Particle Detectors

Summer Student Lectures 2010
Werner Riegler, CERN, werner.riegler@cern.ch

¢ History of Instrumentation «— History of Particle Physics
¢ The ‘Real’ World of Particles

¢ Interaction of Particles with Matter

¢ Tracking Detectors, Calorimeters, Particle Identification

¢ Detector Systems
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Detector Physics

Precise knowledge of the processes leading to signals in particle
detectors is necessary.

The detectors are nowadays working close to the limits of theoretically
achievable measurement accuracy — even in large systems.

Due to available computing power, detectors can be simulated to within 5-

10% of reality, based on the fundamental microphysics processes (atomic
and nuclear crossections).

W. Riegler/CERN



Particle Detector Simulation

Electric Fields in a Micromega Detector
Electric Fields in a Micromega Detector

Very accurate simulations

of particle detectors are
possible due to availability of
Finite Element simulation

. Mesh: -425 V
programs and computing power.
Follow every single electron by
applying first principle laws of 55-60 kV/em
physics.
60-100 kV/em

For Gaseous Detectors:
GARFIELD by R. Veenhof

Anode: 0 V
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Particle Detector Simulation

Moore's Law
The Fifth Paradigm

I) C. Moore’s Law:
Computing power doubles 18 months.

Il) W. Riegler’s Law:

The use of brain for solving a problem
is inversely proportional to the available
computing power.
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Knowing the basics of particle detectors is essential ...

W. Riegler/CERN 4


http://upload.wikimedia.org/wikipedia/commons/c/c5/PPTMooresLawai.jpg

Interaction of Particles with Matter

Any device that is to detect a particle must interact with it in
some way -> almost ...

In many experiments neutrinos are measured by missing
transverse momentum.

E.g. e*e" collider. P, =0,
If the X p; of all collision products is #0 - neutrino escaped.

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

Claus Grupen, Particle Detectors, Cambridge University Press, Cambridge 1996 (455 pp. ISBN 0-521-55216-8)
W. Riegler/CERN



Interaction of Particles with Matter

Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST

W-ev candidate in

7 TeV collisions
p,(e+) =34 GeV

ne+)= -042

E, ™ =26 GeV

M, =57 GeV

W. Riegler/CERN



Electromagnetic Interaction of Particles with Matter

Z, electrons, q

M, q=2, e,

Interaction with the
atomic electrons. The
incoming particle
loses energy and the

atoms are excited or
ionized.

7/18/2011

_-e0

Interaction with the In case the particle’s velocity is larger
atomic nucleus. The than the velocity of light in the medium,
particle is deflected the resulting EM shockwave manifests
(scattered) causing itself as Cherenkov Radiation. When the
multiple scattering of particle crosses the boundary between
the particle in the two media, there is a probability of the
material. During this order of 1% to produced and X ray
scattering a photon, called Transition radiation.

Bremsstrahlung
photon can be emitted.

W. Riegler, Particle Detectors 7




lonization and Excitation

m, q = Zaeq
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While the charged particle is passing another charged particle, the Coulomb Force

is acting, resulting in momentum transfer

3

Zy Zaef; b x PYAVAYS
w = a ] 7 — -jﬂ” fr
-.I.'FE'U”J" <+ 1 F“} .,F.-"'fl_’ + nef2 .

F,(t)dt =
A dreguh

=

The relativistic form of the transverse electric field doesn’t change the momentum

transfer. The transverse field is stronger, but the time of action is shorter

£ = 4000

ﬁ:ZlZ'?"ﬁh \/x EZ]ZEI';:'J'
F — A F(t)dt
Y 4?:'_".;;.“)'! —+ ’_:“I'zf‘g ;I'i-"“ P — J{ ]"' -lﬁ:_nl'lr.i
. A2 2 a2.4
The transferred energy is then AE - 8P _Zy 277
D1 m (4mwsg)2v2h?
, 1 JZTJI[L, o Z_;J _"Z’frd AF(electrons) m
AFE(electrons) = f.’;gmr (d7=0) 20202 AFE(nucleus) = 2 Zam, (A7e0)?0207 AE (nucleus) -

- The incoming particle transfer energy only (mostly) to the atomic electrons !
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lonization and Excitation

Target material: mass A, Z,, density p [g/cm3], Avogadro number N,

A gramm - N, Atoms: Number of atoms/cm3 n,=N,p/A [1/cm3]
Number of electrons/cm3 n.=N, pZ,/A [1/cm3]

