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Introduction

B Calorimeter measures the
energy of

m Charged and neutral particles

* Only means to measure
neutrals!

H Jets

* Composed of charged and
neutral hadrons

* Secondary leptons

* Only means to measure the total
energy of a jet!

B Requirements
M Linear response with the energy
B Good energy resolution
W Spatial resolution

m Particle identification

C. Zeitnitz - Calorimetry




Physics with Calorimeters

B Energy measurements of different particle types
(leptons, hadrons, jets) required by physics
m Standard Model physics
W and t-quark mass

W Higgs search

e Signatures of production and decay

* Couplings
m No-Higgs models

e Study in detail W and Z-events to understand symmetry breaking
m New physics

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

* Requires good measurement of missing energy
* Cover full solid angle and measure ALL particles

C. Zeitnitz - Calorimetry 4
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LHC: Search for the Higgs
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LHC: Search for the Higgs (2)

B Distinguish signal and background by signatures 2o %
during production
M Associated production of Higgs with W and Z \\Q
* Lepton(s) in the final state from W—Ilv or Z—1*l-decay \\
 Constraint from W (M;) or Z mass . "
m Vector-Boson Fusion i ]
e Additional jets at small angle w ——Pp—-
B Utilize decay signatures - .

m Decay of b-quarks: Jets+secondary vertex
m Decay to photons: isolated hiegh energetic photons
m Decay to W or Z: leptons in the final state
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Higgs: Requirements for Calorimetry

B Hermeticity
m Calorimeter should cover (nearly) the full solid angle
m Typical coverage upton =5 (0,8° to the beam axis)
B Good electron identification
m Utilize the difference in the shower shape between electron/hadron
m Requires high longitudinale/laterale granularity
B Good energy resolution for photons/electrons
m Very good Sampling-Calorimeter or
m Homogeneous calorimeter
B Good resolution for missing transverse momentum
m Vectorial energy sum (granularity)
m Good jet energy resolution

® Good hadronic calorimeter
m Essential for new physics signatures like SUSY !
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Standard Model Physics

80.6 T———r————————————r
B Measurement of the W mass — LEP1, SLD Data
®m Important for the indirect measurement of the Higgs W iy o
mass through loop corrections 7 o CL
® Aim at LHC: AM,, ~ 15MeV/c? %
. . . — 80.4
m Signature: leptons in the final state .
= .
®» Precise elektromagnetic energy scale of 0.02% ! - — . ~
B Measurement of the top-quark mass | / -
GeV, ]
m Signature: 4 Jets 5 i {4 3100/009 Preliminary |
m Aim: AM,. ~ 1GeV/c2 130 150 170 190 210
» \V} | (thFI)o] d H + m [GeVl
ery goc.> | a ror.nc energy measuremen 3 TR
» 1% precision for jetc energy scale S
B Requires very good calibration of the calorimeters & /"""‘“"’"'
with known decays =
B example Z->e'te M, :\/2. PS.P™ . (1—cos Ag)
detector smearing
10000 /
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Different Calorimeters

B Nuclear Physics

m Detectors for Gamma-spectroscopy

Counting Rate

140,7 2283 364,5 4872 667,7 1726
Germanium detector Energy [keV]
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High Energy Physics

B2

WA 1 Experiment in the 70s
i )
h’“‘a o
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Energy Measurement

B Energy measurement of particles

B Absorption of a particle in a block of
material

B Measure the energy loss
* so-called deposited energy

* Only charged particles produce a direct 5 actron (=) S
and measureable signal —_— e =
: : e e
* Signal consists of “"“" =

— Charge from ionization
— Light from scintillation or Cerenkov effect

B Measureable signal depends
substantially

* Material choice

* Type of detector

* Energy spectrum of secondary particles
* Type of particle

B Measured signal is proportional to the
energy of the particle

C. Zeitnitz - Calorimetry 11




Passage of Particles through Matter
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Electromagetic Interactions in Matter

M Energy Loss

m Continuous energy loss in the medium due to

* Excitation
e +atom —»e” +atom*—e +atom+y

* lonization
e +atom—oe +atom’ +e”

mHappens for all charged particles

* Argon gas X g/rem cm
= d—E=—36OOﬂ
dx cm

need W = 26eV pere -ion pair = ~140e -ion pairs/cm

C. Zeitnitz - Calorimetry 13



Average Energy Loss (lonization)

B Heavy charged particles
B Bethe-Bloch formula

dE
dx

——=47zN, T, -mGCZZZEi In
A p?

2mecz,327/2j _pe_ Q}
2

N , : Avogadros number ; Z, A:charge and atmic mass

r, : classical electron radius ; | = Z°°-16eV :ionization potential

100 -

dE /dx MeV - cm?/gm)

- with correclions

-=-without corrections

10'

10°

100

10’ 108 10°
Energy [MeV]



Average Energy Loss (2)

B For electrons is the energy transfer different

m Different energy loss

—d—E_47zN T, - m0222 [Lmeczﬂ“ 1) ~(1-p2)- 2, 2+1(Hj]
A B2 2

dx J21 27?2 16

B Positrons

m slightly different energy loss wrt electrons

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

m Proportional to z? (charge of the particle)

m Proportional to 1/B2 for slow particles
B Minimal energy loss at approx py=P/m=4

B Parametrization _4E :65—1.25 Mev (10% for 2> 4)
dx A g/cm?

® MIP: Miniminal lonising Particle

C. Zeitnitz - Calorimetry 15




Bremsstrahlung

B High energetic charged particle in the Coulomb

field of a nucleus
2
S _gan ] 2Ly 18 . 7 r
dx 41e, MC? A Z Ae,

N , : Avogadros number ; Z, A:charge and atomic mass t2e
« : fine structureconstant1/137

mEnergy loss is

 proportional to E and z*
* material dependent : Z¥A

* proportional to 1/m?
— Only important for light particles (electron) dE

— For e* dominant at high energies dx

1 dE
40000 dx

H e

C. Zeitnitz - Calorimetry 16



Radiation Length

B Bremsstrahlung for electrons dE E

m Parametrization (valid for high energy) Cdx

Brem

m Radiation length X,

* The energy of an electron is reduced to E/e within 1X, due to Bremsstrahlung
—x/ X
E=E,- e
* Depends only on the material (A/Z?)

m 1/E energy spectrum of the photons

B Radiation length allows for a material independent description of
absorption processes for e* and photons

B Examples Parametrization
B Al-X,=18.8cm 716.4- A g
B Fe—X,=1.76cm X, = ' [ }
Z(Z +1)In(287//Z) | cm?

B Pb-—X,=0.56cm

C. Zeitnitz - Calorimetry 17




Energy Loss vs. Energy

B Critical Energy E_

B Equal energy loss due to ionization and Bremsstrahlung

d_E
dx

_dE
dx

(E) (E)

Brem

B Material dependent

e Parametrization

= _B800Mev

¢ Z+1.2

ion

10%
E
9 -
~N
E E
v e
| e p
% ...I
<
X 10'E Bremsstrahlung loss
& E
e e
i S e T
: Collision loss 7
I~ 7/
- 2 Towisekion /
/
]O"1 O T I W W N W U0 M G M RS U ST S N W B V1T MR AR,
10-‘ IO, 103 105
Energy [MeV]
18
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Range of heavy charged particles

o-Particle in air
| 5 | | | | |
/
7 J'! 5ol Luft
10
ll ;1 15_
K / =
W2/ I E
- / p/,-" = 0
£ == s =
o 7 II ‘@
o 3 2
=~ I( H 2 o
o y f @
g / _I, Hi
T 100 A4 i | ] | ] | |
x =/ : 2 b 6 8 10 12 %
7/ Energie E, [MeV]
77
Jild
7 Example for E=500MeV in water
va: n ] * Proton : 150cm
" / - | e Kaon : 200cm
107 : .
10 10 100 1000 * Pion : 300cm

Energy [MeV]




Fluctuations of the energy loss

B Energy loss is varying
substantially

m Statistical fluctuation of the energy
transfer to the electron

B In thin detectors a Landau
distribution represents the energy
loss

W In thick layers of material the
distribution will converge to a
Gaussian due to the central limit
theorem
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Multiple Scattering

