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ce2 PLAN DES COURS

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-matiére

- Les Détecteurs a ionisations

- Uexemple des détecteurs gazeux

- Experiences de Physique des Particules

Basé sur les cours de Stefano
) e Panebianco (CEA/IRFU),
Cours 3 : Exemples d’'expériences | etle cours de wermner Riegler
(CERN),

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

CEA/IRFU/DEDIP --- maxence.vandenbrou Shwartz
cke@cea.fr




Ce2 PLAN DES COURS '

Cours 1 : Généralités

-Introduction de la théorie a la pratique

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

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

-Architecture générale d’'une expérience en physique
subatomique

“l'm srarching for my bopn”
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 Théorie

* Construction des Modéles

* Prédiction avec des Modeles
e Simulation de I'expérience

EipelEne * Design d’expérience
e Choix du dispositif expérimental

e 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 avancés technologiques pour
trouver un espace de découverte potentielle

CEA/IRFU/DEDIP - maxence.vandenbrou (vision un peu naive) Page 4

cke@cea.fr
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CZA ORIENTATION

Cos
mo

Inge

Prof

Analyse

Detection X
Chef

Theoricien

Communication

Un choix matriciel !
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UNE EXPERIENCE C’EST 70

Dernler 'BUNK”
Oscillation v (2002)

- Higgs (2012)

- No SUSY

- GW (2015)
= No Wimps ? (2023)

LE REEL, C'EST QUAND ON SE COGNE.

CEA/IRFU/DEDIP --- maxence.vandenbrou Page 6
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A

The Standard Model of particle physics m=== Leptons | Theorised/explained

Bosons j
Quarks | Discovered

Years from concept to discovery
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Source: The Fronomist
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v Lecture

Processus ~ Particule Solide

Liquide

Alimentatio
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THE UNIVERSE
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Schematiquement (*****) / \
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INTERACTIONS PARTICULE-MATIERE

Passage dans la matiére d'une Diffusion dans
: . le champ d'un
particule avec charge électrique il

avec ionisation

Ex.: un muon ou un proton
du rayonnement cosmique

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* 11

e.val
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E":;_ o In

10 100 1000 10000
Py = p/ Mc
dE
dx = 3-4 (v=0.96¢)
CE Minimum ionizing particles (MIPs)
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DETECTION : TRACKER SILICIUM

Les autres type de detecteurs =>
Cours 2

CEA/IRFU/DEDIP --- maxenc
e.vandenbroucke@cea.fr
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Schématiquement (*****)

I Photon Ce cours
Yoy = Electron

< )=

Sy Particule chargée

S
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Source Radioactive TSsao
Source Astro ‘~~~~

Diffusion

Interaction

Reaction

=> Processus physique

Photo-Mutiplicateur >
Chambre a fils
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Diffusion élastique.

Pas élastique du to

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

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

Quelle taille ?

Closer Still

I0rHm

Invariance déchelle de Bjorken

107
Py ® HERAIS)
C g & =SBy, =11 : e p{prel}
9] e iR ! Fixed Targe

=8

e L=, =il
. &= AR, T

100} T Traees AU I8
F W x = P, a3

e u = DG, e

1B }% = B, 1

E & R § =B =D

- P iR wm B, =i

Jﬂ-' .__...n-nrl-‘l-'-"-l-'l-'rl'"'l o DL, 3

- '._....-H-.m Fe il =

1 and ZEUS Combined PDF Fit

. w= B0k
1|].". “.-.H-i- - e EANE =]
| R i Sy
1% 5 i it

e
I ; r -:_\-t\-\'- == L, il
L L L] B e ELE ]
&
13 1 il
i o i’ 0’ i’ b’
QY Gev*
. !
- @ proton
4 -
B
|.ﬂ' b= . -
%



cea MESURER QUOI ?

Pion

e

Tha quark structurg of the plon
Compositlen o g

Déterminer la carte d’identité d’'une particule :

' ui or dd
;i
Sinfistica Bosonic

Interactions Sirang, ‘Weak,
I_'_!'t'."ﬂl"ﬂ'l"i'li'll:lll-E"liﬁ ardl vty

Symibod o', and
Thaarized Hidmikl Yokowa [ 16935)

Discovered  César Laties. Ghespppa
Oechialinl (1947} and Cecil

Pawall
Typas 3
Mans - 130570 1R{E5) havic?

n- 134, 9768(8) MeVict
Electric chargs g +1 &

nioa

n:-1m
Spin 1]
Parity =1
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C """ 02 DES OBSERVABLES A LA TECHNIQUE DE p
e

—  MESURE

Mesure de I'impulsion (masse et/ou vitesse)

p=mv

CEA/IRFU/DEDIP --- maxence.vandenbrou Page 20
cke@cea.fr



C """ o2 DES OBSERVABLES A LA TECHNIQUE DE

—  MESURE

Mesure de I'impulsion
* Technique de spectrométrie magnétique (ou du B-rho)

qvB=mv./p — pr=pcosi=qBp

. Tracking measures particle 3-momenta

gBL’
p=qgbr= !

