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Muon Detection

Main source
* Remark: not only for muon but for all infos on particle physics/cosmology
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Muon Detection

Why Muon Detection?

* Determine Iintrinsic properties of this elementary particle
- Constraint on the Standard Model (SM) ex: g - 2

* Very clean probe for many physic domains
e Astroparticle: proton(cosmic rays) + atm - © - u
e Particle physics: Higgs - 4 u
e Neutrino signature for both domain

* As a tool:
* Trigger
* Veto
* Detector calibration: MIP SO T
* Muo-graphy > e s
* How? A ——

e Detection mechanism:

* |onisation, Scintillation, Cherenkov radiation
 |dentification:

* Tag after “walls”, dE/dx, Cherenkov



Muon Detection

Why Muon Detection?

* Determine Iintrinsic properties of this elementary particle
- Constraint on the Standard Model (SM) ex: g - 2
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Muon

boson
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Spin 0

fermions

Standard Model
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Muon
Standard Model

Leptons
. VoV, V
fermions ee : 1:1
M Electromagnetic & weak interaction (& gravitation)
/7 Mass: 105.6583715+0.0000035 MeV
spin : 1/2
mean Life: (2.1969811+0.0000022)x107° s
Muon< Tt : 1.00002+0.00008 (CPT!)

w-e v v ~100%

ut - et v.v ~100%
\ ok

\/
m(K%)-m(K%~4.10"%V



Muon

Standard Model

Leptons
. V. V.V
fermions ee . 1:1
M Electromagnetic & weak interaction (& gravitation)
r ¢ ~207 times more massive than electron
e ~ 17 times less massive than the tau
e Unstable ct ~ 660m
Muon-<

\.

but the second longest mean life time
after the neutrons
* Means: stable for some simulation in G4



Muon

fermions

Standard Model

Leptons
Ve V. V.
e W T | o -

Electromagnetic & weak interaction (& gravitation)
4 o Thi

Time g
Other Thing
r=T
W-

weak interaction
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Muon discovery Cosmic rays

(W. Hanlon after S. Swordy)

- 4
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neutrinos component component Energy (eV)

Simulation proton 10'* eV

* The most penetrating component of atmospheric showers: the muon component
* At sea level muons represent about 80% of the cosmic ray flux
e averaged over all energies
* above E = 1 GeV they contribute almost 100%
* Below 1 GeV the energy spectrum of muons is almost flat
* Above 100 GeV falls exponentially
* It extends to extremely high energies

The average cosmic ray muon energy is 4 GeV
11



Muon discovery

10*
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Cosmic rays

(W. Hanlon after S. Swordy)
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Galactic phenomenon
-Super Novae

-Neutron stars
=777

Satellite detection

~origin (?)

10" 10" 10" 10" 10" 10" 10" 10" 10" 10

10° 10"

Energy (eV)

Ground detection

Extra-galactic phenomenon
-Galaxy collisions
-Gamma Ray Burst

-Active Galactic Nucleus
=777

12



Muon discovery Cosmic rays

Primary Particle

* ;

nuclear interaction

Kf’7 with air molecule ¢\\

T E<K‘j: KO_;JEGLLH
. Y -
hadronic % 4( ¢ l‘i Vi {N' g
cascade e e e e e @ 5]
Cherenkov +
fluorescence i Thomas A. Anderson
radiation g (matrix 1)
8
wOWy, Y, B pnmK & yeyyey e v 2
nuclear fragments
muonic component, hadronic lelectromagnetic b 10 km
neutrinos component component

Simulation proton 10'* eV

T = 77

p+N—=-X+3 ™ —u +v, ~100%
7r+ — /_[l_ -+ Yy ~100%

;[" — et + Ve + vy,
Cloud chamber (+ k- mu,... +..) 13



Muon discovery
Cosmic rays

Surfacenoire T = -30°C Enceinte etanche

Cloud chamber

1932 Positron discovery
anti-electron,Paul Dirac's theoretical prediction

B

Fia, 1. A 63 milli

and emerging as
is at lea

g ”~, _.7 - : \
S, 23 MeV. positive.
J 2 : p 1L

T

Carl David Anderson
(1905-1991)

CARL D. ANDERSON

chambre a brouillard

* + champ magnétique

o

olt positron (Hp=21% 10" gaus-cm) passing
lion volt goaiuo:: {Ha="1.53 108 gauss-cm). T
e

il ( >
greater than the possible length of a proton path of ©



Muon discovery
Cosmic rays

=1 CIM

A 2

Carl David Anderson
(1905-1991)

Surfacenoire T = -30°C Enceinte etanche

Cloud chamber

1932 Positron discovery
anti-electron,Paul Dirac's theoretical prediction

1936 Muon discovery

Mu-meson ! (wrong naming)
"Who ordered that?" (I. I. Rabi)

* meson: 1 quark + 1 anti-quark



Muon discovery

Phys. Rev. 51 (1937) 884

The experimental {act that penetrating parti-
cles occur both with [positive and negative |
charges suggests that they might [be created in|
\pairs by photons, and that they might be repre-
sonted ad higher mass states of ordinary electrons)

Independent evidence indicating the existence
of particles of a new type has already been found,
based on range, curvature and ionization rela-
uons; for example, Figs. 12 and 13 of our pre-
vious publication.! In particular the strongly
iwomzing particle of Fig. 13 cannot readily be
explained except in terms of a particle of e/m
grecater than that of a proton. The large value of
e/m apparently is not due to an e greater than the
electronic charge since above the plate the
particle jonizes imperceplibly differently from a
[ast electron, whereas Delow the plate its joniza-
tion definitely exceeds that of an eleetron of the
same curvature in the magnetic ficld; the cffects,

however, are understandable on the assumption
that the particle's mass is grealer than that of 4

iree electron, |[We should like 1o suggest, merely

as a possibility, that the strongly ionizing parti-
cles of the type of I'ig. 13, although they occur
predominantly with positive charge, may be
related with the penetrating group above.

Carl David Anderson
(1905-1991)

Observation

For a given B and P

the black track corresponds
to a heavier object than blue ftrack.

So the red track correspond to an intermediate
mass object

Example:proton,muon,electron 16



Interaction Particle-Matter

Charged particle trajectory through matter
* Many different mechanisms occur

* Marco Delmastro
* Particle interactions in particle detectors

1ormsation
(effet photoelectnique
émas on secondaime )

diffusion Rayleigh dhffusion Compton
(¢lastigue) (inelastique)
iy e o

e} ormncTeT myonnement  rayommeanent diffase
modent dif Fiaee madent e o Clestron gecte
il Vgt i A b e * " iphotoélectron )
2 o ® clectron rayonnemenl i+
# - L] L) '] W Ejecic incident AV v ® .
abheorhie - * MCTEIC M0y ETEe
L] J ? " - ? L] ‘o dectron pemphéngue
. * o
. o " 2* B ol
e s < .
iy JE'E - .-""1 .
| I S '."‘4:}'. .
el & ) o e e . e
|* {_J ,?| \ LY * -
! ! s 4 [ ]
(A | * |. O 7 i
e RN I, * haute energic
i -..- e | » \._) cloaron ¢ cocir
- —— -
g e
» *. .
a
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Interaction Particle-Matter

Particles are detected by their interactions with the traversed medium
* Electromagnetic, strong & weak interactions (and gravity...must be forgotten)

Mainly Electromagnetic mechanism is used in our detectors
* |onisation (dE/dx)
* Bremsstrahlung radiation
* Cherenkov radiation
* Transition radiation

Perturbations
e Landau fluctuations
e Multiple scattering
* Pairs creation (e+/e-)

18



Interaction Particle-Matter

Particles are detected by their interactions with the traversed medium
* Electromagnetic, strong & weak interactions (and gravity...)

