DE LA RECHERCHE A L'INDUSTRIE

CLa

Mardi 12/07 11h (Orme)

Lundi 18/07 12h (Centre)
Visite Labo (Centre)

Lundi 18/07 17h15 (Centre)

Mesurer I'infiniment petit et
observer lI'infiniment grand

OOOOO

—C Y
Promw Richardggeyntiia
de L'INFINIMENT

GRAND

a L'INFINIMENT

VISITES
DE LABOS,
CONFERENCES,
DEBATS

Niveau L3

INFORMATIONS ET INSCRIPTIONS
indico.in2p3.fr/event/rencontres-physique-infinis

Stages : http://irfu.cea.fr/Phocea/stages/index.php.

Maxence Vandenbroucke u n IVE‘.' rS |té

07/2022 PARIS-SACLAY


http://irfu.cea.fr/Phocea/stages/index.php

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 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 Page 2



Cours 1 : Généraliteés

-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

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr Page 3



CZA LA THEORIE ET LA PRATIQUE

 Théorie

e Construction des Modeles
 Prédiction avec des Modéles
« Simulation de I'expérience

» Design d’expérience

« Choix du dispositif expérimental

« Electronique/acquisition

» Reconstruction des évenements

« Comparaison avec la
simulation/calcul

« 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  ---
maxence.vandenbroucke@cea.fr

(vision un peu naive)
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C22 UNE EXPERIENCE C’EST QUOI ? &

Dernier " BUNK”
- Higgs (2012)

- No SUSY
D - GW (2015)
gUNK
LE REEL, C'EST QUAND ON SE COGNE.

maxence.vandenbroucke@cea.fr



C22 UNE EXPERIENCE C’EST QUOI ? %

Schématiquement (*****)

vAg ~~
<
Y

>
'\

S
Processu Sao Solide

Liquide

CEA/IRFU/DEDIP  ---
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C2A UNE EXPERIENCE C’EST QUOI ? 79,,

THE UNIVERSE

By SCENTFIC FIELD

Schématiquement (*****)

ASTRONOMY

-~ 99.99999979999999999993 X99999999
NI FITINT 19999999999 7%

OT HER

Source Photon R — :
E|eCtr0n Ce cours :
Ag ~~ Hadrons :

%
y. ¢ Noyaux
=> Particule stable

\4

~N H
Accelerator - rocessu ‘~~~~~Partlcule Solide
Source Radioactive TSl
Source Astro RO Liquide
Diffusion
Interaction
Reaction : :
=> Processus physique :  Photo-Mutiplicateur e
....Chambreafis
maxence.vandenbroucke@cea.i Telescope Page 7



\ Liquide
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\ Gaz
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\
CEA/IRFU/DEDIP  --- *‘
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Sortie signal

Apres ampl|f|cat|on

at=-0.70ns 1/4t=1.4?MHz ~  Fdee _I_ DG 284mY

Sorte
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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  --- 9
maxence.vandenbroucke@cea.fr




(—dE/dx) MeV g—lcm?)
(8]
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0.1 1.0 10 100 1000 10000

CEAIRFU/DEDIP Proton momentum (GeV/c)
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INTERACTIONS PARTICULE-MATIERE
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DETECTION : TRACKER SILICIUM

SI0, Laywr

Les autres type de detecteurs =>
Cours 2

CEA/IRFU/DEDIP  ---

-
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G 14 FRCADEER L C1ARENTRIE

C2a MESURER C’EST QUOI ?

Sorte

VYecteur

f.\; Ouadril lage

- Grille

Persistance
{}ds le temps

: ADreS am pl |f|Cat|0n Progression
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T Plein de canals => Analyse

\
CEA/IRFU/DEDIP  --- ~
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C22 UNE EXPERIENCE C’EST QUOI ? %

Schématiquement (*****)

R ;

Photon Ce cours
v =~ Electron :
< e :
'3 A Particule chargée
S q : :
Accelerator - rocessu ~~<._ Particule Solide
Source Radioactive ~“~~~~
Source Astro SSao Liquide
Diffusion
Interaction
Reaction :
=> Processus physique :  Photo-Mutiplicateur e
....Chambreafis
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Diffusion élastique.

Pas élastique du to

CEA/IRFU/DEDIP  ---

Page 15
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G 14 FRCADEER L C1ARENTRIE

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
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CZA DES OBSERVABLES A LA TECHNIQUE DE MESURE ﬁ

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

p=mv

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr Page 17



CZA DES OBSERVABLES A LA TECHNIQUE DE MESURE

Mesure de I'impulsion
« Techniqgue de spectrométrie magnétique (ou du B-rho)

qvB=mv:/p — pr=pcos3=qBp

. Tracking measures particle 3-momenta

-

gBL

D =gBr=
P=9q "

T _ O, _ 8p -

p s - qBL3 !