; 2222’?”?; 2 ff;’; '.?Z—_;Z?:m.rj 5 2% di
Ablelectrons) = — o lGmeom@2 ~ PR ¢ [ @
# Y

—

bynax 2 22w Fp——
AnZaZem .c=r< Nap ilh
dE = —/ ifrj-" Fdr2bmdh = — kel ! Af [ —
4] £ L r-r.l.l..in
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With AE(b) > db/b=-1/2 dE/E D E__=AE(b_.) E. . =AE(b

max)
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E... =! (lonization Energy)
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Relativistic Collision Kinematics, E__.

M.p.E = vy *”-_1{.2 + M3t . =1, E = me? i
_—e B A I B

H E” \/IJ”'J :|+ l_l!r"'f'-l

1) VPR 4+ M2et 4 me? = /pRe? + m2et 4/ p'2e? 4+ M2 .

f M
p=pcosl +p cosg . i i
2) p”z = p'l + p" - E;J‘uf s
0=p'sinf + p"sino

P ."] 0 L) )
2me? pPe® cos® 6

1+2) EF = Virte? 4 m?et — e’ =

z
[mr-z + PP + ;"lfzr"'] — ped cos? f
¥ 2mc? pPe? IR 2m m2\ "
E e = = 2me’ #**F F={14= 14 32+2 4
' (m? + M2)ed + 2my/p?c? + M2t ' M ' e
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Classical Scattering on Free Electrons

1 dE o 22 7 2m.c?(3?42F :
:—2;1?“ mec® ZL Ny= In MeC 71 10

pdr 32 A I 8 -

This formula is up to a factor 2 and the
density effect identical to the precise
QM derivation >

—dE/dx MeV g‘lcmz)
w
|

1/p

Bethe Bloch Formula

10 100 1000 10000
By = p/Mc

. 2
B AN
pdr  — 3?

1 ' 2
/ Density effect. Medium is polarized
Which reduces the log. rise.

- 9, 202.2 Am,
% [111 e’ S g2 008 -’)} 3(Bv) = In hwp,ffﬂn,af-—%

Electron Spin
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Small energy loss
-> Fast Particle

¥ =
Small energy loss = %"
- Fast particle -'-\,I -Pion S

\v\;%‘h Large energy loss

L - Slow particle

Discovery of muon and pion

W. Riegler/CERN o 12



Bethe Bloch Formula

1dE Z? Z 2mec? 3242 F 5 0(8v)

T = drrimc® 2L Ny In —=— S R s1 |~ 0.9

p dx e 32 A7 [ i ; > Fur Z2>1,1~16Z %2 eV

50.0
For Large By the medium is being polarized by the , dme o 573 £ on Cu
strong transverse fields, which reduces the rise of 0 \dEIdx = f? I=322eV
the energy loss - density effect N
._'E 10.0 - Radiative effects

At large Energy Transfers (delta electrons) the oo become important
liberated electrons can leave the material. o 50 ~ Approx Trmay
In reality, E, ., must be replaced by E_ and the \gkj dE /dx without §

energy loss reaches a plateau (Fermi plateau).

Characteristics of the energy loss as a function
of the particle velocity (By)

The specific Energy Loss 1/p dE/dx

- first decreases as 1/p2

* increases with In y for § =1

* is = independent of M (M>>m,)

* is proportional to Z,2 of the incoming particle.
* is = independent of the material (Z/A ~ const)
» shows a plateau at large By (>>100)

odE/dx~ 1-2 x p [g/cm3] MeV/cm

W. Riegler/CERN

Energy Loss by Excitation and lonization

A Minimum
w donization

g 20
< 2
-~ 10 IE:B-?H Complete dE /dx
05 bl vl L o R
0.1 1.0 10 100 1000 10 000
BT:prC

M He
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Bethe Bloch Formula

Bethe Bloch Formula, a few Numbers:

ForZ=0.5A 8 : i
1/p dE/dx ~ 1.4 MeV cm /g for Ry ~ 3 3 I
i Haliquid =3
lbD 4 1
Example : E s F g iil;
Iron: Thickness =100 cm; p = 7.87 g/cm?3 5 il
dE=1.4*100* 7.87 = 1102 MeV % 23_
le i
- A1 GeV Muon can traverse 1m of Iron 1 T OO T TT0m T
0.1 10 100 1000 10000
By = p/Mc

This number must be multiplied
with p [g/cm3] of the Material >
dE/dx [MeV/cm]

W. Riegler/CERN Energy Loss by Excitation and lonization
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Energy Loss as a Function of the Momentum

Energy loss depends on the particle
velocity and is = independent of the
particle’s mass M.