Mainly Electromagnetic mechanism is used in our detectors
* |onisation (dE/dx)
* Bremsstrahlung radiation
* Cherenkov radiation
* Transition radiation

Perturbations
e Landau fluctuations
e Multiple scattering
* Pairs creation (et/e-)

19



Marco Delmastro

Interaction Particle-Matter (in particular for T__,1.K)

= 32 72
| |
| |
| |
i | | | ' i
fr— L | | _
L0 1 C 1
o 1 on cu '
= . -
9100 = ! =
% - I Bethe [ 1 | Radiative -
> i Andersont-= 1 i
— = Ziegler ! ! .
— ; 1 — -
L Bk I Radiative a .
E &3 ' effects 1 Epe
| T5 1 . 0 1 _
e, 10 E E 3 1 reach 1% | “ Radiative =
= - I Minimum ' / losses .
2 F ! ionization A (e -
S [ Nuclear 1 ‘_ _________ T _________ ’
— - P 1 ) -
» ¢losses ' Without &
1 | | | |
: ' 4 5
0.001 0.01 = 0.1 1 10 100 1000 10 10
By
| | | l | I I I | |
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum




Interaction Particle-Matter

dE 272 111 2mec
Remarks:

dE 1 -

— a — In(B7v7)

dx (32

21



Interaction Particle-Matter

dx 32 12 2
Remarks:
— a — In
P 4 5 6
B’Y _ 10 100 1000 10 10 10 .

22



Interaction Particle-Matter

_dab 22 1 11 Zmeﬂgrﬁzﬁngﬂ.ﬂ: 2 §(Bv)
i — K2 Aﬁﬂlzln i g 5 |
Remarks:
dE 1 5 o
— a — In(B“y
dﬂf 62 ( )
By = E 10 100 1000 104 10° 10
m Y
ﬁ’Y;» muon 1100 101t 102]G€V
muon 12102 2.10° 2.10%|
%207 = —» electron
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Interaction Particle-Matter

Stopping power [MeV cm?2/g]

2 2 2
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Interaction Particle-Matter
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Muon Detection

Detectors

26



Detectors

Definition:
a detector is an instrument which is
used to keep a track of a phenomenon
-trace in the sand
(sand is the detector)
-visible light
(eyes are the detectors)

L'eecil était dans k tombe

> S

¢t negandait Cain

analogical

Bubble chambers

27



Detectors

Different types of detectors must be used
to understand and to keep the track of a phenomenon:
-different types of particles,
-different way to interact with matter,
-fast detectors,
-precise detectors (spatially)
One big detectors is made by many sub-detectors with
precise tasks

AT S

EXPWGMEMT

Run Number: 189280,
Event Number: 143576946
Date: 2011-09-14, 11:37:11 CET

EtCut>0.4 GeV
PtCut>0.4 GeV
Vertex Cuts:

Z direction <lem
Rphi <lem

Muon: blue
Cells: Tiles, EMC

numeric

Persint

28



Detectors

Different types
* Gaseous
* Geiger counter, wires chamber (TPC), Micro-Megas
* Liquid
* Bubbles chamber
* Solid
 Scintillator, Silicon, Photographic plates
* Mix

== .. J"&"’“ Ykl 7l Tl B Sl
Fﬁ’.—‘ﬂ .luh:f'__ ¢ " a..'“,.. Joutemva
Eppms’ om MG ). o 076 L ffin L6 -

7:‘#&’4..'& /- o i

Principle:lonisation

image of a copper cross




Detectors (Gaseous)

Principle:
* Primary and secondary ionisation not enough for a measurement
 Electric Field (high!) => Avalanche
* Electric Field increase the number of electrons
* The drift of lons induces a variation of the potential, which is measured

+ i.;. (F. Sauli, CERN 77-09)

e
zoom on central '
-anode- wire™ ™~

O
&

T = max. drift time
ofions (us)
100 200 300 400 500 T

T T | I I

T 10 pusec
T=I00usec

Total ionization
N = %3 ou x4.n

primary

V=0
(anode) [

T @

-Vt

(F. Sauli, CERN 77-09)

30



Detectors (Gaseous)

“-JI?
. . . | 1 e
Gain vs Electric field Geiger il
(sireamer mode ) i i
10" f- Region of kmited +—
| Potential too weak, pair recombination hecombinarion Ww;y\“ | i
(' defore colfection lh" . i o |
* Il lonisation Chamber: no amplification _ros | Topiaaron  Froportione! | | L
® m— — )
. : L I l Dasharee
* Illa Proportional mode, signal amplification ¢ oo
* Proportional to ionisation. gm"ﬁ { —
* Gain: 104 to 105 5 }
5 I y |
T o parficle I |
* lllb Streamer mode, secondary avalanches ! | :
« Need “quencher” (CH ,CO_,...) ’ : r
4 2 1| | I
10% Ji : 8 porticie : ~—
: i |
* IV Geiger-Muller mode a L . |
|
1 || R 1 _
0 UT 250 500 TS0 1000

Voltoge, volts

Remark: no electric field => no electrons acceleration: recombination



Detectors (Gaseous)

Primary electron + 10°V/cm - Avalanche
UV photons (from the avalanche) - many Avalanches

UV photon

A
. [ N
e
k E~104V/cm.atm |
Individual

avalanches

P i LSS

Z / AL A

Spatial Resolution - :
* Avoid secondary avalanches
* Photons absorption (UV production)
* Noble gaseous (He,Ar,...)

gy

32



Detectors (Gaseous) L L L e
Ar

Spatial Resolution AVAA{r w L0,
* Avoid secondary avalanches . . . .
* Photons absorption (UV production) — %

* Noble gaseous (He,Ar,...)

CO, — vibration modes

— Y ibrations Yipk)
> CDI 15 linear:

»0-C-0 _
-_E Total cross section
QuenCher » Vibration modes are 3,
* Polyatomic gaseous: numbered V (ijk) £
- ex: CH C4H10 CO ® | symmelric, [ Vo) "'ﬂ\é::j A
* Photons absorptlon by vibration or & j: hending, " N4 H
molecule rotation D L it eyrtisn: i 5 Vibration sum
* No easy solution: should be tested . o . a1 |
o EX: 70%Ar, 29.6%C H_, 0.4% Fr . . :
4 10 .
o S5 i\
. e il i I L.L..I.I-:.. wnis ['Li]

R.Veenhof (Garfield) http://cern. ch/garﬁeldpp33



Detectors

Clouds Chamber: Gaseous/Liquid
 C.T. R. Wilson 1911
* C.Anderson positron discovery 1932
Muon discovery 1936 —— >

Enceinte etanche

Charged particle Free ion

Broken cloud chamber
Physicist sad!




Detectors(Gaseous)

Geiger Counter
* H.Geiger-Muller 1928
* Detection: Alpha(He), Beta (e+/e-), Gamma(photon), Muons

Gaseous: He, Ne, Ag
Avalanche: n = neE)X (oo Townsend coeff. function E or R)

> 108 electrons: sparks!!!
Particles counting only:
* N0 Mmeasurement : position,energy,...

Dead time ! 10 ms!!!
No signal detected
during this time

cathode
/
A
v
COUNT  MOL UV photon
DG 3 |
i Individual _ 4
avalanches E~104V/cm.atm
T é’/é%/&/é A A LA

Central thin wire (20 — 50 pm)

35



Detectors(Gaseous)

Muon

Geiger Counter L

* Used as a Trigger device o I
New Evidence for the Existence of a Particle of Mass Intermediate

Between the Proton and Electron
Phys. Rev. 52, 1003 — Published 1 November 1937

Ov
Of r{?
W
Geiger tubs ?1 = » Lead absorber
Q
O3
20
[
o
» Cloud chamber
0004

FiG. 1. Geometrical arrangement of apparatus.

36



Detectors(Gaseous)

Spark Chambers
* Pairs of metal plates are connected to a HV ~10 kV creating a strong electrical

field between the plates.
Charged particles passing across the plates ionize the gas
and create a conducting trace that leads to a spark between the two plates

which is then photographed.

