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FIG. 1. (a) Fractional energy lost in lead by electrons and positrons as a function of energy (Particle Data Group, 2002). (b)
Photon interaction cross section in lead as a function of energy (Fabjan, 1987).




Elektromagnetischer Schauer
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Fig. 7.20. Schematic representation of an electromagnetic cascade. The wavy
lines are photons and the solid lines electrons or positrons.




Elektromagnetisches Schauerprofil

‘ dominated multiple scatterin
=~ p g

L
0 05 1.0 15

w e
$ ‘s 10°K 1GeV electrons
= = in Al -
= £ 407\ =——shower nucleus dominated by Obrems=pe/Me
m =
(= B " halo
. m 10 lisotropic) -
a T
z = _- longitudinal depth
- w 00 03 A
wi o .
o X
g— o
o
)
. :
o o
E
=
C

shower radius |xD1
0 10 20 30 40 50
shower depth t1X,]
]
T
/ | 100
2“
P %Q\
_ 1001 \\ S — ~>
i % T - ..f"";;
g‘é *l 5 - ,—fﬁ“‘m
;E " T f;"dﬁ‘
2501 o ,;35
= -~

2 456 810121418
lateral shower width [ X ;]




Elektromagnetisches Schauerprofil: Vgl. Photon und Elektron
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Elektromagnetisches Schauerprofil: Materialabhangigkeit
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Elektromagnetisches Schauerprofil: Energie pro Teilchen
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Energieauflosung: ein Beispiel

m Energy resolution: General considerations

0 Intrinsic fluctuations

Track length T: Total length of all charged particle tracks s 58-'2— Emiﬂ-
within a calorimeter el | E,

Total detectable track length: = 3
ota ectable track leng ED F(z):ﬁ [1+31H(Z/1526,
T = F(z)E

Number of energy depositions above minimum detectable
energy E, Nmﬂ:r - ED/ Emén'

Intrinsic resolution:
(JE/E)intrhmic il /ﬁ'rma_r = l/\..r Nmu o 1{;:’ Eﬂ'l

Illustrative example: Pb-glass
Eoin = 0.7TMeV for Ey = 1GeV)

0 Intrinsic sampling fluctuations Ninaz = 1000/0.7 = 1500f = Resolution: few percent!
s Inasampling calorimeter, one determines not the total dibaitine  BBYGTHECE
track length T but only a fraction of it depending on the l\ l ‘L
thickness of passive and active absorber plates
o Number of crossings:
¢ Sampling resolution: N. = I‘i = F(z) Eq
= E.d

{EPPSRII

{JE;'E)#unlpHny i JN-I'KNT = lr‘!'\/NT'




Energieauflosung: ein Beispiel
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Energieauflosung in OPAL
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OPAL collaboration, C. Beard et al. NIM A 286 (1990) 117.




Materialcharakteristika fur Kristallkalorimeter

TABLE 1. Main properties of crystals commonly used for homogeneous electromagnetic calorim-
eters In accelerator experiments.

Nal(Tl) CsI(TI) Csl BGO PbWO,
Density (g/em’) 3.67 453 453 7.13 8.8
Xy (cm) 2.59 1.85 1.85 1.12 0.89
Ry (cm) 45 38 38 24 22
Decay time (ns) 250 1000 10 300 5
slow component 36 15
Emission peak (nm) 410 565 305 410 440
slow component 480
Light yield yMeV 4x10* 5x10* 4x10* 8x10° 1.5x10?
Photoelectron yield 1 04 0.1 0.15 0.01
(relative to Nal)
Rad. hardness (Gy) 1 10 10° 1 10°




Materialcharakteristika fur Flussigedelgaskalo.

TABLE II. Main properties of liquid argon, krypton, and xe-

non.

Ar Kr Xe
Z 18 36 58
A 40 84 131
X, (cm) 14 4.7 2.8
Ry (cm) 7.2 4.7 4.2
Density (g/cm’) 1.4 25 3.0
Ionization energy (eV/pair) 233 205 156
Critical energy € (MeV) 41.7 21,5 145
Drift velocity at saturation (mm/us) 10 5 3
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Geometrien der Auslese
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FIG. 15. Schematic view of a traditional sampling calorimeter
geometry (a) and of the accordion calorimeter geometry (b).



Energieauflosungen: Beispiele

Technology (Experiment) Depth  Energy resolution Date
Nal(Tl) (Crystal Ball)  20Xq  2.7%/EY4 1983
BiyGez012 (BGO) (L3) 22Xy  2%/VE &0.7% 1993
Csl (KTeV) 27X0  2%/VE & 0.45% 1996
CsI(T1) (BaBar) 16-18Xg 2.3%/EY* @ 1.4% 1999
CsI(T1) (BELLE) 16Xg  1.7% for By > 3.5 GeV 1998
PbWO, (PWO) (CMS) 25Xy  3%/VE ®0.5% ©0.2/E 1997
Lead glass (OPAL) 205Xy 5%/VE 1990
Liquid Kr (NA48) 27X0  3.2%/VE® 0.42% ¢ 0.09/E 1998
Scintillator /depleted U 20-30Xq 18%/VE 1988
(ZEUS)
Scintillator/Pb (CDF) 18Xy 13.5%/VE 1088
Scintillator fiber/Pb 15X0  5.7%/VE & 0.6% 1995

spaghetti (KLOE)
Liquid Ar/Pb (NA31) 27Xy  7.5%/VE®0.5% 3 0.1/E 1988

Liquid Ar/Pb (SLD) 21X0  8%/VE 1993
Liquid Ar/Pb (H1) 20-30Xy 12%/VE ® 1% 1998

Liquid Ar/depl. U (DO) 205Xy  16%/VE & 0.3% & 0.3/E 1993

Liquid Ar/Pb accordion 25Xy  10%/VE ©04% @ 0.3/E 1996
(ATLAS)