The energy loss as a function of particle
Momentum P= Mcy IS however
depending on the particle’s mass

[
[av

[
o0

By measuring the particle momentum
(deflection in the magnetic field) and
measurement of the energy loss on can
measure the particle mass

no
o

20

dFdy (keViem)

- Particle Identification !

8 el L el
Momentum {GeV/e)

1dE M?2 Om.c?F  p? 2
:—4Trr " MeC ng + NA In et b P

pdx P> A I M222  p?+ M2
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Energy Loss as a Function of the Momentum

CALI_F1

ALEPH

Measure momentum by
curvature of the particle
track.

Find dE/dx by measuring
the deposited charge
along the track.

->Particle ID

W. Riegler/CERN 16



Range of Particles in Matter

Particle of mass M and kinetic Energy E, enters matter and looses energy until it
comes to rest at distance R.

50000 |
0 | 20000 +
R(EO) _ / - dE 10000 :
. 5000 F
o, dEjdz o |
f T:::::; _ i \Hzliqui:i
R(3 ﬂ_:.‘-!ch 1 A S 500 f e
(.* 0 .FU) — ﬁ E =200 |
1 & 100 =
= 50 F
P 5 R(Goyo) = Lg 4 J(Bovo) :f:gdrﬁzfenr?;nt i ) 0 _ Il
Me 72 7 ‘! -
2 [
bl Ll
Bragg Peak: ]n| 100 2 5 100.0

bg ;A"r\f{'

For By>3 the energy loss is =

. |"I } m
constant (Fermi Plateau) Encrgic ~ Brage Peak
verlst .
If the energy of the particle |
falls below By=3 the energy |
loss rises as 1/p2 |

Towards the end of the track |
the energy loss is largest > —
Cancer Therapy.

W. Riegler/CERN Energy Loss by Excitation and lonization 17



Range of Particles in Matter

Average Range:
Towards the end of the track the energy loss is largest > Bragg Peak -
Cancer Therapy

Photons 25MeV Carbon lons 330MeV
100
Kobalt 6(
80 Elektronen 21 MeV
S
S Photonen 26 MV
(¢}]
8 60 | Kohlenstoffionen
(] 330 MeV
Q
Z - z
Q ™ g MeBdaten:
& : _'..u ! '..""“-n Photonen und Elektronen
20 | = ""rl--l--I--I--l-l-'.lp:-*lr-l“".. i - N
%1 t.- Kaohlenstof fronen
— LB — GS| Darmstadt
0 4 8 12 16 20 24 28

Depth of Water (cm)

W. Riegler/CERN Energy Loss by Excitation and lonization
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Search for Hidden Chambers
in the Pyramids

The structure of the Second Pyramid of Giza
15 determuined by cosmic-ray absorption.

Lwis W. Alvarez, Jared A. Anderson. F. El Bedwes

James Bawkhard Abmed Fakbhry, Adib Guegs. Asar Gonend
Fikhgy' Hassan. Denms Iverson. Gemld Lynch, Zenab Miligy,
Ah Hilmy Moussa Mobhammed-Sharkaw:, Lawren Yazolmo

Fig. 2 (bottom nght). Cross sections of {a)
the Great Pyramud of Cheops and Eb]l the
Pyramid of Chephren, showing the known
thambers: (4) Smooth imestonecap. (&)

the Balroni Chamber, ©) Belzoni's en-
trance, (0} Howard-Vyse's entrance, I
descending passageway, (F)  ascending
pnsmg’ewnj', i) underground chamber,
{/-1) Grand Gallery. @ King's Chamber.
(1) Queen's Chamber, (&) center line of
the pyramid.

6 FEBRUARY 1970

Luis Alvarez used
the attenuation of
muons to look for
chambers in the
Second Giza
Pyramid 2 Muon
Tomography

He proved that
there are no
chambers present.

