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Introduction

m Calorimeter measures the
energy of

m Charged and neutral particles

A Only means to measure
neutrals!

m Jets

A Composed of charged and
neutral hadrons

A Secondary leptons

A Only means to measure the tota i
energy of a jet!

B Requirements
m Linear response with the energ
m Good energy resolution
m Spatial resolution

m Particle identification

C. Zeitnitz Calorimetry 3




Physics with Calorimeters

B Energy measurements of different particle types
(leptons, hadrons, jets) required by physics
m Standard Model physics
AW and tquark mass

m Higgs search

A Signatures of production and decay

A Couplings
m No-Higgs models

A Study in detail W and-&vents to understand symmetry breaking
m New physics

A Often undetectable particles in the final state (e.g. SUSY)

A Requires good measurement wiissing energy
A Cover full solid angle and measure ALL particles
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LHCSearch for theHiggs
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LHCSearch for the Higg&)

m Distinguish signal and background by signatures Zz

during production 5

m Associated production of Higgs with W and Z \\'i
A Lepton(s) in the final state froWY | er ZY 1*I-decay RN
A Constraint from W (M or Z mass - "
m VectorBoson Fusion -
A Additional jets at small angle " -
m Utilize decay signatures - >

m Decay of lguarks:Jets+secondaryertex
m Decay to photons: isolateaieghenergetic photons
m Decay to W or Z: leptons in the final state
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Higgs: Requirements fdcalorimetry

B Hermeticity
m Calorimeter should cover (nearly) the full solid angle
m Typical coverageupto T  Ato thedbmak axis)
B Good electron identification
m Utilize the difference in thehower shapebetween electronhadron
m Requires higlhongitudinald lateralegranularity
B Good energy resolution for photons/electrons
m Very goodsamplingCalorimeteror
m Homogeneousalorimeter
B Good resolution for missing transverse momentum
m Vectorialenergy sum (granularity)
m Good jet energy resolution
m Goodhadroniccalorimeter
m Essential for new physics signatures like SUSY !
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StandardModel Physics

806 T———T T T
B Measurement of the W mass — LEP1, SLD Data y
m Important for the indirect measurement of the Higgs S0 oo
mass through loop corrections iiiies” Bl
= Aim at LHQn a, ~ 15MeV/é %
. . . _ 0.4 1
m Signature: leptons in the final state . :
. . =
& Preciseelektromagneticenergy scale 00.02% ! - —
O Meas_urement of the topquark mass e 4 4
m Signature: 4 Jets 20,2 11143001000 Preliminary
B Almﬂ atop _ 1GeV/é 130 150 170 190 210
. m [GeVl
e Very goqd_wadro_mcenergy measurement 3 YT
& 1% precision fojetc energy scale S
B Requires very good calibration of the calorimeters & /"""“"""‘
with known decays -
m example¥z e M, =./28P° ™ G- cosDy )
detector smearing
10000 /
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Different Calorimeters

m Nuclear Physics
m Detectors for Gammapectroscopy

107

10®

Counting Rate
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High Energy Physics
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Energy Measurement

B Energy measurement of particles

m Absorption of a particle in a block of
material
m Measure the energy loss
A so-calleddeposited energy

A Only charged particles produce a d”@ﬁéctron
and measureable signal

A Signal consists of
i Charge from ionization
i Light from scintillation or Cerenkov effect

m Measureable signal depends
substantially

A Material choice

A Type of detector

A Energy spectrum of secondary particles
A Type of particle

m Measured signal is proportional to the
energy of the particle

C.Zeitnitz- Calorimetry
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Electromagetidnteractions in Matter

B Energy Loss

m Continuous energy loss in the medium due to

A Excitation
e +atom- € +atont- e +atom+g

Alonization
e +atom- e +atom +e

mHappens for all charged particles

AArgongas @ 9'¢ ¢
v 9E_ 35008V
dx cm

needW = 26eVpere -ionpair Y ~140€ -ion pairs/crr
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Average Energy Loss (lonization)

m Heavy charged particles
m BetheBloch formula

) dE
dx

b2g ¢

L A ] 2h272 A
:4pNACDe®neCZZZ% 1 gn%ezmec b 8 ae

o- b2- ==
: ZH

N, : Avogadrosnumber; Z, A: chargeandatmicmass

r, : classicaklectronradius; | =Z°° Q6eV :ionizationpotential

100 -

dE /dx MeV - cm?/gm)

o

- with correclions

-=-without

corrections
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10°

100

10’ 108 10°
Energy [MeV]