B Coulomb scattering
B Many scatterings with small energy transfer
B Rarely large energy transfers (6-electrons)
B Asymmetric dE/dx-distribution (Landau-fluctuations)
B Most scatterings happen under small angle (6-* dependence)

B Parametrization of the width of the scattering angle 0 as
function of the thickness x

5 138 [ X
rms ﬂCp XO

B Charged particle track will deviate from the straight line

C. Zeitnitz - Calorimetry 21




Interaction of Photons in Matter

B Photon interacts with the electric s / C

field of the atoms (nucleus) or the AN
electrons in the shell é’q

m Pair-production in matter

1
 Threshold: 2 x electron mass = 1 MeV a Xo

* The intensity of a photon beam is reduced to Intensity: 1(x)=1,-e >
1/e within 9/7 X,

1200

207 49 R
Bi [, = 5 kV/em

B Compton Scattering

e Scattering off a bound electron in the shell

1000

conversion electron
peak 1 MeV

entries / channel

800

e Electron is liberated 600

* Cross section is proportional to Z and m_/E

400
(for E above the electron mass)

calibration peaks

200

* Maximal energy of electron m

max e
Ekin _ Ey

Laal

0 |

0 200 T T

Y) 600

‘ Compton edges ‘
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Interaction of Photons in Matter (2)

B Photoeffect

* Photon is absorbed by an electron in the
shell

* Electronis liberated
* Cross section is proportional to Z> !!

m
B 2 55 4 Mg
GPhoto_47z'°re Lot —

E
v
B Rayleigh Scattering

» Scattering off an electron in the shell
without energy loss

* Only the direction of the photon is
changed

m Different effects have different
material dependence

C. Zeitnitz - Calorimetry
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Electromagnetic Cascade

B Simple Model of an em shower

B An electron entering a block of material will radiate a photon after 1 X, due
to Bremsstrahlung

e The electron and photon carry half the energy

B One X, later the photon will produce an e*e” pair, each with % of the energy
and the electron radiates another photon

B In each step the number of particles doubles and the energy of the particles
is halved

B The process stops, when the energy is reduced to the critical energy

E(t)=E,-2"and N(t) = 2'
‘44 max number of particlesat E(t__ )= E,
Eo |
MH,JY<<4 E

-< R PR I N(tmax):E_O

In E

—_ EC

Eorp Eo Evjg Egyg =>1t . = o

24



Attributes of em Showers

B Simple model yields the following features
B Only logarithmic dependence of the shower maximum with E,

m Number of produced particles is proportional to the energy of
the primary particle N=E,/E.

B Energy spectrum of particles reduces quickly with depth

B Reality

B Energy of particles is differently distributed
* Bremsstrahlung creates 1/E spectrum

* Pair production, compton and photo effect produce wide range
of electron (positron) energies

* Most charged particles (¥90%) are electrons

B Material dependence breaks exact X, scaling
e Shower max shifted for high Z
* Slow decay in high Z materials

C. Zeitnitz - Calorimetry 25




Attributes of em Showers

B Simple model yields the following features

H Re

Energy deposit per cm (%)

10

Depth (X,) ith Eo
0 5 10 15 20 25 30
o : ' rgy of
os.» °  1GeV
o * 10 GeV
e & 100 GeV
& 1000 GeV
.8.
P OA.A
%o :3.
. &
L] * |
- . ' o e ange
4 . a A
- ¢ o . .o. "a‘ ‘A.‘. 4
g fxa ‘ P800 o8antan o tod g,
0 10 20 30 40 50
Depth (cm)

e Shower max shifted for high Z
* Slow decay in high Z materials

C. Zeitnitz - Calorimetry
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Attributes of em Showers

B Simple model yields the following features

H Re

Depth (X,) ith EO
0 5 10 15 20 25 30
_ i : ' rgy of
< o, 5 1Gev
10 e * 10 GeV
E o & 100 GeV
Q " s 1000 GeV
e Bk & e¥
[=9 g L8
- 2% :
oa 6 i 4 | .
b o~ . . b oA . |e d
o " . B“‘Q 10 = . oo om : d
S il "~ : J:'“I’:E '« Iron
. = i . . .
o . S e st E Aluminium
Qh)' —_ 1 a0 L
= 2 F o ' 7] . R
= o8 g
»—.Aﬂ .ﬂ :E . o .-
o Badast . B : et
0 10 (=B & | ‘.
¥ a O .
- 5 .
o 010 oL e
& [
« Shower maxst 5 S ..
. = & o [
e Slow decayint & . O .




Containment of em shower

et ey —e- 4

Composition of em shower
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Lateral Shower Shape

B Angular distribution in scattering
(pair production)
B Spread of the particles

perpendicular to the direction of
the incoming particle

ANGULAR DISTRIBUTION PARTICLES CONTRIBUTING TO £M CALORMETER SIGNAL
theV o ENTERING ¥* WITH FIBER AXIS
1 mn ROUND FBERS

B The energy carried by particles falls
exponentially wrt. the shower axis

Number of shower particles (arb. units)

s F/\/\rwq
'S s A b l
-1

e A ' e
08 06 -0& 02 0 02 04 06 08 !

B The width depends on the shower

cos 0,
depth
B Parameter: Moliere Radius
X X
Py =MCNArla—2=21.2MeV —2
EC EC
m 90% energy is deposited in a Examples
cylinder with radius p,, around the Al - p,=4.7cm
shower axis Fe — p,=1.8cm
B Moliére radius has no real physical Pb —po=1.6cm
meaning!
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Lateral Shower Shape
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Myons

B Nearly no Bremsstrahlung (1/40000 of e)
B Energy loss of u mainly due to ionization
m High energetic p pass through thick layers of material
B Myons with high energies are close to minimal ionizing (mip)
m Example: 2m Pb

* Minimal energy loss

_9E s MY _dE ~13-200MeV = 2.6GeV

dx g/cmz
B At very high energies Bremsstrahlung get important
B E_is as high as 200GeV!

B Myon energy NOT measureable in calorimeters with
limited size

B Need for i spectrometer

R
AR

C. Zeitnitz - Calorimetry 31
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B Nearly no Br
B Energy loss
m High energe
H Myons witl

H Example: 21

* Minimal €

_dE _

dx

H At very high

mE_is as high

H Myon energ)
limited size

B Need for u

1.

s
100 -
L

Events/0.5 GeV

¥ 8 8.

L
-

-

80 GeV u
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Hadronic Interactions

B Charged hadrons loose energy continuously
due to ionization/excitation of atoms

B Inelastic Interactions (spallation)

m Hadron interacts with a nucleon within the
nucleus

B Momentum transfer leads to subsequent
scatterings off other nucleons dE/dz w

* |ntranuclear Cascade

® Nucleons might leave the nucleus :

* slow Protons stopped quickly a a

P > B .
W Secondary particles are produced Qv vﬁ \gj .
. P

* mainly pions, rarely kaons

B Electromagnetic component from neutral pion
decays

B Residual nucleus will very likely evaporate
nucleons and emit photons

C. Zeitnitz - Calorimetry 33




Hadronic Interactions

SUarC T v &
s \ PR yusly
~10 s
=20 £ i
| =30 i
L : '... ek, & . ’. ‘. p
o NG ; s Sh g dE/dz
nLlls s e 'S X X . o'. ' . ! » o #‘E xt - L =
: - g o 3 »,-".- co:‘ .- maw b—".“". .. '.
s : ) ,,.'-::. i " 'p (0.57 &.Vﬂf
‘/‘/.. (‘. : . ‘ A .. "', =
r L5 ‘ " s o a
c : { .‘ n R -
. ; P %« B
* mainly pions, rarely kaons . . M VJ
’ n P n

B Electromagnetic component from neutral pion
decays

B Residual nucleus will very likely evaporate
nucleons and emit photons
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Hadronic Interactions

B Charged hadrons loose energy continuously
due to ionization/excitation of atoms

B Inelastic Interactions (spallation)

m Hadron interacts with a nucleon within the

rT..AI,\...-
_— | ABSORBER 2
| E.M.
- | COMPONENT
|
1 vy
mN :_________11 ___________ A
! . HADRONIC
i COMPONENT
. S : | h vy ¥
! |
mE i
d_ | JV215.c

B Residual nucleus will very likely evaporate
nucleons and emit photons
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Hadronic Interactions

B Charged hadrons loose energy continuously
due to jgi--ti-= forrmtoaion —f —ao s

B Inelastic

B Hadrol
nucleu

B Mome
scatter
* |nti

B Nuclec

* slo\

m Secont
* ma

W Electrc
decays

B Residual nucleus will very likely evaporate

20!