Remark:
HV applied 0,1 sa 1l us
to avoid saturation

A spark chamber at the physics museum of the Sapienza University of Rome

37



Detectors(Gaseous)

RPC: Resistive Plate Chamber

 ATLAS Muons spectrometer Trigger
* Time Resolution ~2ns!
 ~10KV between Bakelite plans D
* Passage of the particle induced discharge (~ 300mV S|gnal)
e Spatial resolution < ~1mm
* No wire !l
* Streamer (or avalanche) mode ATLAS/CMS

~_—~Aluminum

x pickup strips
% P Foam / Insulator
- Tg Graphite

::::::::::::::::::: —""/‘-
e T == —=F + =t e
S e we e be e R NS L s T mem P MR .
s - s . CRNCRE .
A L L L P
P e ” B
o e e

o 2mm

BHPLF\(TUbr\l ongZUpflron1/
X=-327.27Tcm|Y=917 E(J(m\ =1010.21cm

F‘:Q?_.w cm|@=109.64"n=091

72

Graphite
Insulator

v pickup strips

Spacers

L - T~ Aluminum

Persint
38



Detectors(Gaseous)

RPC: Resistive Plate Chamber
 ATLAS Muons spectrometer Trigger

* RPCs are robust detectors (no wire)

* The signal formation happens in the conversion gap ;
as soon as the ionization electrons amplify and the avalanche develops
The signal is induced instantly on the readout strips placed on
the outside of the resistive plates. RPCs are therefore fast detectors
and achieve time resolutions in the ns range (or better)

* In standard RPCs the resistive plates are Bakelite with a bulk resistivity
of =1010 Ohm/cm (CMS, ATLAS, Babar, ...)

* The weak point of the RPCs is their rate limitation owing
to the high bulk resistivity in the resistive plates,
leading to local charging up, followed by a loss of efficiency.

 RPCs are considered safe up to rates of about a few kHZ/cm2

39



Detectors

Bubbles Chamber : Liquid/Gaseous

* C.Glaser 1952
 Liquid phase + bubbles (gaseous)

* Gargamelle: neutral weak curent 1973

* Pressure de 1.3 a 4 atm (temp. ~24K): relaxation
* particles create bubbles, see pictures

* 4 mlong, 2 m diameter , 1000 tons,

e 18 tons (liquid fréon)

...

3D reconstruction!




Detectors

Bubbles Chamber

Final plot

Reconstruction

pictures

41



Detectors(Gaseous)

Wires Chamber

* G.Charpak 1968
Multi Wires Proportional Chamber (MWPC)
flattening of the proportional counter
Time resolution : 200 ns
Spatial resolution: <mm

Signal on wire: ns

|[~5mm, d~1mm, E~50 V/mm

cathode plane

|
@ d @

<P

anode wire

@

T

.lllll

cathode plane

I|,
A

42



Detectors(Gaseous)

Wires Chamber

* Large area (and volume) tracking detectors

e Accuracy is function of the wire distance, ~1 to 2 mm
Spatial resolution = d/v12 (for d=1 mm, ¢~300 pum)

* Wires measure only one coordinate!!!

\}\e AN

\\\Y\\\\\

/ 4|>_D_ AN
D e
D>—




Detectors(Gaseous)

Wires Chamber
* Large area (and volume) tracking detectors
e Accuracy is function of the wire distance, ~1 to 2 mm
Spatial resolution = d/v12 (for d=1 mm, ¢~300 pum)
* Wires measure only one coordinate!!!

\}\e AN

\\\Y\\\\\
/ 4§ AN X
D e
AD—

To get the second coordinate: 2 Wires chambers

44



Detectors(Gaseous)

I3mm
N* Piotes /module 4

Lengih 7/ module 483mm
|||||| dule 440 mm

Wires Chamber

* Muon Spectrometer

Segmented Irigger counters

BCDMS (NA4) & CDHS (NA2) at CERN ~1977-1980

Sandwich of wires chamber (X, Y) iInside iron magnet
10 super modules of 8 (10) MWPC

Spatial resolution < mm

Multiple diffusion in iron degrade the resolution

3D track reconstruction (close to bubbles chambers)

MWPC




Detectors(Gaseous)

Wires Chamber Muon
« BCDMS (NA4) \
RUN 1995 - LENT 33863 AFTER MORENTUN RECOMSTRUCTION Y
:/ J\\f {
ro !
M - '¥‘ 'T‘-H_' —— »

SIDE WIEN (Y CHANDERS)

| |
|
!
i 1y e
— =t T
| '
’ |
{ )
| .
a— v E l ! FJ
Track | P=48.4 GeV Q2 = 98.5 GeV? E, =120 GeV

Fig, 14, Example of a deep inelastic muon scattering event at 120 GeV in the NA4 apparatus.



Detectors(Gaseous)

Wires Chamber
« BCDMS (NA4) .
« Muon diffusionon H ,D_,C 5
-.-.E_‘ 1m0 E r 015
N N w0009 Deuteron
':1'1;_,.“ L x=0 (0125 B BCDMS
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Detectors(Gaseous)

TGC*

* Thin Gap Chamber
 Go back to MWPC

b4
K

\\\)(\\\\\

cathode strips

\

cathode strips

\ =
V\X(\\\\y\\\\\

AN
/ N
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Detectors(Gaseous)

TGC*
 ATLAS
Saturated mode operation (Geiger)
* Time response: ~2 ns : Trigger
* Counting rate: 100 Hz
e Spatial resolution ~mm
T(- Huge surface

cathode strips

\

S
N\\\y\\\\\\\
_|>_ K
/ AD_[ ~~ cathode pads __-ground plane

TGC used in ATLAS

: Gas:
for muon trigger

CO.,/n-pentane

(= 50/50)
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Detectors(Gaseous)

TGC .

Human

00 02 0.4/ 0.6/ 0.8 ~ 0 EMS|| 12

~_Eos || B

%
BOS | / — = |
/ Barrel Téroid < i
=BSE I ==0=2p W ==
tl . 7 - 1 ‘ I

I -~

TeCt  TGC2

EndCap Toroid




Interlude

Charged particle in magnetic field

51



Charged particle in magnetic field

Phys. Rev. 51 (1937) 884

The experimental {act that penetrating parti-
cles occur both with [positive and negative |
charges suggests that they might [be created in|
\pairs by photons, and that they might be repre-
sonted ad higher mass states of ordinary electrons)

Independent evidence indicating the existence
of particles of a new type has already been found,
based on range, curvature and ionization rela-
uons; for example, Figs. 12 and 13 of our pre-
vious publication.! In particular the strongly
iwomzing particle of Fig. 13 cannot readily be
explained except in terms of a particle of e/m
grecater than that of a proton. The large value of
e/m apparently is not due to an e greater than the
electronic charge since above the plate the
particle jonizes imperceplibly differently from a
[ast electron, whereas Delow the plate its joniza-
tion definitely exceeds that of an eleetron of the
same curvature in the magnetic ficld; the cffects,

however, are understandable on the assumption
that the particle's mass is grealer than that of 4

iree electron, |[We should like 1o suggest, merely

as a possibility, that the strongly ionizing parti-
cles of the type of I'ig. 13, although they occur
predominantly with positive charge, may be
related with the penetrating group above.

Carl David Anderson
(1905-1991)

Observation

For a given B and P

the black track corresponds
to a heavier object than blue ftrack.

So the red track correspond to an intermediate
mass object

52



Charged particle in magnetic field

Lorentz force:
F = qux B

|

P~03-R-B

proton

P: momentum  (GeV)
R: curvature (m)
B: Magnetic field (Tesla) proion mass: ~1

Muon mass: ~0.100
Electron mass: ~5.10%

DOosSitron

Remark: the curvature in this example does not correspond to the relative curvature between proton, muon & electron
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Charged particle in magnetic field

Lorentz force;

F = qﬁ'xé
P~03-R-B

P: momentum  (GeV)
R: curvature (m)
B: Magnetic field (Tesla)

4
7
{
L4
{
1
$

Solenoid (CMS,ATLAS,Delphi...)
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Charged particle in magnetic field

Lorentz force;

—

F = qﬁxé

|

1
P: momentum  (GeV)
R: curvature (m)

B: Magnetic field (Tesla)

Charged track => signal in detectors
=> reconstruction program
=> Sagitta (=1/R) determination

Solenoid (ATLAS Inner Tracker)
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Charged particle in magnetic field

Lorentz force;

F = qu X B
P~03-R-B R — l Solenoid (ATLAS Inner Tracker)

LA et
W g b
| Sy
- .
- ™~
-

P: momentum  (GeV)
R: curvature (m)
B: Magnetic field (Tesla)

Charged track => signal in detectors

=> reconstruction program \
=> Sagitta (=1/R) determination % | B ® .
Reconstruction can be complicated i|
Parsint iy § S



Muon Detection

Why Muon Detection?

