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Calorimetry in Action

Deep-inelastic electron-proton scattering at HERA

e+p —» e+ quarkjet+ X

The ZEUS
Uranium/Scintillator
Calorimeter
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General Considerations

The essential concept of calorimetry is to measure the energy of final states via total
absorption. The absorption is achieved via shower formation. The precision limit is

determined by the statistics inherent in this physical process, thus scaling with VN, where
N is the number of shower particles.

A further important aspect of shower formation is the logarithmic energy scaling of the
penetration depth of the shower, and attendant consequences for detector size.

These considerations lead to the following comparisons with magnetic tracking
measurements:

I. Calorimetric energy measurements of sufficient prec151on are possible up to several




Part I: Physical Processes

I. Multiple scattering

II. Energy loss mechanisms for electrons and positrons
A. Ionization
B. Bremsstrahlung
C. Annihilation

II1.Energy loss mechanisms for photons
A. Photo-electric effect
B. Compton scattering




Multiple Scattering

Serves our lectures as a transition from negligible perturbation of the particle trajectory to
full absorption. Here we assume constant kinetic energy, i.e. elastic scattering. This process
will turn out to be closely related to the transverse profile of electromagnetic showers.

Coulomb-scattering scales with the squared charges, so scattering in matter is dominated by
scattering off nuclei (rather than off electrons) for Z>10. Scattering of spin 0 (Rutherford)
and spin 72 (Mott) particles are identical in a small-angle approximation.

Quantum limits of range of integration over scattering angles determined by resolving atom
but not nucleus. Result can be defined in terms of radiation length L, to be defined later.

No dependence on mass of scattered
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Energy Loss via lonization
Bethe-Bloch Formula

[2

Early Fermi: 'counter-intuitive' [3-2

Bethe (1930): relativistic rise

—-dE/dx MeV g *cm?)

Broad momentum range of
'Minimum IOIliZiIlg': 2 MeV/ cm . . 10 100 1000 10000

By =p/Mc
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Bremsstrahlung

Radiation by an accelerated electron

[. Scales with 1/M
> 200 times larger for e* than p*

II. Scales with Z> Mean angle of photon emission
> Brems off nucleus dominates < Gy >=mc’/E
> Ionization scales only with Z independent of photon energy

III.Scales with 1/k: 'infrared divergence'
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Energy Loss via Bremsstrahlung
Definition of Radiation Length

Calculating the energy loss, we define o_

Under the assumption of complete screening
of the nuclear charge by the atomic electrons,
the integral gives

Since the energy loss is proportional to the initial
energy, we can define a length characterizing the
exponential decrease in energy:

= 409 In (183 Z71/3)

o0 = aZ’rd = aZ? x 80 mb

1/L,=4 o,n_In(183 Z-'7)

which is independent of the initial energy !
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Energy Loss Mechanisms for Electrons and Positrons
in Lead

Positrons T.ead (Z = 82)

Bremsstrahlung

100
E (MeV)

Critical energy E
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Interactions of Photons with Matter

[.Photo-electric effect

(a) Carbon (Z = 6)

> E oC m C2 ; o - experimental G
Y € :
> oo« Z2°!
[I. Compton Scattering

[II.Pair-production

» Same physics as bremsstrahlung

= = —

(b) Lead (Z= 82)

o - experimental Gy,

p% e
L =9/7 L
r
NB: this is also the

interaction length for

20 50 100 200 500 1000
Photon energy (MeV)

Low Energy: photons

oqe . . . 1 MeV — 1 GeV 100 Ge
Probability of pair-production vs Compton scattering Photon Energ
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Electromagnetic Showers

Passive Material + Cloud Chamber




EM Calorimeter Design Parameters

® C(Critical Energy: € =550 MeV/Z
= Radiation Length: X [g/cm*]= pL = 180 A/Z*
= Molicre Radius: R, [g/cm*] = X (21 MeV/e) =7 AlZ

To calculate the visible signal from the shower, define the total track length in units of X : T.

T depends on the minimum detectable energy associated with the choice of active material: E__
For E_. =0, all electrons and positrons are detected, and the signal T = E / €, corresponding to a
sensitivity factor F = 1. Calorimetry works when F is independent of E.

To get an estimate of the signal, Rossi made two assumptions: 1) the e* deposit an energy €

in each radiation length, and 2) the bremsstrahlung and pair-production processes occur according
to their high-energy formulae. In this approximation, one obtains a reasonably accurate
parameterization for many materials of the signal:




Profiles of Electromagnetic Showers

Transverse Longitudinal

Containment radius

o 1GeV
R(95%) = 2R, - oy

100 GeV

1000 GeV

For example, a transverse cell size of
5 cm was chosen for the ZEUS uranium
calorimeter, where R, = 3 cm.

98% containment in
3 tmax + 5

For example, 20 X for
10 GeV electrons in copper
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Hadronic Shower Energy Loss

Ionization

Hadronic cascades

Electromagnetic showers (e*, Y, 1)

Neutrons with nuclear-binding energies (MeV)
Nuclear fission

Photons from nuclear de-excitation

V's and W's from TTand K decays




Hadronic Showers
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Hadron Containment

Al
AT = Nyo

t =0.2InE+0.7(E inGeV)

opp = 40 mb (energy dependence very weak)

opn o< A" (shadowing)

o1 (barn) Ar(g/cm?) Ly (cm) Homogeneous active calorimeters impractical
Fe 0.7 132 17

Pb 1.8 194 17
U 2.0 199 10

N

Note that €°=0.2%
2 in a thousand hadrons pass through

6 interaction lengths without interacting! , 2 20Gev -
x 99 GeV 1t~
0138 GeVr_

o
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EM Fraction of Hadron Showers

Assume 1/3 of each generation is 's
and the number of generations increases
geometrically with the initial energy E.
Then, if the energy to produce one n’is
E , one may expect a scaling law:

— (k-1)
f =1-(EE)

em — — Cu (k=0.82,E(=0.7GcV)
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Consequences of Differing Sampling Fractions
S, and £,

TP component

Purely hadronic component

. 95 . 1.0
Calorimeter response relative to MIPs

= Signal fluctuations are not gaussian

® Fluctuations in EM part affect overall resolution

® Signal is not proportional to E

= Ratio of signal for electrons and hadrons depends on energy
* Relative resolution does not scale with E-'2
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Time Development of Hadronic Showers

The energy deposition proceeds on

a variety of time scales for hadronic

showers as well, unlike electromagntic recoil protons
e S€@CONdary fission y's

Showers- y's from neutron capture

This results in more complicated
considerations for the choices
of active media readout technology.

Energy / ns (a.u.)
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Shower Leakage

The various components of hadronic showers are contained with varying levels of
success. Leakage processes which scale with the initial energy generally contribute an
energy-independent term in the energy measurement resolution, reducing the
effectiveness of the intrinsic statistical nature of the showers and reduce the maximum
energy for which a certain level of accuracy is obtained.




End of Section
on
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Muons

Bethe-Bloch

Radiative
Minimum effects
ionization reach 1%

100
By
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Muon momentum
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