Number of nucleons per spallation
=

nucleons and emit photons
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Hadronic Interactions (2)

B Secondary particles
B Energy is required to generate secondaries
e Approx. 1.3 GeV (0.7GeV) for a single pion in Pb (Fe)

B Composition of particles depends on the type of the primary particle
and the material

W Large fluctuations of number of secondaries and particle types
B Extreme case is the charge exchange reaction
n—7x’p
* Nearly no energy into nucleons and no charged hadrons
* The neutral pion decays to two photons
B Lost energy
W Spallation with the emission of nucleons leads to lighter nuclei
* Binding energy is lost

m Neutrons and decay products (myons & neutrinos) might escape the
volume of the calorimeter

* Pion and Kaon decays

. ‘-‘.‘.\ a

BN
,|“~$~\*‘§ﬁ?§: ¢
HigusBllial

Wit
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Hadronic Interaction Length

B Mean free Path Length
B Distance a proton travels on average without having a hadronic

interaction A
ﬂ’mt - NA P with Oinel € A2/3
Ginel
= Ay o= A
B Parametrization for Protons A =20- A% 4+ 32 [i}
* Larger for pions! cm?2

B Examples
B Be—A_=42.10cm (X,=35.3cm)
B AI-A_=39.70cm (X,=18.8cm)
mFe—-A\ ,=16.77cm (X,=1.76cm)

Int

mPb-A =17.59cm (X,=0.56cm)

B For small A is the mean free path length nearly the same for
hadrons and electrons

o C. Zeitnitz - Calorimetry
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Interaction of Neutrons

B Inelastic hadronic interactions

B Same as for charged hadrons for high energies
m Strong energy and material dependence for energies in the MeV range

B Elastic scattering (1eV < E < 1MeV)

B Energy loss due to elastic scattering depends heavily on the material

* Average per collision
— Target: H-50%, Fe—3.4%, Pb—-1%

B Hydrogen rich materials very good for slowing neutron down
(thermalization)

B Mean free path length in high A materials can be huge
B Low energy neutrons (E < 1eV)

m Capture
* High cross section for very low energies (thermal)
* Very high cross section for some materials (e.g. Cd, B)

* Example Hydrogen p— D+y(2.2MeV)

C. Zeitnitz - Calorimetry 39




Cross-section per atom [b]

Total cross-section in Iron

S6F@
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0.6 =~ ]

0.5 ] T = 3 MeV '

\\ - ¥ ]
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Hadronic Cascades

B The absorption of a hadron will start with an inelastic
interaction (spallation)

B The further development depends crucially on this first
interaction
* Number of produced neutral pions (electromagnetic component f_)
* Number of produced charged pions
* Energy going into neutrons
 Number of slow protons

B The multiplicities depend on the target nucleus as well as the
projectile
* Cascade development different for pion and proton!
— Baryon conservation reduces the pion production for protons

B Subsequent collisions of secondary high energetic hadrons
lead to a cascade or shower of particles

B Center of mass energy is decreasing rapidly within the cascade

C. Zeitnitz - Calorimetry 41




Hadronic Cascades

B The absorption of a hadron will start with an inelastic
interaction (spallation)

. Th o »t
intj Kl’
y tf
! / K 0
. , % AN W
° _— 1L
//3?’_‘ = .
B The ‘“""—"@ | as the
pre S S
| NN Vi
W Subse o N hadrons
lead t :

B Center of mass energy is decreasing rapidly within the cascade
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Hadronic Shower Composition

B Hadronic Part: Example Pb

and Fe
B Energy deposit (loss) for the | Lead Iron
non-electromagnetic lonization by pions 19% 21%
component Ionization b)t protons 37% 53%
_ Total ionization 56% 74%
W Pions

* Equal number of it*, 1, n° | Nuclear binding energy loss 32% 16%

B Nucleons Target recoil 2% 5%
+ Binding energy is smaller in Pb Total invisible energy 34% 21%

* More neutrons in Pb due to Kineti i r 10% 5%

Coulomb barrier for protons SN S PSS e

| Number of charged pions 0.77 1.4

Number of protons 3.5 8

Particles | | Number of cascade neutrons 54 5

per GeV Number of evaporation neutrons 31.5 5

Total number of neutrons 36.9 10
___ | Neutrons/protons 10.5/1 1.3/1
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Hadronic Shower Composition (2)

B Electromagnetic component

mProduction of ©t°
* Energy dependent (log increase)
* Material dependent
e Subject to large fluctuations

m° decay to photons generates electromagentic sub-
shower (scales with X, and NOT A, ., )

* For high Z materials these are very different (Fe by a factor
10)!

B Resolution of em component better than
hadronic

B Dominates resolution at very high energies
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Hadronic Shower Composition (2)

0.7

mEle

[
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o)}

[]
N =

Electromagnetic shower fraction
o
(6)]
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»

H Re:

r

— — Cu (k=0.82,E(=0.7GceV) |

—— Pb (k=0.82,Ey= 1.3 GeV)
o  SPACAIL.|Aco92b]| "
a  QFCAL |Akc97]

|

100
Pion energy (GeV)
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Hadronic Shower Shape

B Shower Shape can be studied by means of radio

nuclide analysis

m Detect radioactive isotopes produced in different depth of
the material and distance from particle impact

B Uranium well suited
 Fast neutrons induce fission (1.5MeV threshold) of 238U creates

99|\/|O
* High energetic photons: 238U(y,n) 237U
 Slow neutrons are captured 238U+n > 23°U - 23°Np

M Longitudinal shower development

m Each individual shower will look very different
* Fluctuation of the different shower components

B Average shape similar to em-shower
* Scales with hadronic interaction length A, .
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Hadronic Shower Shape

B Shower Shape can be studied by means of radio

nUCIlde an 270 GeV Incident Pions in Copper
= = 17
B Detectra & N > | fent depth of
the mate £, i
mUranium : E
 Fastne = = 2381 creates
B9Mo _
e Higher “——— 0 o
Depth into Cu () Depth inta Cu (&)
e Slow nt _ _
° ° E [ 3 _:E 4
M Longitudir < |
. - %rs' §.
mEach indi £7¢ g,
* Fluctuz = ‘| H
. [ 2
W Average: #
* Scalesy ! S ”

ia
Depth into Cu (&) Depthy into Cu (4
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Hadronic Shower Shape

B Shower Shape can be studied by means of radio
nuclide analysis
m Detect radioactive isotopes produced in different depth of

(

m Uranit B 15t A %Mo
 Fast 3 e ek 8U creates
9\ g‘ i
. = e e
* Higl §1o- ¥ .
e Slov @
S
[ ] c .
M Longitur 5 | ; o
mEachil £ M
* Fluc 2 300GeV 1T R
mAverag o T2 s 4 5 6 7 e
. Scal Depth in stack (Ain)
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Lateral Shower Shape

B Particle composition depends on

H H 10 T T T T T
distance from shower axis D 00GeY -
W Fast particles (neutrons, y) found close to the f;;;;i:n

axis
» 237U samples the em component
* Mo samples fast neutrons
m Slow (thermalized) neutrons travel far off
axis
» 233Np samples thermal neutrons

H Result from Uranium slab block

Intensity (arbitrary units)

T

B Exponential lateral shape, with a core
of high energetic particles \

Lateral position y (cm)

}

~1A
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Containment

B Longitudinal containment
B Particles leaving the calorimeter (leakage) are lost for energy measurement
* Large fluctuation of the lost particles event by event
e Deteriorated energy resolution

B Each event has a different composition, which leads to a very different
requirement for containment

B Energy dependence adds to the requirement for the depth

5

=
W

-

oc
U
—

Average fraction contained (%)

s

Depth (A'inl)
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Containment

B Longitudinal containment

B Particles leaving the calorimeter (leakage) are lost for energy measurement
* Large fluctuation of the lost particles event by event
e Deteriorated energy resolution