[ ] <
()
[ ]
[
° JN 09 (e"e -based)
—301+65 —e—
DHMZ 10 (r-based)
L —197+54 F—a—
DHMZ 10 (e'e)
[ ] —289+49 —e—i
HLMNT 11 (e*e")
L —263+49 —e—i
o BNL-E821 (world average) ]
0+63 ——
o Search for Hidden Chambers ... 0. vl ibe iy
> x i -700 -600 -500 -400 -300 -200 -100 0
in the Pyramids
* How? 2~
= The structure of the Second Pyramid of Giza "

is determined by cosmic-ray absorption. .glh’ o

* Detection MechaniSM:  ..u awe s a swicon 5 5150 A 5
* lonisation, Scintillation, Cherenkov radiation

* |dentification:
* Tag after “walls”, dE/dx, Cherenkov

* + Magnetic Field => momentum measurment
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Charged particle in magnetic field
All detectors DO to ATLAS,CMS,...until AMS are using
Magnetic Field to measure the particle momentum.
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Charged particle in magnetic field

L e e T
““‘ ty M m oW NN
il kY
11t L i
s b Aoty
J_J_. .___.__..‘.1.‘l.
A\ i
~ ]
o

J.. A S [ "
- e e e o _..”..ri '
st NG L “. __.w..__,_.:.._ ......
1.1“ i R R I
LI |
[ L S S R R R TR T T
LI R . —— et g o 4 W R B E
L R T I - B e R I ]
RO A I B
..-h.i.l-l-._.-.\h.h. HH””II‘.\-—.\_.\.H _w#_u_..”-rll.l .......
PR e LA B R B N T
ek . el JFFR ST i A | ; ¥
..... A AR = bl 0 I B el R R
....... -..-....-_.l...‘._-.'.___-_..._l-.1..-|._.._...r.-.l-._.__.._.. e
------- P T T L S ] . 5
........ A A BN R R R o g g g 4 W OmE &R o omoa
................. @ BB 4 d o mom N EETEL R E
...... o . W o A e B Tl e ol s L B e

...........................
...................

59



Charged particle in magnetic field
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ATLAS magnetic field
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Charged particle in magnetic field

R-( projection
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ATLAS magnetic field
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Charged particle in magnetic field -

Order of Magnitude:
Toroid ATLAS: B~0.5 Tesla
Solenoid ATLAS(R=1m): B~2.0 Telsa
Solenoid CMS (R=3m): B~3.8 Telsa

CMS

om
Legende :

Muons
Electrons
——— Hadron chargé
- - - -Hadron neutre

Trajectographe ° :

Caloriméetre
|I|l électro-
magnetique
Calorimetre
Vue Hansverse hadronique

de CMS

e

Solenoid Return Yoke
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[Bdl (tesla.m)

10

Charged particle in magnetic field ¥«

Order of Magnitude:

Toroid ATLAS:
Solenoid ATLAS(R=1m): B~2.0 Telsa
Solenoid CMS (R=3m): B~3.8 Telsa

Int Bdl is the relevant parameter for a magnet

[Bd1 vs 1, per ¢ slice RDR

B~0.5 Tesla

Barrel region\

Transition region

ECT region

Persint

Solenoid: IntBdl \ N

Toroid: IntBdl - withn

A n=-In(tan(6/2))

R

Ny
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Charged particle in magnetic field

3 measurement points (p1,p2,p3): d(pl,p3) straight line
Sagitta: distance between d(pl1,p3) & p2
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Interlude: Fin

Back to Detectors
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Detectors(Gaseous)

Tlme Projection Chamber (TPC)
BNL (PEP-4) 1974

3D tracks measurement (tracker) + particle identification!

Signal on 185 wires over 80cm (first coordinate Y)

Signal induced on the segmented cathode (8mm) (second coordinate X)
Drift time measurement (third coordinate Z, beam axis)

Gaseous: Ar-CH4, P= 8.5 atm

E (=150KV / m) /I B (=1.5 Tesla)

Momentum measurement: Track + magnetic field

Control of the drift velocity of the ionization electrons! ~ 7cm / ms
Spatial resolution in Z (direction of field lines E & B) ~mm/ m

Drift electric field decoupled from the avalanche electric field

SECTORS

Remark:
To prevent that the et
lons disturb the TPC: 7
A gate (150V) is closed
between collisions

4JPEP-4 TPC
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Detectors(Gaseous)

Time Projection Chamber (TPC)

* E//B transverse diffusion reduced by a factor 7

* Thanks to Lorentz the drift of the ionization electrons
spiral along the electric field line
2000 [~ ——T T
o(wm) . (A. Clark et al., o -
1750 __‘;‘ PEP-4 perDEEl, 19?6) ] dérive des €lectrons d'ionisation
\
! "‘ trace d'une particule chargée
I "" ’ fils K enceinte en
1500 k- !‘ - damplification matériaux composites
‘1. e plague H.T.
r‘\ "{ ® 20% CH, (EP1=015 des faisceaux
1260 - 1 Ar+  A10ON CHg (ER1-05 -
"i H @ 40% CH, ({EF)-0]
L
woo |- 44 -
|
R
" i 1
LR
50 +— "\‘. " —
AN
ol W :
*ﬁ‘_ cha.!:ubre
‘;‘_‘“ proportionnelle -
250 | t.rr&%-::_ _ —
| | !
5 10 5
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Detectors(Gaseous)

TPC: Delphi, Lep 1992
* PEP-4 close evolution, better spatial resolution
B=12T, E=150V/cm,Ar (80%) - CH4 (20%) & P = latm
27 Primary & Secondary electrons / cm
6.7 cm / us, transverse diffusion ~ 100 um / sgrt (cm)
2 X 6 sectors, 192 wires, 16 Pad (segmented cathode)
16 three-dimensional points
2x1.34m,0.325 m < Radius < 1.160 m
Spatial resolution: Rphi ~ 250um, Z ~ 1mm

T7.T cm
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Sector

Detectors(Gaseous)

TPC: Delphi
e 2views: RZ (left) & R¢(right)
* We see clearly a spiralling electron

DELPHI TPC Display

Sector

— I LNCNI00\D
CSITOSSTSD

_ run = 22679 Sector number 4
Wires plan
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Interlude: Particle identification

Detectors(Gaseous)

TPC: Delphi vs PEP-4

* No conceptual difference
* Only the Pressure is different: Delphi: 1 atm & PEP-4: 8.5 atm
* Bigger lonisation in PEP-4
* More electrons S/B better
* dE/dx resolution better
« BUT
* dEdx curves very close, improvement not so big
 TPC walls thicker more X0 means more conversion

—4E _ 22 11, 2mec’ 80 Tmaa _ g2 3(67))
— 2

| | | | ! 7]

=
+
o
=
@
ot
|

100

=
(¢}
&
=
w
Lol

-J‘III\\I

on

~—
(]

=

O

>

5

> # Anderson-

‘:‘ Ziegler

5 - D Radiative

g 23 effects Eye

=0 .y a7, N —
e 10 E‘Em o reach 1% " Radiative 3
20 . Minimum / losses ]
2 - ionization - -]
8‘ Nuclear SN, S ]
- - epe N e = .
wn l Iggses Without o
1 | | | |
o . . . . . 4 5
0.001 0.01 0.1 1 10 100 1000 10 10
By
[ \ | | | | | l | |
0.1 1 10 100 1 10 100 1 10 100
[MeV/c] [GeV/c] [TeV/c]

Muon momentum
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Interlude: Particle identification

Detectors(Gaseous)

TPC: dE/dx

* Muon identification in the energy range: 1 to 10 GeV

| L |
0.1 1 10 100
p (GeVic)