B
lziz H'ﬂ F
p s ¢BL

Interaction point

Precision of sagitta measurement: & = me (N position measurements)

CEA/IRFU/DEDIP --- maxence.vandenbrou Page 21
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C """ o2 DES OBSERVABLES A LA TECHNIQUE DE

—  MESURE

Mesure de I'impulsion
* Technique de spectrométrie magnétique (ou du B-rho)

qvB=mv./p — pr=pcosi=qBp
* Technique de temps de vol (TOF pour Time Of Flight)

L=vt=PBct=Pcyto=pTos/m

CEA/IRFU/DEDIP --- maxence.vandenbrou Page 22
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C """ % | a """ DES OBSERVABLES A LA TECHNIQUE DE

—  MESURE

Mesure de I'impulsion

* Technique de spectrométrie magnétique (ou du B-rho)

qvB=mv./p — pr=pcosi=qBp
* Technique de temps de vol (TOF pour Time Of Flight)

L=vt=PBct=Pcyto=pTos/m

e Effet Vavilov-Tcherenkov c 1

particie \‘k\

Fig. 5.39. [llustration of the Cherenkov effect [140, 141 and geometric

CEA/IREU/DEDIP determination of the Cherenkov angle.

cke@cea.fr
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C """ o2 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 I’énergie
* Calorimétrie
* Perte d’energie dE/dx

CEA/IRFU/DEDIP --- maxence.vandenbrou Page 24
cke@cea.fr



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 traitee ici)
* Avec un polarimetre indirectement

e Calorimétrie
e Par selection

* Perte d’energie dE/dx
* Frequence

Mesure de la masse et de la charge (PID)

* Combinaison B-rho et TOF

 Combinaison B-rho et dE/dx

* Masse manguante ...

* Direction de la courbure dans un spectrometre magnétique
* Mesure de la perte d’énergie dE/dx qui dépend de la charge

’ Page 25
e |’'electrometre



CZa UN EXEMPLE

ionization chamber
drift chamber
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Trajectographe

L™
ili.-.'-
L T

Calorimetre
électromagnétique ....ecsssss

Calorimétre hadronique «.....!

Détecteurs AMUONS sssssssssnss

z
Aimant B S S S SRR R

CEA/IRFU/DEDIP --- maxenc
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The LHC accelerator





<o CMS EVENT
cea e

Courbes = trajectoire mesurée par les trajectographes
Barres = Mesure d’énergies dans les calorimeétre

CEA/IRFU/DEDIP --- maxenc
e.vandenbroucke@cea.fr




s
Trajectographe
au silicium

Calorimétre
électromagnetique

Calorimétre™

hadronique AL Retour de I'aimant filih
supraconducteur ; I
avec chambres a muons 1Ll
0m Tm 2m 3m 4m >m 6 m 7 m
1 | | ] | | I |
legende :
Muon Electron Hadron chargé

Hadron neutre Photon



~em CMS EVENT
Cea
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: """ 7 QCD EXAMPLE - W CROSS-SECTION

W EVENT -> ISOLATED LEPTON
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R LRI Tl

a

CMS (2012 8 TeV) :
Un événement candidat
dans la recherche
du boson de Higgs
(masse = 125 GeV)

Calorimeétre électromagnétique
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10 atm 362 MJ
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Mesurer |'infiniment petit et observer
I'infiniment grand

X e s oy B

1=-11 juillet .

Cours 2 : Les détecteurs de particules 2024
- Détecteurs au Silicium =
- Calorimétrie
- Scintillation e
- Détecteurs Gazeux GRAND e

petit

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

et le cours de Werner Riegler
(CERN),

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

37
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Amplitier

Charged Particle ‘

[ Mamond

v bias

Il

Electrodes \ —

40
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Les Détecteurs a base de Semi-Conducteur

F e %y
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charged. Conduct
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Volume. ive to
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@ Hole
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Silicon Drift Detector

- Potential i

hole bias current bias HV divider

3
hole dark current X
drift
cathodes

Collection
Anodes

Schematic cross section Poly-silicon Quenching
Resistor

drift cathodes \

pull-up
ionizing particle cathode

42
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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.