B Each event has a different composition, which leads to a very different

require~-=* == -== I
menerey [
= Lateral containment . & .
=3 A ®
o]
s y o
& o Lead
2 90 . e
2 . ® 10GeV
) i o 40 GeV ©~
g 85| - 4150 GeV 1t
< 1 | | |
0.5 1.0 1.5 2.0 2.5

Radius (A;,)
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Summary of Showers

B Electromagnetic
B Bremsstrahlung and Pair-production produces multitude of secondary
particles
* Electrons, positrons and photons down to very small energy
W Scales with X,
* Small X, for high Z materials
* Requires roughly 25-30 X, for full containment (Pb ~ 17cm)
B Hadronic
B Electromagnetic sub-showers originating from neutral pion decays

m Hadrons

e Charges pions, charged and neutral kaons

* Slow protons from inelastic interactions with nuclei

* Fast and slow neutrons
M Energy lost due to binding energy and escaping particles
M Large fluctuations of different components

W Scales with A,
* Small A, for high A material

* Requires 8-9 A._. for containment (Fe ~150cm)

int
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Response of Calorimeters

B Assumptions

B Absorb the particle in a dense medium (compact calorimeter)
B Infinite absorber size (no leakage)

B |deal materials

B How to measure the energy deposition in the absorber
B Absorber itself provides a signal (e.g. light or charge) which is
proportional to the deposited energy
* Liquid noble gas (LAr, LKr), dense crystals (Nal, Pb-glas, PbWO,)
Homogeneous calorimeter
m “Sample” the deposited energy by interleaving absorber and an
“active” medium
* Only a fraction of the energy is measured - reduced response and resolution
* High Z and A materials as absorber

» Standard particle detector as active medium (e.g. scintillator, semi conductor,
gas ...)

Sampling calorimeter
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Response of Calorimeters

CERN Labo 27 =Bl ] .
syl - CMS: PbWO, calorimeter

Im (compact calorimeter)

ition in the absorber
light or charge) which is

=2l

LHCb: Fe/scintillator calorimeter

) il v'"w{,w AL

7 . l. 5
actlve medium

* Only a fraction of the energ
e High Z and A materials as al
* Standard particle detector ¢

gas ...)

Sampling calorimeter &8

'}Mﬁ%ﬁ ‘l I

i
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Homogeneous Calorimeter Crystals

B PbWO, crystal
m High density p=8.3 g/cm3
B Small radiation length X,=8.9mm
B Small Moliereradius R_=2.2cm
B Fast signal: 80% of the light in 25ns
B Radiation hard
B Excellent energy resolution

B Disadvantages
m Small light yield: ca. 80 y/MeV (Nal : 40000 y/MeV)

B Temperature dependent vyield (-1.9%/°C @ 18°C)
B expensive
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Homogeneous Calorimeter Crystals

B expensive

C. Zeitnitz - Calorimetry
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Signal of a MIP

B Energy deposition by a minimal ionizing particle (MIP)
B Energy loss given by minimum of Bethe-Bloch Formula
B Can easily be calculated for different material combinations
B Example

* 20 layers of 5cm Fe+ 1cm scintillator

dE,. =1.451-M¢Y_ 789 .5cm.20-1131.8MeV
g/cm? cms3
MeV

1.03-2_.1cm- 20 = 39.9MeV
g/cm2 cm3

totalenergy loss dE =1171.7MeV
* In this case only 39.9MeV are actually measured in the scintillator

dE, =1.936

- visible energy
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Signal of a MIP (2)

B MIP signal is commonly used as a reference for all
other particles

mX/mip: signal of a particle X with energy equal the
dE/dx of a MIP

me/mip, y/mip, n/mip, p/mip, /mip
m Ratios are often energy dependent!
B Measure the MIP signal

B Myons provide best estimate for a MIP
* Needs correction (energy dependent)

B The response of a calorimeter can be estimated
from the known X/mip ratios

4;:5'2 o .
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Homogeneous Calorimeter

B Practically only used in high energy physics for
electromagnetic calorimeters
B Response
m All the energy is deposited AND measured in the active volume

B Intrinsically linear response
e Reality: local ionization density leads to saturation

B Readout usually not 100% efficient

m Calibration with known energy required
* Electrons with known energy

H e/mip=1
m All energy measured for mip and
electron
B Response identical!
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Homogeneous Calorimeter

B Practically only used in high energy physics for
electromagnetic calorimeters

.RES[ﬂ L 1 ® S RS RS LS MR Aaa ]
& oo CMSECAL 1 & 700 CMSECAL i
- — ] - C 7]
O A L i e 120 GeV Resolution 3x3 | W BD:— e 250 GeV Resolution 3x3 €
mIir sof o/ =0.39 £ 0.01 %] : ofE =0.40  0.01 %
. ] 50F 2
- crystal 704 - crystal 704
ED__ v i 401 v =
R i 1 o }
401 _ = :
mC 20E <
20+ - - .
[ ] % g
¥ [ B T P i ;E'nl rI.H].ITI-!.II‘-l.ﬂ L [T A R TR A B A A A
. e/m 914 116 118 120 122 124 12¢€ 5'35 240 245 250 255 260 265
mA Energy (GeV) Energy (GeV)
electron

B Response identical!
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Response of homogeneous Calorimeters

B Response to hadrons (assume full containment)

me/m>1

* Energy loss in hadronic showers (e.g. binding energy) reduces the
visible energy

W Fraction of neutral pions (f,, ) increases with energy - e/n
decreases with E

H Intrinsic pure hadronic response

me/h (electron/hadronic) > 1
* Pure hadronic consists of pions, kaons, neutrons, recoil nuclei
* Response (nearly) energy independent
* Lost energy leads to smaller response of hadrons

mRange 1.5<e/h< 2.5
B Calorimeters with e/h#1 are called
“non-compensating”
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Determination of e/h-ratio

H Only e/mt can be measured

mPion response depends on e/h
r=f_-e+(1-f_)-h
T

— = 1:em +(1_ 1:em)'h
e e

e e/h
= — =
7 1-f_(1—e/h)

mf,  depends logarithmically on the energy

* e/mt changes with energy and approaches 1 for very high

energies

B Pion response for e/h#1 is NOT linear!
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Determination of e/h-ratio

BOnly /= === b~ mmmmneiend

. 3.0’ N Ty TNy P T v pr——————Y
mPior .
25 Ir
%
2.0 I
3
g !
~ s
® 45}
,
.fem‘ 1.0:
) e L e/h=0.8 ry high
e O.SY i
mPion: (. . @
1 10 100 1000

Energy (GeV)
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Sampling Calorimeter

B Absorber material (high 2)
interleaved with active medium

B Sampling fraction

B Fraction of energy deposited in active
medium

e Calculates for a MIP

* Example again: 20 layers of 5cm Fe+ 1cm

scintillator 399
o sy = =3.4%
B Calibration 1131.8+39.9

m Signal (ADC counts) to energy scaling

® MIP signal has to be scaled by 1/f,
to get correct energy

m In addition scale with X/mip
* Might depend on the energy itself!

=
"
- on
-
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T —
\
i

A T A
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Sampling Calorimeter
B Absorber material (high 2)
inter| gt e = i st

FI!IIIII
H Samp

| ATLAS Pb/LAr Calorimeter

N

- ',//

m Calib
W Sig

m Ml
to ¢
HIing

-
-
et -
\(\\ *\ ¥
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e
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Electrons and Photons

B e/mip and y /mip

B For different Z of absorber and active layer with Z_, . > Z

act
Most shower particles (e*, y) are produced in the high Z absorber with
low energy (Bremsstrahlung, photo effect, Compton)

Range of particles is smaller than thickness of absorber plates
Particles do not reach the active layer
e/mip<landy/mip<1

Depends on difference in Z

Depends on shower depth

(particles get softer)

mFor light absorbers (Al) and heavy active media

* e/mip>1

B Response depends on thickness of sampling layers
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Electrons and Photons

B e/mip and y /mip

mF .

