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Cours 1 : Généralités

-Introduction de la théorie a la pratique

-Qu’est-ce qu’une expérience de physique?

-Que veut-on observer a propos d’une particule?

-Architecture générale d’'une expérience en physique
subatomique

Cours 2 : Les détecteurs dans le détails

- Interaction particule-matiere

- Les Détecteurs a ionisations

- Uexemple des détecteurs gazeux

- Experiences de Physique des Particules

Cours 3 : Exemples d’expériences

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr

Basé sur les cours de Stefano
Panebianco (CEA/IRFU),

et le cours de Werner Riegler
(CERN),

Particle Detectors , Second
Edition, C. Grupen & B.
Shwartz




Cours 1 : Géneéralites

-Introduction de la théorie a la pratique

-Qu’est-ce qu’une expérience de physique?

-Que veut-on observer a propos d’une particule?

-Architecture générale d’une expérience en physique
subatomique

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr Page 3



LA THEORIE ET LA PRATIQUE

 Théorie

» Construction des Modéles

* Prédiction avec des Modeles
« Simulation de I'expérience

Experience « Design d’expérience
« Choix du dispositif expérimental

« Electronique/acquisition

» Reconstruction des événements

« Comparaison avec la
simulation/calcul

Technologie pure - Papier, Communication

Le physicien complet est a la fois proche des interrogations
fondamentales, mais aussi des avances technologiques pour
trouver un espace de découverte potentielle

CEA/IRFU/DEDIP (vision un peu naive) Page 4

maxence.vandenbroucke@cea.fr



C2A ORIENTATION

Astr Nucl Parti Cos Medical
0 eaire | cule mo
[

Inge

Prof

Analyse
Detection

Chef
Theoricien
Communication

Un choix matriciel !

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr

9
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Master 1
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Licence

: s
=S

*en France, 3-7ans sinon

Chercheur . , /,/a
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https://www.prepa-hec.org/ecole-commerce/post-bac/systeme-lmd/

C22 UNE EXPERIENCE C’EST QUOI ? &

Dernier "ZBUNK”
- Oscillation »(2002)
- Higgs (2012)

- No SUSY

- GW (2015)

- No Wimps ? (2023)
BU‘““‘ - Toponium (2025)
Q - Dynamic DM ? (2026)

LE REEL, C'EST QUAND ON SE COGNE.

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr Page 6
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C€a UNE EXPERIENCE C’EST QUOI ?

I The Standard Model of particle physics — l(-;mnn'- | Theorised/explained
osons

Years from concept to discovery Quarl | Discovered
yarxs

1880 90 1900 10 20 30 40 50 60 70 80 90 2000 12
Electron . e
Photon } |

Muon 1|

Electron neutrino |
Muon neutrino ' {

Down

H
Tau I

Bottom ' l

Gluon | |

W boson | |

Z boson } |

Top | |
Tau neutrino | {

HIGGS BOSON | |

Source: The Economist

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr Page 7



C22 UNE EXPERIENCE C’EST QUOI ? %

Schématiquement (*****)

'3 A

Processu

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr
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C2A UNE EXPERIENCE C’EST QUOI ? 79,,

THE UNIVERSE

BY SCENTFIC FIELD

Schématiquement (*****) ASTRONDMY

-~ 99.999999999999799 999999 799999999
MII9TMITIINI999999999999 1%

OTHER

vAe ~~ Hadrons
< >
A Noyaux :
- => Particule stable
S
~ H :
Accelerator Processu ~\~~l:>art|cule/0ndeE Solide
Source Radioactive TSl
Source Astro TSl Liquide
Diffusion
Interaction
Reaction __ :
=> Processus physique ! Photo-Mutiplicateur b
¢ Chambre a fils '
CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr : Telescope Page 9

-
-------------------------------------------------------------



Sortie signal

Liquide

\
\
\
\ Gaz
\

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr

Apres amplification

At=-0. 70ps  1/4t=1. 42MHz

Edge _& DG 284mY
2. 200mV 3: 200m¥ 1 4. 5 00¥ BW
ACTHQ DC50Q DCTHQ DCTHQ
ofs 40. Bn¥jofs -588mVEnp ty Emp ty

f21.74610kHz  20M5 1k points

courant/tension pour

Sorte

¥T

VYecteur

Buadril lage

Grille

Persistance

{}ds le temps

Progression

de couleur

Spectre

RTC:2017/05/12 14:29:54

mettre ca sur python*

Page 10



INTERACTIONS PARTICULE-MATIERE 9
b

G 14 FRCADEER L C1ARENTRIE

Diffusion dans
le champ d’'un
électron —
avec ionisation

Passage dans la matiére d’'une
particule avec charge électrique

EX.: un muon ou un proton
du rayonnement cosmique

v

Absorption,
Bremstrahlung
Paires...

Diffusion avec
excitation du
systéme atomique,
(ou moléculaire)
suivi par emission
d’'un photon
(scintillation)

Diffusion dans le
champ électrique
du noyau

CEA/IRFU/DEDIP  --- 11
maxence.vandenbroucke@cea.fr




O’Z_Zi INTERACTIONS PARTICULE-MATIERE ﬁ

Comment interagit un Photon avec la matiere ?

~ 100 keV ~1 MeV ~ 10 MeV
ray ener.
Photoelectric Compton Scattering Pair Production
ErY ,/" \‘\\ i ’ e @ X i i

E, (E, > 2m?)

M. Vandebrouck Ecole De la Physique au Détecteur 2021 38



INTERACTIONS PARTICULE-MATIERE

R
&
o
—I‘OO
>
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e
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dE .
S~ Eoclnﬂy‘
l 1 1 lllllll | l‘lll]ll‘ 1 l]llllll 1 llllllll 1 11 1111l
N 1.0 10 100 1000 10000
By = p/Mc
dE 1
e V2 By~ 3-4 (v~0.96¢)
cE Minimum ionizing particles (MIPs) 13

ma



DETECTION : TRACKER SILICIUM

SI0, Laywr

Les autres type de detecteurs =>
Cours 2

CEA/IRFU/DEDIP  ---

-
3 14
maxence.vandenbroucke@cea.fr v
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C2a MESURER C’EST QUOI ?

Sorte

VYecteur

Buadril lage

- Grille

Persistance
st le temps

.............
ICatlION | [Frogression”

| plif
&t=—0.70ns 1/4t=1.42MHz ~ Edge _ &» DG 284m¥ | de couleur

2. 200m¥ 3: 200n¥ & 4D 500V BW [ Unique |
ACTHO DCHOQ DC1MO DCTHQ Speﬁ

ofs 40. Bn¥jofs -588mVEnp ty Emp ty
LeCroy 1. 74610kHz  20MS 1k points RTC:2017/05/12 14:29:54
.\ \ :M
e
(300 gy ek AP \
= .\‘ My~ I8,

PPlononon : (O O SO0} I
Al /0//.?¢ © 0900920 res . Un Canaux = Un signal
" Plein de canals => Analyse
R
\
CEA/IRFU/DEDIP --- }J
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C22 UNE EXPERIENCE C’EST QUOI ? %

Schématiquement (*****)

Photon Ce cours
vay =~ Electron
< e
'3 A Particule chargée
S q :
Accelerator " rocessu ‘~~~~~Partlcule Solide
Source Radioactive S o
Source Astro TN~ Liquide
Diffusion
Interaction
Reaction

=> Processus physique

Photo-Mutiplicateur e
Chambre a fils
Telescope Page 16

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr
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cea MESURER QuUOI ?

Pion

Déterminer la carte d’identité d'une particule :

d

The quark structure of the pion.
Composition *-ud
m: uli or dd
T :du
Statistics Bosonic

Interactions Strong, Weak,
Electromagnetic and Gravity

Symbol o, and T
Theorized Hideki Yukawa (1935)

Discovered César Lattes, Giuseppe
Occhialini (1947) and Cecil

Powell
Types 3
Mass ' 139.570 18(35) MeV/c2
m': 134.9766(6) MeV/c2
Electric charge 1*: 41 e
110: Oe
m:-le
Spin 0
CEA/IRFU/DEDIP  --- Parity -1

maxence.vandenbroucke@cea.fr



CZA DES OBSERVABLES A LA TECHNIQUE DE MESURE

Mesure de I'impulsion
« Technique de spectrométrie magnétique (ou du B-rho)
« Technique de temps de vol (TOF pour Time Of Flight)
« Effet Vavilov-Tcherenkov
Mesure de spin et de la parité
Mesure de I’énergie * (Pas traitée ici)
« Calorimétrie
« Perte d’energie dE/dx
* Frequence

 Par selection

Mesure de la masse et de la charge (PID)

« Combinaison B-rho et TOF

« Combinaison B-rho et dE/dx

 Masse manquante ...