46
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Organic (‘Plastic’) Scintillators Inorganic (Crystal) Scintillators

Low Light Yield Fast: 1-3ns Large Light Yield Slow: few 100ns
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« Light guides: transfer by total internal reflection (+outer reflector)

Lighl guage

—

*“fish tail”

« wavelength shifter (WLS) bars

. WLS green
small air gap __ == oo oo oo oPhoto detector

blue (secondary)
UV light enters the WLS material

Light is transformed into longer o e ';UU (primary)
wavelength scintillator

—~Total internal reflection inside the WLS /K
material primary particle
= ‘transport’ of the light to the photo

detector

From C. Joram 48
CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fScintillator Detectors



- HEIEEE R

%% Fiber Track

ﬂ'l!-!rr-ﬂ‘.-.-_
bl LT LYY T

+----- "I.Dmml-----*

Images of tracks from 5 Ge\//c pions (1989)

Active targatl i WAR [TBER) T HTENTP T
_UrY Chaems Lee
Al Tarm D N S -
Pl L I
" B -~ Ll
4 = i Y
2 1=, & wIOLT sigea
| -+,
= T R el
TRl PR T )
. Al TEMEIEIR
i . x
Ly ety gy *Te
PO AN MMERATON DT STOOIFTR

rugrrites drna LR
(U

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

co> EM Calorimetry | e
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At high energies (higher than 100 MeV) ;
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Crystals for Homogeneous EM
Calorimetry

Fig. 2 Longitudinal drawing of module 2, showing the structure
and the front-end electronics layout.




Hadron Calorimeters are Large

because hadrons are hard to stop
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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)
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CZa Deétecteurs Gazeux

TRACKING CALORDETERS MUCHS
velooty eleciroma pnetic hadronic
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La détection des particules:
exemple des détecteurs gazeux
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EXEMPLE SIMPLE DE DETECTEUR

VICCLIVENTRER,

Erperimental Arrangenent.—Bafors considering the vardons diffienltios that
aroso in the course of the investigations, a briel description will be given of
the method finally adopted.  The experimental arrangement is shown in
fig 1. The detecting vossel consisted of o brass cylinder A, from 15 to
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EXEMPLE SIMPLE DE DETECTEUR e,

<chargée
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GRANDE CHAMBRE A FILS (1972) o
Fafe

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.
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The Royal Swedish
Acadermy of Sciences
awards the 1992 Mobel
Prize in Physics to
Georges Charpak

for his invention and |

developrment of particle |
detectors, in particular
the multiwire
proportional chamber,

Georges Charpak
CERM, Geneva, Switzerland

e.vandenbroucke@cea.fr




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
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CZ_Z! Time Projection Chamber (TPC):

Drift .
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Particle tracks
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* Gas Nel/ CO, 90/10%

* Field 400V/icm
* Gas gain >104
* Position resolution 6= 0.25mm
* Diffusion: 6= 250um
* Pads inside: 4x7.5mm
* Pads outside: 6x15mrr\|/—
*  B-field: 0.5T cm
* Largest TPC:

— Length 5m

— Diameter 5m

— Volume 88m3

— Detector area 32m?2

— Channels ~570 000

High Voltage:
— Cathode -100kV

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

=> Gated grid ~15kHz max
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ALICE UPGRADE
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CZa Deétecteurs Gazeux

TRACKING CALORDETERS MUCHS
velooty eleciroma pnetic hadronic
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orit EM Field
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CP2A ATLAS - UPGRADE
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Tile calorimeters

LAr hadronic end-cap and

forward calorimeters
Pixel detector ™

Toroid magnets LAr eleclromagnetic calorimeters

Muon chambers Solenoid magnet | Transition radiation fracker
semiconductor fracker

10/04/2014 74
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e NSW INSTALLATION
Cea 74;

CEA/IRFU/DEDIP --- maxenc
e.vandenbroucke@cea.fr




Particle Detectors for a New Era: Building the ATLAS New Small Wheel

ATLAS Experiment

2021

https://www.youtube.com/watch?v=goYfDWU1yws


Tomographie :
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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 ~ cos? (maximum in zenith direction)
— Mean energy: 4 GeV
~ Life-time: 2 fis \
— Natural, free and harmless radiation N Y
— Straight propagation (in mean)

 Muon interaction with matter

— Bethe-Bloch ionization stopping power —

— Standard deviation of the scattering angle

— Radiation | ength Material Thickness ) P absorption
Air 100 m 0.094 0.78%
Lead 10cm 1.01 2.9%
Water 1m 0.35 4.2%
Ground 100 m 99%

Muon Tomography of the Great Pyramid | 23/01/2018 | 79



MUON TOMOGRAPHY USING GASEOUS

DETECTORS

* 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

4

T‘x

* High potential of societal applications in many fields:

= volcanology, archaeology

= mineral exploration, civil engineering, ...

Muon Tomography of the Great Pyramid |23/01/2018 | 80



Electronic box Detectoss

Batiery
{optional)

Gas botthes }
Containes
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RESULTS

* Discoveries of new cavities large void above the Grand Gallery

2016 —CEA 2017
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DE LA RECHERCHE A L'\NDUSTRIE

Cea

Vendredi 5/07 11h (IJCLAB)
Lundi 8/07 12h (CEA IRFU)
Visite Labo 14h (CEA IRFU)
Mercredi 10/07 11h (IAS)

