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The ‘Standard Model’

matter particles

guage particles

7

Strong Force

Gluon

~

£ 1st gen. 2nd gen. 3rd gen. B
Q
U
A charm fop
R
K
strange bottom
L
E
P r, , -
T | £7%¢ irinoe | uneutrine | ¢ peutrine
ol @ | @ | @
N
electron muon 727
\. /

Electro—Magnetic Force

(1)

photon

Weak Force

W bosons 7 boson |

scalar particle(s)




The ‘Standard Model’
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Build your own Accelerator

E,.=1.5eV =

2 615 596 km/h
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Interactions of Particles with Matter

Photographic Emulsions
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1911-1950ies 1950ies-1980ies 1930ies to present

i

& v

i~ { Al 5:_:
\ :I | -'.\ ,/ 8 i
, " ' W £V 3
(] ] {7 4 ]
f : S P, l
A=y | i E
|,Y\/ ,[ -;f, ; ,J '_-'}f
' | { : Iz
\|'I :! A 1] 2 ; ‘{, [_
K* 'rl e - 15 1} -Ii' 1;
L T2 f "I b =\t
1 I‘ : ' :
K"III' | v . : 1 '[ |
I‘Illllfl'E_!jP___ TE- T— ;"- l‘\ 1 ;
fl/gr N | 1 }L '-
- ! f I
|| K g 4 |
"""o‘-x—"_“ —7 "/ /1‘/ \)_

Geiger Counter Geiger Counter T?day: Large variety of
since 1906 Electronics 1930ies electronic detectors

W. Riegler/CERN



Electromagnetic Interaction of Particles with Matter

Z, electrons, q=-¢,

M, q=Z, e, ‘

Interaction with the Interaction with the In case the particle’ s velocity is larger

atomic electrons. The atomic nucleus. The than the velocity of light in the medium,

incoming particle particle is deflected the resulting EM shockwave manifests

loses energy and the (scattered) causing itself as Cherenkov Radiation. When the

atoms are excited or multiple scattering of particle crosses the boundary between

lonized. 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.

7/5/2017 W. Riegler, Particle Detectors 16




lonization and Excitation
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While the charged particle is passing another charged particle, the Coulomb Force
IS acting, resulting in momentum transfer
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- 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/cm?]
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Relativistic Collision Kinematics, E, .,

M.p. E = m m,p=0,F= e’
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Classical Scattering on Free Electrons

1 dE o 27 7 . 2mec? 3242 F i
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This formula is up to a factor 2 and the
density effect identical to the precise
QM derivation 2>

—dE/dx MeV g‘lcmz)
W
|

1/p

Bethe Bloch Formula

10 100 1000 10000
Py =p/Me

. 2
1db = —4mr?m.c? 21 N,
pdr — — 32

I ' 2

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

- 9, 202.2 Am,
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Electron Spin
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Bethe Bloch Formula

2 )
LdE = —4mrim.c? =L Zi z

pdz ¢ 524

For Large By the medium is being polarized by the
strong transverse fields, which reduces the rise of

the energy loss = density effect

At large Energy Transfers (delta electrons) the

liberated electrons can leave the material.

In reality, E,,, must be replaced by E_,; and the
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/B2

*increases with In y for g =1
*is independent of M (M>>m,)

* is proportional to Z,? 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
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Bethe Bloch Formula

Bethe Bloch Formula, a few Numbers:

10 ¢
ForZ=0.5A gl I
1/p dE/dx =~ 1.4 MeV cm 2/g for By =~ 3 3 I
< OF Hp liquid
_S 5 E =TT [IH
lbD 4 Iy
Example : E JE THI
Iron: Thickness =100 cm; p = 7.87 g/cm3 5 f il
dE=1.4*100* 7.87 = 1102 MeV % 23_
le B
—i
- A 1 GeV Muon can traverse 1m of Iron A I T TR T 0T
0.1 10 100 1000 10000
py=p'Mc

This number must be multiplied
with p [g/cm?3] of the Material >
dE/dx [MeV/cm]
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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= McBy IS however
depending on the particle’s mass

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

dE/dx {keVicm)

- Particle Identification !

