDG 2010 [ Pos; 0.20
= ositrons Lead (Z= 82) -
_Electrons |
=107 —0.15 ~
Maller 3 Bremsstrahlung : a0
e e g n NE
S 1010 S
'-4IILU Ionization 4
................. 0.5 7
e e i
—0.05
er et -
----------------------- Positron :
------------ - ann%hil?tilo 1 B R
] © vo9 10 100 1000
& E (MeV)
Bhabha
o y Fractional energy loss per radiation length in lead
Annihilation as a function of electron or positron energy

28th June-4th July 2017
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u* in COPPER
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PROTON-PROTON INTERACTIONS

S0
@ “Hard™ Scattering

outgoing parton

proton

proton
underlying event
initial-state
radiation

derlying event

final-state

outgoing parton radiation

=-In tan(0/2)

— —
Pp1+pp2=0 /

proton:

proton

i —_———

\/8=Ep1 +Ep2— \/Sdure=Eparton1 +Eparton2

| M12=V[2E1.E2(1-cosa12)] |

21
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PROTON-PROTON INTERACTIONS

“Hard™ Scattering 4

-

X \/3=Ep1+Ep2—> \/Sdure=Eparton1+Eparton2

| M12=V[2E1.E2(1-cosa12)] |
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DETECTOR at LHC - Challenge

proton - (anti)proton cross sections

10° grrey iy T
10°
S, : ‘
10’ Tevatron LHC
10° 3
10° /
10°* % 5
10°
o om(E,'“' > Vs/20)
= | g
c 10 Cw
© 10° | G,
o °,.,(ETP > 100 GeV)
10° /
10° o,
10° OP'(ETP' > Vs/4)
10° EOrapeM, =120 GeV)”
. 200 GeV ’
10 — 500 GeV |
107 aal " s aaaaaal L
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Vs (TeV)

?

10

2 -1

33 :
eventsYsecfor =10 cm”s

40 millions beam crossing/s
1 billion collisions/s

|08 events/s
~ I 0 |10

10-2 events/s ~

|0 events/min
[my, ~ 120 GeV]

0.2% H > vy
1.5% H > ZZ

A

\ 4
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DETECTOR: PRINCIPLE

| I | | |
Om m m m 4m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
- = = - Neutral Hadron (e.g. Neutron)

'''' Photon

€

Silicon
Tracker

)]1]_”

Transverse slice
through CMS

Electromagnetic
Calorimeter

Hadron Superconducting
Calorimeter Solenoid

28th June-4th July 2017

Iron return yoke interspersed
with Muon chambers

D Bamaey, CERN, Febricey 2004
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DETECTORS: TRACKING

| | | | | | | |
Om im m 3im 4m 5m 6m 7m
Key:
Muon
Electron

=== (Charged Hadron (e.g. Pion)
- = = - Neutral Hadron (e.g. Neutron)
""" Photon

AL Electromagnetic
3 )l“ Calorimeter

Hadron Superconducting
Calorimeter Solenoid
Transverse slice 1X 0 > 30X0 2X0

through CMS

Iron return yoke interspersed

with Muorqlqlliﬁs Xo

> <4 > <
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D Bamaey, CERN, Febricey 2004
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MAGNETIC ANALYSIS

~ ~
< ///
A7 N
-~ ~ /
-~ //
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MAGNETIC ANALYSIS
I

s = sagitta
= chord
p = radius
0
2 BI? ‘ 5p
~ — = 0.3—— —| =
P 8s b 85 p

Charged particle of momentum p in a magnetic field B

If the field is constant and we neglect the presence of matter,
the momentum is constant with time, the trajectory is helical.

28th June-4th July 2017

s
s

p|GeV] = 0.3B|T|p|m]
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What can you say
about this event ?




ATLAS TRACKING SYSTEM

n=14
—>
1106 mm L B
>
617 mm
560 mm n=22 | ‘
. .\ . \ \ A}
275 mm Y \
149.6 mm
88.8 mm
L - | L
R=0 mm |
2720.2 2505 2115.2
2710 Al 1399.7 o
— 1299.9 > 934 a4 580
TRT end-cap — 495 z=0 mm
end-cap Pixel barrg|
Detector SCT 60 m? - 6 M channels Pixels detector 1.7 m2 - 80 M de canaux
Barrel 4 cylindres at R=300, 373, 447 & 520 mm
Forward 9 disks on each side 1744 pixel modules avec 46080 pixels/mod.
~4000 modules Each cell : 50x400 ym? = Opos=14/115 pm
. Barrel R=33.6,50.5,88.5 & 122.5 mm
Cell width 80 pm = Opos = 23 um Forward R coverage 9-15 cm
8 points per trace
28th June-4th July 2017 29




TRACKING DETECTOR: CMS pixel module

A PSI43
® 150 pm x 150 pm pixel

® 52x353 pixels in
26 double columns
345 K transistors

12.8mm

* Periphery:
78 K transistors

Pixel—column interface
* Data buffers (4x24 capacitors)
“l __»* Timestamp buffers (8x8 bits)

_* 12C. DACs, regulators.
. counters, readout, wirebonds
i 6 k transistors

28th June-4th July 2017 30



TRACKING DETECTOR: ATLAS pixel module

e ATLAS Pixel Module
guard ring

ATLAS |
Pixel Detector

[Details]