Mesurer l'infiniment petit et
observer l'infiniment grand

5 Renconires d'été de physique

XI I" L1NHHNEHT GRAND 0 linfiniment petit

1°-11 juillet

2024

Pahhﬂau )
Paris
Saclay

Rencontres

de LINFIMIMENT

a LINFINIMENT

[ GRAND

N

Maxence Vandenbroucke
07/2024

universite

PARIS-SACLAY



ce2 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
- Antimatiére
CEA/IRFU/DEDIP --- Page 84
maxence.vandenbroucke@cea.fr



COMPACT MUON SPECTROMETER AT
CERN

e,

Trajectographe

1 B // [ S *
au silicium & I

Calorimeétre

électromagnetique

Calorimétre™

. Aimant , '
hadronique Retour de I'aimant :
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avec chambres a muons 11
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= Mesurer I'infiniment petit et observer
—  |'infiniment grand

XI I" s L |NHHNREE$:.GH:EH%$E| 'd:F"FI:‘JI’:"i::I'F-':M
Cours 3 : Exemple d’expériences 1T juillet
= Autour du Neutrino 2024
= Nucléaire et Hadronique :.;E_ * i
- Rayons Cosmiques

Rencontres
- Antimatiéere —
- Matiére sombre

o7
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Physique Hadronique

CLAS12

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 88
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CZa CLAS12 at Jefferson Lab
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Vers une uisu_alisatinn en

sangle pion

(a) i x =001 x~-0.1 x-03
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CZ2a CLAS12 at Jefferson Lab
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> 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. v YV

2017 MPGD Conference - CEA
Saclay - Maxence
Vandenbroucke 93
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Physique Nucléaire

Noyaux Bulles et Spectroscopie Gamma

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



Origine d’une déplétion centrale dans le noyau 3*Si

1d 2p1/2 -
3/2 2p3/2 T
28
281/2 e lf7/2 " .
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. 20 >
1d;, eeeeee — 4
5/2 6 1d3/2 0000 v il
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Orbitales protons Orbitale neutrons — -
1= & |Deulnoq}|
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|= =Yg i nevtran)|
A cause de son orbitale 2s1/2 vide, le ; == {proton) |
3Si (Z=14, N=20) présenterait une =
déplétion centrale comparativement au = 0.08
%S (Z =16, N=20)
I'I':] d 1 ]
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Cas physique : Etude des noyaux bulles

* Expérience @NSCL, MSU USA. Objectif : étudier I’occupation de 1’orbitale 2s1/2 dans le 3Si et ¢S
Réaction d’arrachage d’un proton (1 proton knockout) Si(-1p)**Al and 3¢S(-1p)*P et on essaye
d’identifier d’ou a été arraché le proton

B =cintillateurs plan focal
s chambres a dérive (CRDC) S800
- chambre a ionisation |

Efj dipdles

<

1 5m_ .
E1 Loy ]
GHETINA
DE I3
J Faisegau ;'J/ _.|
i 34S| «
plan focal i g _D_j/j
A1900 cible “Be
objet
S800
paint pivot
S800 DETECTEURS
ACCELERATE SYSTEME DE v+ SPECTRO
UR PRODUCTION IONS
RADIOACTIFS
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Spectroscopie Gamme E = i

=
DETECTEUR
Comment interagit un y avec la matiére ? y Germanium
~ 100 keV ~1 MeV ~ 10 MeV
: I"E: Enﬂlﬁz ]
Photoelectric Compton Scattering |  Pair Production

£, (E, > 2m.c’)

1+ (1 - cos )
m ¢

M. Vandebrouck Ecole De la Physique au Détecteur 2021 38



Counts

Spectroscopie Gamme

Les détecteurs v, la lutte contre la diffusion Compton

Astuce 1 : se débarrasser du Compton

avec un bouclier BGO
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DETECTEUR
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Counts

Spectroscopie Gamme

DETECTEUR ¥

Les détecteurs v, la lutte contre la diffusion Compton Y Germanium
Astuce 1 : se débarrasser du Compton
avec un bouclier BGO
¥
‘ " _
— :._. . " Y i, -
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* Lacampagne VAMOS-AGATA @GANIL 2014-2021
VAMOS++ AGATA
A A,

J f—

) | . S dRkev &  VAMOS + AGATA (2014) =0 _
i Rl 558 To do donndes
==

L

G R

L nr |
M“W#iﬂﬁﬂ-mw L gt i R @ B568 heures de falsceau sur cibla

oy I

i VAMOS + EXOGAM (2011)
- 3 14 034 entrés dans le elog
" . 5 7.2 eV r

" .
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- !l i ] ™y
hﬁ‘fﬂﬂwh § A e et i L e e ¥ 4 .{5 2386 jours de survelllance
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[am13] 11.5 tonnes de matened scientifgue
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* Alors bulle ou pas bulle ?
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* Alors bulle ou pas bulle ?