Momentum (GeV/¢)

sz + M22 A Om.c?F p2 p2

LdE 2 2 |
= Amreme A Nag | ape T e

odr
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Energy Loss as a Function of the Momentum

DALI_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 24



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

20000 1

0 )
—1 10000 |
R(Ep) = ———dFE N
( 0) .[Eo dE/dl 5000 |
— 2000 |
nllf 2 J_ ’_1 ; 1000
A oy A 1cC £ a S 500 F
R(Bov) = 727 f(Bov0) o
s 100
P 1 A ~Independent of S
R(Bov0) = = = f(Boyo) the material .
Bragg Peak: !
For By>3 the energy loss is =
constant (Fermi Plateau) "Encrgic  Brag Peak
verlust
If the energy of the particle
falls below By=3 the energy
loss rises as 1/p?
Towards the end of the track |
the energy loss is largest 2> R

Cancer Therapy.
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Range of Particles in Matter

Average Range:
Towards the end of the track the energy loss is largest = Bragg Peak -
Cancer Therapy
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S
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> . :
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e LT — GS| Darmstadt

0 4 8 12 16 20 24 28
Depth of Water (cm)
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Fluctuation of the energy Loss: Landau Distribution

Landau Distribution

P(A): Probability for energy loss A
In matter of thickness D.

Landau distribution is very
asymmetric.

Average and most probable
energy loss must be
distinguished !

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

3 GeV Pion: E’,, = 450MeV > A
450 MeV Electron usually leaves
the detector.

=
b

distribution

e
Ln

0.1

0.05

I N e

0

Energy Loss by Excitation and lonization

5

L L5 20
E (arbitrary scale)
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Landau Distribution

PARTICLE IDENTIFICATION

LANDAU DISTRIBUTION OF ENERGY LOSS: _ O _
Requires statistical analysis of hundreds of samples

[}
——— v ’ - . .
Counts | 4 cm Ar-CH4 (95-5) Counts | 15 GeV/c
6000 5 bars 0001 Hrotons T electrons
N =460i.p. '
4000 + FWHM~250i.p. | 4000 |
2000 | 1 2000 |
[
0 —_— I 0 . - . s —
0 500 \1000 _ 0 500 1000 _
_ o N (i.p.) N (i.p)
For a Gaussian distribution: oy~ 211i.p.

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

3

i

p (GeV/c)

BLUE => PIONS RED => KAONS GREEN => PROTONS

STAR
TPC

In certain momentum ranges,
particles can be identified by

measuring the energy loss.

W. Riegler/CERN

dE/dx

Energy Loss by Excitation and |
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dE/dx (keV/em)
[y} oo
=} =~

—

Measured energy loss

2 P 3 T =1 I Illl T T IIIIIII

2

e

12

1 1 1 | I ] I B l 1 1 1 | I
0.1 1 10
Momentum (GeV/o)

8 IIIlI

MAGENTA »> ELECTRONS BLACK => NO 1D POSSIBLE

dE /dx vs. Rigidity (~ 50 HIJING Events)
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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=-¢,

7/5/2017

W. Riegler, 30
Particle Detectors

M, q=Z, e,




Bremsstrahlung, Classical

o
_,,{«(“ r q*24€

a0 @%e

A charged particle of mass M and
de | (2 2,2, e* )'_._’L___ . charge q=Z,e is deflected by a
d e, P (2sin §)" e nucleus of Charge Ze.
. Re kl‘;'sn('" fc.;f@wx, ; .
Because of the acceleration the
Wrifles in Tewns of Nomechn Tvegkr Q-2p'(1-we)  particle radiated EM waves >

de (; 5 )2 4 energy loss.
N— B 8 J——L———* . Q:

daQ e fe . _
Coulomb-Scattering (Rutherford
Y - 13- Scattering) describes the deflection
P &P e i of the particle.