HV hole
TypeO connector

decoupling =

| Elxel Sensor e

sensor

dim sionf: ~2x6.3m
weight: ~2.2 ¢

28th June-4th July 2017



CONNECTION SENSOR-ELECTRONICS

Connection between the silicium sensor and the reluctancies chip readout
Very high density ~15 wires/mm

Connection via ultrasounds of wires of thickness ~20um

28th June-4th July 2017
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TRACKING DETECTOR: new PIXEL layer installed
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PILE-UP of COLLISIONS

10" protons/bunch

“Hard™ Scattering

outgoing parton 10" protons/bunch

———%  proton

proton T ———

= = underlying event

M U._igl -state
radiation « _

lln;;l—\lulc
radiation

Ability to separate individual collisions - 40 MHz
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TRACKING DETECTOR

Measure charged particles momentum

Uniform magnetic field
High position resolution — high momentum resolution
Close to the beams

— high particle density

—— small cell size

28th June-4th July 2017
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DETECTOR: CALORIMETERS

| | | | | | | |
Om im m m 4m 5m 6m 7m
Key:
Muon
Electron

- = = - Neutral Hadron (e.g. Ne
= ====Photon

Silicon
Tracker

Electormagnetic
B )|ll arimeter

Transverse slice
through CMS

Hadron Surferconducting
Calorimeter Solenoid

Iron return yoke interspersed
with Muon chambers

D Bamaey, CERN, Febricuy 2004
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INTERACTIONS vs INCOMING PARTICLES

CALORIMETERS ARE
DESTRUCTIVE

PARTICLES DO NOT COME
OUT of THE CALORIMETER

ELECTRONS, PHOTONS,
HADRONS

ARE ABSORBED by the
CALORIMETERS

28th June-4th July 2017

Electrons
Photons

Taus
Hadrons

Jets

EM

>

Had

EM

Had
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EXAMPLES of INTERACTIONS

lonisation

Charged
Particle

Electron

Charged
Particle
. . \
Q =
Electron

28th June-4th July 2017

Production
de paires e*e"

Positron

Nucleus Electron

Electron .

Photon /

—>
P
Positron

Nucleus

Diffusion
Compton

Electron

N

Electron

5

Y

Photon
—>

/
Y,

Photon

/ 7
\J
o
Electron
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ELECTROMAGNETIC SHOWER
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The CAVERN haS a FINITE SIZE
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CALORIMETERS measure PARTICLE ENERGY

75k channels
AE/E ~ 3-5%/\E ® 150 MeV/E @ 0.5%

28th June-4th July 2017
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CONSTRUCTION of the CMS CALORIMETER

CERN PH/C\" s
5 Feb. 2004%

CMS ECAL Submbdules

CERN Labo 27 EP-CMA
22 june 99-11

Module
400 crystals

ACFFRm M
sl o o o] o e
I -

Supermodule
1700 crytsals

Pkt

Total 36 Supermodules
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CONSTRUCTION du CALORIMETRE de CMS
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DETECTEURS: SPECTROMETRE a MUONS

| | | |
0m m m im

Key:

Muon

= Electron

=== (Charged Hadron (e.g. Pion)

- = = - Neutral Hadron (e.g. Neutron)
----- Photon ) [

Silicon -f' # | Rna. ' HH H”
Tracker QS e |
" e I

Electromagnetic 1117] g
W) = )
Hadron Superconducting II" ""
Calorimeter Solenoid I"I "II g
Iron return yoke interspersed |||| ""
Transverse slice with Muon chambers | |
through CMS [
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I\/I U O N S FERMIONS BOSONS

charme ‘ photon

étrange

S

9

gluon

WXxXOo-H>r—-oOmZg

o
=

Ve Vi

neutrino e ] neutrino mu] neutrino tau

électron muon

e vy

wzZzo-4Uvmr
OomOoVO™ M

u is the brother of the electron with my=200 x me
Electromagnetic interaction: 1/m?

M interact with matter 40000 times less than electrons

Detection with the muon spectrometer
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AIR CORE TOROID

—
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MUON SPECTROMETER

Magnetic field: air core toroid

25m | |
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MUON SPECTROMETER

ATLAS MDT R(tube) =15mm

l
NAA N L
e e

Amplifier Discriminator

28th June-4th July 2017
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MUON SPECTROMETER

\\
~om sagitta

— ~40um

Specific to ATLAS : Air core Toroid
Minimise matter encounter by muons

WHY ??7?

28th June-4th July 2017

pt<100 GeV Odpt/pT ~2%
pt~1 TeV opt/pT ~10%
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MUON CHAMBERS in ATLAS




TOROID + MUON CHAMBERS
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DETECTOR MISSING TRANSVERSE ENERGY

| I | | | | I I

Om m m im 4m 5m 6m /m
Key:
Muon
Electron
Charged Hadron (e.g. Pion)
- = = - Neutral Hadron (e.g. Neutron)
'''' Photon

-

el

Silicon

Tracker

- Electromagnetic
g )|“ Calorimeter

Hadron Superconducting

Calorimeter Solenoid

Iron return yoke interspersed

Transverse slice with Muon chambers

through CMS
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D Bamaey, CERN, Febricey 2004
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ENERGY BALANCE
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DETECTOR: INTRODUCTION QUIZZ

What is a detector ?
What does a detector measure ?

How is a detector designed ?

Would you join an experiment where the calorimeter is in front of the
tracking system ?

28th June-4th July 2017
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