« Direction de la courbure dans un spectrometre magnétique
« Mesure de la perte d’énergie dE/dx qui dépend de la charge
e |electrometre

: /,/«

* Avec un polarimetre indirectement

Page 18



CZA UN EXEMPLE

ionization chamber

drift chamber

Z ¢ _reconstruction
* Path Bp * Olab, Piab

M. Rejmund

‘KE Z M +M/q :’AE-XOGAM

maxence.vandenbroucke@cea.fr rage 19
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Trajectographe

...'.'.ﬂ/

Calorimeétre
électromagnétiqUe eeeeccececece

Calorimétre hadronique eeeee

DétecteursamuonNS eeececscececssce

Aimant 000000 OOGOGSGOSIOSGOGOLOGIOGIS

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr
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The LHC accelerator



commiee CMS EVENT
-

Courbes =trajectoire mesuree par les trajectographes

Barres = Mesure d’énergies dans les calorimetre

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr




Calorimetre
électromagnetique

Calorimetre

: Aimant
hadronique
supraconducteur i v |
avec chambres a muons < i
Om Tm 2m 3m 4m 5m 6m 7m
| 1 | I l I 1 I
légende :
Muon Electron Hadron chargé

Hadron neutre Photon




commiee CMS EVENT

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr




CD EXAMPLE — W CROSS-SECTION
cea ©

W EVENT -> ISOLATED LEPTON

oy N\
g 5 ) Ve (D
p ) e (
AW (W)
_ X \ e’ (E
p
..-’/

“Did vou see 1t?”
“No nothing.”
“Then it was a neutrino!™

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr

W

STAR experiment at BNL

26



Mesurer l'infiniment petit et observer

I'infiniment grand

Cours 2 : Les détecteurs de particules

- Détecteurs au Silicium
- Calorimétrie

- Scintillation

- Détecteurs Gazeux

Collisions That Changed The World

L Ao
" ke

Basé sur les cours de Stefano
Panebianco (CEA/IRFU),

et le cours de Werner Riegler
(CERN),

Particle Detectors , Second
Edition, C. Grupen & B.
Shwartz

27
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Calorimetre
électromagnetique

Calorimetre

: Aimant
hadronique
supraconducteur R & |
avec chambres a muons < i

Om Tm 2m 3m 4m 5m 6m 7m

| | | 1 l I ] l

légende:

— Muon Electron Hadron chargé

—--.Hadronneutre @ ece.-. Photon
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ccza Les Détecteurs a base de Semi-Conducteur

Amplitier
(Charged Particle H
1
Diamond e-h Creation i
_— ﬁ"‘l:n'ﬂ-::
Flectrodes \ — —

30
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without free
charge

. carriers

e Clectron

+ Positive ion from removal of
electron in n-type impurity

= Negative 1on from filling n
p-type vacancy

e Hole

positively
charged.
Sensitive
Detector
Volume.

electron

Conduct
Insensiti

particle

20" %0 0% o,
- +
-'++'!'-.+_.‘ i_|_‘!’-.+_I

+ + + '+

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr

.--U___

Y
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Fully depleted



i ,JZ/ s
Trajectographe

77775
au silicium /// y

Calorimeétre
électromagnetique

Calorimetre

hadronique Almant

Retour de l'ail
sunraconductenr

32
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Pixelated 300 pum thick Si
detectorchip (256 x 256
pixels, 55 pum pitch)

Detectorbias
voltage (~100V)

Sensor Material:
Sensor Thickness:
Sensitive Area:
Number of Pixels:
Pixel Pitch:
Resolution:

Readout Speed:

Threshold Step Resolution:

Energy Resolution:

Min Detectable Energy:
Photon Counting Speed:
Readout Chip:

Pixel Mode of Operation:

Connectivity:
Dimensions:
Weight:

Software:

Si

300 pm and 500 pm

14 mm x 14 mm

256 x 256

55 um

9 Ip/mm

55 frames/s

0.1 keV

0.8 keV (THL) and 2 keV (ToT)

5 keV for X-rays

up to 3 x 108 photons/s/pixel

Timepix

Counting, Time-over-Threshold, Time-of-
Arrival

USB 2.0

89 mm x 21 mm x 10 mm (L x W x H)
30g

Pixet PRO or ask for RadView radiation

visualization software
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Cea

Rayon
alpha = ==

£

-.\.-l'

Rayon
béta =& .

Rayon &3y \w~
gamma "

%

Neutron

'[‘ » W
mass -+ lik2 3 MeV/c! 1.275 GeVic* «173,07 GeVic* 0 =126 GeVic* e l- Exl aﬂ
charge -3 2 3 - 3 0 0

top

up charm

4.8 Mevic? =95 Mevic: ~4.18 Gevic! o
13 . 13 3 13 o A8
2 L2 s 17 1

=2 down strange bottom photon
o ‘ -
)
0511 Mevic: 105.7 Mevic: 1777 Gevic: 91.2 Gevic:
1 1 1 [ 8
2] g 7] g’ 172 & 1 0
4
electron muon tau Zboson | O
-/ 0
Z o o ° 2 w
. @ |- @ || @ | &
8. electron muon tay 2
% ' neutrino neutrino neutrino W boson ) &
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/ You will see that different types of
radiation make different mysterious
patterns on your screen:

—— Large roundish blobs by alpha
particles, long strikes by cosmic
muons, curving worms of electrons
or small dots by gamma or X-rays.

—— From time to time even more rare
can be observed: Delta electrons,
recoiled nuclei, cascade of two or
more nuclear transitions,
proton tracks...

Surface Granite

Muon
Cosmique
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Cea

Et si on en observait ?
Radium-226 Decay Chain

226

1600 y IRA 138 d
llﬂ
o 0.16 ms
222 214
"RADON"
3.82 4 RN Po
llﬂ

o

218 214 5 u d
sosmiBO B LB o Pb

‘ 19.7 m 210 STABLE
o Pb
214 22y

268 miED
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Ctza Les Détecteur a base de scintillation

)
yyhat sc'\n’{\\\ates )

38
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OZZI Les Détecteur a base de scintillation

Detectors based on Registration of excited Atoms - Scintillators

Emission of photons of by excited Atoms, typically UV to visible light.

a) Observed in Noble Gases (even liquid !)

b) Inorganic Crystals

- Substances with largest light yield. Used for precision measurement of
energetic Photons. Used in Nuclear Medicine.

c) Polyzyclic Hydrocarbons (Naphtalen, Anthrazen, organic Scintillators)

- Most important category. Large scale industrial production, mechanically and
chemically quite robust. Characteristic are one or two decay times of the light emission.

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 39



Les Détecteur a base de scintillation

Organic (‘Plastic’) Scintillators Inorganic (Crystal) Scintillators

Low Light Yield Fast: 1-3ns Large Light Yield Slow: few 100ns

BE

NEI0IA  M-70 423 130 0§ 11-15 17=11 Inorganic erysials
NE 104 68 05 10 0.6-0.7  1.7-20 12-25 NaliTl) 230 415 230 167
NE 148 59 i 120 I 30 3 CsTI) 250 560 900 4.51
ME 110 & &34 400 1.0 79-1.1 43 Bi G0,y (BGO) 23-86 450 300 T.13
NEILL 4055 375 8 0.13-04  13-17 1.2-16 Grgomi rytialy
ME 114 47-50 434 350400 ~1.0 a0 i3 Anthracent 100 448 n 1.25
Pilor B f0-63 408 125 0.7 1.6-1.9 24-271 Trans-stilbene i} 354 45 1.16
Pilot F 64 425 300 0.9 L1 10-13 Naphthalene 32 330-348  76-96 103
Pilot U 53-67 ]! (00-140 0.5 14-1.5 1.2-19 pJ-Quarterphenyl 94 437 18 1.20
BC 404 (1] 404 - 7 1.8 1.1 ; .
Boae & 4 - 09 Ll 33 LS Dipelomade BPO) 75 0416 5
BC 420 64 3 -— 0.5 1.5 1.3 3 HH!I-
yh-$-4-biphenylyl)-