41 & 52,0 —2 Fron Norwell'sC q /JOCQJ%)
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Bremsstrahlung, QM

Qﬁ,}iv_ehsslwé@%& QM 2:Me
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q-2,e, E+N > 13?10 23
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/1 ’\1 oo
g, las ',‘(m hei| E Jn18333 )
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) 8183774

Proportional to Z%/A of the Material.

Proportional to Z,# 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)
Xo- Distance where the Energy E, of

the incoming particle decreases

32



Critical Energy

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

For the muon, the second

/if on Cu
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o - @ = -

10 -5 | )
@ Y oo Radigfve 1 The EM Bremsstrahlung is
5 Faudear ionization re A e 1 therefore only relevant for
oo plesses b N | fdoz==E T o B | 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

7
| 0.1 1 10 100| ‘1 10 100| |l 10 1DO|

[MeV/cd] [GeVid] [TeV/d
Muon momentum

Electron Momentum 5 50 500 MeV/c

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

e
/"
AN . r + lpel. = e've + Nyl
E -

r e g

le

TLC« -'Dlld(\tah s VCV‘, SI'M/O» JU /Bbﬁnﬂly,"./,q n_’
( (

o il
e € +lul = p+ e +ll
2 (vou “p . ,.‘/» . Ag,A( [‘,Ju/
E¢ IU ‘(‘ ‘(,r&v lldl [ | lwykl "!
e galpavkel * - Sone’
Cvoruelin,
de’le,¢) -1
Coii e huzni Lglee)  Ev ez

6 Ce0-L (525 Py - g, Kl € 5 55
:I Epmect (,’ i f'thc')J
3 E \ (2

u\\

f%*d(’- 4e¢ 2V -2,6\773?

Pw-Fex  a-dm e X,

l- /Pro{w‘;.é% ol Pholon Corverk to et e
a'f'ltv o distence x .

W. Riegler/CERN

For Ey>>mc2=0.5MeV : A = 9/7X,

Average distance a high energy
photon has to travel before it
converts into an e* e pair is
equal to 9/7 of the distance that a
high energy electron has to
travel before reducing it’s
energy from E, to E,*Exp(-1) by
photon radiation.
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Bremsstrahlung + Pair Production = EM Shower

Eéc/whajul(c Skowev - ER Co(ow'uér
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Hadronic Calorimetry
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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 Xy

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

W. Riegler/CERN
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Momentum Measurement

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

41
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Diameter: 22m
< || | weight: ~ 7000t

CERN AC - ATLAS V1997
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FORNARD
CALORMETER

Total weight : 12,500t
Overall diameter : 15.00m
Overall length  : 21.60m
Magnetic field : 4 Tesla

CMS
A Compact Solenoidal Detector for LHC
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Electron

Charged Hadron (e.g. Pion)
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3 Electromagnetic
}j! I ' Calorimeter
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Calorimeter

Transverse slice
through CMS

Superconducting
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Iron return yoke interspersed
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T Barnay, CERN, Febricay 2004
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Z=> ete

Two high momentum charged particles depositing energy in the Electro
Magnetic Calorimeter

B

W. Riegler/CERN



2> U W

Two high momentum charged particles traversing all calorimeters and leaving a

signal in the muon chambers.

N ALEPH o

Run=15995 Evt=835

W. Riegler/CERN



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 Z 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) 46
W. Riegler/CERN



W'W- 2> e+ K+ A+i4,
Single electron, single Muon, Missing Momentum

DaLI_D7 ECM= lGl Pch=82_.7 Ef1=96_.7 Ewi=43.5 Eha=6.07 P0041514 Run=41514 Evt=9649
ALEPH Nch= EV] =._C'. 72=_380 EV3=.1] - 4 =

13 bGeV\

46.5 GEV _
e
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Z=2 Qq(

Two jets of particles

8 ALEPH o=

W. Riegler/CERN



Z=> qqg

Three jets of particles

W. Riegler/CERN



Two secondary vertices with characteristic decay particles giving invariant masses of
known particles.