Calculation
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DetectorS(G aseous) Interlude: Particle identification

TPC: dE/dx

* Muon identification in the energy range: 1 to 10 GeV

31 T 1-] T 1'1['.-FII[ z T T rr|||||

PEP-4

Encmgy deposit per unit length (keViem)

1 = E Ll |.J A 1 1 Ll 1 L ||. L 1 | I | lJ.
0.1 1 10 100 0.1 1 9
p (GeVic) h Momentum (GeV/ie)

Energy scale : ~0.1-->~10 GeV

Calculation Data



Detectors(Gaseous)

TPC: Alice (LHC: Pb-Pb)
* Same principle as Delphi and PEP-4 1986 mm

* more complicated

* 5.1m long (2x2.5m), 18 sectors (MWPC)
Diameter = 5.6 m, volume = 88 m3 i
Inner radius = 0.9 m, outer radius = 2.5 m

Number of Channels: 577568 (Delphi: 20160)

GATING GRID COVER ELECTRODE
CATHODE PLANE - - !f ™,
ANODE PLANE. | t ~ LN
\ \
Ty = -.
| i
GROUNG ——— v . Y
ELECTRODE e T = "I. "n,
PAD PLANE — <=t B HI'H y
R \“‘*m ' L .
! :*.,___T"h-h L T O R e _l...1l:
e =y 2t

2466 mm

32 Rows

Nr. of pads
15842

1346 mm |
1321 mm |
64 Rows
841 mm |
Cuter Chamber
1.25mm 1.25mm
\ Gating Grid i
3mm 2.5mm 2.5mm 3mm
R R Cathode Wire Grid = 1
2.5mm ST
3mm 2.5mm - 1
- - Anode Wire Grid
1 - 2mm
1
3mm Pad Plane

Figure 10: Wire geometries of the outer (left) and inner (right)
readout chambers.
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Detectors(Gaseous)

TPC: Alice (LHC: Pb-Pb)
* Biggest TPC never built
* more complicated
e Spatial resolution 500 um
 Momentum resolution 1% (1GeV), 5%(10 GeV)

HYV alactrode (100 kW)

e il Inner and Outer
- _\_\-“___\—- - &
field cage —__ : \ 1; Containment Vessals
. 0y (150 mm, CO.)
- il ) 150 mm, CO
l" 5
readout chamber { PRI, .
- . | A i lI.I'
i | = ‘___.,,_..--" ) ~ 103
Endplates housing 9aug = ___,ll E. z
T T = _'__,—'-"'__F'_ ! e
2x 2x 18 MWPC —— )‘l' -
__'_'_,_,..-" =
——— =0
— wn
o Bd45 = r < 2466 mm %
4

. drift length 2 x 2500 mm =
. drift gas Ne, CO,, N, (30/10/5) 3
« gas volume 95 m* Eu'lﬂ':fﬁ &

= 357568 readout pads

10°]
_||||||| 1 |||||||| 1 |||||||| 1 11

10" 1 10
momentum p (GeV) 4



Previously

N

/—)

Individual
avalanches

UV photon

E~104V/cm.atm

TI77

RPC

;

~Bakelite /.:

___—Aluminum

x pickup strips
/ Insulator

=/~ Graphite

] 2 mm

2 mm

| 2 mm

— =———=— Grphitc
Insulator
1 mmE Foam v pickup strips
1 cm

Spacers
Aluminum

Wires Chamber

cathode plane

anade wire

S) @ @

cathode plane

Energy deposit per unit length (keViem)

L+

-30
| Crr

OO+

Momentum (GeVic)

FiG. 1. Geometrical arrangement of apparatus,
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Detectors(Gaseous)

C V, 1
Drift Tube E =, ln( )
- Back to Geiger tube T€o J
* MWPC limits: J
* size, cross-talk, energy range =1
. ~100 e- L.
e Electric field in 1/r | E.

* Gain ~10*to 10°
* Not 1 tube but hundred of thousand tubes
"'-._'. 1r

Cathode (HV-)

L

Drifting ionisatio

electrons

LN

rp n,n‘n*.n*n ﬂﬁhﬁhhi}_ﬁﬂ* Ny
: i R et ke T " " g T 'li-
r l' l'.l*l'_*l_:*u‘_l..*_h__-!.hl! iy 5|,+
e it L T " W W 'i
5 i

Charged\Particle
.-.J.aa.hj..u.hj.j..u.n

Charged particle: Muon
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Detectors(Gaseous)

Drift Tube
* Main problem: ageing!

» Careful choice of materials (no Si or similar)

* Highest gas gas purity

* Avoid exceedingly high currents

* Gas impurities or high currents may lead to the development

of deposits on the wires in the form of tiny whiskers
(polymerization of chemical elements in the gas)
These may lead to HV instabilities and inefficiencies and in the worst case
they may make chambers completely unusable
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Detectors(Gaseous)

MDT: Monitored Drift Tube

* ATLAS ~3.7 10° tubes
« ~5500 m?, 3 layers (barrel + endcap)

Solenoid Electromagnetic calorimeters

Endcap Toroid

-
Muon chambers——__

Cathode (HV-)

Drifting ionisatio

electrons

Charged\Particle

LN

r;,_.%ﬂ,_,.l:;l l:r*.fl'aﬁﬂhﬂ,hﬂ L] -l-'},,d-'ﬁ "-"-

w IE - ¥ ¥

il".nn.ti".l'némn-!'-nl.ﬁh“l.“ak“.h."!' “*-

lfulrll'.'ﬂ'l.rﬂ-'-:-f'|1‘|u1':li T "L*t.i*l".
T N PR LN

78



MD

4000_ T T T
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3000

2500

2000

1500

1000

500

Detectors(Gaseous)

T: Monitored Drift Tube

ATLAS Muons spectrometer

Drift chamber (1 to 6m tube long)

Wire 50 um, 30 mm diameter tube

V = 3000 volts

Pressure = 3 atm (300 pairs / cm)

Gain: 2.10%

Max drift time: 700 ns

Drift velocity ~ 3cm / us

Spatial resolution ~ 80 um (- ~100 um data)
Ar (93%) - C02 (7%)

W-Re wire diameter 50um

= Ar-C0, (93-7), pressure 3bar

-

EL, L
‘% ‘m \

==

A ‘ A
‘ ) Y [
' Vi) //"f{‘!\l‘.lT\‘

N\ T
y

For LERTY L TSR ETTRELIEY

I|[||

II]IIIlII I|IIII|IIII|III

p J

gain 10# /-_’.,
P

0.1/ Barrel side A
[ —®— Inner
L —&— Middle
0.05[~ —— Outer

H8 test-beam

0_|\|||\\|||\|||\||||

£ 08— R —
£ C i
S 025n ATLAS Preliminary
E C gx 2011 data (Vs = 7 TeV)
g 02r "
2 C

0.15

IIII‘ m\ll\lll\llllll\llllll

0 2 4 6 8

Three or
four drift-
tube layers

Drift-tube ~

. NG rays (lenses in the
multilayer _p
o

middle spacer)
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Detectors(Gaseous)

* ATLAS Muons spectrometer !&g iy

* 3 (4) tubes x 2 (layers) x 3 (positions) "'T i Tﬂmwmm ol

..l.,

MDT: Monitored Drift Tube W!
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Detectors(Gaseous)

MDT: Monitored Drift Tube

* ATLAS Muons spectrometer
 Air core Toroid => Magnetic field => Muon momentum measuremnt

—— B Solenoid Electromagnetic calorimeters —]  Endcap Toroid
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Detectors(Gaseous)

MDT: Monitored Drift Tube

* ATLAS Muons spectrometer y
. Alr core Tor0|d => Magnetlc fleld => Muon momentum measurement

R, N\

, £=0,23m, ¢=22.5Deg

hmagatlasos_testz.data
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Detectors(Gaseous)

MDT: Monitored Drift Tube

* ATLAS Muons spectrometer
 Air core Toroid => Magnetic field => Muon momentum measuremnt

PALAU DE LES ARTS
REINA SOFIA



Detectors(Gaseous)

MDT: Monitored Drift Tube

* ATLAS Muons spectrometer
* Relative Alignment of ~1200 chambers* 6 par. position + 11 par. Deformation
e 20000 free parameters!