ND 100 &0 434 400 —_ i3 33 1,3,4-oxadiazole (PBD) 0 360-§
NDIZD &5 23 2% - 14 11 4,45 mmm}p
NDI&0 & 408 125 - LB 11 quaterphenyl (BIBUQ) 60 165,393 1.30%
b e e ————— A ———— e

LHC bunchcrossing 25ns LEP bunchcrossing 25us

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fScintillator Detectors 40



cea Typical Geometries:

« Light guides: transfer by total internal reflection (+outer reflector)

Light guide

Scintillator
]
| |
=" | [} Light guide
“fish tail” adiabatic
- wavelength shifter (WLS) bars
WLS green
small air gap ___ | NS SO Photo detector
-}

£

blue (secondary)
UV light enters the WLS material

Light is transformed into longer w“rrr * UV (primary)
wavelength scintillator \

—>Total internal reflection inside the WLS /T\
material primary particle

- ‘transport’ of the light to the photo

detector

From C. Joram a1
CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fScintillator Detectors
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Fiber Tracking

4
I
I
I
1
I
£
£
|
1
1
|
I
\

Images of tracks from 5 GeV/c pions (1989)

IMAGE INTENSIFIER

Active target in WA84 (1989)

micro channel type

PROXIFIERS

GLAS TAPER
magnification

CCD

pilic

>VIDED signal

OkV

TARGET

IMAGE INTENSIFIER

SX10X200mm
fiore 80 m

+7kV

OV

OkV

~30kV

FIBRE PLATE INSULATOR IMAGE INTENSIFIER

=30kV OkV

multl Iximm
0.77PHP

+ 10

magnification= L8
gan

Readout of photons in a cost effective way is rather challenging.

42
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Calorimétrie

Cea

TRACKING CALORIMETERS MUONS ¥
velocity electromagnetic  hadronic
measurement

+
FLECTRONS '—J—TA% e-
I"HOTONS « "

HARGED z d T k z mwt
I HADRONS = PI /
NEUTRALI
| LADRONS ﬁ;_ K 0 n
(e.g l\tulvor\sﬁ !
—t -1 ——ty
I e +
\IUONS ) = e | I —— S \ /a/’
prots el
100 - 200 50-100 200 - 400 200 - 400
T
4P
M 1 1
b - -
LA L LIl HHMH
X e |
| i
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Calorimeters can be classified into:

Electromagnetic Calorimeters,
to measure electrons and photons through their EM interactions.

Hadron Calorimeters,
Used to measure hadrons through their strong and EM interactions.

The construction can be classified into:

Homogeneous Calorimeters,
that are built of only one type of material that performs both tasks, energy degradation
and signal generation.

Sampling Calorimeters,

that consist of alternating layers of an absorber, a dense material used to degrade the
energy of the incident particle, and an active medium that provides the detectable
signal.

C.W. Fabjan and F. Gianotti, Rev. Mod. Phys., Vol. 75, NO. 4, October 2003

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 44



. 200 T T
EM Calorimetry a0
100 = E=19.63MeV -
At high energies (higher than 100 MeV) electrons § 30 -
lose their energy almost exclusively by 2 |
bremsstrahlung while photons lose their energy by ﬁ ) Broms = ionizaion. ]
electron—positron pair production N R R T T

Electron energy (MeV)

Figure 34.13: Two definitions of the critical energy E..

C00OO0O|looCco|O0O0OO0O0O

TN
AN

Eof2 Eof4 Eof8 Eqf16

0 1 2 3 4 5 6 7 8

2
i:4( n ) Z(Z+1)a3nalog( 183),

MeC Z1/3 45
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Crystals for Homogeneous EM
Calorimetry

NN N N bW W Y

Fig. 2. Longitudinal drawing of module 2, showing the structure

and the front-end electronics layout. 46
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Cea

Fig. 1 - The ALEPH Detector

= Vertex

Detector

Inner Track
Chamber

Time Projection
Chamber

Electromagnetic
Calorimeter

Superconductin
Magnet Coil

Hadron
Calorimeter

Muon Detectior
Chambers

Luminosity
Monitors

Material Z  Density [g/em®] E. [MeV] Xp [cm] Material Z  Density [g/em®] X [cm]
C 6 22 81.7 193 c 6 22 373
Al 13 27 427 8.90 Al 13 27 35.4
Fe 26 7.8 21.7 1.76 Fe 26 78 15.1
Cu 29 896 19.4 1.44 Cu 29 896 139
w 74 193 8.0 0.35 W 74 193 8.9
Pb 82 114 7.4 0.56 Pb 82 114 157

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr

For 7TeV protons

Hadron Calorimeters are Large
because hadrons are hard to stop

Hadron Calorimeters are large and heavy
because the hadronic interaction length
alpha, the ‘strong interaction equivalent’
to the EM radiation length X,, is large (5-
10 times larger than X,)

electromagnetic shower
100 GeV e-
EE— 40 cm
Fe
hadronic shower
100GeV = S rved
> szt | |40 Cm
X Fe
150 cm
high energetic cascade
el.-mag.
nucleus =7 TTTTTTTTTTAmTTT T oA
. : hadronic
incoming hadron showen
component

intra-nuclear
timescale of cascade
and spallation =1022 s

47
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Sampling Calorimeters

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 48



Ce2a Détecteurs Gazeux

TRACKING CALORIMETERS MUONS
velocity electromagnetic  hadronic
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C@2) EXEMPLE SIMPLE DE DETECTEUR

"CUIUUVLULLITLTL,

Eaperimental Arrangement.—Before considering the various difficulties that
arose in the course of the investigations, a brief description will be given of
the method finally adopted. The experimental arrangement is shown in
fig. 1. The detecting vessel consisted of a brass cylinder A, from 15 to

450cm
E — e ——»
b pov s oo Dl
G e 8
b W - 3 C
Firing Tube Detecting Vessel

1908

Fie. 1.

~H 5.

ki e

el | J ENpEAr i
L
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-
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CZ2Aa PHENOMENE D’AVALANCHE AUTOUR D’UN FILS ﬁ

Lot
A
N

Fil d’anode
THIN ANODE WIRE
5 Cathode radius b
RLYL.
& \
ST
— = I:I..I.--lIIr [ _.3 ot L Anode radius
— =
"
Snaky r o JLerm
- i 1t
a Ty o b ’
o =S '_.':."" —_— : :l | st ELECTRIC FIELD AND POTENTIAL: ;
- _ v 1
<= Arpadr B = e, v
o milr rieng' v
0 r
V(r)=—2In’
2ne, a
C= 2mEq capacitance per unit length
CEA/IRFU/DEDIP - In(5/a)

51
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CQ2 EXEMPLE SIMPLE DE DETECTEUR

lllllll F# L i 1ARaNTHiE

1V

(RADIAL) AVEC: E= ——————

Number of ions collected

r In(b/a)
R : DISTANCE RADIALE A L'AXE

B : RAYON INTERNE DU CYLINDRE
A : RAYON DU FIL D’ANODE

>

12
10 ! ! " Geiger-Miller
| counter |
— e —
Recombination Riciln b :
1000 L before collection limited I
proportionality | :
g ——
lonization  Proportional : | |
. chamber counter | | wv |
10 = | >| | I-4
ihon ! 11
| | i
| |
106 | | | Discharge /'
| | region
| |
' |
N; |
104 - | a porticle | ol
I | I
I | |
102 -—: } : 1
IN, B particle |
| I
| |1 L |
500 750 1000

0 250
CEA/IRFU/DEDIP ---
maxence.vandenbroucke ¥Ritagt, volts

\chargée
Argon S

t AR N
; AV

Fil d’'anode S
Cathode I -

+V,

% » Signal

I: tension trop faible> recombinaison

II: Chambre d’ionisation. Collection des charges
sans amplification.

llla: Mode proportionnel. Le signal est amplifié
et proportionnel a 'énergie déposée.

lllb: Mode Streamer. Phénoménes secondaires
induits par les photons de la premiére avalanche
- Gaz quencher

IV: Mode Geiger-Miuller. Avalanche dans tout le
détecteur. Le courant de sortie est saturé.