Average Energy Loss (2)

m For electrons is the energy transfer different
m Different energy Ioss

° ~2
2 O _ ]
OB N, O, Once L L anANCENG-18 L1y 20-1 5 14g- 80
dx Abgge J2I 0 2 202 16 g <y
B Positrons

m slightly different energy lossrt electrons

m Stopped positrons will annihilate to two photons with 511keV
B Dependence of the energy loss

m Proportional to z2 (charge of the particle)

Bt NPLE2NIOAZ2YFE (G2 wmMkiu F2N at2¢ LI N
B Minimal energy loss at approk HB/m=4

m Parametrization _dE _ 6£- 1.25 Mev (10%for Z> 4)
dx A g/cn?

m MIP:Miniminal lonisingParticle
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Bremsstrahlung

m High energetic charged particle in the Coulomb
field of a nucleus

o 2 - }/“
CEangt €82 Ed B3 :
dx cap gmex A Z K,

N, : Avogadrosnumber; Z, A: chargeandatomicmass tZe

a :fine structureonstant/137

mEnergy loss is
Aproportional to E and z2
Amaterial dependent : Z7A

Aproportional to 1/m?
I Only important for light particles (electron) dE
I For & dominant at high energies dx

1 dE
40000dx

o)

H e
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Radiation Length

B Bremsstrahlundor electrons JE
m Parametrization(valid for high energy) " dx

m Radiation length X
A The energy of an electron is reduced to E/e withig ie toBremsstrahlung

E: EOQ-X/XO

E

Xo

Brem

A Depends only on the material (A/Z2)
m 1/E energy spectrum of the photons

B Radiation length allows for a material independent description of
absorption processes for‘eand photons

B Examples Parametriation
m AlgX,=18.8cm g A
7164
m FeqX;=1.76cm Xo = Sa &0

@ Pbex—0560m Z(Z +1)In(287//Z) &crrel]
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Energy Loss vs. Energy

m Critical Energy E

m Equal energy loss due to ionization a@igmsstrahlung

- L)

dE
E ==
( C) dX

dx

Brem ion

m Material dependent
A Parametrization
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C. Zeitnitz Calorimetry 18



Rangeof heavychargedparticles

h-Particle in air
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Fluctuations of the energy loss

m Energy loss is varying .
. 1 | | 1 I | I
SU bStantla”y 1cm Argon

m Statistical fluctuatiorof the energy
transfer to the electron

m In thin detectors a Landau
distribution represents the energye
loss

m In thick layers of material the - re -
distribution will converge to a 1 2 3 : 5
Gaussian due to the central limit Energy losskeV]
theorem

(=]
~N
1

1

Probability
1
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Multiple Scattering

m Coulomb scattering
B Many scatterings with small energy transfer
B Rarely large energy transfers-¢lectrons)
B AsymmetricdE dx-distribution (Landatfluctuations)
mazad ao0l ddSNRAyYy3Ia KI4degéndenazy R
B Parametrizatiorof the width of the scattering angleas
function of the thickness x

;0136 [x
rms mp XO

m Charged patrticle track will deviate from the straight line

”%@ C.Zeitnitz- Calorimetry 21



Interaction of Photons in Matter

B Photon interacts with the electric s
fleld of the atoms (nucleus) or the W\
electrons in the shell é’q
m Pairproduction in matter . _OZAL
A Threshold: 2 x electron mass MeV TOINL X

7X

A The intensity of a photon beam is reduced to  Intensity 1 (x)= 1, &
1/e within 9/7 X%

1200

207 49 R
Bi [, = 5 kV/em

channel

m Compton Scattering
A Scattering off a bound electron in the shelz
A Electron is liberated

A Cross section is proportional to Z ang/n
(for E above the electron mass)

A Maximal energy of electron _ m,
Bin =B,-— o[-

1000

conversion electron
peak 1 MeV

800

entr:

600
400

calibration peaks

200

80

0 200

Y) 600

‘ Comptonedges‘
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Interaction of Photons in Matter (2)

m Photoeffect

A Photon is absorbed by an electron in they,
shell

A Electron is liberated !
A Cross section is proportional t6 @ 10

Pb

K-shell

10 -

m Rayleigh Scattering

A Scattering off an electron in the shell = ¢~~~
without energy loss L

A Only the direction of the photon is -
changed 001

m Different effects have different |
material dependence 00

001 01 10 10 100

p (cm?/g)
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