Fig. 13. Seanmer plots showing the thiee stages m the combined analyne and viswal
analysis of the data and a plot wigh a siggolated chamber, (a) Sipwlared “x-ray photo-
graph” of uncorrected data. (b) Data cormected for the geomemcal acceptance of the
Jﬂmﬂms. (e) Data corrected for pyramud swocture as well a8 gecmetncal scceptance.
(d) Same as {c) buat with sypplated chambgr, as Iy Fig. 12

W. Riegler, Particle

Datactore




Intermezzo: Crossection AL

amn g n
\ﬂ " o
Crossection 6: Material with Atomic Mass A and density p contains —
n Atoms/cm?3 2 ! Ly
T -1y 0 /e I . e— # -
r.'[t'lu_:?'] = A ll[lm—;l[guizr] m Niy = 6.022 % 107 mol ™!
E.g. Atom (Sphere) with Radius R: Atomic Crossection G = R?xt © o ©
OFO
A volume with surface F and thickness dx contains N=nFdx Atoms. OO 8
The total ‘surface’ of atoms in this volume is N G. /'d
X

The relative areais p=No/F=N,p G /Adx =
Probability that an incoming particle hits an atom in dx.

What is the probability P that a particle hits an atom between distance x and x+dx ?
P = probability that the particle does NOT hit an atom in the m=x/dx material layers and that the
particle DOES hit an atom in the mt" layer

N, N, T .
Ple)de =(1—p)"p=e™"p ex (— _:,r:r]' .r) '”Mr.lr.." 1 exp (—i) dr A 1

=

Mean free path =f .r-P['.r-_aef.a-zf —R..r‘rT;F_er'L
0 (1] “

."':_.; JNF

Average number of collisions/cm =1

7/18/2011
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Intermezzo: Differential Crossection

E e £~
_—-—3-—,_C!J—___ —
da(E.E")
dE’
-> Crossection for an incoming particle of energy E to lose an energy between E’ and E’+dFE’

Differential Crossection:

de(E.E')

i dE

Total Crossection: a(E) = /

Probability P(E) that an incoming particle of Energy E loses an energy between E’ and E’+dFE’
in a collision:

_ 1 do(E. E")
o ml J|' r I||' nli
P(E,E)dE o(E) JE d F
.. ) , , , Nap do(EE")
Average number of collisions/cm causing an energy loss between E’ and E’+dE 1 JE
iadE Nap ,fFrT{E E"
Average energy loss/cm: = /E IE

7/18/2011

W. Riegler, Particle
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Fluctuation of Energy Loss

Up to now we have calculated the average energy loss. The energy loss is
however a statistical process and will therefore fluctuate from event to event.

x=0 x=D

E A E-A
KRR

KXK—K—X

KX X

KXK—K—XX

vV v v v Y

Ke—XXAK—X

P(A) = ? Probability that a particle loses an energy A when traversing a material of
thickness D

We have see earlier that the probability of an interaction ocuring between distance x
and x+dx is exponentially distributed

1 T A
P(x)dr 3 &P (—i) dr A Noapo



Probability for n Interactions in D

We first calculate the probability to find n interactions in D, knowing that the probability to
find a distance x between two interactions is P(x)dx = 1/ A exp(-x/A) dx with A=A/ N,pc

Probability to have no interaction between 0 und D:

Plr = D) = ] - Pl )de, = e %
I

Probability to have one interaction at r; and no other interaction:

o 1 ,
Pley,rg = D)= ] Play )Py — oy )des = e~
D A

Probability to have one interaction independently of @y

I
D 5
Ploy.ag> D)= 2%
ﬂ (1,22 > D) = e

Probability to have the first interaction at ry, the second at rg

. the nth
., and no other interaction:
- 1 b
Pl:_.]']..-"z....]"..l = I"’J - -'r’["l.| ':I-!rjllr"l-f — . :I"'P{"I-:.' - .r',,_l_]ﬂ".r,, =—e *

Jo ..-‘IL (F)

Probability for n interactions independently of xrq.rs...r,

) i g — a I
n—1 n—1 1 l D
f ] ] / Plrey.va . r, = DNdeqy.de,,_1 = — (—) E'_%
0 1] ] il

! LA



Probability for n Interactions in D

For an interaction with a mean free path of A , the probability for n interactions on a distance D
is given by

1 /D\" o - D A
} | = — —_— TR = — T i = — =
Pln) o (,‘J\) ¢ £ t=S A -
—> Poisson Distribution !