52



G 14 FRCADEER L C1ARENTRIE

N
O
ol
=
=

53

N
anode wires

cathodes

anode wire
maxence.vandenbroucke@cea.fr
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e GRANDE CHAMBRE A FILS (1972) 70
bl

EN COMPARAISON DES CHAMBRES A ETINCELLES ET DES CHAMBRES A BULLES, LES CHAMBRES A
FILS SONT PLUS RAPIDES, PRESENTENT DE MEILLEURES RESOLUTIONS SPATIALE ET TEMPORELLE,
SANS TEMPS MORT SIGNIFICATIF ET RESISTANTES AUX RADIATIONS.

"Charpak |

CEA/IRFU/O
maxence.vame




PRIX NOBEL DE PHYSIQUE 1992

The Royal Swedish
Academy of Sciences
awards the 1992 Nobel
Prize in Physics to
Georges Charpak
for his invention and
development of particle
detectors, in particular
the multiwire
propottional chamber.

Georges Charpak
CERNM, Geneva, Switzerland

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr
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C22 » NOBEL PRICES FOR INSTRUMENTATION 70/4

1927: C.T.R. Wilson, Cloud Chamber

1939: E. O. Lawrence, Cyclotron & Discoveries

1948: P.M.S. Blacket, Cloud Chamber & Discoveries

1950: C. Powell, Photographic Method & Discoveries

1954: Walter Bothe, Coincidence method & Discoveries
1960: Donald Glaser, Bubble Chamber

1968: L. Alvarez, Hydrogen Bubble Chamber & Discoveries
1992: Georges Charpak, Multi Wire Proportional Chamber
2009: Boyle and Smith for_the CCD sensor

2017: Weiss, Thorne, Barish LIGO observatory

56 CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr
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C@P2A ATLAS - UPGRADE

LHC / HL-LHC Plan ol*ai>

LHC
LHC
Run 1 I | Run 2 ] | Run3
LS1 EYETS 14 TeV 14 TeV
suwEl | -
solidation i upgrade *
7Tey 8TeV ton coimerors "oy Poimt 4 oo HL-LHC Installation rominal
——— R2E project Civil Eng. P1-P5§ regions e
2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025 2026 2037
i
X -3
experiment 0 experiment upgrade L 0 : 1 d > 5 X 0
7 . 1y | e} 1 P Pg
‘. ‘z" ; beam pipes fk—— phase 1 — phase 2

EXH EXd oy

L LN L L L L L DL L |
Monitored
Drift Tubes

Muon Detectors Tile Calorimeter Liquid Argon Calorimeter
VAN
/N

\ |
\ ,‘«

Efficiency (%)
(0]
o

30 mm @ tubes:
—e— Single tube
- -~ Chamber (2x4)

lllllllllll

llll

20

IITIT]I[TTT]III[1T-

ATLAS NSW TDR A

OIIIlllllllllllllllll

e 0O 200 400 600 800 1000

;‘"

Toroid Magnets SolenoI}d Magnet SCT Tracker Pixel Detector TRf Tracker Hlt Rate (kHZ/TUbe)



Tile calorimeters

| e
- ‘ ) LAr hadronic end-cap and
forward calorimeters
Pixel detector

LAr eleciromagnetic calorimeters

Toroid magnets

Muon chambaers Solenoid magnet | Transition radiation fracker

Semiconductor fracker

10/04/2014 60
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Cours 1 : Généralités

-Introduction de la théorie a la pratique

-Qu’est-ce qu’une expérience de physique?

-Que veut-on observer a propos d’une particule?

-Architecture générale d’'une expérience en physique
subatomique

Cours 2 : Les détecteurs dans le détails

- Interaction particule-matiere

- Les Détecteurs a ionisations

- Uexemple des détecteurs gazeux

- Experiences de Physique des Particules

Cours 3 : Exemples d’expériences

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr

Basé sur les cours de Stefano
Panebianco (CEA/IRFU),

et le cours de Werner Riegler
(CERN),

Particle Detectors , Second
Edition, C. Grupen & B.
Shwartz




Physique Hadronique

CLAS12

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 64
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Ce2 CLAS12 at Jefferson Lab
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Vers une visualisation en 3d du nucléon !

singlet pion valence transverse

quarks, gluons /@d quarks spin

e ‘\ slower

. i Z‘E
5% ‘:’ b
31 Yo Tia o4 o8 v 4 lis 34 ib
3t
1=} 2}» 012
‘qc{s | 01
A0S 1
uarks move o) - oot |
ster 0 02 04 06 08 1 12 14 16 OOE
PR VR

by (fm)

e+p—oe+p+Jy
15.8 < Q2 + M3, <25.1 GeV?2

longitud.

Distribution of gluons

(a) b x<0.01 x~0.1 x~03 )

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr
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|
Overview |

proton

CEA/IRFU/DEDIP  ---

proton

Click on
boxes for info

maxence.vandenbroucke@cea.fr
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Cea CLAS12 - THE MICROMEGAS VERTEX TRA

SOUTH
AMERICA |

4 m2 of Micromegas detectors to be installed in
2017

DREAM based Front-End Electronics

Remote off-detector frontend electronics
connected with 2m micro-coaxial cables

» High particle rate (30MHz) => Fast detectors
» Resistive strips divided in 2 zones inner/outer

» Dimensions: 6x 430 mm diameter disk with a 50 mm
diameter hole at the center

Low momentum particles => Light Detectors
Limited space of ~10 cm for 6 layers

High magnetic field (5T)

Phase 1 (2016) : 2 Layers (6 Det. of 120°)
Phase 2 (2017) : 6 Layers (18 Det.)

vV v v Vv Y

2017 MPGD Conference - CEA
Saclay - Maxence
Vandenbroucke 69
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Physigue Nucléaire

Noyaux Bulles et Spectroscopie Gamma

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 72
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Céa Cas physique : Etude des noyaux bulles

* Origine d’une déplétion centrale dans le noyau 34Si |

2Py ———
13, 2Pg ———
25, ———— 0 1f,, 28
14
20
1d;;, seeee® © 1d,,
34Si 1 G dS Densi
Slzo S, Ground S ity
Orbitales protons Orbitale neutrons | T

_— 3§S (neutron)
— ¥ (proton) ||

3.,
— — 7'Si (neutron)

A cause de son orbitale 2s1/2 vide, le
34Sj (Z=14, N=20) présenterait une
deplétion centrale comparativement au
365 (Z =16, N=20)

-= 34Si (proton) |7

p (fm”)

8 10
M. Vandebrouck Ecole De la Physique au Détecteur 2021 t (fm) 36



« Expérience @NSCL, MSU USA. Objectif : étudier I’occupation de I’orbitale 2s1/2 dans le 34Si et 36S

Réaction d’arrachage d’un proton (1 proton knockout) 34Si(-1p)32Al and 36S(-1p)3P

d’identifier d’ou a été arraché le proton

plan focal
S800

B scintillateurs
s chambres a dérive (CRDC)
- chambre a ionisation

) dipoles »
D2

E1

~I I GRETINA
| XFP
| JN
| 34
= Si S~ B D1

P'::‘gfggal cible ¥Be
objet <

S800
pointE pivot
S800 DETECTEURS
ACCELERAT SYSTEME DE v+ SPECTRO
EUR PRODUCTION IONS
RADIOACTIFS

M. Vandebrouck Ecole De la Physique au Détecteur 2021

et on essaye

37



Spectroscopie Gamme

SOUT
A

DETECTEUR
» Les détecteurs v, la lutte contre la diffusion Compton y Germanium

Astuce 1 : se débarrasser du Compton
avec un bouclier BGO

;Yl
—
I

=1,

BGO //I
I I > I y T
8000 60 u
Co ,l
6000} A , # A |
@ Unsuppressed \ o/ N
5 H' . , ,-\A/J- L W
Q ‘,"' M‘-—"\/\< ‘ ) _/-pJ\N'J'V/ |
O 4000 )| ./ s LAY | |
20001 Suppressed k i
\.
k l.;'. J
0 T T T T T T T T T T T T T
0 200 400 600 800 1000 1200

Energy (keV)

M. Vandebrouck Ecole De la Physique au Détecteur 2021



Spectroscopie Gamme

SOUT
A

DETECTEUR (
» Les detecteurs v, la lutte contre la diffusion Compton y Germanium

Astuce 1 : se débarrasser du Compton
avec un bouclier BGO s I

rYl

— — E b R\ 0! /:
=", . :.’\:" ’.ﬂ \\ r‘ » \ ‘
BGO *; GAMMAEPHERE @ANLY”
- A —
' : _— "
T T T T T T T | T T T ’ ‘i \ ‘}/
8000+ 50 ' S NG ()|
| Co A
0
a 60001 “ Unsuppressed\ ’ ’ L\_ 1
< \‘I i : /“‘VJ W/ \"vf“'
(@] [ Man | ) Jmuwu‘ |
o 4000 P > 1 S m’w“" VA WA \ 1
2000( Suppressed \ i
k j"v. J
O ¥ I § T ' T y T ’ T L T ¥
0 200 400 600 800 1000 1200

Energy (keV)

M. Vandebrouck Ecole De la Physique au Détecteur 2021
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Counts / keV

o

300
250
>
200
£
@ 150

€
3 100
o

o

NORTH
AMERICA

SOUT
A

DETECTEUR
La campagne VAMOS-AGATA @GANIL 2014-2021 y Germanium
VAMOS++ AGATA
A A

A !