1) 34Si(-1p)*Al, détection des 7y issus de la désexcitation du **Al dans GRETINA en coincidence avec le noyau 33Al au
plan focal du spectromeétre S800

A. Mutschler et al. Nature Physics 3916 (2046)" '1 T
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2) Le moment orbital angulaire I de 1’orbitale d’ou est arraché le p est déterminé
en mesurant la distribution en moment longitudinal du 32Al pour 1’état peuplé

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 2s1/2 peut accueillir 2 nucléons)

P T
Dans le Si 0.17(3) {4

Dans le *S 1.7(4) @l
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Muon or Electron
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The generated charged partiche emits the Cherenkow light.
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Super Kamiokande &«
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Muon or Electron

Cherenkooy light Cherarkoy bght

The generated charged partiche emits the Cherenko light.

Image du soleil en Neutrino Electronique
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Antares
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AMANDA

AMANDA

Antarctic Muon And Neutrino Detector Array

lceCube
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cea AMANDA

South Pole
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PioracaT,
Signal i
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= 1500 m

Photomultipliers in the Ice,
looking downwards.
Ice is the detecting medium.

— 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

5
L}

. -

I Muon

i
g

i
L

. Neutrino
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A very high energy neutrino detected in IceCube on November 12, 2010, with an energy of 71 TeV.

Image: IceCube Collaboration
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CERN Neutrino Gran Sasso

(CNGS)



||||||||||||||||

If neutrinos have mass: £

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

> @&

CERN _
—> v, >V, > v, ——> v,

117
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CNGS (CERN NEUTRINO GRAN SASSO)

B A LONG BASE-LINE NEUTRINO BEAM FACILITY (732KM)
m SEND N,, BEAM PRODUCED AT CERN

m DETECT N, APPEARANCE IN OPERA EXPERIMENT AT GRAN
SASSO

|:| direct proof of v, - v_oscillation (appearance experiment)
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NEUTRINOS AT CNGS: SOME NUMBERS

For 1 day of CNGS operation, we expect:

protons on target 2 x 10%

pions | kaons at entrance to decay tunnel 3 x 10%

v, in direction of Gran Sasso 10?7

v, in 100 m? at Gran Sasso 3 x 1012
Vu events per day in OPERA 25 per day

V_ events (from oscillation) 2 per year

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.f 121
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31 target planes / supermodule  |n total: 206336 bricks, 1766 tons

Targets Magnetic Spectrometers

First observation of CNGS beam neutrinos : August 18™, 2006

CEA/IRFU/DEDIP --- maxenc 122
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C2A Opera Experiment at Gran Sasso| & "g &2

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

Lead plates: massive target
Emulsions: micrometric precision

Brick

L 10.2 x 12.7 X 7.5 cm?

I|I"I"l.“I ~~~~ Pb

Cou\\he de gélatine
photographique 40 um

CEA/IRFU/DEDIP --- maxenc 123
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The Brick Manipulator System (BMS) pr*nmwpe';
a lot of fun for children and adults !

The robotised "Ferrari” for

insertion/extraction of bricks with
vacuum grip by Venturi valve

Tests with the prototype wall

"Carousel” brick dispensing
and storage system
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CIZZ} Opera Experiment at Gran Sasso

()
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Concept Study for Observing

Galactic Neutrinos in Neptune’s
Atmosphere

Upper atmiosphene
clocid bogE

Incoming Light Rays

Atmasphere
PFpdiagen, Belburh
matrans |J||.'|:

klantie _—

[mler. aramddin
meatfusra ko)

[e.Ehde wvth Hetlertoes Layes

Fig. 14 Diagram of reflective bubble environment
redirecting the mcoming hght rays back te the

MEFTUNE CubeSat
Fig. 15 Sketch of the Internal Structure of Neptune e PN e S“HBE%IE._ETD_
produced by NASA E % "t
s - -
O i ]
R e
.: : '\-'-I:I'|
ok 034
- o ; o 63
o ) 025
' = |
Fig. 4. Depiction of Neutrimo Cravitational Lensing _N_D% " 55
of the Sun. : i
o . « F 015
t 01
o .08
To see Galactic core and BH B T T

K Poviition ()
Fig. 7 Cherenkov hit distribution gencrated by a 100
CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr GeV Electron at the surface of the atmosphere.

126



Neutrino Mass Measurement
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RN Karlsruhe Tritium Neutrino
Fa o (KATRIN) experiment

3
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Submitted on 19 Jun 2024

Direct neutrino-mass measurement based on 259 days of KATRIN data
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C2A PTOLEMY

Detection principle

z A new idea — Mightet ™ 50 MEV |
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S— 4 10
‘ ; i . T _I:I.:' Tos WHe 0™ 0, e
. it i T 10% : Endpoint of spectum
(A, 2) (A, Z41) Ve — T = — WO
i, o 10'{ — IO ,
E Cvl v+ T—= e 42
= = 107

] :
: g 10° 4 :
v . g :

-—Fp‘ e '. Il'-"‘. n 107= - . :_.L _ -1 +

- o bk -200 -100 0 100 200 300
(AZ) (AZ+1) __*:’f'i E, - Q [meV)
ITI'-' m! T
AG Cocco, G.Mangono ond MMesng - JCAP D&[2007) 015 =
PTOLEMY: experiment layout
Ey
L. 58
solleczr i o e [
Geighers otmeters