1000 F Range of electrons ™ o - h

10 1

Range (mm)

0.001

mF 0.01 10

B Response depends on thickness of sampling layers
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Electrons and Photons
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Electrons and Photons

H e/mi %
0 2 3 4 5 6 7
mFo —————— T
1 Tk with
0.7 ‘ otk | -
RS + ]
E
© 3R —
0.5 -
Ax (active layers) = 2.5 mm
mFo i .
° 0.4 ] 1 | | ] ] | 1 | I ] 1
0 2 & 6 8 10 12 1 16 18 20 22 24
[ ] Resp Thickness U plates (mm)
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Hadrons

B Low energy hadrons (below 1GeV)

B Mainly ionization loss (nearly MIP like)

Hm High energy hadrons

m For very high energies e/ni=1 (as for homogeneous case)

m Transition region up to 5GeV

ZEUS calorimeter (U/Scintillator)
g v ' . A A

1.0 L -------- !. .i-.;i__ir
L 3 | g ]
.% 0.9 } . 3 ]
0.8 | = €7p ]
2 o]
§ 3 e ¢/’
é 0.7 | : ? e./“-'. .
6.6 E-{-------,---i-’---- e/mip
0.5 1 1 i A PN T RO I |

o

.1 0.5 1.0 5.0 10.0
L Kinetic energy (GeV)

e
=]
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e/h of Sampling Calorimeters

H Intrinsic e/h is a constant!

m Describes the response of non-electromagnetic part of the
shower

B ZEUS calorimeter (HERA experiment) achieved e/h=1
- “compensated” calorimeter
B Most calorimeters are non-compensating
m Wide range of e/h values
me/h#1: energy response is not linear
() _ fn(E)+[1— o (E)] e/h
z(E,) f.(E)+[1-f, (E,)]-e/h
B Calculation of e/h requires the response of different
hadronic shower components
H lonizing particles (pions, slow protons...), neutrons
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e/h of Sampling Calorimeters
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Pure hadronic response

B All response components expressed wrt MIP

M e/h calculation
e e/ mip

h f . -ion/mip+f -n/mip

1:ion + fn + finv =1
mf__contains fast charged hadrons as well as slow protons
* Range of slow protons limited
* Might not reach active material

e Saturation effects in active medium reduces response
* Material, energy and plate thickness dependence

B Neutron response
B Depends substantially on material and energy
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Pure hadronic response

B All response components expressed wrt MIP

B e/h calculation
0 ———————————————

L ——— Lead range of protons |
Aluminium

Parar | o 2 e W | A A PR |

« 0.0001 =+ it
0.1 1 10 100

H Neu Energy (MeV)

NS

B Depends substantially on material and energy
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Response of a hadrons

B Pure hadronic response + em response

T _ fo(-f) f..-ion/mip+ f_-n/mip

e e/mip

mf,_is energy dependent - response is non-linear

C. Zeitnitz - Calorimetry
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Response of Jets

H Jet composition

Hm Energy of a jet distributed over different particle types
e Baryons, mesons, neutrals

mf_  depends on the composition and particle multiplicity
B Electromagnetic fraction for jets

m Initial photons from nt° (from jet fragmentation)

B Intrinsic em fraction f_ , from individual hadrons

W Depends substantially on the jet composition

B Response
me/jet>1
m Resolution is usually worse than for single hadron
B Response is energy dependent

% ’_;_'Eé L .
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Compensation

M Linear energy response only for e/h=1

M Intrinsically compensating calorimeters
B Requires right choice of materials, sampling and readout

B Two possibilities
* Reduce electron response (e/mip)

* Recuperate f_, (lost energy)

B e/mip reduction
B Increased absorber (high Z) thickness reduces electron
signal
* Caused by range of low energetic shower particles in the absorber
* Sampling fraction is reduced
me/h=1 NOT achievable for all materials!

m Energy resolution gets worse
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Compensation

H Linear energy response only for e/h=1

M Intrinsi
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Compensation (2)

B Recuperate f.

inv
B Neutron multiplicity correlated with the invisible energy

B Increase f,
* Use absorber with high neutron yield (Pb, U)

B Increase n/mip

* Signal from neutrons comes late due to the required thermalization, capture
and y emission (~200nsec)

* n/mip can be tuned by changing the integration time of the readout
— ZEUS U/scintillator calorimeter from e/pi=1.12 (50nsec) down to 1.04 (600nsec)

m Best: do both
B Optimally applied in the ZEUS calorimeter

m DU plates (3.3mm) cladded in stainless steel and scintillator (2.6mm)
readout

» Scintillator provides hydrogen for the effective thermalization of the neutrons
B 200nsec integration time
Hm Calorimeter with the best performance for hadrons up to date
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Compensation (2)

B Recuperate f,

5 00
100F
N recoil protons
secondary fission ¥'s

L] 80 — —— y's from neutron capture
= capture
3 /"'\'\
w 6() 1,‘ \
= . \
> S sec)
B0 ; :

[ s 40 \
5 .

m Op \
o 201 \.\ 6mm)
L \
\
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B Time (ns)

C. Zeitnitz - Calorimetry 80




B Recuperate f,
m Neutron mul

B Increase f,
* Use absort

B Increase n/n

* Signal fron
and y emis

* n/mip can
— ZEUS U

m Best: do botl
B Optimally app

m DU plates (3.
readout

e Scintillator
B 200nsec inte
m Calorimeter:
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Software Compensation

B High granularity of a calorimeter allows to locate em sub-
showers

m em shower very localized with high energy density
* Shower maximum within 10X, and contained in 1R

m Weighting of local em energy can correct e/mip to achieve
e/m=1
B Problem
B Weighting is energy dependent
B Weighting might depend on the location

B Complicated multi dimensional problem!
* Leads to complicated weighting functions

B Method pioneered by CDHS experiment at CERN (1981)
B Improved in the 1990s by H1 at HERA
B Further optimized by ATLAS at the LHC

R
-
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Energy Resolution of Calorimeters

B Intrinsic fluctuations

mSignal in the active medium
* photo statistics, charge fluctuations
e Saturation effects, recombination

B Shower composition (hadrons)
me/h#1 in conjunction with the fluctuation of f,  (hadrons)

B Sampling calorimeters

m Fluctuation of the visible signal (sampling fluctuations)
M Instrumental effects

B Inhomogeneities (e.g. variation of plate thickness)

B Incorrect calibrations of different channels (intercalibration)
m Electronic noise
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Resolution of Calorimeters

B A calorimeter signal S is composed of multiple individual
processes N

B Photo electrons, electron-ion pairs ...

B Fluctuation of N can be described by Poisson statistics
(stochastic term)
Oy _Og IJN 1

B Relative resolution of the signal ST ETN -

. . E N JN
B assume linearity
o 1
ES>2E=>N-o2N= £ =
E 2N

o A

B Relative resolution E JE

B Resolution improves with energy
B Spectrometers always get worse with increasing momentum!

B Constant A gives the purely statistical fluctuations
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More Fluctuations

H Instrumental effects

m Non-uniformities of the absorber/active layer

 Scales with energy (o,.. =C-E)

uni

m Electronic noise
* Depends on the number of considered electronic channels

 For constant number of channels it’s a constant contribution
(ONoise =B)

B Adding the contributions in quadrature

2 2
02 O+ 0y = T =JA +2ici-2eec
E E E2 JE E
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Resolution and Sampling Fraction

B Signal depends on low energy particles reaching the
active material

m Higher signal leads to smaller fluctuations

B How to increase the signal

B Add more active layers with thickness d (increased
sampling frequency)

H Increase the thickness d of the active layers (increased

sampling fraction f, )
B Resolution depends on d/f
. . p O'E/ sam:) \/d/fsamp 0
lEm.plrlcaI formula EZZ'M) TE = A=2.7%,/d/ f
(Wigmans) _
BExaMple ZEUS  fram = oo o) =706 d(sci) = 2.6mm

=™ dE(sci) + dE(U)
= A=16.5%/GeV A, =18%-/GeV .