=] |

b
il 4 =

by "

I — &t
Sy
— == o

AkJ 29 expériences

E 558 To de données

98
Zr >a8keve  VAMOS + AGATA (2014) EE
MWWMMMWJLW\W Lotk b b @ 6568 heures de faisceau sur cible
L VAMOS + EXOGAM (2011)
B > 7.2keV € /' 14 034 entrés dans le elog

‘ 2386 jours de surveillance
o —at 50 oo 700 'E[kew 7206 560 000 #* cryogénique

——ap
22N

(] 11,5 tonnes de materiel scientifique

M. Vandebrouck Ecole De la Physique au Détecteur 2021
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» Alors bulle ou pas bulle ?

M. Vandebrouck Ecole De la Physique au Détecteur 2021 42



» Alors bulle ou pas bulle ?

1) 3Si(-1p)33Al, détection des vy issus de la désexcitation du 33Al dans GRETINA en coincidence avec le noyau 33Al au
plan focal du spectrometre S800

A. Mutschler et al. Nature Physics 3916 (204.6) 10T key
. e
a 6,000 '
" | 5 L=0
: /
> 1
£ 4000 ,
o :
g :
b4 1 — i
:
S 2,000 ' 3,926 keV
: =2
0 1 1
1,000 2,000 3,000
ET(keV)
2) Le moment orbital angulaire | de I’orbitale d’ou est arraché le p est détermine 12.0 ac
en mesurant la distribution en moment longitudinal du 33Al pour 1’état peuplé py (GeV ¢

3) L’occupation de 1’état 2s1/2 est déduite en de la section efficace expérimentale pour arracher un p depuis cette orbitale
(rappel : orbitale 251/2 peut accueillir 2 nucléons)
Dans le 34Si 0.17(3)
Dans le %S 1.7(4)

M. Vandebrouck Ecole De la Physique au Détecteur 2021 42



Cea Observer les neutrinos >
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Neutrino ™ Meutring ™ [+
\ \ o

e (3
Nucleus g_ Q Electron @ \
Muon or EIEE}

Cherenkav light Cherenkaov light

The generated charged particle emits the Cherenkov light.

Super-Kamiokande |

Charge (pe)

. >26.7
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Times (ns)
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cea Super Kamiokande

NETFLI
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AFRICA
—

Cea  Super Kamiokande — [N s

SOUTH

B n.;e.,‘.: AMERICA; w:
Super-Kamiokande | ; ;
] Neutrino . Neutrino ™ _ [+ °
Y \ . \ o
. o
. ¥y - Mucleus b Electron @
I

Muon or Electrun\ \

Cherenkav light

The generated charged particle emits the Cherenkov light.

o o weo 10 200

Times (ns)

Image du soleil en Neutrino Electronique

e | ¢ s 3 s |
-1 -100
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Antares N

x 10°
Sea Level
: , 7000
6000
§‘ 5000 025 |
= 4000
3 3000 0.2
o
A 2000
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-1 =05 0 0.5 1
(Au=Auoon) €OS(Oueen) (deq) 0.1 |

e/ yr/bin

800 0.05
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400 t
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100
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Moon Shadow in cosmic rays
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AMANDA

Antarctic Muon And Neutrino Detector Array

lceCube

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr



Ce2 AMANDA

South Pole

CEA/IRFU/DEDIP ---
maxence.vandenbroucke@cea.fr
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top view
B
200 m
Power,
/ Signal In/Out
oo Electronics
Phntomultlpller “:,
1
1 Optical Glass Pressure
I8l Coupling Gel Housing,
0 13" diameter
— 1500 m “f il 8
—2000m i !’! N
i Photomultipliers in the Ice,
ta looking downwards.
8 Ice is the detecting medium.
1
— 2500 m
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AMANDA

Look for upwards going Muons from Neutrino Interactions.
Cherekov light propagating through the ice.

- Find neutrino point sources in the universe !

AMANDA
Array

- 'Muon

AMANDA

-

v Neutrino

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr
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Cea  AMANDA - ICE CUBE ¢ &

Pacific
Qcean !?3‘.:!. OCEANIA

I
o

N

.
e -

SOm

snee
‘Seeeeseliee o

oo
Ll LA

1400m (- (|1}

o . ] } o The Eifel Tower b g . )
A very high energy neutrino detected in IceCube on November 12, 2010, with an energy of 71 TeV. af '
Image: IceCube Collaboration [A i 1 1
2400m

Animaton by Jenny Ao & Asra Bystrom _
B ik START AGAIN

Detector Design

1 gigaton of instrumented ice

5,160 light sensors, or digital
% optical modules (DOMs), digitize
and time-stamp signals

1 square kilometer surface array,
IceTop, with 324 DOMs

Wi 2 nanosecond time resolution

lceCube Lab (ICL) houses data
processing and storage and sends

n n —— 100 GB of data north by satellite daily
-08 -06 -04 -0.2 0 02 04 06 08 1 90

Relative Intensity [x 10 *]

[ — T T — ]
-1 -08 -06 -04 -02 0 0.2 0.4 0.6 0.8 1 -1
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MUON TOMOGRAPHY

« Cosmic muons produced by cascade of reactions induced by cosmic rays in
the upper atmosphere
— Flux: ~150/m?/s ~ c0s?0 (maximum in zenith direction)

30000 m

— Mean energy: 4 GeV Oui
— Life-time: 2 us \
— Natural, free and harmless radiation s \ ok
~ Straight propagation (in mean) %
L,
« Muon interaction with matter s ooom / H/ M
‘—hzb\ % ""“’_.1." S
— Bethe-Bloch ionization stopping power B
dE , Nge* Z 1 (1 2m.c?B?y*Wpgy ., &
T =P 57z 500 2 —B =3
ds dmeimyc? AR\ 2 I 2
— Standard deviation of the scattering angle
19.2MeV ps ps Material Thickness | 0 (°) P absorption
0g = —— || 1+ 0.038In— Air 100 m 0.094 | 0.78%
ﬁpc XO Xo Lead 10 cm 1.01 2.9%
— Radiation length Water im 0.35 4.2%
A 0
Xo — 716.4gcm_2 57 Ground 100 m 99%

ZZ+ 1) In—
VZ Muon Tomography of the Great Pyramid | 23/01/2018 | 92



CA  MuoN TOMOGRAPHY USING GASEOUS DETECTORS p{{

* Muons can be stopped (decay) or their trajectory can be changed

« Two modes of muon tomography can be extracted from muon flux
— Absorption muography

- Deviation muography

P —
——

» High potential of societal applications in many fields:

— Volcanology, archaeology
— mineral exploration, civil engineering, ...

Muon Tomography of the Great Pyramid | 23/01/2018 | 93
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Electronic box Detectors

Battery
(optional)

N

/

Gas bottles .
Container

CEA/IRFU/DEDIP
maxence.vandenbroucke@cea.fr
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C2A RESULTS

» Discoveries of new cavities large void above the Grand Gallery

2016——— CEA 2017

a G1 (Alhazen)

141.3 =28.3

tan(¢)

tan(s)

141.8 =247

-08 -06 -04 -02 0 02 04 0.6 08 1

tan(o TSRS '
g ©) =

New void 0.40 < tang, < 0.70

muon flux

freryrrer
/
1
m

* Only 2 such voids detected
» 1stdetection ever from outside
of a deep structure

-
in

ZrrrpTTTLeT

s
=02 0 0.2 04 0.6
tanf,

Triangulation positions
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G1 (Alhazen)

G2 (Brahic)
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CERN Neutrino Gran Sasso

(CNGS)

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 96



If neutrinos have mass:

Ve Muon neutrinos produced at CERN.
See if tau neutrinos arrive in lItaly.