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

J By =00V ey Vo) #Euriar e
130



C2A PTOLEMY

Neufrinp flow
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Double beta decay
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« Depth = 2070 m (6000 m.w.e.)
« ~60 muons /day in SNO+
* 10,000 sq ft Class-2000 clean room
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MiINING FOR KNOWLLDGE
CREUSER POUR TROUVER... L' EXCELLENCE

 Located at SNOLAB inside the
Creighton mine near Sudbury,

Canada.
* SNO+ is the successor to
Sudbury Neutrino Observatory
(SNO).
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~ Acrylic
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oy P12 m

Broad neutrino physics program

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

- Geo anti-neutrinos

- Supernovae neutrnnos

- Nucleon decay and exotic physics

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

5 cm thick Three Experimental Phases

- Water-Phase
- Liquid scintillator phase
- Te-loaded liquid scintillator
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PandaX
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~ oqer 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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ANTI-MATIERE
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ce2 The Positive Electron

MARCH 15

Ot of 3 group of 13080 photographs of cosmic-ray tracks
in @ vertical Wilson chamber 15 tracks were ol positive
particles which could not kave a mass as great as that of
the proton. From an examination of the ercrgy-loss and
iosimtion produce] i i conclwded that the charge & less
than twice, and is peolably exactly equal to, that of the
proton, | these partichs carry unit positive charge the

, 1933 PHYSICAL REVIEW VOLUME 43

The Positive Electron

Cant. 0. Axprmsos, Califorsds Teatitede of Techuology, Pasodena, California
{Received February 28, 1931)

curvatures nnad Msniza tions pm'u:lurﬂr require the mass to be
lesa tham twenty times the electron mass. These particles
will be called positrons. HBecagse they occur in grodrps
gasnciated with other tracks it is concloded tlat they must
be secondary particles ejected from aromic msclhei.

Editar

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

Supersaturaiod Alcohol
Vipors
®s

1930 : Data taking
1932 : Analysis
1933 : Paper

1.5T Wilson Chamber
Rec. Cosmic Rays
1300 events

15 tracks with e*
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1930 : Data taking
1932 : Analysis
1933 : Paper

1.5T Wilson Chamber
Rec. Cosmic Rays
1300 events

15 tracks with e*
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Detection

T=10pk AE =1 peV

-] H atoms

S in Paul trap
b laser g
. beam s

annihilation plane

CLm) 2L,

Detection requirement;
TOF precision : 150 us

Annihilation vertex precision : 1 mm -4}
Background rejection through event topology

Scheme under design: TPC with micromegas
chamber (as in T2K near detector)

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr
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antiProton Unstable Matter Annihilation (PUMA) % UNIVERSITAT

DARMSTADT

Proposed technique: Low-energy antiprotons as a probe

Capture in Cascade: Cascade: Annihilation Final-state
excited antiproton [—s Auger — radiative —| wilh surface |—|interactions of emitted
orbital transitions transitions nucleon mesons

i J i e T i

i
T T i e it pe
n £ i J ! 4 i
"
St ® | sy I.'rmml-
= F ¥, i i
If ]
."II.'H.IH:II"'- TR s et
" 4 1 )
]
fE"T TR
J
L} i ]

R. Schmidl, PRC (1998)

Clara E¥nik | CERN | TU Dermatad = |l
FiEhy LG i, - 100 Apr 224, SME, Yar

1 for Nuclisr PRysice
AL
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DARMSTADT

Transporting Antiprotons from AD to ISOLDE % UNIVERSITAT

* There is no connacting beam line between the 2 facilities

i - « Requirements:
/ - 5 o —+ @ transportable ion trap with sufficient storage
L, Sl o capabilities
/: e ¥ ﬁ‘ "'"- Y — XHV vacuum conditions for the storage of
, " o : “:::.j_ \ LTy antiprotens (20 cm ™)
Bl Soiens e — a detection system for monitoring annihilation
rates during the transport

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

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

LAarm Klink | CERN | TU Darmsiadl — imetfhits for Muclaar Priyaics
FuPry 2024 | OB = 10, Agr 2024, SMI, Wian
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AXIONS

Axion helioscopes

Axions from
the Sun

© Igor G .Irastorza

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



Conceptual Design of the
Intemnational Axion Observalony
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Thallium-doped sodium detector
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Figure 5. The Mack data points are the DAMA residuals dn the [2-6) keVee energy window,
faken from _". The curves are fils lo g cosine anneal modulabion peabed on June, 2nd [red
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https://www.forbes.com/sites/startswithabang/2021/03/04/
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Anomalies in Gravitational-Lensed Images Revealing Einstein Rings Modulated

by Wavelike Dark Matter

HS 0810+2554 was discovered in 2002 by

the Hubble Space Telescope

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

=> The growing success of yDM in

reproducing astrophysical
observations tilt the balance toward

new physics invoking axions.
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ASTRO-
PHYSIQUE
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cherenkov telescope array
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B 2l & Sbec G A el ded