Interaction point

.
)
Precision of sagitta measurement: & ~ FO}” (N position measurements)

CEA/IRFU/DEDIP  ---
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CZA DES OBSERVABLES A LA TECHNIQUE DE MESURE

Mesure de I'impulsion
« Techniqgue de spectrométrie magnétique (ou du B-rho)

qvB=mv:/p — pr=pcos3=qBp
« Technique de temps de vol (TOF pour Time Of Flight)

L=vt=Lct=Pcyto=pTo/m

CEA/IRFU/DEDIP  ---
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CZA DES OBSERVABLES A LA TECHNIQUE DE MESURE ﬁ

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

qvB=mv:/p — pr=pcos3=qBp
» Technique de temps de vol (TOF pour Time Of Flight)

L=vt=Bct=Lcyto=pTo/m

« Effet Vavilov-Tcherenkov c 1

particle

B¢

Fig. 5.39. Illustration of the Cherenkov effect [140, 141] and geometric
CEA/IRFU/DEDIP  determination of the Cherenkov angle.

maxence.vandenb Page 20



CZA DES OBSERVABLES A LA TECHNIQUE DE MESURE ﬁ

Mesure de I'impulsion

« Techniqgue 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  ---
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CZA DES OBSERVABLES A LA TECHNIQUE DE MESURE

Mesure de I'impulsion
« Techniqgue 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 22



CZA UN EXEMPLE

ionization chamber

drift chamber

Eres
\
i Lo ¥ __reconstruction
ll e Path - Bp * Olab, Piab
l / N M. Rejmund
: \ .
® | : Aside
l Bs Y — \ 2
» 7.{\\_.\ ‘\II. \\ ‘\
1941 TEN "

‘KE <Z M <Miq

maxence.vandenbroucke@cea.fr
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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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cimmiee CMS EVENT
-

Courbes =trajectoire mesureée 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




cimmiee CMS EVENT

CEA/IRFU/DEDIP  ---
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CD EXAMPLE — W CROSS-SECTION
cea ©

W EVENT -> ISOLATED LEPTON

] S .‘ f Ve I_/
p o (
AW (W)
_ X \ e’ (E
P
..-’/
. ‘. 1 :
“Did vou see 1t?” . |
“No nothing.” S
“Then it was a neutrino!” :
l
[ W . 2 2
\ Lj
VAR ’ L
y T /l L L — ~ N —
‘ = i

CEA/IRFU/DEDIP  --- .
maxence.vandenbroucke @cea.fr STAR eXperlment at BNL 29
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. CMS (2012 8 TeV) :
. Un événement candidat
: e dans la recherche

P du boson de Higgs
A (masse = 125 GeV)

Calorimetre électromagnétique
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cea Le Large Hadron Collider

2k 1ok -271.3 °C,

362 MJ

31



The LHC accelerator



DE LA RECHERCHE A L'INDUSTRIE

CLa

Mardi 12/07 11h (Orme)

Lundi 18/07 12h (Centre)
Visite Labo (Centre)

Lundi 18/07 17h15 (Centre)

Mesurer I'infiniment petit et
observer lI'infiniment grand
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Mesurer l'infiniment petit et observer
I'infiniment grand

Palaiseau

Cours 2 : Les détecteurs de particules |

- Detec.tet’Jrs.au Silicium sl
- Calorimétrie Proga@ion Ricbd‘rdﬁegnc
- Scinti"ation de L'INFINIMENT

- Détecteurs Gazeux GRAND

a L'INFINIMENT

VISITES
DE LABOS,
CONFERENCES,
DEBATS

Niveau L3

INFORMATIONS ET INSCRIPTIONS
indico.in2p3.frievent/rencontres-physique-infinis

“Did vou see it?”
Basé sur les cours de Stefano “No nothing.”
Panebianco (CEA/IRFU), “Then it was a neutrino!™
et le cours de Werner Riegler
(CERN),
Particle Detectors , Second
Edition, C. Grupen & B.
Shwartz

S

o™ [—r
C.

34
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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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Trajectographes Semi-Conducteur

TRACKING CALORIMETERS MUONS ¥
velocity electromagnetic  hadronic
measurement

+
FLECTRONS '—#—T“"% e-

oAk / '1 !
- ~> s 4
-y 2P Al - PHOTONS <<=
. e ¢ \ " v 2
o N ‘ 1 b 7 . .'_ o L,

HARGED <

d - 7 1
I HADRONS = PI k / s
NEUTRAL
| IADRONS . K 0 n
(¢.g. neutrons) !
p— -1 = ~———tp
\IUONS =) S B o /“/i
Shasey 2 e ————
e i
100 - 200 S0-100 200 - 400 200 - 400
F« b 444
—‘ 4+
s 1 1
SRS RISERR S ielinln 4
SARIRS S b ot det e 8 e
)5\:.‘“ 1l 1]

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 36



ccza Les Détecteurs a base de Semi-Conducteur

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

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 37



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

"'++"‘+-L|-++T"+-|

+ +

-'++'!'-.+_.‘ '.'|;_|_‘!’-.+_I
- -+

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr
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CAa  Silicon Drift Detector

- Potential

hole bias current bias HV divider

hole dark current
drift
cathodes

Collection
Anodes

- elec‘[mns

electrons

vy
/ -/ -J iy Schematic cross section Ppoly-silicon Quenching
Resistor

drift cathodes\ T
pull-up

ionizing particle cathode

39
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i ,JZ/ s
Trajectographe

77775
au silicium /// y

Calorimeétre
électromagnetique

Calorimetre

hadronique Almant

Retour de l'ail
sunraconductenr

40
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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.