Cible Rasnik Cible Led
capteur
y optique lentille cible
. i
BML-BMS standard sector, side A Large standard sector |

- 1 -

Ay
[ 7 A

BOL

.
BML-BMS
connection

Praxial

BML1

F‘roj/e‘clive SL Endcap
0 Image sensor toroid

Lo Mask EIL EML EoL

i/ Reference system



Detectors(Gaseous)

MDT: Monitored Drift Tube

 ATLAS Muons spectrometer alignment

Barrel endcap

] Saloon-door Radial

Azimuthal

]
I
Polar
(AT E c“.r & [] i CCC
Proximity
- §. I i
: L g i I
Projective
Reference | Axial MDT chamber

il sIEE Alignment bar

e Rl (In-bar inside, not shown)
| Praxial 3D CSC chamber
Only the chambers in the odd sectors (between coils) A set of alignment bars, optically interconnected,
are projectively ‘aligned’The chambers of the even creates an external reference system.
sectc|>rs are aligned with tracks through chamber Azimuthal optical lines monitor the relative
overlaps

position of the chambers to these bars.
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Detectors(Gaseous)

MDT: Monitored Drift Tube

* ATLAS Muons spectrometer
* To day sagitta is controlled at ~40um

sagitta + sector offset [mm]
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deT=4-6 pb Toroid-off data 2011 (7 TeV)
T I T I | | I T I | I T T | I I T T I | T I T I | I T
: A.f_\.ADL:.%PT 00000000 ° ﬂ;&hu‘“‘“m
- Aaug T, pelen * o % .?3. l"-agf‘wj
: o L7 ©° vo b 14
an e RpT o0 @ e se0 oy  WI"um ,413
t " . w ]*. ‘*Qﬂ j
) o' | o © 0 . 12
Ry T Amem L paum foledee ]
abT oL, CPOOOOOOOOO' *ﬂjn 10
= Ladm % o .,
i n Soesg oo o0 estey w-_iuogﬂ
- “ADH% ®,0°0 00000 fﬁmm"“”ﬂ
Aa ,_»3....1. eeto 00 oo oo ﬁ..-..aln 07
B Q:‘_\.Dﬁ' GD{DDQOOOOOOQ %%jﬂé& 05—1
I— A A = I* e oot 8g [ " A A —l
- L ] e®®ge,, ° ¢l_ L Ta 05j
A D Dﬁlliﬁ:-u (}%QOODOOODO [:E]Da& 04
|: A A ™ ° oe :l
- Ll.l.: .(;d'..' LI ] %ll; ﬁ03
- aabd OB "C06000%00ga F¢n¢£ 02
A.“'.‘.!..l 00 00 o000, e, ., O1
| | | I | 1 1 | I | | | 1 | 1 | | 1 I | | | | I | | |
-2 -1 0 1 2
+ 100 um n

86



Entries / 0.5 GeV

Data / MC

Detectors(Gaseous)

MDT: Monitored Drift Tube

 ATLAS Muons spectrometer: uu invariant mass

x1 0.3

900 T T I T T T T I T T T T T T T T T ] Q 1 07 T T T T e BSEE Fatel o | T T T %
- ATLAS Chain 1, MS tracks 7 = ATLAS Preliminary  © Data 2012 =
800F —+— Dat 1 & O 5
EEd e ata = L = Z/y* E
- Is=8TeV : . ‘ : = 1 =
m _1 ' | W ] 10° i J. Ldt=20.51b [JPhoton-Induced —
700 L=20.3fb [_] Background o 4 \s=8 TeV Bl Top quarks =
N Uncorrected MC 3 10°E [Jpiboson 5
600:_ —: 103 —A =14TeV ?;
n g = - Al =14 TeV 3
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300F- = E E
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200 E_ _E o 14 | I:;
E i m 1.2 =
100 — o 1 1 )
B . £ 0.8 ¢ E
a S 0.6 . T
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Detectors(Gaseous)

0 = 1.005 T T I T T T T | T T T T l T T T T | T T T T I T T
: : : “E 1,004 ATLA °Z 5
MDT: Monitored Drift Tube S rogst | DRI BTV oY S
gz 1. muons v N
* ATLAS Muons spectrometer: £ Ve

uuuu invariant mass Higgs!
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Interlude: Detectors conception

Muon Chambers

Principle

 Muon detection:
* Tracker (charged particle)
 MIP in calorimeter
* Tracks in Muon chambers

Traker
et ¥ pkEgt..  Naoh..
Charged Neutral

Hadrons Hadrons



Interlude: Detectors conception

Muon Chambers

Principle
e Muon as Tool

* Trigger

* Veto
e |ce Cube
 Double Chose

e Calibration MIP
e LHC
* Hess (Telescope)

Traker
et ¥ pkigt..  Naoh..
Charged Neutral

Hadrons Hadrons



Interlude: Detectors conception

Coulomb scattering

— Multiple scattering : perturbation (degradation)
* Deflection
* => minimize matter ex: Muon spectrometer (ATLAS)

13.6 MeV
Gy =
Bep

, \/M[l + 0.[}3811'1(:}:/}50)}




Detectors conception

Principle

Muon detection:
* Tracker (charged particle)

 MIP in calorimeter
 Tracks in Muon chambers C M S

0m
Legende :
Muons
Electrons
——— Hadron charge
- = = - Hadron neutre

----- Photons @

Trajectographe

Calorimétre

:1]“ électro-
magnetique
Calorimétre Aimants

Vue Fansverse hadronique (supraconducteurs) .
de CMS Chambres a muons




Back to the Detectors
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Detectors(Gaseous)

CSC: Cathode Strip Chamber

* Determine muon position by interpolating the charge on 3 to 5 adjacent strips
* Precision (x-) strip pitch ~ 5.6 mm

Measure Q1, Q2, Q3... with 150:1 SNR to get ox ~ 60 pm.

Second set of y-strips measure transverse

coordinate to ~ 1 cm.

Position accuracy unaffected by gas gain or drift time variations

| Anaqelut.rires
i 4 .. F '; N |
©o 0o 0 © o 0o o] { ~
el St
S =2.54 mm W =5.60 mm




DeteCtOI’S(Gaseous) Micro Pattern Gas Detectors

Mlcro Megas
* Giomataris I. et al., NIMA 376 (1996) 29
* Capable of operating at very high rates
* Work in magnetic fields
* Radiation hard and age well.
* Shape and readout segmentation can be adapted to the needs
* Parallel plate structures with straight-forward field shapes.
* Work at very low HV (thin amplification gap)
* Industrially produced

Particule o . -
incidente Electrode de désive Ve 700 V Efficiency & discharge probab|l|ty 104
i i 3
' 3 1 I -0 g7z :
7 > 5 - 1105
I \ e 0.9 -'
Espace | q | ;
Espace ., o
de 3mm ! O E =1 kV/icm = 4108
conversion ' e ) J C ® 08t ]
| h_ I"'*-. ] ]
-0 1107
! ':I .-""I "-' . . 0-7- ki 10
¥ PO ) Micro—grille Vm = —400 V .
e o —_— - —3 = - - — " — . }
I Sp-:-.:E t I.-'In"i -.-::.-:I T E — 4':] I":‘.lllllr'll:m s i _8
damplification  100UM M \ amp _ 0.6F 3 10
oy | |
Substrat e [ T T SO D P T

High Voltage [V]



DeteCtOrS(Gaseous) Micro Pattern Gas Detectors

Micro-Megas
* Capable of operating at very high rates
* Work in magnetic fields
* Radiation hard and age well.
* Shape and readout segmentation can be adapted to the needs
» Parallel plate structures with straight-forward field shapes.
* Work at very low HV (thin amplification gap)
* Industrially produced

5 Electrical lines

Particle: 200 egually apaced painla
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DeteCtOI‘S(Gaseous) Micro Pattern Gas Detectors

Micro-Megas
* Capable of operating at very high rates
* Short ion evacuation path => high rate capability
* Very precise readout structures produced using PCB technology (lithography)
* Very good spatial resolution
* Improvement (add of a layer of resistive strips above the readout structure:
Spark tolerant without degrading their performance
T. Alexopoulos et al., NIMA 640 (2011) 110-118

r'elﬂfwe gam

Drift electrode (-HV)
VD Distat ot g | R21
$rire . _
+\+ ol Me?f?pport pillar Resistive Strip (+HV)
. GLASSE 10" Wy ]
| LS k- Mesh
1l S A ......M'l'["' . li i i_;l
[ I:-.{SC—“
16 i MWP& GLALS 10 0 an
;’ MSGC -
05k SOV SOTSTSTSUSSTON WS ]
y readout strip Ground plane

‘103 10% 105 10° 107
rate (mm=2s1)
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Interlude

Muography
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Muography

Micro Pattern Gas Detectors

 the probability of muon absorption is proportional to the density

Muon flux — density map

« Use cosmic muons to analyse Archaeology,Volcanology, buildings structure,...