CTA (simulation)

HESS (2012)
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Figure 1: The aptimized science orbit of LISAmax over o 10-yvear duratbon o the Sun-

Earth reinting frame,

LISAmax: Improving the Gravitational-
Wave Sensitivity by Two Orders of
Magnitude

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

e 1ALT]

Lp:

Launch on 2040-0:8-20

1.5

0.0 4

-iI
ok
: B

||_|:

1w

0.0 0.5 1.0 15

40 -5
Re g i U]
w10 10 w1 o 10 10
I [Hz}
157



CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.f
r

158



C’ e a Pierre Auger Cosmic Ray Observatory

CEA/IRFU/DEDIP  ---
maxence.vandenbroucke@cea.f
r

Use earth’s atmosphere as a
calorimeter. 1600 water Cherenkov
detectors with 1.5km distance.

Placed in the Pampa Amarilla in
western Argentina.



L

GPS antenna

C22 Pierre Auger Cosmic Ray Observal .

sotarpanis

3 - nine inch. _
Phﬂmulﬁtﬂl&r — Plastic tank with
lubE 12 tons of water
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37 EeV = Exa Electron Volt = 37 x 1018eV
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CRAYFIS

Application to use
smartphones camera as
cosmic rays detectors

FIG. & Activted  pixels above theesbodd in n Samsung
Galsxy SII phone, during axposane to ™ 0o, Box size is pro-
portional to plaoel response valuos

10 , - iy ' r

: E=10" eV, p_ = 1000k 2 '! ' . :

- E>10" eV, o = 5000k " e EI
v L g
2= . Auger [1 : T
E 1 A i 'I = i :
5 0 E i ,! ! 1 - R
g . 3 e LY - letiase
= ] = it M i ey o
§ - | f Qv

1w E - “

- _1-_: b "I T

e i ] FICG. 5 Coanposite bmage of sctivaded pixels: in dhats collectaod

fraction of pﬂmmpﬂntﬁ fronn phones exposed to a moon eam. The phones sero ar-

ranged such that the moon beam was incident on the side of
the wensor, giving visibde tracks wwhese meons pass through
severnd pixcis
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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  ---
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CEA/IRFU/DEDIP --- Plot plus moderne
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Zenith Radiator

- 4

Trar:;sitinn Radiation Detector

|1r|||1r|'|ll'rllrl|IIr|1||'r|1r|1:11|1r|r|1r11|1'r|1

F e AMS-02 9
IHI"+ + + + g

p/p ratio

Secondary production

10_5LIIl IIIIllllllIililllIIIII1II-IFIIIIIIII1IIIIIIII_
100 200 300 400 500

Kinetic Energy [GeV]
Figure 1. Antiproton to proton ratio measured by AMS. As seen, the measured ralfo cannot be explained

by existing models of secondary production.
: PAS:
Payload Attach System
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Vendredi 5/07 11h (IJCLAB)
Lundi 8/07 12h (CEA IRFU)

vy Sl Mesurer I'infiniment petit et

Mercredi 10/07 11h (1AS)

st observer I'infiniment grand

Cours 1 : Généralités

-Introduction générale sur '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
- Antimatiére
L ]

Maxence Vandenbroucke u n |Ve rS |té

07/2024 PARIS-SACLAY
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ce2 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
axencevandemowckeaceat = Antimatiére Page 169



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

CEA/IRFU/DEDIP --- maxence.vandenbrou Page 170
cke@cea.fr
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ALICE A heavy lon Experiment at the LHC

o
5
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P
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=
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™ o
§ Hadrons
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Baryan dansify
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ABSORBER MUQON FILTER

ACORDE

TRIGGER CHAMBERS

HMPID DIPOLE MAGNET

1
1]
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L1 1]

b

g
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i
. |

TRACKING CHAMBERS
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ALICE Particle ID

Alice uses ~ all

known techniques!
TPC+ITs  HEE K

: K/p
(dE/dx) W 7 eln
TOF o /n D K o
HMPID Rk
(RICH) K
0 1 2 3 4 K 5 p (GeV/c)
: |
TPC (rel. rise) © /K/p K/p
TRD e /T ]
- 1]
PHOS vy/n°
1 10 100 p

(GeV/c)

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 174



ABSORBER MUQON FILTER

ACORDE

TRIGGER CHAMBERS

HMPID DIPOLE MAGNET

1
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L1 1]
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g

TRD I MAGNET~

TOF

#

i
. |

TRACKING CHAMBERS
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C22 COMPASS at CERN