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 43



Organic (‘Plastic’) Scintillators

Low Light Yield Fast: 1-3ns

BE

NEIQIA  58-70 423 250 0.9 2.2-1.3 1.1=11
NE 104 &8 405 120 0.6-0.7 [.7-2.0 12-25
ME ID4B 59 &04 120 l ig 3

MNE 110 &0 234 400 1.0 29-1.1 4.2

ME 111 =35 373 ] bood-04 L3-17 1.2-16
ME 114 41-%0 434 350-400 ~1.0 an 33
Pilot B 60-61 408 125 a7 1.6-1.9 24-27
Pilot F 64 423 300 0.9 a1 10-13
Pilat U 53-57 W 100 - 140 05 14-1.5 1.2-1%
BC 44 &3 408 - n7 1.8 1.1

BC 408 64 425 - 0.9 Ll =15

BC 420 64 31 - 0.5 1.5 1.3

ND 100 &0 a3 00 - 33 13

ND 120 &5 423 250 - 14 T

ND 150 L1 408 125 = 1.8 11
T

LHC bunchcrossing 25ns

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

Inorganic (Crystal) Scintillators

Large Light Yield Slow:

Inorganie erysioly
MaliTl) 230 415
Cl(TT) 25D 560
Bi,Ge,0,, (BGO) 23-86 430
Organic erysials
Agnthracent 100 448
Trans-stilbene 75 384
Naghthalen: iz 330-348
p.r'-Quarierphenyl 94 437
Primary aclivators
2, 3-Diphenyl-oxazole (FPO) 75 I60-416
-Pheayl S-{biphenyll)-

1.3,4-oxadinzole (PBDY) o8 360-5
4.4 Bﬂ-wﬂmﬁm]-p-

quaterphenyl (BIBUQ) 60 365,393

e —— e ————————————————

LEP bunchcrossing 25us

367
4.51
T.13

1.25
1.16
.03
1.20

few 100ns

44



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 45
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

~30kV

FIBRE PLATE INSULATOR IMAGE INTENSIFIER

=30kV OkV

OV

multl Iximm
0.77PHP

+ 10

magnification= L8
gan

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

46
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Calorimétrie

Cea

TRACKING CALORIMETERS MUONS ¥
velocity electromagnetic  hadronic
measurement

+
FLECTRONS '—J—TA% e-
I"HOTONS « "

HARGED < 4 T kI mwt
I LADRONS = P/ /
NEUTRAL
| IADRONS = K o n
(e.g l\tulvor\sﬁ !
—t -1 ——ty
\IUONS - i p 2
~ I N PR, (N yo
g =
100 - 200 50-100 200 - 400 200 - 400
T
4P
H- 1 1
b - -
LA L LIl HHMH
X e |
| J L
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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 48



oz EM Calorimetry

At high energies (higher than 100 MeV) electrons lose their energy almost
exclusively by bremsstrahlung while photons lose their energy by electron—
positron pair production

Z

0O00CO|OOCOD | 0O0OOO

R

NN

Eof2 Eof4 Eof8 Eqf16

o 1 2 3 4 5 6 7 8 |\t[Xl

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 49



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. 50
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Hadron Calorimeters are Large

because [ is large

= Vertex

Detector

Inner Track
Chamber

Time Projection
Chamber

Electromagnetic
Calorimeter

Superconducting
Magnet Coil

Hadron
Calorimeter

Muon Detection
Chambers

Luminosity
Monitors

Fig. 1 - The ALEPH Detector

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

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

Resistive plate chambers
MDT chambers

Barrel toroid

51



Sampling Calorimeters

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr o2



Ce2a Détecteurs Gazeux

TRACKING CALORIMETERS MUONS
velocity electromagnetic  hadronic

measurement @
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La détection des particules:
exemple des détecteurs gazeux

0.2 -
0.18 3
0.16 -
0.14 4
0.12

0.1 :
0.08 -
0.06 - Pl
0.04, <-4 a’ /0R2
0.02'1 o

ot % /o001

-0.02 0 o ;*"—0.02
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CQ2 EXEMPLE SIMPLE DE DETECTEUR

TITUUVLVILITLOL,

Eaxperimental 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 PSR ] R —
G b R 8
e : F Cc
Firing Tube Detecting Vessel

1908

Fie. 1.

~H 5.