T
~8 e —D 0o —O

—>> Vi —_—> N > \/u EE— V.

CERN

neutrino trajectory >

97
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CNGS (CERN NEUTRINO GRAN SASSO)
B A LONG BASE-LINE NEUTRINO BEAM FACILITY (732KM)
B SEND N, BEAM PRODUCED AT CERN
B DETECT Ny APPEARANCE IN OPERA EXPERIMENT AT GRAN SASSO

=> direct proof of v - v_oscillation (appearance experiment)

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr
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For 1 day of CNGS operation, we expect:
protons on target
pions / kaons at entrance to decay tunnel

v, In direction of Gran Sasso

v, in 100 m2 at Gran Sasso

Vv, events per day in OPERA

V. events (from oscillation)

CEA/IRFU/DEDIP ---
maxence.vandenbroucke@cea.fr

NEUTRINOS AT CNGS: SOME NUMBERS

2 x 1017
3 x 1017

1017
3 x 1012

~ 25 per day

~ 2 per year

101
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Magnetic Spectrometers

First observation of CNGS beam neutrinos : August 18", 2006
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AMERICA
e p C C C C s
e
. Aieheas e

Basic unit: brick
56 Pb sheets + 56 photographic films (emulsion sheets)

Lead plates: massive target
Emulsions: micrometric precision

Brick
- -
_-" 1 mm
- - «—>
- il ‘: .l T &
- ull :'ull :”'. f. Liaot
[ gagiii: ntNARY . AR
T R [Tl 10.2x 12.7 x 7.5 cm®
v i tinfyd BT
q+.\ ~~~~~~~Pb
C(Vh\he de gélatine
photographique 40 um

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr
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Pacific
| G

The Brick Manipulator System (BMS) prototype:
a lot of fun for children and adults !

ale e

The robotised “"Ferrari” for

insertion/extraction of bricks with
vacuum grip by Venturi valve

/]

71—

£

. —
sl

m——
T
-

W |

1;\\ \ / W
Tests with the prototype wall

"Carousel” brick dispensing
and storage system
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Fig. 15

Event: 12254000036, Sep 09, 2012, 22:00 (UTC), ED: TOP VIEW

E

[ Event: 12254000036, Sep 09, 2012, 22:00 (UTC), Tracks reconstructed in emulsion

Event 12254000036, Sep 09, 2012, 22:00 (UTC), ED: SIDE VIEW

T
|
J

Y (cm)

i

Z ﬁcfn)
(a)

I'rack types

proton

hadron

¢+/e- (gammal)

et+/e- (gammal)

Tau event (2021)

(b)
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CQZI Concept Study for Observing Galactic

Neutrinos in Neptune’s Atmosphere

Upper atmosphere,

cloud tops |ncoming |_|ght RayS
/q

Atmosphere / /
(hydrogen, helium, /
masiane gas) 3U CubeSat u
\ \\ /
Mantle
(water, ammonia, \ \/
methane ices) \/
Bubble with Reflective Layer
Core
(rock lce) Fig. 14 Diagram of reflective bubble environment
redirecting the incoming light rays back to the
NEPTUNE CubeSat.

Cherenkov Hit Distribution at the Surface

Fig. 15 Sketch of the Internal Structure of Neptune

— 40 e-+100+0+-10
produced by NASA EE e e
é 30 :_ Mean y 0.0001698
g C Std Dev x a.1585
;L 20 r Std Dev ¢ 0.1579
- x10°
Distant Sun 10 :— 039
object r ar . 0.3
F v ) 0.25
Fig. 4. Depiction of Neutrino Gravitational Lensing _10F- - 0.2
of the Sun. C
b . . 0.15
: 0.1
0 0.05
TO See Gal aCtIC Core and BH _4_0;(; 11 I_B‘OI 11 I_2|0I 11 \_1|0I 111 é 111 I1‘0I 11 I2|0I 11 \3|0I 11 I400

X Position (km)

Fig. 7 Cherenkov hit distribution generated by a 100
CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr GeV Electron at the surface of the atmosphere. 106
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cezy  Neutrino Mass Measurement (KATRIN)

1.5+

=
=]
L

1/N dN/dE (eV™1)

. u T ’
\\ 18572 18574 Ve

o
&
|

0.0 T T T '.
0 5000 10000 15000 20000

energy (eV)

Analyzing plane

U,(f) Uana(r)
Electron
USTC(rv Z) ) X . ( T2
Electrostatic high pass filter & HeT+

Transport and TN SIS, AL SR Segmented
pumping il detector

Tritium source

Rear wall and
electron gun

Main spectrometer
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Neutrino Mass Measurement (KATRIN) 70
ot

Karlsruhe Tritium Neutrino
(KATRIN) experiment

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 108
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Direct neutrino-mass measurement
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Detection principle

A new idea -
e 10 - Mightest = 50 meV
/ = A=10 meV
S 108+
‘ . ~ ~ Q _q') T=3He+e +v, ;
\ S B H 106 - h Endpoint of spectrum
(4,2) (A4,Z+1) Ve — 1 57 |—wo
iy O 10*{ = 10 .
‘6 CvB: v+ T= *He + ¢
e - 2
e 10
= i
v, e kg :
—® — B — 102 ' —L Y ' '
& -200 -100 0 100 200 300
A Z AZ+1 Sl
(4,2) (AZ+1) iR E.-Q (meV)
mV mV T
A.G.Cocco, G.Mangano and M.Messina JCAP 06(2007) 015 = 5
PTOLEMY: experiment layout
Eg
K.
RF antenna Dynamic EM Filter srond ow ¥
measure of K and K , particle selector
Graphene Calorimeters
monoatomic T storage TES provide a differential
l measurement

ETot =Q(VTES'VTarget) +ERFcurr+EcaI
CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 110



PTOLEMY

T=1.9K =p,=~ 0.001 eV 3

n=56cm3x6

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr

Neutrino flow

=10*

= - Cosmological v

Io-l =

Is it pos$;i},:§le to detect 0.001 eV \neutrinos?

Solar v
Supernova burst (1987A)

__~Reactor anti-v

L | v from AGN
‘lO 200
4 i Cosmagenic
10 v
‘IO 28
10¢ 10 1 10° 10° 107 10" 10" 10"
ueV.  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
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The SNO+ Experiment

b
[ -
nu—.”- ——— _':,_-.
. :-ql:\ -0 Shatt : -
«l«‘{' ‘\
™ 1230011 ) Norite / -
oret Rock A
- B st
N &
1190 =1 (3000 18 2im -
lere )
Granite
Gabbro .
i\
1646 m (5400 1)
ot |
e S
CN Tawer T &
W|Imiisisen) M3 m(BBO N ) A0 50

level

* Depth = 2070 m (6000 m.w.e.)
* ~60 muons /day in SNO+
* 10,000 sq ft Class-2000 clean room

CEA/IRFU/DEDIP  ---
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Located at SNOLAB inside the
Creighton mine near Sudbury,
Canada.

SNO+ is the successor to
Sudbury Neutrino Observatory
(SNO).

Surface
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The SNO+ Detector

Deck + DAQ

Acrylic
~__ Vessel

UPW ~ o12m
shieldi_n%; ) ; - 5 cm thick
+1700 tinner @181

Urylon |If;el’ -
Rnseal ~780t
Liquid organic
scintillator + PPO

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr

‘Broad neutrino physics program

- Neutrinoless double beta decay of **Te
- Reactor anti-neutrinos

- Geo anti-neutrinos

- Supernovae neutrinos

- Nucleon decay and exotic physics

- Solar neutrinos (pep, CNO, low E ®B)

Three Experimental Phases
- Water-Phase

- Liquid scintillator phase
- Te-loaded liquid scintillator
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cables

cooling
system

feedthrough

level

meters
operation readout
liquid
level ™~ _ short level
meters=3
e Teflon

Teflon supports =3
support

long

level

meter inner vessel

- outer vessel

Fig. 1. Schematics of the two-phase xenon detector
as used in PandaX. LXe is contained in an inner
vessel insulated by vacuum from the outside. One
long liquid level meter monitors the overall liquid
xenon height and three short level meters monitor
the height of the liquid-gas interface around the
TPC.
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Cea

ANTI-MATIERE
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Cea The Positive Electron

MARCH 15, 1933

Out of a group of 1300 photographs of cosmic-ray tracks
in a vertical Wilson chamber 15 tracks were of positive
particles which could not have a mass as great as that of
the proton. From an examination of the energy-loss and
ionization produced it is concluded that the charge is less
than twice, and is probably exactly equal to, that of the

PHYSICAL

REVIEW VOLUME 43

The Positive Electron

Care D. Axperson, Califormia Institute of Technology, Pasadena, California
(Received February 28, 1933)

curvatures and ionizations produced require the mass to be
less than twenty times the electron mass. These particles
will be called positrons. Because they occur in groups
associated with other tracks it is concluded that they must
be secondary particles ejected from atomic nuclei.