If the distance between interactions is exponentially distributed with an mean free path of A>
the number of interactions on a distance D is Poisson distributed with an average of n=D/A.

How do we find the energy loss distribution ?
If f(E) is the probability to lose the energy E’ in an interaction, the probability p(E) to lose an
energy E over the distance D ?

P 1 do
E
plE) =PIV R 4 1”[‘2]/ fIE-ENF(ENAE' f ] E'FOE"YENAE"dE" 4
(l

F(s) = £IH(E) = [ f(E)ePaE

0 —uF.u ) . R )
L[p(E)] = P(1)F(s)+P(2)F(s)*+P(3)F(s ZPI:H”"I:R:I”—Z“ o= — AF()=1) _{ o F(s)=1)

]
n=1 n=1

.
1 [ AF(s)=1) 1 T F(s)1—1)4sE
jI{E} = L f : = }— £ ' s
27 T —d



Fluctuations of the Energy Loss

Probability f(E) for loosing energy between E’ and E’+dE’ in a single interaction is
given by the differential crossection do (E,E’)/dE’/ c(E) which is given by the
Rutherford crossection at large energy transfers

I | 1

|
I
. g la“]— I
< 2 . do 2w Z2et
— = -[ E ;
m £ . ! dE"  m.c2F2E"2
S = L
= 9 xcitations |lontzation due |
L :::.. ::11::1:::““ lm distant ¢ (sions
w3 E €
@) o 10 : o :mn ﬁﬁ:ﬁgﬁ
o
! & } ! | |
0poi oot f 1} 4] 1]
Minimum ionizalion energy Energy transfer (keV )
Excitation and ionization Scattering on free electrons
0.13E
1 cHioo 1 o0
plr) = — f exp(slogs+ rs)ds. = — [ exp(—tlogt — xt)sin(nt) dt.
27t Je—ico wIn R
0.12|-
B _ _ NapZskD X
= E_H' v—1-Inmn = e
0.06—
lne = In—— 4+ 252 o0
E'r.lrrl.l' D_OZf—

n
u

L_
&
=
=]
E-
(=]
(=]
=y
(=]
=y
[~
=
-9
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Landau Distribution

Landau Distribution

P(A): Probability for energy loss A

in matter of thickness D. s 0.2
Landau distribution is very %
asymmetric. Zo.15

Average and most probable
energy loss must be 0.l
distinguished !

Measured Energy Loss is usually 0.05
smaller that the real energy loss:

3 GeV Pion: E’,,,, = 450MeV > A 0 AN BN m—r—
450 MeV Electron usually leaves 0 5 1O 15 20
the detector. E (arbitrary scale)

W. Riegler/CERN Energy Loss by Excitation and lonization



Landau Distribution

PARTICLE IDENTIFICATION

LANDAU DISTRIBUTION OF ENERGY LOSS: ) o )
Requires statistical analysis of hundreds of samples

a
i v " - . .
Counts J 4 cm Ar-CH4 (95-5) Counts | 15 GeV/c
6000 5 bars 6000 protons | electrons
N =460 i.p. '
4000 - FWHM~250i.p. | 4000 |
2000 1 2000 |
[
0 ————————— S 0 . - —
0 500 \IOOO 0 500 1000
] o ] N (i.p.) N (i.p)
For a Gaussian distribution: oy~ 21 i.p.

FWHM ~ 50 i.p.
I. Lehraus et al, Phys. Scripta 23(1981)727

W. Riegler/CERN Energy Loss by Excitation and lonization 27



Particle Identification
Measured energy loss

32 I.'I‘I-I-_J T .I;' I- Tv III| T T T T IIII|

28

oo
i

dE/dx (keV/em)
(3]
=1

—_
o

12

L1 I 1 1 1 I | I 1 1 1 11111 I
p (GeVic) 8 0.1 1 10
Momentum {GeV/e)

BLUE => PIONS RED => KAONS GREEN => PROTONS MAGENTA => ELECTRONS BLACK =» NO ID POSSIBLE

dE fdx vs. Rigidity (~ 50 HIJING Evenis)

40e-06

STAR

In certain momentum ranges, Ll

particles can be identified by
measuring the energy loss.