Resolution and Sampling Fraction

B Signal depends on low energv particles reaching the
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Hadronic Calorimeters

B Complexity of hadronic showers makes it
difficult to estimate the resolution
B Pure sampling fluctuations of hadronic part (ZEUS)
o.  11.5%AE
E JE
B Resolution often dominated by other effect!
B Effects on the resolution (non-compensating)

where AE is the energy lost by a M IPin one sampling

B Fluctuations of the binding energy E; i
o 15%

E. VB

B Fluctuations of the em fraction f_,
* Substantial effect for pion induced shower

* Reduced effect for protons due to baryon numb:
conservation (reduced pion production)

for high Z materials

Probability (%)

0 oo 200 300
Binding energy loss (MeV)
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Hadronic Calorimeters

B Complexity of hadronic showers makes it

Aiffirnile #A Actirmatra fha vacaliibian

Pion signals
100 2500
80 } a) 2000 |- b)
E
- 6l
— 60} 1500 |
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= 40 1000
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m 1§
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() 1 L | L 0 | ]
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form Signal (ADC counts) |

) E i |
* Reduced effect for protons due to baryon numbe zf |
conservation (reduced pion production) o 5
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Hadronic Calorimeters

B Complexitv of hadronic showers makes it

difficu 300 GeV
B Pure 3000 -~ b) P
oe
E | o 2000
B ReS( :-5 20()()
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H Effects 9
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Spatial Resolution

B Spatial resolution based on energy sharing of
neighboring cells
> x-E

B Calculate energy weighted average _ iz
Ei

B Cells size (Ax) smaller than characteristic width of shower

* 1R, for em-shower

requires correction

* 1A, for hadronic shower

B Resolution scales with 1/VE

* Wigmans parameterization for em-shower (square cells )
_17.8%- AX[mm] e 17.8%-30mm

" JE[GeV] o /10GeV

B Angular resolution possible with longitudinal
segmentation

1.7mm

O
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Spatial Resolution

B Spatial resolution based on energy sharing of

neighborin~ "'

. 0 —, L) T L] r v v
m Calculate 0

requires c Ax=30mm

m Cells size |
* 1R, for

e 1\ for 150 |— Bl

int

B Resolutior
* Wigmar

Center of gravity [mm]

O-x,y ~

B Angular res 0.0 8o
| true position [mm]
segmentatlu. '
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Spatial Resolution

B Spatial resolution based on energy sharing of
neighboring cells
> x-E

B Calculate energy weighted average _ iz
Ei

B Cells size (Ax) smaller than characteristic width of shower

* 1R, for em-shower

requires correction

* 1A, for hadronic shower

B Resolution scales with 1/VE

* Wigmans parameterization for em-shower (square cells )
_17.8%- AX[mm] e 17.8%-30mm

" JE[GeV] o /10GeV

B Angular resolution possible with longitudinal
segmentation

1.7mm

O
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Example: homogeneous Calorimeter

B CMS PbWO, homogeneous < '+ -
em CaIOri ’ ) iizr::ic;: in 3x3 _:
S5=283+/-023 (%) -
m Electron i\ b | wior
W Expectat E i
oe 1 ! : i
E JxE 420
CAL .
mResolutio |00 s S0 30
E (GeV)
photo eleg

* Leakagef ™ - == .
e Cracks b 61200 PbWO, Kristalle (22x23x230
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Example: homogeneous Calorimeter

B CMS PbWO, homogeneous & 14| g
em calorimeter Qe e
o e _28% A &
B Electron resolution — = E ot I E
W Expectation 06k -
o 1 1 1 : :
= = = A= =1.5% 041 b e ]
E JxE /4200pe-E V4200 : "
02 cms ECAL E

O L b b

Hm Resolution not dominated by 0 50 100 150 20;('(3';3‘)3
photo electron statistics
* Leakage
* Cracks between crystals
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Example: em Sampling Calorimeter

T \ B3, s R\

= ARC N i K

B ATLAS Pb/LAr ¢ : i\ Thaeyl (=
. o ; 2 : : a8 ‘A‘, :

B Complex geon s -
m 1.53mmPb L
m2.1mmLAr B0
B Average impac %,

m Expected resoly

----------------------------------------------
1
|

WE - 9019 NED0I%

______________________________________________

----------------------------------------------

——————————————————————————————————————————————

______________________________________________

______________________________________

< |III|III|III|III|III|\
N 80 100 120 140 ue 180

Beam Energy (GeV)




Example: em Sampling Calorimeter

B ATLAS Pb/LAr em calorimeter
B Complex geometry (accordion structure)
B 1.53mmPb (cladded with stainless)
m2.1mm LAr
B Average impact angle 45° (simplified)

m Expected resolution |
ST Rea Data |
O gV Tamp _ Lo, ¥2.1MM/0.16 _1 . M(______;___r_s_/_f_:f_____f)_ff_rz_\ﬁ_&__fz__ff___; _______
E JE ' JE I I
= A=9.8% o
B Measured 9 _24% 00104 < oo}
E \/E 002

C. Ze'tnltz _ Ca|0rlmetl"y 20 40 60 80 100 120 140 10@ 180

Beam Energy (GeV)



Example: hadronic sampling Calorimeter

B ZEUS U/scintillator

m Towers of DU (3.3mm) and scintillator

C-leg

1L
plates (2.6mm) =7
=

HIntrinsically compensating e/h=1 \/

ARARNL

TR

\"'{'{'":{'\ff‘{\\\\¢(§(§i'\ii‘\
IWRNBLRNELRRIEN

-
A%

\

W Best resolution obtained for hadrons
up to now

i\

\\\\\’\y\\\\

NN

R S 7 e
— . . .

N

AR
Ve

VR

AN

- - N

BAVRY

PR ¥ Ny
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Example: hadronic sampling Calorimeter

~ 50
S 45
mZEU!§ ©
| 35
3 30

S
.TO§ 25
20
pl«? 15
Q10
" Hal 5
0

M Be

u -E 1.1
F.§»L075

5]
=~ 1.05
= _
S 1025
§ 1
5 0.975
g 0.95
gans
) 0.9

=
= 0.875
0.85

sampling term A ’

Hadrons

Electrons
10 10°

e/h
@ ° &
* y [ ] L ] ® ®

10 10°

Beam Momentum (GeV/c)

N

TR

B AL
VWA
(R SEE SARY

L

o0, ¢ A TR £
LRV

AWRWRAERT

R s

ALBLRLRL
BB

Bl VW1

Ny
AY

N s )

TR

e

\
ANRRL
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Overview

B Comparison of single particle resolutions

Experiment absorber active resolution |type
CMS em PbWO, Scint. 2.8%/E homogeneous
CMS had. Fe Scint. 77%NE sampling
ATLAS em Pb LAr 10%/~NE sampling
ATLAS had. Cu LAr 66%/NE | SW corzé);)nsation
NA48 em LKr LKr 3.5%/NE | homogeneous
BaBar em Csl Csl 2.3%/EY4 | homogeneous
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Energy Resolution of Jets

B Electromagnetic fraction

m Neutral pions as primary particles

B em-fraction from hadronic interactions
B Hadrons

B Mixture of pions, kaons, nucleons

B Multiplicity usually higher than for single particle with same
energy as the whole jet

B More interactions and less fluctuations
B Would expect better resolution

B Fluctuation of particle composition spoils resolution
M In most cases dominant and not easy to predict
W Depends strongly on the studied physics!