Fditor

1930 : Data taking
1932 : Analysis
1933 : Paper

1.5T Wilson Chamber
Rec. Cosmic Rays
1300 events

15 tracks with et

proton. If these particles carry unit positive charge the

How Diffusion Cloud Chamber Works

“/ Supersaturated Alcohol @  CondensatonTrail \\
Vapors ‘

O

lonized Gas

6‘9 Atom
O\ Gas Atom
0%e
Condensation Polar Alcohol
Center Molecule

Particle

Alcohol Myst Droplet
Path

© § O )
o A Stoev 118
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1930 : Data taking
1932 : Analysis
1933 : Paper

1.5T Wilson Chamber
Rec. Cosmic Rays
1300 events

15 tracks with e*

posisron (Fp =21 X 10% gauss-cn) passing theough a 6 mm le |,|
olt |~.».mn| (Hp= |0 ; us! |) Fhe ler gvh l| l tter pa |I
the sible ler H of a protc | ath of this curvatue
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Linac and
e+ trap
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ASIA]
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AMERICA
Cea B A R at E R N -
AFRICA

() CEAN
T=10pnK AE =1 peV
E - H atoms
et . 40
N in Paul trap L
. laser r Laser beams
| oy 30 F
beam / _ |
0 y = = 20 L | top TPC |
[ ) I Capture ‘
-0.1 \ : electrodes
10 ”
S Paul trap— i
2 L L irror
Sof
N T antihydrogen cloud
10 [
I Annihilation plate | (movable)
20 :_ : k\‘;lk)ottom TPC 9
; : -30 |
Detection requirement: K
TOF precision : 150 us gobocbin o, 0 B8,
Annihilation vertex precision : 1 mm 40 -30 20 -10 0 10 20 30 40
. x (cm)
Background rejection through event topology
Scheme under design: TPC with micromegas Ag
chamber (as in T2K near detector) ~ 10—2
121
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TECHNISCHE
antiProton Unstable Matter Annihilation (PUMA) UNIVERSITAT
DARMSTADT
Proposed technique: Low-energy antiprotons as a probe
Capture in Cascade: Cascade: Annihilation Final-state
excited antiproton > Auger —> radiative »| with surface »| interactions of emitted
orbital transitions transitions nucleon mesons
2“0 [:I(g\gi
19 7 [ 6807 1576
B // 7 i 7 o ™7 i S ’;;54?5:;?) i
1 77 EF P /76{7@"'-'3.1';4.‘3(24) et
15 7 7 1 7240) 77 43800 7416.509) ZA80(26) 1371
14 708 77 JTea T T 169 1266 I 191
13 _{Le@ /23 /[ 16 - T JOLAQ9E- 16
2 / ] 358 [/1639) [92929) 1065
., /1.9(4) / /3‘8(5) / / 113.335)°10-9 /lon.(xao) s
o J/M.l(l])'n-a rl//]ﬁj(xl) /‘/106.9(31) o1
/ /14.1(11)'“-"’ //113.3(35)'13-1-
9 / /J 403
/ 1.5(6) /4.2( 15)
8 0
R. Schmidt, PRC (1998)
Clara Klink | CERN | TU Darmstadt — Institute for Nuclear Physics
FuPhy 2024 | 08. - 10. Apr 2024, SMI, Wien s
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PUMA at CERN

TECHNISCHE
UNIVERSITAT
DARMSTADT

Transporting Antiprotons from AD to ISOLDE

* There is no connecting beam line between the 2 facilities

* Requirements:
— a transportable ion trap with sufficient storage
capabilities
— XHV vacuum conditions for the storage of
antiprotons (20 cm™3)
— a detection system for monitoring annihilation
rates during the transport

Good news:
* Long antiproton trapping time already achieved.
Ex. BASE: > 50 years

» Transportation of antiprotons is also a core component of
BASE-STEP (PI: C. Smorra, Mainz)

Clara Klink | CERN | TU Darmstadt — Institute for Nuclear Physics
FuPhy 2024 | 08. - 10. Apr 2024, SMI, Wien
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AXIONS

SouTH
AMERICA!

Axion helioscopes

Photon
detector

Axions from
the Sun

© Igor G.Irastorza

Figure 2: Feynman diagram, associated with the co-
upling between an axion and two photons.
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Helioscopes

Axion helioscope
concept
P. Sikivie, 1983
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L
10m
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AFRICA \ 5

Conceptual Design of the
International Axion Observatory

Armengaud et al.
JINST 9 T05002 (2014)

§ Large toroidal 8-coil magnet L =20 m
K | § 8 bores: 60 cm diameter each

§ 8 x-ray telescopes + 8 detection systems

§ Rotating platform with services
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CEA/IRFU/DEDIP  --- Recoils from fast neutron expected here
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Figure 5. The black data points are the DAMA residuals in the (2-6) keVee energy window, Time (day)
taken from [1,5]. The curves are fits to a cosine annual modulation peaked on June, 2nd (red 26keV
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Anomalies in Gravitational-Lensed Images Revealing Einstein Rings Modulated
by Wavelike Dark Matter

035 ~04 ~03 -02 CT’JC el 02 03
K K OK

HS 0810+2554 was discovered in 2002 by
the Hubble Space Telescope

=> The growing success of YyDM in
reproducing astrophysical observations tilt
the balance toward new physics invoking
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LISAMAX

LISAmaz: Improving the Gravitational- Wave Sensitivity by Two Orders of Magnituded

100 T Sun
w— Earth
0.75 1 e
SC3
0.50 4
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< 0251
¢
E 0.00 4 -
% \
> -0.25]
-0.50 1
-0.75 1 7
-1.0 -0.5 0.0 0.5 1.0

XgynEarthrot [AU]

Figure 1: The optimized science orbit of LISAmax over a 10-year duration in the Sun-
Earth rotating frame.

LISAmax: Improving the Gravitational-
Wave Sensitivity by Two Orders of
Magnitude
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Launch on 2040-08-20
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Pierre Auger Observatory %

studying the universe's highest energy particles

Pierre Auger Cosmic Ray
Observatory
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Use earth’s atmosphere as a
calorimeter. 1600 water Cherenkov
detectors with 1.5km distance.

Placed in the Pampa Amarilla in
western Argentina.




3 - nine inch

Pmulﬁplier : Plastic tank with
@S 12 tons of water
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Cea

Pierre Auger Cosmic Ray Observatory

L . . M
See CR incoming direction | See individual station data

See event reconstruction data | See CR incoming direction
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Signal in VEM for the 3 PMTs of station 160 (DAD) as
a function of time
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FIG. 4: Activated pixels above threshold in a Samsung
Galaxy SIII phone, during exposure to **Coo. Box size is pro-
portional to pixel response values
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several pixels.
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ALPHA MAGNETIC SPECTROMETER

Try to find Antimatter in the primary cosmic rays.
Study cosmic ray composition etc. etc.

CEA/IRFU/DEDIP ---
maxence.vandenbroucke@cea.fr
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Will be installed on the space station.

CEA/IRFU/IDEDIP Plot plus moderne
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Zenith Radiator

: TRD:
USS _ Transition Radiation Detector
° IlIIlllIIIIIlIIIlI IIIIIIIIIIIIIIIIIIIIIIII]IIII S
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S e AMS-02
o B + |
IS oot ¢ ¢
1074

Secondary production
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Figure 1. Antiproton to proton ratio measured by AMS. As seen, the measured ratio cannot be explained

by existing models of secondary production.