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)
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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 >

. AR N
; AV

Fil d’anode N
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.
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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

CEA/IRFU/
DEDIP ---
61 maxence.va
ndenbrouck
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Cea

Time Projection Chamber (TPC):

Drift
cathode

Particle tracks/ /

3o 0o oRnnE

Beam ' |
€a J OU OU OU OU OUO
0000000000 |nnan
, : 0:0.0-0.0.0:0:0: 010
Gas-filled /Inner field cage OOgogogogogogogogoogggn
cylinder 0.0.0.0-0.0.0.0.0dB BB E
U ||
Q0000
\

« Outer field cage

-HV

<
E, B field
62
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% Time Projection Chamber (TPC): 7@/4

Event display of a Au Au collision at CM energy of 130 GeV/n.

Typically around 200 tracks per event.

drift vel A-CH4
DRIFT VELOCITY
A-CH4

12

90—+ 760mm 20°C -

%o . \\\H

w (cm/ps)

1000 1500 2000
E (V/iem)

EXAMPLE: Ar-CH490-10 , E=1kVcm-1w-= 2.5 cm us-1

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr
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ALICE TPC: Detector Parameters

 Gas Ne/ CO, 90/10%

 Field 400V/cm

« Gas gain >104

 Position resolution o= 0.25mm

===\ 'l
 Diffusion: 6,= 250um it ‘\ T,
» Pads inside: 4x7.5mm /i \~..,_‘\\\\ \
: A RES -

- Pads outside: 6x15mm NV
+ B-field: 0.5T Vem e oy -
- Largest TPC: O a1 11 e =

— Length 5m i il /

— Diameter 5m

— Volume 88m?3 w

— Detector area 32m?2 [ A0 S

— Channels ~570 000 | k
 High Voltage:

— Cathode -100kV => Gated grid ~15kHz max o

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




CP2A GEM: GASEOUS ELECTRON MULTIPLIER

(N
1“!(,'4( "ll lllllll""‘ vM‘ll

= = = ,,. l'{"|‘i‘“
A

AV~360V

MWPC-MSGC Rates

[N}

% Top 2 ";"i‘f"

P S o
L4

o Relative gain _
P =
=
‘éz |
# |
(9]
—— 1
e ]
L]
&

i\MSGC
Cathode

. —>
Drift Gap | E

MIVVE

A=3x10"

!’ W W X ¥ W 3 GEM

04
- Tenue a haut flux : 2mm Transfer Gap
0.2 : l X X X X R J GEM
i ] 2mm y i ap
I Rate (mmZ.s"y] N
107 10° 10* 10° 10° 107 2mm Induction (Gap
[ |
CEA/IRFU/DEDIP  --- ) Readout Readout PCB

maxence.vandenbroucke@cea.fr Electronics
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CLa ALICE UPGRADE

ALICE

270 FLPs 1500 EPNs
First Level Event Processing
Processors Nodes

FLPs EPNs
( ) Switching ( ) Storage

Network Network

Detectors

9000 Read-out Input: 270 ports Input: 1500 ports
Links Output : 1500 ports

35TB/s 500 GB/s : (YouTube it's 500Gb/s in upload)



Ce2a Détecteurs Gazeux

TRACKING CALORIMETERS MUONS
velocity electromagnetic  hadronic

measurement @
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Read-out 4
electrodes

Edrift
~800 V/icm

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

Cathode

Primary
lonizations

Drift
gap

v

IAmpIification

and Induction
gap - 128 um

v
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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 72
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meene NSW INSTALLATION
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VISITE DE LABO : MICROMEGAS

TPOT :

Micromegas model

50,

Tomographie :

AAAA

CEA/IRFU/DEDIP  --- %040 30 20 -10 0 10 20 30 40 ‘5'075

maxence.vandenbroucke@cea.fr
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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?6 (maximum in zenith direction)

30000 m

— Mean energy: 4 GeV beun
— Life-time: 2 us \
— Natural, free and harmless radiation \ sl
~ Straight propagation (in mean)
b o
« Muon interaction with matter L wooom /| M
— Bethe-Bloch ionization stopping power
dE.  , Nge* Z1 1l 2mec? B2y Winarx
as P 4meimgoc2 AB%\2 . I2 g
— 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%
Bpc Xo Xo
Lead 10 cm 1.01 2.9%
— Radiation length Water im 0.35 4.2%
A
_ -2 Ground 100 m 99%
Xy =716.4gcm 587

ZZ+ 1) In—
\VZ Muon Tomography of the Great Pyramid | 23/01/2018 | 77



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:
— Vvolcanology, archaeology

— mineral exploration, civil engineering, ...

Muon Tomography of the Great Pyramid |23/01/2018 | 78
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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 ©) =

6.5

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

oy

Triangulation positions
from Nagoya University

G1 (Alhazen)

G2 (Brahic)

| 79




DE LA RECHERCHE A L'INDUSTRIE

CLa

Mardi 12/07 11h (Orme)

Lundi 18/07 12h (Centre)
Visite Labo (Centre)

Lundi 18/07 17h15 (Centre)

Mesurer I'infiniment petit et
observer lI'infiniment grand

OOOOO

—C Y
Promw Richardggeyntiia
de L'INFINIMENT

GRAND

a L'INFINIMENT

VISITES
DE LABOS,
CONFERENCES,
DEBATS

Niveau L3

INFORMATIONS ET INSCRIPTIONS
indico.in2p3.fr/event/rencontres-physique-infinis

Stages : http://irfu.cea.fr/Phocea/stages/index.php.