3.0e-06

265e-08

dE/eix

2.0e-06

1.5e-06

5.0e-07
]

W. Riegler/CERN Energy Loss by Excitation and lonization



Bremsstrahlung

A charged particle of mass M and charge q=Z,e is deflected by a nucleus of charge Ze
which is partially ‘shielded’ by the electrons. During this deflection the charge is
‘accelerated’ and it therefore radiated - Bremsstrahlung.

Z, electrons, q=-¢,

M, q=2, e,

7/18/2011
W. Riegler, Particle

Datactore

29



Bremsstrahlung, Classical

Fad
s
. 17 24°€
L B
de '{'2?,,?13" )3 <
d \ e, P (2sin §)" p- Moy
? = &
J".-‘{-‘"-’tw“.r ju”!;-&x
wb‘irk\ '.’L TE#H!I l:lr n;m‘,h Tbmk Q‘:-?Pl(q‘{mal
de’ (i 3.8, )
aaQ e fc -:;r-'*
_—-'—"_--J =
e CAHIE]
4I 5 3,1 ~2 Fuon Norwell'sE g [ Jacksos )
51::3 dw Sj'E— Hi3 d:;; Qz Rkl EHPq"? Lflweﬂ-,, {q wife
dg_ ‘u' ""-'m Qlur
d e i
E;= J‘r? jdm r‘ﬂdm '3'_ o Gl ® *'I'
\ll?
dg_ il ﬁj‘ﬁl ﬁ ( _E_ "r_n.l-'i-
gk = 4 2 ;MzJ' n o=
e’ A

W. Riegler/CERN

A charged particle of mass M and
charge q=Z,e is deflected by a
nucleus of Charge Ze.

Because of the acceleration the
particle radiated EM waves -
energy loss.

Coulomb-Scattering (Rutherford
Scattering) describes the deflection
of the particle.

Maxwell’s Equations describe the
radiated energy for a given
momentum transfer.

- dE/dx

30



Bremsstrahlung, QM

.M ¢

24 :B#E'F? F.S.I‘b'ﬁf'- {-Lh an ’ o~
= — A
41. \\:‘
q e, Erme NP0 23

"T‘"é t'hH_E—E'
z

- ﬂf,'iﬂ: Rl livishe »

de’(E,e')

f..-! ‘ Y \l I_-{f‘i'_
de £

Pl it
:4‘1{? ;{‘r 1‘-..;& Mt

£’ d 2 E' \] - /
:!'_I"Efq'l-f"'r'?‘?r_:: - 31~ 5ome) | o 18323 4 "L,'-F‘ 'E-L"__i\']
i M .

A =
b2 Ny 2 (e tm ) 5183778

E6)-£,&% X,

Xu (Pn@mﬂih {ﬂ*Q‘”‘L

W. Riegler/CERN

Proportional to Z?/A of the Material.

Proportional to Z,4 of the incoming
particle.

Proportional to p of the material.

Proportional 1/M? of the incoming
particle.

Proportional to the Energy of the
Incoming particle 2>

E(x)=Exp(-x/X,) — ‘Radiation Length’
Xooc M2A/ (p Z,4 Z2)
X,: Distance where the Energy E, of

the incoming particle decreases
E,Exp(-1)=0.37E, .

31



Critical Energy

such as copper to about 1% accuracy for energies between/oout 6 MeV and 6 GeV

For the muon, the second

/if on Cu

o0 . .
“L100 - <  lightest particle after the
> [y Bethe-Bloch Radiative 1 electron, the critical
§ -/ Anderson- — .
2 . Ziegler 1 energy is at 400GeV.
o - @ = ]
P e Minimun  Coigfive 7 The EM Bremsstrahlung is
§ ENuclear ionization re ﬁﬁ:i:_ﬂ_ ﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ E therefore only relevant for
o Losses 0 N | [T I | 1 electrons at energies of
+ Without density effect
1 ! | : | | past and present
4 5 6
0.001 0.01 0.1 1 / bg 100 1000 10 10 10 detectors.
\ | | | | | | | | J
| 0.1 1 10 100| ‘1 10 100| |l 10 IDD|
[MeV/d] [GeV/d| [TeV/c]

Muon momentum

Electron Momentum 5 50 500 MeVic

Critical Energy: If dE/dx (lonization) = dE/dx (Bremsstrahlung)

Myon in Copper: p ~ 400GeV
Electron in Copper: p =~ 20MeV
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Pair Production, QM
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Bremsstrahlung + Pair Production > EM Shower
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Multiple Scattering