Search for Hidden Chambers /

in the Pyramids

The structure of the Second Pyramid of Giza
is determined by cosmic-ray absorption.

Luis W. Alvarez, Jared A. Anderson, F. El Bedwei,

1 L 1 1 1 il
45 90 135 180 225 270 315 360
Azimuthal angle ¢ (deg)

Radiation Length (cm)
N w
o o

—
o

*"y}@&f@v qfﬁqﬁ""“qﬁ

Sl

Hidden room in the pyramid? -

RMS Scattering (milliradians)
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Muography

Micro Pattern Gas Detectors

 the probability of muon absorption is proportional to the density
Muon flux — density map
* Use cosmic muons to analyse Archaeology,Volcanology, buildings structure,...

[a] (e (] (] e
(=] w (=) o o
| T

—
w

elevation (degrees)

10

Integrated flux ~ 100 m2sris-

J

1 m2sris C>

1 m2sris

-~ Output flux
0.035 m-2sr1s
0.3 cm2srday-!

7
P
Typical opacity: 2 [g/cm?] x 500 [m] = 105 [g/cm?]
Eneray loss: 2.2 [MeV.cm?/al x 10° [a/cm?] = 220 GeV

. |
Diffusion of low-energy muons

Rocher fendu-p = 1.6 glem’ Ap (glem®)
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Muography Micro Pattern Gas Detectors

 the probability of muon absorption is proportional to the density
Muon flux — density map
* Use cosmic muons to analyse Archaeology,Volcanology, buildings structure,...
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LETTER

doi: 10,1038 /nature 24647

Discovery of a big void in Khufu’s Pyramid by
observation of cosmic-ray muons

Kunihiro Morishima', Mitsuaki Kuno!, Alira Nishio!, Nobuko Kitagawa', Yuta Manabe!, Masaki Moto!, Fumihiloo Takasalef,
Hirofumi Fujif*, Kotare Satoh’, Hidevo Kodama®, Kohel Hayash{®, Shigern Odaka®, Sébastien Procureur, David Artie®,
Stmon Boutellle®, Denis Calvet®, Christopher Filosa®, Patrick Magnier®, lrakli Mandjavidze*, Marc Riallot®, Benolt Marind®,
Pierre Gable®, Yoshikarsu Date®, Makiko Sugiura’, Yasser Elshavel®, Tamer Elnady®, Mustapha Ezzy ¥, Emmanuel Guertiero®,
Vincent Steiger®, Nicolas Serikoff*, Jean - Baptiste Mouret™ ', Bernard Charlés”, Hany Helal** & Mehdi Tayoubi*

The Great Fyramid, or Khufu's Pyramid, was built on the Giza
platcan in Egypt during the fourth dynasty by the pharaoh Khofu
[Chmps]'. whorcigned from 2509 Be to 2483 s, Despite being one
of the oldest and largest monuments on Earth, there is no consensus
about how it was buili*”. To unders tand its internal structure better,
we imaged the pyramid using muons, which are by-products of
cosmic rays thatarconly partiallyabsorbed by stone®* The resulting
cosmic-ray muon radiography allows us to visnal ize the known and
any unknown voids in the pyramid ina non-invasive way. Here we
repart the discovery of a large void (with a cross-section similar
to that of the Grand Gallery and a minimum length of 30 metres)
situated above the Grand Gallery. This constitutes the first major
inner strocture found in the Great Pyramid since the nineteenth
century'. The void, named ScanPyramids’ Big Void, was first
observed with nuclear emulsion films™* installed inthe Queen's

a Mageya and KEK deleciors b Magoya and KEK deleciors

CEA  Gallery axis | Pl T
delecion ]

Figure 1 | Muon detectors i nstalled for Khufu's Pyramid. a, Side view
of the pyramid, with s mor positions and indicative field of view. b, Top
view. ¢, Close view of the position of the gas detectors Brahic and Alhazen
ICEAL d, Orthographic view of Queen’s damber with muclearemulsion
filins {Magoya University, red positions NEL and NEY) and seintillator

chamber, then confirmed with scntillator hodoscopes'™' set
in the same chamber and finally re-con firmed with gas detectors 2
outside the pyramid. This large void has therefore been detected with
high confidence by three different muon detection technologices and
threeindependent analyses, These results constitute a breakthrough
for the understanding of the internal structure of Khufu's Py ramid.
Although there is corrently no information about the intended
purpose of this void, these findings show how modern particle
physics can shed new light on the world's archacological heritage.
The pyramid of Khufuis 139 m high and 220m wide"". There are
three known chambers (Fig, l].atdifﬁcrcn!:hcighuof the pyramid, which
all lie in the north-south vertical plane®: the subterranean chamber,
the Queen's chamber, and the King's chamber. These chambers are
connected by several corridors, the most notable one being the Grand
Gallery (8.6m high = 46.7m long = 2.1-1.0m wide). The Queen’s
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ME1 (Nagoya Univesity) g Nudear emulion plates in position NE2
(MNagova University). h, Scintillator bodoscope setup for position H1
(KEK). L, Gas detectons {musen telescopes, CEAL
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Discoveries of new cavities large void above the Grand Gallery

2016

2017

CEA

a G1 (Alhazen)
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* Only 2 such voids detected

» 1st detection ever from outside
of a deep structure
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Muon Tomography of the Great Pyramid
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Muography Micro Pattern Gas Detectors

e Use cosmic muons to analyse truck, container....
e Multiple diffusion:

» 2 detectors: deviation angle

e fast (~mn), 3D,

,
f } L

¥ ]
SRR NN]

hY

| X

l L
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Conversion

Burnyp bificati om

DeteCtOI‘S(Gaseous) Micro Pattern Gas Detectors

Micro-Megas: uTPCl!
* "Wide” drift region (typically a few mm)
Electric field of 100—1000 V/cm
100 um amplification gap with high electrical field (40-50 kV/cm)

» afactor Em/Ed=70-100 is required for full mesh transparency for electrons
Drift velocities of 5 cm/us (or 20 ns/mm) electrons need 100 ns for a 5 mm gap
Adding the time arrival of the signals => TPC-like
Track vectors for inclined tracks

/ I HV1 Run: 6248, Event: 11 o] Mot Default Map. o

1600}
; 12001
¢ 1000f
anni

PR b [ __ HV2 E l ] ' |
@) 3 ' : _
| . 24 - - . - v n::s 80.

|
N
:

Particle

1 4 107



DeteCtOI’S(Gaseous) Micro Pattern Gas Detectors

GEM: Gas Electron Multiplier

 F. Sauli at CERN, (R. Bouclier et al., NIM A 396 (1997) 50).

» Parallel plate structure with perforated Cu-clad Kapton foils.

* By applying a potential between conducting foil surfaces a
strong electric field develops inside the holes

* Electron multiplication takes place in the field inside the holes

* Hole diameters are 70-120 pm

» Kapton foils are about 50 um thick

-3 Electrical lings
0 Tailal S g me o a a

Goa: Ho B0, GOy W0, Ted00 K, pet alm
T T T T

WL S T S O R R P

X-COCRDINATE
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DeteCtOl’S(Gaseous) Micro Pattern Gas Detectors

GEM: Gas Electron Multiplier
* Triple GEM

* Lower voltage for the same gain
* Less spark
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Detectors(Solid)



Detectors(Solid)

Scintillator

 Scintillation: atoms are excited by a muon
* Atoms are emitting photons which are detected by the photomultiplier.
* The scintillator is plastic (made from organic matter).