Maxence Vandenbroucke u n IVE‘.' rS |té

07/2022 PARIS-SACLAY


http://irfu.cea.fr/Phocea/stages/index.php

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

- Antimatiere

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr Page 81



Mesurer l'infiniment petit et observer
I'infiniment grand

Cours 3 : Exemple d’expériences
- Autour du Neutrino _
- Nucléaire et Hadronique ‘ X " =

ynma

Rencontres '

- Rayons Cosmiques Proga@hipn Richordge
. ox de L'INFINIMENT
- Antimatiere

- Matiere sombre G RAN D CENFEREREES

a L'INFINIMENT DEBATS

petit Niveau L3

VISITES
DE LABOS,

ndre l'infiniment petit
yaux et leurs interactions

jusqu'au

npre
G+ 641 no S
i S Par > e
surer l'infiniment petit,
. ' D i [
(4 erver l'infiniment grand
pplicati nédicales
Maitriser rgie
Enregistrer, analyser, découvrir
INFORMATIONS ET INSCRIPTIONS eged =

indico.in2p3.fr/event/rencontres-physique-infinis

n

S
e

St

Comp
Lex a
Des particuk
Mesu
observer
Applicat

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 82



Physique Hadronique

COMPASS et CLAS12

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 83
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CLAS12 at Jefferson Lab

ASIA

NORTH EUROPE
AMERICA

AFRICA

SOUTH

AMERICA
e
n OCEANIA

New Hall

Add 5
cryomodules

cryomodules

Q' Enhanced capabilities
U in existing Halls




Vers une visualisation en 3d du nucléon !

singlet pion valence transverse

quarks, gluons /@d quarks spin

e+p—e+p+Iiy
15.8 < Q% + M3, < 25.1 GeV?

e ‘\ slower

2
3
E]
¢ ' 2N
= .E 5 !
longitud. E 0016 < x, <0025
'f:f 4 > 0 02 04 06 08 1 12 14 16
k] 3
1) e 2 012
maﬁsqcﬁ o
1 . 008
/ / narks move . 0.0016 « x, < 0.0025 _ g.gj
ster o 02 0.4 08 08 1 12 ) 14 ) 1.8 DG§
12 1e 18
(a) b x<0.01 x~0.1 x~03 ) o ()
r
>
85
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ASIA
NORTH EUROPE
AMERICA

Agiantic
Ocean
AFRICA

SOUTH
AMERICA

e
n OCEANIA

- 2 |
/s Q ‘ Solenoid

proton | i seamiine |

proton

Click on
boxes for info
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CZa CLAS12
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NORTH EUROPE
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 v Y

2017 MPGD Conference - CEA
Saclay - Maxence
Vandenbroucke 88






CO2A CLASI12 - THE MICROMEGAS VERTEX TRA|NEMANE RS

AFRICA

souTHy T
AMERICA:

) OCEANIA ij
[
825Von3mm| | 3825V on3mm| 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]
~
o

50;

wof

30;

20;

g Detector Radius (mm)

05406506 500 400 506 600 700 éé(jn; [‘V%éqo‘m‘] CR6C 222 53
=> Clas-note 2007-004: Simulations of Micromegas | CR6Z 207.54
detectors for the CLAS12 experiment (S. Procureur) | CRsC 192.65

CR5Z 177.57
CR4Z 162.56

CEA/IRFU/DEDIP  --- CR4C 147.57

maxence.vandenbroucke@cea.fr
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CCa CLAS12 - Central Tracker

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



Physigue Nucléaire

Noyaux Bulles et Spectroscopie Gamma

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 92



W i A D CER LA RERTRIE

 Origine d’une déplétion centrale dans le noyau *Si

2Py ———
1d, 2Dgp ———
281, ——— 0 1, i
14 20
1d;/, eee00e 6 1d,, e c0e-
34Qy -
S|20 34S|20
Orbitales protons Orbitale neutrons

0.1

A cause de son orbitale 2s1/2 vide, le o

34Sj (Z=14, N=20) présenterait une 2

deplétion centrale comparativement au <
365 (Z =16, N=20)

0.05

0

CAa Cas physique : Etude des noyaux bulles

b 2 4 6 8 10

0
x(fm)

Ground State Density
Skyrme Harte- Fock Calculations
T T | T | T | T

_— 3§S (neutron)
— ¥ (proton) ||
- — s (neutron)

-= 34Si (proton) |7

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)®P et on essaye

d’identifier d’ou a été arraché le proton

plan focal
S800

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

>

ﬁj dipdles
15 m
E1
GRETINA
i XFP i OB \
) Faiseeau
SIS~ — D1
plan focal T - PR
A1900 cible "Be 5
objet <
S800 :
pointipivot
S800 DETECTEURS
ACCELERAT SYSTEME DE v+ SPECTRO
EUR PRODUCTION IONS
RADIOACTIFS