B Material in front of calorimeter deteriorates the em resolution
B No simple rule of thumb
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Calibration

B Read-out calibration done electronically

B Sighal measured in charge or photo electrons and
NOT energy

B Need calibration constant or function

M Relatively simple for single particles

H Testbeam

 Electrons/pions/protons with known energy provide reference
signal

* Transfer of calibration to the actual experiment not always easy
(e.g. changes in electronics)

M In-situ calibration

e Utilize momentum measurement in comparison with energy in
calorimeter

e Reconstruct the mass of known particles
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] Read-out

M Signal me
NOT ener o=

B Need ca

0.04

M Relatively

B Testbear

e Electr¢ o2
signal o
* Transfi
(e.g. cl o1
M In-Situ Ci oo
e Utilize
calorir
* Recon “°

0.0

1 dN 1
NdE [m;v]

00 1.0 20 30 40 50 60 7.0

150 200 250 300 350 40.0
E... |GeV]

Ent [Ge\’ 1 dN [ 1
NdE mi

0.15

0.10

0.05

0.0

0.25

0.20

0.15

0.10

0.05

0.0

0.0

5.0

30.0

40.0

50.0

60.0
E,. |GeV]|

e reference

t always easy

lith energy in
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1
N
0.1

B Need ca **

H Relatively

B Testbear

e Electrcoo
signal

* Transfi

N iF [ty

0.08

(e.g. cloos |

M IN-Situ Cioos

. Utlllzg -
calorir

. Recon:

dN 1
dE 10.2
2 T

B Read-out .., |

B Signal meoe |
NOT ener o> r

0.0

I

o

o

n

-
SR ]

1

0.0 2.0

PETEE BEEri W

00 200 400 60.0 80.0 100.0

Eree [GeV|

0.04

0.02

0.0

T T

0.0
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‘%%[m]
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Calibration

230

[] Read_(\l 1* ralilhratinn danao alacrtranicallv

. w B (rerepreerprtrrpr et sttt et i e et
mSignal “ [ (a) ATLAS 1land
= - e Data 2009 (Ns=0.9 TeV) 1
NOT €, 200~ -+- [1Monte Carlo (Hadrons)
Q0 N [1Monte Carlo (Electrons) -
B Nee 5 - —+— c3Monte Carlo §
m Relati‘ W 150 —T— Conversions with Si hits —
W Test 1000 -
e E B | Brence
S| . - -
501 Al -
. '(ﬂ iu—'_ 7 lys easy
; - e oo
HIn-si B™05 115 2 25 3 35 4 45 5
e U E/P lergy in
calorimeter

e Reconstruct the mass of known particles
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Calibration

B Read-out calibration done electronically

° 1 e 1 [ | ™ [ | a
. Slgnal | } 6000 —_ T | T T T T | T T T 1 T 1T T T | LI | T T T T T T T 1 | T T T I_— s and
NOTer= | ATLAS :
od 5000 - \s=0.9 TeV ® Data 2009 =
B Need E E . ] I‘I:‘l.fnte Carlo E
— — — | _
B Relativy | -
3000 E Mean = 4975+ 0.1 (stat) MeV —
L] Testb - o=  8.2+0.1 (stat) MeV -
e Ele 2000 — ference
Si - .
€ 1000 _ —
° TrE - T — 'ayS easy
(e. 0 _I 11 1 | 1 1 1 1 | L1 1 1 | 11 1 1 | 11 1 1 | 1 11 1 | L1 1 1 | 1 1 1 1
400 450 500 550 600 650 700 750 800
M In-sit My [MeV]

e Utilize momentum measurement in comparison with energy in
calorimeter

e Reconstruct the mass of known particles
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Calibration (2)

H Jet calibration

B No universal calibration exists
* Depends on physics process (multiplicity and composition)
— Need different calibration for different event types
* Depends on jet definition (algorithm)
W In-situ calibration

* Example for Tevatron/LHC: Jets+y events
— Photon calibration known

— Jets have to balance momentum in transverse plane

* Hadronic decays of Zand W into 2 jets
m Calibration is usually dependent on n
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Jet Reconstruction

m Initially parton fragmentate to hadrons
m Multiple hadrons (Jet) enter the detectors

B Reconstruction of parton 4 vectors requires to find the hadrons
belonging to the jet

W Jet clustering (find groups of particles)

W
. ; : H%," /
Elsgaor{o%asrtlcles. “\\\ a/%f, “‘\\ é Groups of particles :
:gglcg)rr?rgseter clusters| =7 Jet Algorithm i JETS
ik \ ».
7l

A2

=

B Commonly used algorithms
mCone
B kT clustering, anti-kT

C. Zeitnitz - Calorimetry 111




Jet Reconstruction

m Initially parton fragmentate to hadrons
m Multi

B Reco
belor

H Jet cl

List of particles :

- partons

- hadrons

- calorimeter cluste

HComm

H Coni
m kT cl
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Jet Reconstruction
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Jolg

Jet Reconstruct

E-~t=7455

S6698

Faarn

CaLI_F1

ALFPH

43 ) =SIN ()

-

Hﬁp

T
0]

i
-

T
lcm|

T T T T T
NT=4 man.cat

E=. 20 20-5 DO=2

>
| .
)
)
=
T
1=y
(4%}
O
1
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Example: ATLAS Detector

EM Barrel

q EM Endcap

Forward

Tile Extended
Barrel

ATLAS Calorimeters

@ EM: |n| < 3.2

Pb/LAr calorimeter,

22-26 Xp, 1.2 A,

3 longitudinal sections,

An x Ad = 0.025 x 0.025 — 0.1 x 0.1
o/E ~ 10%/+E.

@ Central Hadronic: |n| < 1.7,

@ Fe/Scintillator sampling calorimeter

@ 74X,

@ 3 longitudinal sections,

@ AnxAd=01x01-02x01,
@ o/E ~50%/vE & 0.03.

@ EndCap Hadronic: 1.7 < || < 3.2,

@ Cu/LAr sampling calorimeter,
@ 4 longitudinal sections,
@ AnxAd=01x01-02x0.2

@ FCAL:3 < |n| < 4.9,

@ EM: Cu/LAr, HAD: W/LAr calorimeter,

@ 10,

@ 1 EM + 2 HAD longitudinal sections,

@ Anp x Ad =075 x 0.65 —-54 x 4.7

i

P. Loch
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Jet Finding in ATLAS

H Calorimeter towers, cells and dead material

£
G 400 % == ———x : I ;
h - : 10
300 :{ 5 /” ]
i 1 ; . g A 1
: y o : i il E — 102
3120 - ] ; ;; 1 /H / =
200/ il "/ — | -
| 4220 - Z 2 g B
a11y S e . /' —_|
i — =R o
100 . ,,g"é = =S Z
o -
| | ! | | | | L= | | L | L
0 200 400 600 1
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Clustering

B Signal in calorimeter

H In a cell, tower or cluster

m Cluster
e Group of cells around a seed cell
* Seed cell with E> 0,4;,c® Oy

e Scan neighboring cells for energy above noise
e Add cells together

Cell Tower Cluster
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Clustering

B Signal in calorimeter

without pile-up with design luminosity
pile-up 5

20 -

20

—

5

Q
ke

transverse encrgy E [GeV]
o

transverse encrgy E [GeV]
=

1
m

350
300
%y 250
D s
f40 200
Y, 150

10
50

H
0
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Clustering (2)

B Might have to split clusters, if local maxima found

€ P . - = 2 . ‘ . < 2\ .
R = mmo = il ol Prasert
'- 4 : . E " o0t Y
/ O U SO - S (C
TR S‘e
flan iy C\\)

Z":;‘_i"/'
4%§ C. Zeitnitz - Calorimetry 119



Clustering (3)

‘l e ' Truth: e T ™
A ~_generator | | N |
! particles N
that aren’t
T LriiGheor | S| - Towers: * TopoClusters:
1 | 3D noise-
"/~ neutrinos, : 0.1x0.1
2 within n calorimeter & suppressed
i acceptance towers clusters of cells

"3 ‘
[~~~ \
|
‘ * Tracks: * TopoTowers:
from Inner L noise-suppressed
Detector towers built from

topoclusters

from K. Perez, Columbia U.
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Jets and Jet Energy

B Found clusters used as input to Jet algorithm

B Clusters are combined to a Jet

* Criterion for combination very different
— Distance (cone), energy weighted distance ...