PAS:
Payload Attach System

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 147



Vendredi 5/07 11h (IJCLAB)
Lundi 8/07 12h (CEA IRFU)

il Vesurer I'infiniment petit et

Mercredi 10/07 11h (IAS)

DE LA RECHERCHE A L'INDUSTRIE Obse rve r I’ i nfi n i me nt gra nd

Cours 1 : Généralités

-Introduction générale sur I'importance de la mesure

-Qu’est-ce qu’une expérience de physique subatomique ?

-Que veut-on observer a propos d’une particule?

-Architecture générale d’une expérience en physique subatomique

Cours 2 : Les détecteurs de particules
STAGE / QUESTIONS - Trajectographie :

-Détecteurs Gazeux
-Détecteurs au Silicium

- Calorimétrie
- Scintillation

Cours 3 : Exemple d’expériences
- Autour du Neutrino

- Nucléaire et Hadronique

- Rayons Cosmiques

- Antimatiere

Maxence Vandenbroucke u n IVE‘.' rS |té

07/2024 PARIS-SACLAY
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PLAN DES COURS

Cours 1 : Généralités
-Introduction générale sur I'importance de la mesure
-Qu’est-ce qu’une expérience de physique subatomique ?
-Que veut-on observer a propos d’une particule?
-Architecture générale d’une expérience en physique
subatomique

Cours 2 : Les détecteurs de particules

- Trajectographie :
-Détecteurs Gazeux
-Détecteurs au Silicium

- Calorimétrie
- Scintillation

Cours 3 : Exemple d’expériences
- Autour du Neutrino
- Nucléaire et Hadronique
- Rayons Cosmiques
axencevendenronckeacea - Antimatiére Page 149



CZa SOURCES

Baseé sur les cours de Stefano Panebianco (CEA/IRFU) rencontre d’ete 2016

Le cours de Werner Riegler (CERN Summer Student Lecture Program 2009)

Particle Detectors , Second Edition, C. Grupen & B. Shwartz
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ALICE

A heavy lon Experiment at the LHC
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ACORDE ABSORBER MUON FILTER

HMPID DIPOLE MAGNET TRIGGER CHAMBERS

'/ 3T MAGNET

TRACKING CHAMBERS
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ALICE Particle ID <

Alice uses ~ all

known techniques!

TPC+ITs M WK

(dE/dx) W o e
TOF e In 7777/ /K
K/p
HMPID Bk
(RICH) Kip
0 1 2 3 4 K 5 p (GeV/c)
- I
TPC (rel. rise) n /IK/p Té/p
TRD  e/n I
PHOS  y/n’ o
1 10 100 p (GeVl/c)
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ACORDE ABSORBER MUON FILTER

HMPID DIPOLE MAGNET TRIGGER CHAMBERS

'/ 3T MAGNET

TRACKING CHAMBERS
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C22 COMPASS at CERN

Différentes contributions

1
— (Au+Ad+As)+AG + L+ L,
2\ s N~ A,_/

T~

Spin des quarks J Spin des gluons } Moments orbitaux }

AY ~ 0.3 AG| < 0.5 Lorg =77

Section efficace DIS

d? . .
-, Wg? = a F(x, R%) + o Fo(x, sz +53’5 gi(x, Q2) + 5 g (x, Qzl

+
K - fonctions de structure non—polarisées fonctions de structure polarisées

fr 156



C22 COMPASS at CERN

o Faisceau polarisé de u™ du SPS
1-10%/2 - 108 p par déversement de ~ 10 s
200 GeV/160 GeV |

| o RICH :
e |dentification des hadrons
(KE,mE, ..

o Cible polarisée de 1.2 m de long
dans un champ de solénoide a 2.5 T
e Proton e Deuton

L4
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v.N — 177X

™ — 0, with BR = 17.36 £ 0.05% (1)
™ = e VD, with BR = 17.85 £ 0.05% (2)
= — b~ (nr)7, with BR = 49.52 £ 0.07% (3)
7™ = 2h" kT (nn%)p,  with BR=15.1940.08%. (4)

https://arxiv.org/pdf/1305.2513.pdf
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C2a STEREOa lLL

SOUTH .
AMERICA

Cosari e OCEANIA

L B e B e B
= no oscillation
= 10m from source
= 12m from source ]

Water-Cherenkov
muon veto

Mu-metal L
layer PMTs
Lead shielding
Acrylic B T
buffers

M oarted polyethylene
shielding

for the Reactor Anomaly
best fit parameters
| I B ST R R
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Spectra (arbitrary normalization)

sl g ol  id imlaer visible energy (MeV)
The reactor antineutrino anomaly (RAA) s the observation that the B IR N L 1 . - S . St
neutrino flux measured in many experiments close to nuclear L1
reactors is significantly (more than 6%) lower than one would ppler * e el
:L;:,m —— 0.792 10.072
expect by theory. . 43 ose1 <0028
. p }\%17 e SRP-I - 1.006 +0.029
AY] ! mamsnoyarsk—w * 0.925 +0.046
5ruamsnoyavsk-99 e 0.946 +0.028
:Srgsnoyavsk-% 0.936 +0.039
5raafnoya:sk~87 0942 10.192
Average pure “*U a4 0.954 +0.014
mgo '+—' 0.972 +0.025
New worid average 9 0.958 +0.011
L)B[*HLNO (no osc) "o 0924 +0.014
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IONISATION PRIMAIRE

Production de paires électron-ion : -,.

— Les Interactions Coulombiennes

entre le champ électrigue de la &
particule et les atomes du milieu
produisent des paires électron-ion.
— Les Ionisations multiples suivent une 7 L
statistigue de Poisson:
k "
p" = n—e‘” n . moyen
k — - A
k| k . mesure
— Efficacité de détection: e=1-P'=1-¢€"
— Mécanismes « Excitation: X+p=>X'+p puis X =2>X+e

d’ionisation : + lonisation: X+p>X+pte
CEA/IRFU/DEDIP - . . Effet Penning: Ne*+Ar > Ne +Ar* + e

maxence.vandenbroucke@cea.fr 160



IONISATION TOTALE

« Les électrons primaires ionisent a houveau

le milieu et produisent localement de '
nouveaux groupes de paires électron-ion. “
Si 'electron secondaire a suffisament S,
d'énergie il peut produire une longue trace t.’
(électrond). ® @
« Nombre total de paires:
ED ¥ T ] ] |
AE : perte d’énergie de la particule f o
DE w, . énergie moyenne par paire 50 Xe S
nT = — p
W. 40 W. (eV)
, Z * BF,
M.I.P. dans l'argon: 30 | \ f/
_ P
3 B 0 : . ~N @ C:HsOH _
— AE= 2,65 keV/cm w; =25 eV . o,ﬁ/ 0 @
_ A
— n; = 106 paires électron-ion/cm

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.fr




Fic. (11) 1.7: Photographie d’un individu bioluminescent prise par 'une des caméras installées sur la
ligne d’instrumentation IL07 (lire le paragraphe |(11) 3.1)). L’échelle n’est pas précisément connue (elle
dépend de la distance & la caméra).
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C@2 CLAS12 - THE MICROMEGAS VERTEX TRAR

1 825V on 3mm 3825V on 3mm | Effect on lon Backflow

Lorentz Angle Vs H

©
=

4 Hall B data, B=1.4T
a4 Hall B data, B=2.8T
4 Hall B data, B=4.2T
—— Magboltz, B=1.4T
Magboltz, B=2.8T
Magboltz, B=4.2T

©
=}

-3
=}

Lorentz angle [deg]
~
=)

50;

a

30;

20;

g Detector Radius (mm)

0565500506400 500 bos - Foo éé(jm‘ [‘V%Smol‘“‘] CR6C 222 53
=> Clas-note 2007-004: Simulations of Micromegas | CR6Z 207.54
detectors for the CLAS12 experiment (S. Procureur) | CR5C 192.65

CR5Z 177.57
CR4Z 162.56
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 Observe v, appearance and v, disappearance at long baseline in
a wideband beam to precisely measure the neutrino oscillation
parameters d¢p, 0,3, 043, and Am2,, in a single experiment.
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« 3 components (Right-to-left)

- LAr TPC with pixelated readout (50t)
- Multi-Purpose Detector - MPD
« HPgTPC(1t) + ECAL + magnet
- 3DST-S: Three-Dimensional Scintillator Track

CEA/IRFU/DEDIP  ---
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Z-Y projection full spill & event
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