Bubble chamber like — a single event tells what is happening. Negligible background.

ALEPH ™

W. Riegler/CERN



ALEPH Higgs Candidate

B
6+*6_‘> T + H = £ I_S_
qQ

DALI_F1

ALFPH

Undistinguishable background exists. Only statistical excess gives signature.

W. Riegler/CERN



2010 ATLAS W, Z candidates

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

nle+)= -042

E,™s = 26 GeV

M, =57 GeV

<\, Run Number: 154817, Event Number: 968871
& AT LAS Date: 2010-05-09 09:41:40 CEST
¥ M_ =89 GeV

A EXPERIMENT

Z-ee candidate in 7 TeV collisions

W. Riegler/CERN



2010 ATLAS W, Z candidates

N R W A £ = v p,(1+) = 29 GeV
CATLAS
\““g‘ E, ™= 24 GeV

JA EXPERIMENT <

Run Number: 152221, Event Number: 383185
Date: 2010-04-01 00:31:22 CEST

W-pv candidate in
7 TeV collisions

. »: ;
CQATLAS
2 EXPERIMENT

Run: 154822, Event: 14321500
Date: 2010-05-10 02:07:22 CEST

p,(0) =27 GeV n(w)= 0.7
p;(H) =45 GeV n(u) = 2.2
M,, =87 GeV

Z>pp candidate | SER g
in 7 TeV collisions . i
. isi W. Riegler/CERN



Simulated Higgs Boson at CMS

. s
e
R S W g
e Ll
e, e

3 H(150 GeV)—ZZ* iy

' ' ' Particle seen as an excess of two
- photon events above the irreducible

:

H—yy

g M,, =130 GeV backgroundr. B _1
§ 6000 | S ?pnls 5=7TeV, L =51 fb'Vs=8TeV,L=5.3 fo_
[ q) T T
=] O [ E Unweighted
> Higgs signal 0 015007
= 4000 J, 51500 i
8 2 -
- o i
2 w1000 - o 1
§ 2000 T m, (GoV) |
o % i 1
0 g 500 _L gf';Fit
—_ | easees B Fit Component
80 100 120 140 EE P E i; o *
t20¢
Mw {GEV) g’ 0-| PR N T YR TN N WO YT W W [N ST N S N N TR W SN O Y .‘
2 110 120 130 140 150

m,, (GeV)

W. Riegler/CERN




Principles:

Only a few of the numerous known particles have lifetimes that are long enough to
leave tracks in a detector.

Most of the particles are measured though the decay products and their kinematic
relations (invariant mass). Most particles are only seen as an excess over an irreducible
background.

Some short lived particles (b,c —particles) reach lifetimes in the laboratory system that
are sufficient to leave short tracks before decaying - identification by measurement of
short tracks.

In addition to this, detectors are built to measure the
8 particles

s .3 * t
)/"'-'/ Y TCI/ K=, K% PN

Their difference in mass, charge and interaction is the key to their identification.

W. Riegler/CERN



Backup
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Cherenkov Radiation

If we describe the passage of a charged particle through material of dielectric
permittivity NI, (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 . P
— = - - 1 — — — _—— = — —_— n = /€ o= fr
il F P NapZahe £1 A dw dE i #2n2 PV

dE 1 e { 1 N - 2ma 1 1 o 2me

dedw b ¢ #2n? drdh A2 3272 A

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

1
cosO, = —

ns l
M, q=Z,¢e, ’l'
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Cherenkov Radiation

with velocity B> 4, =% n:refractive index

cosb, = 3
n
with n=n(A)=1
1 Cherenkov
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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.

7/5/2017
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Transition Radiation
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