Accélération
(dynodes) -
isoomads notomultiplicateur
Scinfillateur Focalisation Anode

| —

Réflecteur Y \ -

Muon cosmique / T

‘lTSignal électrique Muon cosmique

Photocathode

Focusing electrode  PhatomultiplierTube(pmr)  Détection de

lonizationtrack | / J coincidences
/ ke
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; - | A
ll“y ; ; ".. ; i l; ; i ". : /] l.l ; .-'1-, —3
High energy | .= | '/ /rf/ FJ '_j) ’_y y g
photen | T
'| / ! | connector Scintillateur
i — : :
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Detectors(Solid)

Silicon: Pixel
* Elementary cell

Siatome avec 4 electrons de valence

F 3
L] L]

* * N type (~KQ)

L [ L L

“Excess” electron e N type (""1010 more e-)

Examples: As, P —ee

250um

P type ’ ‘
re e ‘.. “Excess” hole
»® : O
Cellule élémentaire : 250um x 50um x 400 um s B
Rb  Z - :




Detectors(Solid)

. . Charged Track
Silicon: Pixel
N cells

CMOS électronique « front end >

v

CMOS électronique « front end »

0 Volts

<=>

B AN

-100Volts

e ~20000 electrons per track
 Times electron collection ~ 5ns



* 11 layers
01 03 05 07 0,9 1.1 1.3
rmm
"Wres | .' T
800 j '. | | | | |
a I II | {V Jl iI
400 - I'___..__I.J__III.B ' I ||t I l. -I~
Zflli__';'T‘I IH -
0 r—l ]leel Barrel, Plxel Dlsks
0 00 800 1200 1600 200

Detectors(Solid)

Silicon Tracker: CMS
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3/ Muon momentum measurement
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Detectors(Liquid)



y coordinates

' ' ' '
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Detectors(Liquid)

Cherenkov radiation: Photo Multiplier (PM)

* Relativistic charged particles through a medium of refractive indexn>1/p
* Relativistic means that the particle moves faster than the light in the medium
- Cherenkov radiation is tangent to a cone 6_ around the trace: cos(6_) =1/ nf3

* Radiation is due to the polarization of the medium and a dynamic variation
of the dipole moment of the molecules of the medium (ie water)
« Number|of photons (Frank-Tamm) is proportional to Z2sin?(0 )

-10

| n>1ip 0 Photocathode
] c I Focusing electrode  Photomultiplier Tube [PMT)
lonizationtrack | ,f/ /
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Detectors(Liquid)

Photo Multiplier: Cherenkov radiation
* Mini-Boon
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Detectors(Liquid)

Photo Multiplier: Cherenkov radiation

e Babar identification

Muon
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Detectors(Liquid)

Photo Multiplier: Cherenkov radiation
e T2K
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L Francois Montanet
Detectors(Liquid) Experimental astroparticle physics

Photo Multiplier: Cherenkov radiation
* Back to Cosmics

! |
Primary Particle
N nuclear interaction
K, K’ — with air molecule \L\\
E ' E<KI: KG?EGLLH
N +
H T T
% hadronic J\L U; l‘ Vi :V
cascade et e e e e e
Cherenkov +
< fluorescence
'x radiation
=
©
° /v YVVVYV VsV
% v, W p.nT,K & yeyyey e
1 . nuclear fragments
Y a muonic component, hadronic electromagnetic

neutrinos component component
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Detectors(Liquid)

Francois Montanet
Experimental Astroparticle Physics

Photo Multiplier: Cherenkov radiation

 Back to Cosmics

(W. Hanlon after S. Swordy)

\| \I II

i \‘ i

LEAP - satellite

: Proton - satellite
Yakustk - ground array
Haverah Park - ground array
Akeno - ground array
AGASA - ground array

Fly's Eye - air fluorescence

OB O & * X 4

HiRes1 mono - air fluorescence
. HiRes2 mono - air fluorescence

HiRes Stereo - air fluorescence
O Auger - hybrid

: Kﬁee ;
(1 _particle/m>-year)

Ankle

1014 1015 1016 101? 1018 1019 1020
Energy (eV)

10° 10" 10" 10" 10™

Measurement of Cherenkov

light with telescopes
or wide angle pmis

/\ /
o §12

«— First interaction (usually several 10 km high)

Air shower evolves (particles are created
and most of them later stop or decay)

Measurement of
fluorescence light

< |
~
N

— 1

Some of the particles
reach the ground

Measurement with
scintillation counters

Measurement of particles with
tracking detectors or calorimeters

/

Measurement of low energy muons
with scintillation or tracking detectors

Measurement of high energy
muons deep underground
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Detectors(Liquid)

Photo Multiplier: Cherenkov radiation

e The muon is detected via Cherenkov radiation in the water or ice

lceCube Neutrino Observatory IceTop: 1 km? surface array
86 strings __:_::_::_:_. ____-ff.__f__-:i_ -

60 Optical Modules per string \ f_ . _ o 1 4
5160 total modules in Ice | E. ‘ i
1 km3 = Gigaton instrumented volume 1| |

Began full operations May 2011 1

2.5 km

DeepCore
Low-energy Extension

Dark Matter,
Neutrino Oscillations
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lceCube Data
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Muon

Beam
* In accelerators muons are abundantly produced in hadronic interactions
e pp->T+..and TT->UVU
* Today muon beams are available at many places in Europe, Asia, and America.
* High energy muon beams, e.g., at CERN SPS, FNAL
* Low/medium energy: PSI, TRIUMF, Los Alamos, BNL, DUBNA, RAL, ...




Muon

Muon cooling for a Higgs Factory at CERN ?

New boson sparks call for 'Higgs
factory’

Jul 5, 2012 15 comments

Former CERN boss Carlo Rubbia wants a muon collider

CERN's discovery of a new fundamental particle — most likely a
Higgs boson — was barely hours old when physicists speaking at this
year's Lindau Nobel Laureate Meeting in Germany argued the case
for a new facility to measure its properties in detail. Speaking out in
favour of a new machine was former CERN boss Carlo Rubbia, who
shared the 1984 Nobel Prize for Physics for the discovery of the W
and Z bosons. "The technology is there to construct a Higgs factory,”

he claimed. "You don't need €10bn; it could be done relatively
cheaply>@ciay,feb. 2015

physicsworld.com

BEST SPECIALIST SITE FOR JOURNALISM 2011

"With a Higgs of 125 GeV we need
only a modest machine, perhaps not
a large linear collider.” Rubbia points
out that muons colliding at a
combined energy of roughly 125 GeV
would suffice — just over half the
energy of LEP and requiring a
machine with a much smaller radius.



p =220 MeV/c

Muon

Muon cooling for a Higgs Factory at CERN ?
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Muon

Muon cooling for a Higgs Factory at CERN ?

e+ bunch
Damping Rings IR & detectors compressor
LY J I

e+ source

e- bunch
compressor positron 2 km
main linac
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central region
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Summary

* Muon is an elementary particle describe by the SM

* All its parameters are well known
« Some tension on gu-2 (3.6 sigma)

 Muons is used in many domain: Astrophysics, particle physics
* Atmospheric showers, Trigger, Veto,...

 Muon detection

 started with cloud chambers and Geiger-Midiller
* Detection mechanism always the same: lonisation

* The main break-through in tracking detectors: MWPC
* Spark chambers parallel-plate chambers has lead to RPCs and now MPGDs*
« MPDGs are probably the new generation of muon detectors being robust
* GEM, MicroMegas, THGEM...
* Radiation hard and showing no signs of ageing
e High rates
* Excellent spatial resolution
* Fast (trigger)

* Muo-graphy
e Future: Muon collider?

*Micro Pattern Gas Detectors
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