M. Vandebrouck Ecole De la Physique au Détecteur 2021 37



i EUROPE

SOUT
A

DETECTEUR
« Comment interagit un y avec la matiéere ? y Germanium
~ 100 keV ~1 MeV ~ 10 MeV
ray ener.
Photoelectric Compton Scattering i Pair Production
511
E"Y ,/” \\\\ @ \\

e
~
®
e
-
-

E =FE-E | i
e] vy b i !
| . E, | (E, > 2m?)
| T E |
i 1+ - (1 — cos G) :
m ¢

M. Vandebrouck Ecole De la Physique au Détecteur 2021
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Counts

Les détecteurs v, la lutte contre la diffusion Compton

Astuce 1 : se débarrasser du Compton
avec un bouclier BGO

rYl

—

-~
I

=

BGO
I I > I T
80001 60
‘ Co A
e %
6000 ‘ Unsuppressed Ll L
} ‘ ' M | \A/WVJ ¥ \\M“”/’A'
4000 B __,/‘ .| o7 .\/J‘ ..“V\“' Ve W '-"\-"-»J'_/‘PJ'\N' l
2000( Suppressed \
\.
k l"v. J
O —F—— 1+ 1 & & T G & 1 v §
0 200 400 600 800 1000 1200

Energy (keV)

M. Vandebrouck

Ecole De la Physique au Détecteur 2021

DETECTEUR
vy Germanium

OGEANIA
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Counts

Les détecteurs v, la lutte contre la diffusion Compton
N
BGO
I
8000 60
‘ Co /)
)
6000 | Unsuppressed 1 ' L
} ‘ ' M., | \A/WVJ ; \\M“”/’A'
4000 B __»“‘ .| -\ij‘ .M‘/\“' B e «.f"‘w'-"\-"-»J'_/‘PJ\NV l

0

Astuce 1 : se débarrasser du Compton
avec un bouclier BGO

2000r Suppressed

Energy (keV)

M. Vandebrouck Ecole De la Physique au Détecteur 2021
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EUROPE

Counts / keV

o

300
250
>
200
£
@ 150

€
3 100
o

o

NORTH
AMERICA

ASIA

DETECTEUR :
La campagne VAMOS-AGATA @GANIL 2014-2021 vy Germanium
VAMOS++ AGATA
AL 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
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» Alors bulle ou pas bulle ?

M. Vandebrouck

Ecole De la Physique au Détecteur 2021

i EUROPE

ASIA
NORTH,
AMERICA
fantc
Ocean
AFRICA
SouTH =
AMERICA

ndian H
n OCEAN! |
!
!
]
}
/



g
i
G 14 FRCADEER L C1ARENTRIE "
ASIA
EUROPE

SOUTH
AMERICA

NORTH
AMERICA
Agiantic
‘Ocaan
AFRICA
i
c
i
| Ocean

e
n OCEANIA

» 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 '
: |_» =0
: /
> 1
£ 4,000 :
o :
g :
& 1 —
:
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
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Super Kamiokande
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Neutrino ™ Meutring ™ -] °
\ . \ o
-]
Nucleus g_ Q Electron @ \

Muon or Electron

S
—~

Cherenkav light Cherenkaov light

The generated charged particle emits the Cherenkov light.

Super-Kamiokande |

Charge (pe)
. 526.7

0 1 L Il
0 500 1000 1500 2000

Times (ns)
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Super Kamiokande &

Super-Kamiokande |

Neutrino . Neutrino ™ _ [+ °
\ ) \ o
+ ) -]
MNucleus e Electron @

Muon or Electrun\ \

Cherenkav light Cherenkaov light

K The generated charged particle emits the Cherenkov light.

L
00 1500 2000

Times (ns)

CEA/IRFU/DEDIP

Image du soleil en Neutrino Electronique
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00 =50 50 100 150

1

A 3
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Moon hypothesis confirms at 2.9 o

1 05 06 05 1 Sunis at 3.70
(A =Auon) COS(Opomm) (deg)

Moon Shadow in cosmic rays
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AMANDA

Antarctic Muon And Neutrino Detector Array

lceCube
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Ce2 AMANDA

South Pole

CEA/IRFU/DEDIP
maxence.vandenbroucke@cea.fr
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top view
<>
200 m
Power,
/ Signal In/Out
T Electronics
Photomultiplier
i
T Optical Glass Pressure
I8l Coupling Gel Housing,
0 13" diameter
— 1500 m "f ol
—2000m i “! N
i Photomultipliers in the Ice,
ta looking downwards.
8 Ice is the detecting medium.
i
— 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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AMANDA - ICE CUBE

‘OB ISNNNINVe
_SE-oSantese
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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

[ T n Toea—
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356 m
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Animaton by Jenny Avee & Ana Bystrom
W cooperation with Svmrssa Daghudet

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
100 GB of data north by satellite daily