* lteractive process (stop condition depends on jet algorithm)
B Shape and number of jets depend on algorithm

B Measured energy

m Cell energy
* Apply energy calibration
* Weighting: em or hadronic energy

m Cluster energy

* Corrections
— Out of cluster energy
— Dead material in front
— Linear response

C. Zeitnitz - Calorimetry
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Jets and let Enersv

Cone Rco-ng =:0.7

calorimeter response
showering ¢ electronic noise
dead material energy losses & leakage
noise cancellation with towers

hadron jets

P (GeV)
—
(]
w

calorimeter response
showering & electronic noise
dead material energy losses & leakage
cluster bias & noise suppression

tower jets

101

S.D. Ellis, J. Huston, K. Hatakeyama, P. Loch, M. Toennesmann, Prog.Part.Nucl.Phys.60:484-551,2008
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"ATLAS Jet Event at 2.36 TeV Collision Energy

2009-12-14, 04:30 CET, Run 142308, Event 482137
: E X P E R I M E N T http://atlas.web.cern.ch/Atlas/public/EVTDISPLAY/events.html




Topo Clusters as Input to Jets

» Jet reconstruction and calibration can be divided in 4 steps

1. calorimeter
tower/cluster
reconstruction

2. jet making

3. |jet calibration
from
calorimeter to
particle scale

4. jet calibration
from particle
scale to the
parton scale

S. Menke, MPP Mdnchen <t Topo Clusters and Local Had. Calib. » 4th US-ATLAS Hadronic Final State Forum, 25. Aug 2010, SLAC 38




Jet Energy Scale

B Jet energy should reflect the
“true” energy

B “true” no really defined! tt - events

m Compare with parton energy

[] Uncertalnty of energy scale
is important 8

B Top mass measurement 1.0

e 0.00<n<0.50
o 1.00<n<1.50
s 2.50<n<3.00

° <1GeV => —= ABu <1%

mto p EJet 0.95

B Scale depends on multiple s ne
parameters I St O

1
B Real signal composition E™" [GeV]
(em/had)

H Pile-up events
m Noise
H Jet algorithm
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Conclusions

B Calorimeters cover a wide range of application
m Medicine PET (511keV)
m Nuclear physics (10keV range)
m HEP (TeV range)

B Calorimetry is a main ingredient of HEP detectors
H Measurement of neutral and charged particles
H Measurement of jet energies
B Measurement of missing energy
B Measurement of the luminosity (small angle detectors)
M High resolution calorimeters will be a central part of
future experiments

B Precise energy measurement required to measure
properties of new particles (Higgs?)
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Topics not covered in the lecture



New Concepts for hadron Calorimeters

B Dual Readout (DREAM)

B Measure the em-shower fraction separately
* Even low energetic electron/positron (1MeV) are fast (0.94c)
* Slow protons (1MeV) are really slow (0.05c)
Exploit Cerenkov detector to determine f_ in each event
e Atomic excitation more likely done by hadrons
Scintillation light more likely to come from hadrons
B Requires material with scintillation and Cerenkov signal
 Special fibers, doped Pb-glas
e Sampling fraction not important

m Results from testbeam measurements very promising
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New Concepts for hadron Calorimeters

B Dual Readc

B Measure |
* Even lov
* Slow pre
Exploit Ce
* Atomic e
Scintillatic

M Requires
e Special 1
* Samplin

B Results fr

500F

400

300

200

Events per 0.5 GeV

1200

800

400

100

Scintillator

Entries 25121

Mean 81.66 ﬁ

RMS  10.03

(a)

J
IIJIILJIIlIII

= [After (Q+S)/E correction n
Entrics 25121

X2 /ndf 118/51
Mean 101.7 £0.02
Sigma 2.645+0.013

1l|11|1|]Al|J||k‘|1|ll

20 40 60 80 100 120 140
Scintillator signal (GeV)

C. Zeitnitz - Calorimetry

> fast (0.94c)
event

S

hkov signal

dromising

129



New Concepts for hadron Calorimeters

Energy (GeV)
20 30 50 100 200 (o e)
e T e o Energy (GeV)
' —=— Scintillator g 20 30 40 50 100 00
o Cherenkov 30 | ‘ - : p—
25+ ey
& O —= Untilted
| c £ | o
& ool ~.O/B = %—%@ +10%] § |
- < 20} 20.0%
= I ===0 2.3%
g | : i
3 15} 2 15
o | =
5 2
B ol . 8 10}
g | 49% | g, £
o/E=7 +
= VE S sl 195% @ 1 6%
50 88 i \/E o |
O L ! L 1 1
[ 0.06 0.05 0.04 0.03 0.02 0.01 0
0 . . : . —1/E
0.25 0.20 0.15 0.10 0.05 0
—1\E
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Particle Flow for Jets

B Combine
m Method

* Mome
Photo
Neutr:
All fraq

M Jet ener;

2 2
o _O-trac
e Domir

B Requirer
®» High granul
®» Hadronic re

®» Elektromag
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Particle Flow for Jets

B Combine different detectors

B Method based on

* Momentum measurement of charegd particles (~*65% E,,)

* Photons measured in em-calorimeter (~25% E,)

* Neutral hadrons measured in hadronic calorimeter (~10% E,)
* All fractions energy dependent!

H Jet energy resolution

2 2 2 2 2 2 2 2
o = O-track + Gh_neutral + Gphoton+ Omix = (014) ) EJet + Omix ~ (03) ) EJet

* Dominant is the mix-up term o, |

B Requirements

®» High granularity lateral/longitudinal
®» Hadronic resolution ~40%/VE

®» Elektromagnetic resolution ~10%/VE
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Particle Flow Jet Resolution

B Resolution scales no longer with 1/\E

'\T 10 - ‘I‘ .‘ | 1 1 l 1 L | 1 I 1 1 1 1 I 1 1 | L] I ] L 1 L ]
& | :© —Particle Flow (ILD+PandoraPFA) |
[,\-,‘3 i, G Particle Flow (confusion term) -
5 8 ----- Calorimeter Only (ILD) N
g | 50 %/VE(GeV) @ 3.0 % 4

6 -

4 =

2 |-

0 I . g 2 o e 0 01, 041,001,439

0 100 200 300 400 500
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CALICE Collaboration

B CALorimeter for Linear Collider for Electrons

B Development of highly granular calorimeters with exceptional
energy resolution

m Different read-out technologies are under investigation
* Silicon for em- part
* Silicon and scintillating tiles (SiPM readout) for hadronic part
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Other Calorimeters

B ALICE zero degree calorimeter
m Extreme high energy
m Radiation hard
m Quartz fiber/tungsten and copper
m e/h=2
m Resolution 10% at 1TeV

o.  234%
E JVE
B And more

B Luminosity calorimeters
H Ice at the south pole
m Athmosphere
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Other Calorimeters

B ALICE zero degree calorimeter
H Extreme high energy
m Radiation hard
m Quartz fiber/tungsten and copper
m e/h=2
m Resolution 10% at 1TeV
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Other Calorimeters

B ALICE zero degree calorimeter
m Extreme high energy
m Radiation hard
m Quartz fiber/tungsten and copper
m e/h=2
m Resolution 10% at 1TeV

o.  234%
E JVE
B And more

B Luminosity calorimeters
H Ice at the south pole
m Athmosphere
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Other Calorimeters

B ALICE zero desree calarimeter

B Extreme = ZN ENERGY RESOLUTION
m Radiatiol "‘; st Preliminary
mQuartzfi £ b el
_ _0 E 116]n 158A GeV
| e/h—2 613 BE
B Resolutic =
o 30 &
“c’ & <
- 5 (233.8+4.1)% .
& = 255 § T+(4.2¢0.4)/0
E 2F ¢
F 3
15’_ :'
r =4
B And mor | *
- @
. (90.5+ 2.8)% %
B Luman T+(o.0io.3)/
M lice at tl shasdaduaalastlane,
1/~VE(GeV)

] AthmOSpu ICIcc
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Other Calorimeters

B ALICE zero degree calorimeter
m Extreme high energy
m Radiation hard
m Quartz fiber/tungsten and copper
m e/h=2
m Resolution 10% at 1TeV

o.  234%
E JVE
B And more

B Luminosity calorimeters
H Ice at the south pole
m Athmosphere
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B Electromagnetic Showers

B QED provides very precise
decription of all processes

B Need detailed description of
geometry and materials

B Simulation describes the
measured calorimeter response
well, but need a lot of CPU time

W Programs | = l”iﬁ‘
* EGS (THE reference) .
* GEANT 4 (em-Package)

Ll o
'|>, |
h"‘f
i
]
I
|
\

.:1,
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Simulation of Hadrons

B Hadronic Models

B Much more complicated due to
complexity of hadronic
interactions (nuclear physics),
required measured cross-
sections

B Simulation of neutrons tricky

e Requires precise description of
material composition (elements)

B Comparison with data usually
only reasonable

W Programs
* GEANT 4

* FLUKA
* HETC (ORNL/LANL)

* Programs for special applications "

(shielding ...)

D@-Detektor
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