Statistical (quite complex) analysis of multiple collisions gives:

Probability that a particle is defected by an angle 0 after travelling a

distance x in the material is given by a Gaussian distribution with sigma of:

0.0136 T
Oy = - Zy |~
Bep|GeV /¢l Xo

X, --- Radiation length of the material
Z, ... Charge of the particle
p ... Momentum of the particle

W. Riegler/CERN
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Multiple Scattering

Magnetic Spectrometer: A charged particle describes a circle in a magnetic field:
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Multiple Scattering
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Multiple Scattering

ATLAS Muon Spectrometer:
N=3, sig=50um, P=1TeV,
L=5m, B=0.4T

Aplp ~ 8% for the most energetic muons at LHC

W. Riegler/CERN
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Cherenkov Radiation

If we describe the passage of a charged particle through material of dielectric
permittivity 11|, (using Maxwell’s equations) the differential energy crossection is >0
if the velocity of the particle is larger than the velocity of light in the medium is

der 0 A ;2 1 NapZa do dw 0l 1 1 ) F e
—_— = — - 1 — — — —_—— = - — - n = ./ € o=
il P NapZahe £1 A dw dFE i 32n2 PV

dFE 1 0 ] 1 _ d N - 27 1 1 - 2me

drdw b ¢ #2n2 - drdh A2 32n? Y

N is the number of Cherenkov Photons emitted per cm of material. The expression
is in addition proportional to Z,2? of the incoming particle.

The radiation is emitted at the characteristic angle Q_, that is related to the
refractive index n and the particle velocity by

|

cosO, = —
n3

M, q=2, e,
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Cherenkov Radiation

with velocity 8= 8, =§ n:refractive index
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Ring Imaging Cherenkov Detector (RICH)
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LHCb RICH
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Transition Radiation

Z, electrons, q=-¢,

M, q=2, e, ‘

When the particle crosses the boundary between two media,
there is a probability of the order of 1% to produced and X ray
photon, called Transition radiation.

7/18/2011
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Transition Radiation
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Electromagnetic Interaction of Particles with Matter

lonization and Excitation:
Charged particles traversing material are exciting and ionizing the atoms.

The average energy loss of the incoming particle by this process is to a good
approximation described by the Bethe Bloch formula.

The energy loss fluctuation is well approximated by the Landau distribution.

Multiple Scattering and Bremsstrahlung:

The incoming particles are scattering off the atomic nuclei which are partially shielded
by the atomic electrons.

Measuring the particle momentum by deflection of the particle trajectory in the
magnetic field, this scattering imposes a lower limit on the momentum resolution of
the spectrometer.

The deflection of the particle on the nucleus results in an acceleration that causes
emission of Bremsstrahlungs-Photons. These photons in turn produced e+e- pairs in
the vicinity of the nucleus, which causes an EM cascade. This effect depends on the
2nd power of the particle mass, so it is only relevant for electrons.

7/18/2011
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Electromagnetic Interaction of Particles with Matter

Cherenkov Radiation:

If a particle propagates in a material with a velocity larger than the speed of light in this
material, Cherenkov radiation is emitted at a characteristic angle that depends on the
particle velocity and the refractive index of the material.

Transition Radiation:

If a charged particle is crossing the boundary between two materials of different

dielectric permittivity, there is a certain probability for emission of an X-ray photon.

-> The strong interaction of an incoming particle with matter is a process which is
important for Hadron calorimetry and will be discussed later.

7/18/2011
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Electromagnetic Interaction of Particles with Matter

Z, electrons, q

M, q=2, e,

_-e0

<
g

Now that we know all the Interactions we can talk about Detectors !

Interaction with the
atomic electrons. The
incoming particle
loses energy and the
atoms are excited or
ionized.

7/18/2011

Interaction with the
atomic nucleus. The
particle is deflected
(scattered) causing
multiple scattering of
the particle in the
material. During this
scattering a
Bremsstrahlung

photon can be emitted.

In case the particle’s velocity is larger
than the velocity of light in the medium,
the resulting EM shockwave manifests
itself as Cherenkov Radiation. When the
particle crosses the boundary between
two media, there is a probability of the
order of 1% to produced and X ray
photon, called Transition radiation.
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Now that we know all the Interactions we can talk about Detectors !
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