110



CERN Neutrino Gran Sasso

(CNGS)

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



If neutrinos have mass:

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

> @@ 50 & 0

—>vu —>vt > vu —)vt

CERN

neutrino trajectory >

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 112



Cea CNGS PROJECT - g

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 113
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Cea CNGS

Monte-Maggiorasca
Monte-Prato
Monte-Giovo

Emilia-Romagna

Alessandria

Piemonte
oratory of Gran Sasso

Monte-Emilius

B
— ~ T npeutrinobeam ——»

Y
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NEUTRINOS AT CNGS: SOME NUMBERS
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For 1 day of CNGS operation, we expect:

protons on target 2 x 10%7
pions / kaons at entrance to decay tunnel 3 x 1017
v, in direction of Gran Sasso 10%7
v, in 100 m# at Gran Sasso 3 x 1012
Vv, events per day in OPERA ~ 25 per day
V_ events (from oscillation) ~ 2 per year
CEA/IRFU/DEDIP  --- 116
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31 target planes / supermodule  |n total: 206336 bricks, 1766 tons

B e e 1 - — I - m,“”l S
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[ i Al
% . e § ] T e A ) > e =,= |“=.= :. =PHH :5: . . o

Eﬁ:ﬁ.‘;lé‘l;hl m_"""""'“":m =
"\
Targets

1 |
L= T leoe]
Sa0ie Tl DUANTTH K3V
a ]

Magnetic Spectrometers

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

CEA/IRFU/DEDIP  ---
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Basic unit: brick

56 Pb sheets + 56 photographic films (emulsion sheets)

Lead plates: massive target
Emulsions: micrometric precision

Brick

A

8oy

- e %%
%
e

LR 32
_—— .
Le—sss

| &
&

—
=
Sy~
Wt
s—sse—\

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

Pb

C(Vh\he de gélatine
photographique 40 um

1ix

10.2x12.7x7.5cm3
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Opera Experiment at Gran Sasso
I;{:_\;“ soum; -
The Brick Manipulator System (BMS) prototype:
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
119
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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, 0453, and Am?;, in a single experiment.

1300 km
Normal MH

Spp = -1/2
- cP Sanford

- Spp=0 > Underground Fermilab
cpP 2, Research T R 3

3012 -:cv= :’("zl |
— =0 (solar term
T; 0.10 b

s
,,,,,
e
o
S5

“107 1 10
Neutrino Energy (GeV)

nnnnnnnn
oooooo

Noutrinos 1o

CCA/IRmu/vcEvir . === Iiaxelice.vdliuciivivuctheweoed. i



« 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 --- maxence.vandenbroucke@cea.fr
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o = no oscillation
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=
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*E for the Reactor Anomaly
[0) best fit parameters
Q N TR SRR BRI S RPN B b
y “w 71 2 3 4 5 6 7
el g et simlator visible energy (MeV)
The reactor antineutrino anomaly (RAA) s the observation that the = S O I e B
neutrino flux measured in many experiments close to nuclear L1
reactors is significantly (more than 6%) lower than one would e * e phe
s ——i 0792 +0.072
expect by theory‘ SRP-I e 0.941 +0.026
+ - 182m
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PTOLEMY

T~ 1.9 K = p,= 0.001 eV

n=56cm3x6

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

Neutrino flow

=10*

Io-l =

Is it pos$;ibfale to detéec

Cosmological v

Solar v
Supernova burst (1987A)

__~Reactor anti-v

{07001 e neutrinos?

roer v from AGN
‘lO 200
24 i Cosmagenic
10 v
‘IO 28
10° 10 1 10° 10° 107 10" 10" 10"
pueVv  meV eV keV MeV GeV TeV PeV EeV

Neutrino energy
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PTOLEMY

Detection principle
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A new idea -
e— 1010 i m.nmm =50 meV
/ = A=10 meV
< 10° -
® — & |
~ T=3He+e +v, .
\ - ~ \QB —; 106 - s Endpoint of spectrum
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Nuclear matrix elements (NME) via theory.

Double beta decay
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Experiment iIsotope Technique Main Strength o
CUORE (LNGS) 130Te Bolometers Resolution, Efficiency %
GERDA I (LNGS) 76Ge Ge Diodes Resolution, Efficiency 8
E
K"’(’k’:ﬁéﬁen 136Xe Xe Liquid ground, effi § a;?
s5&
MAJORANA (SURF) 76Ge Ge Diodes Resolution, Efficiency ;:
NEXT (LSC) 136Xe Tracking + C y g j 3:
=
‘ SNO+ (SNOLAB) 130Te Te Liquid Background, Mass Q
SUPERNEMO (LSM) | 82Se, 150Nd | Tracking + Calorimetry Bakground Rejection, Isotope X
Best technology from N 5
1TGe (GERDA+MJ) 76Ge GERDA, MAJORANA Resolution, Efficiency % ?
CUPID 130Te Hybrid Background, Resolution
NEXO (WIPP) 136Xe TPC lonization + Scintillation | Mass, Efficiency, Final State Signal
AMORE (Y2L) 100Mo CaMoO4 bolometers Resolution
CANDLES (Kamioka) 48Ca ‘CaF2 Scintillation Background, Efficiency %
COBRA (LNGS) 130Te, 116Cd ZnCdTe Semiconductors Resolution, 2
C EA/I R F U/D E D I P LUCIFER (LNGS) 82Se ZnSe bolometers Resolution, Background g
_— [i4
MOON (UW) 100Mo Tracking + Scintillation Compactness, Background
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°S | 49 Shart
™ (230011} Norite
Rock
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1190 = L3000 10 2km ;
lere N
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1\
1646 m (S400 L)
tare!
- H§|
"1 'S
CN Tawer Bl e &
MImiisisre) P73 = (SO0 N ) A0 S0