OPAL-Bleiglaskalorimeter

0 Layout

OPAL collaboration, C. Beard et al. NIM A 305 (1991) 275.

o 10572 Pb-glass blocks (24.6X,)

o, 6%
lution: —£=—=®0.002
o Energy resolution =

o Spatial resolution: 11mm at 6GeV
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Run Number: 152409, Event Number: 5966801
Date: 2010-04-05 06:54:50 CEST
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| W-ev candidate in

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

nie+)= -0.42

E ™ =26 GeV

M, =57 GeV
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Hadronischer Schauer
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Fig. 7.32. Sketch of a hadron cascade in an absorber.



Hadronischer Schauer
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Hadronischer Schauer

Hadronic and e.m. showers:

Differences:

* Hadronic showers are much wider
than electromagnetic ones
(Reason: angle of particle emission is
determined by intrinsic transverse
momenta of quarks, pr = 0.35 GeV/c)

250 GeV
photon

15

» Hadronic showers are more irregular
than electromagnetic ones
(Reasons: multiplicity of produced
hadrons varies considerably around
average; decay of unstable particles)

* Energy resolution of hadronic
showers is worse
(Reasons: stronger fluctuations,
decays produce neutrinos that carry
away some energy)

o
1

altitude above sea level [km]
2

-5 0 +5 -5 0 +5
lateral shower width lateral shower width
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Fig. 7.34. Monte Carlo simulations of the different development of hadronic
and electromagnetic cascades in the earth’s atmosphere, induced by 250 GeV
protons and photons [542].



Hadronischer Schauer
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Prozesse im hadronischen Schauer
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Energieanteile in hadronischen Schauern
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Material | Z A Z/A Xy (em) | %; (cm) | Density (g/cm?)
H, 1 [ 1.008 | 0.992 | 866 718 0.0708
(liquid)
He 2 4002 | 0.500 | 756 520 0.125
100 -
c 6 [|1201t o500 |188 38.1 2.27 ]
. P
Al 13 | 26.98 | 0.482 | 89 39.4 2.70 1 \
_ \1“:—-—--.._ " .
Cu 29 | 6355 | 0.456 | 1.43 15.1 8.96 10 4 =
Pb g2 | 2072 | 0.3%6 | 056 17.1 11.4 _
o
w 74 | 1838 | 0.403 | 035 | 9.58 19.3 = ‘
r"qr 1: -
U 92 | 238.0 | 0.387 | 0.32 10.5 19.0 x& ]
Scint. 0538 | 42.4 81.5 1.03
BGO 0.421 | 112 22.1 7.10 0.1 ’ . e
0 10 20 30 40 50 60 70 80 90
CsI 0.416 | 1.85 36.9 453 7
NaI 0.427 | 259 41.1 3.67
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hadronisches Schauerprofil

Hadronic shower profiles: radial distribution:

S ST T T D * Radial size increases linearly with shower depth
S W fFe \ ,r"' il ¢ Maximum radius approx. independent of
s U, 7 )} incident energy
e 10 - -
g v mesw * | R(95%) = A,
: 0 1 1 | | 1
; 50k | e L LE I,l ]
« i Fe / |
s ) Example: pions on iron, A; = 16.7 cm
& 20F /4 7 R(95%) = 16.7 cm
N E N4 = approx. for all energies!
5 ook / -
sl t 50 GeV |
= I T N | 10 Geve ™ in Fe
& 20 40 60 80 100 -
shower depth [em] E
7.43. Radius of hadronic showers for 95 % containment as a function of 2
depth in iron [555], The corresponding total width of the hadron shower is s
e the radius, ca
25

12 8 4 0 4 8cm
lateral shower position

Fig. 7.39. Lateral shower profile of 10 GeV /c pions in iron [559].



igkeit des el-mag Anteils

Hadronic shower profiles: electromagnetic content:

Average em shower fraction, <f,,,>

fem : electromagnetic fraction of shower
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e depends on energy of
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* depends (weakly) on
target material

e can reach more than
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non-e.m. enerqy fractions:

* 56% ionizing particles
(from which 2/3 protons!)

* 10% neutrons

* 34% invisible energy




Fluktuationen im hadronischen Schauer
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Detektorantwort als Funtion von e/h
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Methoden zur Kompensation

Compensating calorimeters (cntd):

Compensation is only possible in sampling calorimeters!

3 Methods to achieve compensation (e/h = 1) :

1. Reduce response to e.m. component

- Choose high-Z absorber (e.g. Pb, U) and low-Z active medium
- photoelectron production = Z> = most photoelectrons are produced and absorbed in Pb
few photoelectrons are produced in active medium

2. Enhance response to hadronic component
- use slow neutrons to induce nuclear fission, e.g. in 238U
- additional neutrons are produced
- the neutrons escape into the active medium (low A)
- the neutrons are slowed down via elastic n-p-collisions
- the protons produce a signal in the detection medium

3. Offline compensation
- Disentangle contributions from hadronic and electromagnetic showers from the spacial
development in high resolution calorimeters
OR:
- compare fraction of szintillator and Cerenkov light (e.m. processes create relativistic
electrons (Cerenkov light), spallation protons from nuclear fission and recoil protons
from the n-p scattering in the detection medium are non-relativistic)



Energieauflosung und Linearitat in Abh. von e/h
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Kompensation in Pb-Kalorimeterrn
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