1 1

~ = =(Au+ Ad+ As) + AG + L, + L,

2 2‘" o e’ , b
= ) i

o y p
e e Y
-----. \

Spin des quarks k J Spin des gluons J Moments orbitaux }

A )3 IAG| < 0.5 Loy =77
H\{'/ !-t' Section efficace DIS
d* o - . E
x,, Q? ‘%T* D! T gag = ahk@)+ahk@)+6"ax @)+ gl &)
BY q — h = K7 fanctions de structure non— polarisées fections de structure pelarisdas
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C22 COMPASS at CERN

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

o RICH :
 |dentification des hadrons
. . = P o
Dipdle 2 (K=7=, ...)
o Cible polarisée de 1.2 m de long
dans un champ de solénoide a 2.5 1

 Proton e Deuton

7
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T —r i Vylr

T — € Vglr

7~ = h™ (n7®)o;

7~ = 2h~ht (na®) o,

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

with
with
with
with

v.N — 17X

BR = 17.36 + 0.05%
BR = 17.85 £ 0.05%
BR = 49.52 £ 0.07%
BR = 15.19 + 0.08%.

https://arxiv.org/pdf/1305.2513.pdf
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C2a STEREO aILL

e —

= 1{0m from source
= 12m from source |

for the Reactor Anomaly

best fit parameters
I 1 1 1 1 1 |l

1 2 3 4 5 & 7
visible energy (MeV)

Spectra (arbitrary normalization)

The reactor antineutrino anomaly (RAA) s the observation that the S8 o7 o8 2 13 14

neutrino flux measured in many experiments close to nuclear "

reactors is significantly (more than 6%) lower than one would el

expect by theory. 8P4 0840 0,006
‘EF.“_'-‘IM (o R
ﬁrlu_ar\.u';w:\h-!? s HOuDds
T?_:-r'«u'g'.:.ru'iﬂ [ L R
Kmsnoyan:54 0806 L0009
ﬁrl.:. a7 0842 095

Aymrann sam OB 08

|arato BATh .
N N AE AR 0.5 0ant
_-J +H} ; [$5 0 e F-E T
] ] ]
=] nr OB 1.3 L] 1.4
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IONISATION PRIMAIRE

Production de paires électron-ion %

— Les Interactions Coulombiennes entre

;
;
;
E
@
7O
g
é

le champ électrique de la particule et ¢
les atomes du milieu produisent des

paires électron-ion.

— Les ionisations multiples suivent une |

statistique de Poisson:

P _moyen”
k : mésure

— Efficacité de détection:

— Mécanismes
d’'ionisation :

CEA/IRFU/DEDIP ---  maxenc °
e.vandenbroucke@cea.fr

e=1-P'=1-¢"

Excitation: X+p[lX+p puis X]
X*+ e

lonisation: X+p[lXt+p+e

Effet Penning: Ne+ Ar[JNe + Art+ e



IONISATION TOTALE

* Les électrons primaires ionisent a houveau le ,..
milieu et produisent localement de nouveaux
groupes de paires électron-ion. Si I'électron -&.‘
secondaire a suffisament d’energie il peut ““q.
produire une longue trace (€lectrond). ‘;’ 8.

* Nombre total de paires:

60 ; T T .
AE : perte d’énergie de la particule ®
" _wl.ﬂéEergie moyenne par paire S0 o =
==
W, 40 W, (eV)
- \ BF,
L1
M.I.P. dans l'argon: =0
= @ CiHiOH
20 .;;:}: ;f-‘* 0 @
— AE= 2,65 keV/icmw, = 25 eV Ne B CHe
10 . g A @ o,
W, .-
—n; = 106 paires électron-ion/cm 0 - .
0 10 20 30 40 50
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Fic. (11) 1.7: Photographie d'un individu bioluminescent prise par 'une des caméras installées sur la
ligne d’instrumentation ILO7 (lire le paragraphe |(11)3.1]). L'échelle n’est pas précisément connue (elle
dépend de la distance & la caméra).

CvCA/IRFU/VCEVIE === Iiaxeric
e.vandenbroucke@cea.fr
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Effect on lon Backflow

=> Clas-note 2007-004: Simulations of Micromegas
detectors for the CLAS12 experiment (S. Procureur)

Detector
CR6C
CR6Z
CR5C
CR5Z
CR4z
CRA4AC

Radius (mm)
222.53
207.54
192.65
177.57
162.56
147.57




+ Observe v, appearance and v, disappearance at long baseline in
a wideband beam to precisely measure the neutrino oscillation
parameters d¢qp, 0,5, 045, and Am?,, in a single experiment.

1300 km
MNormal MH

.ﬁ:..'\.'ﬂﬂ
o
B 2cr = 22

— iy = 0 (zoler term)

Neutrino Energy (GeV)
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« 3 components (Right-to-left)
- LAr TPC with pixelated readout (50t)
- Multi-Purpose Detector - MPD
HPgTPC(1t) + ECAL + magnet
- 3DST-5: Three-Dimensional Scintillator Track

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

Z-Y projection full spill & event

+ Corresponds :

to full spill
EXposUre

« Qverlay of

test event
plus 60
events in the
ECAL
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