\eval

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

Deck + DAQ

UPW
shielding:
1700 tinner /¢

Urylonliner: |
Rnseal = ~780%
Liquid organic
scintillator + PPO

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

~9400 PMTs, 8"
54% coverage

Broad neutrino physics program

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

- Geo anti-neutrinos

- Supernovae neutrinos

Acrylic - Nucleon decay and exotic physics

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

- 0o12m
~ 5cmthick Three Experimental Phases

- Water-Phase
- Liquid scintillator phase
- Te-loaded liquid scintillator
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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.

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

129

I
.t

S



G 14 FRCADEER L C1ARENTRIE

Cea

ANTI-MATIERE

CEA/IRFU/DEDIP  ---

maxence.vandenbroucke@cea.fr 130



The Positive Electro i e
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1930 : Data taking
1932 : Analysis
1933 : Paper

MARCH 15, 1933 PHYSICAL REVIEW VOLUME 43

The Positive Electron

Cart D. Axoverson, California Imstitute of Technology, Pasadena, California
(Received February 28, 1933)

Out of a group of 1300 photographs of cosmic-ray tracks  curvatures and ionizations produced require the mass to be 1 '5T WI |Son Cham ber
in a vertical Wilson chamber 135 tracks were of positive less than twenty times the electron mass. These particles R -
ec. Cosmic Rays

particles which could not have a mass as great as that of will be called positrons, Because they occur in groups

the proton. From an examination of the energy-loss and associated with other tracks it is concluded that they must

ionization produced it is concluded that the charge is less  be secondary particles ejected from atomic nuclei, 1300 eventS

than twice, and is probably exactly equal to, that of the Lditor . +
proton. If these particles carry unit positive charge the 15 traC kS Wlth e

How Diffusion Cloud Chamber Works
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1930 : Data taking
1932 : Analysis
1933 : Paper

1.5T Wilson Chamber
Rec. Cosmic Rays
1300 events

15 tracks with e*

CEA/IRFU/DEDIP --- maxence.vandenbroucke@cea.fr 132



1 keV
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Linac and
e+ trap
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1 keV
100 ns
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cea GBAR at CERN [N

(L 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)
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Cea AXIONS

Axion helioscopes

Axion"é froh
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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Conceptual Design of the
International Axion Observatory

Armengaud et al.
JINST 9 T05002 (2014)

§ Large toroidal 8-coil magnet L =20 m
§ 8 bores: 60 cm diameter each
§ 8 x-ray telescopes + 8 detection systems

§ Rotating platform with services
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Recul noyau di aux
WIMPs avec
threshold la plus
basse possible
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SOFTWARE ALARMS
VIA e-MAIL and SMS
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Figure 5. The black data points are the DAMA residuals in the (2-6) keVee energy window, Time (day)
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CTA (simulotion)

HESS (2012)
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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.
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3 - nine inch

PhStomMUIvPRet B ' Plastic tank with
12 tons of water
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37 EeV = Exa Electron Volt = 37 x 1018eV

CEA/IRFU/DEDIP
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See event reconstruction data | See CR incoming direction

8.3

Log{Signal [VEHI1}

Generic Information

1d 1234800
Date Sat Mar 5 15:54:48 20035
Mb Station 14
Energy 37.4 £ 1.2 EeW
Theta 43.4 + 0.1 deg
Phi -27.3 £ 0.2 deg
Curvature 15.8 £ 0.8 km

Core Easting 460206 £ 20 m
Core Northing 6089924 £ 11 m

Reduced Chi® 2.30
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CRAYFIS

Application to use
smartphones camera as
i rays detectors

‘ L]
FIG. 4: Activated pixels above threshold in a Samsung

Galaxy SIII phone, during exposure to *°Co. Box size is pro-
portional to pixel response values
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102 10" 1 FIG. 5: Composite image of activated pixels in data collected

: o from phones exposed to a muon beam. The phones were ar-

fraction of partICIPantS ranged such that the muon beam was incident on the side of
the sensor, giving visible tracks where muons pass through
several pixels.
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ALPHA MAGNETIC SPECTROMETER

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

Will be installed on the space station.
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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
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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
axencevendenbrouckeacea - Antimatiére Page 158



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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