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What is a calorimeter?

Particle detection main goal: measure 3-momenta ~P

Magnetic spectrometers

Coordinate detectors
Magnetic field

Charged particles (e±, π± etc)

Magnet

∆θ ∆θ ∝ Bd`
P

Momentum resolution:
σ(P)/P ∝ P (for large P)

Calorimeters
Detectors thick enough to absorb
nearly all of the particle’s energy
released via cascades (showers)
Neutral (γ, n) and charged
particles
The energy goes mainly into heat.

”True” C. - Eo (heat)
“Pseudo” C. - O(Eo):
ionization, Cherenkov light

Poisson process: Ne ∝ E0,
σNe =

√
Ne and σE

E ∝ 1√
E
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”True” Calorimeters

”True” calorimeters measure the temperature change of the
absorber: ∆T = E0

c·M ∼ 1·1010eV ·1.6·10−19J/eV
103J/kg·1kg ≈ 10−12K too low!

• High particle flux
◦ History: W. Orthmann - 1µW sensitivity;

1930, with L. Meitner they measured the mean energy
(6% accuracy) of β from 210Bi ⇒ W.Pauli’s neutrino
hypothesis.

◦ Precise beam current measurements (SLAC-1970s,
JLab-2003)

• Ultra-cold temperatures (low C), superconductivity - new
detectors for exotic particle search, like “dark matter”
candidates.
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“Pseudo” Calorimeters

”Pseudo” calorimeters detect O(Eo): ionization, Cherenkov light
• History: N.L. Grigorov 1954 - idea, 1957 - implementation in

cosmic ray studies (Pamir, 3900 m). Layers of an absorber
and layers of proportional counters - counting the number of
particles in the shower (calibration needed).

• Starting in 1960s - revolution in compact electronics ⇒
affordable ADC (Analog-to-Digital Converters). New
accelerators - various types of calorimeters with
∼ 10 → 105 ADC channels.

Applications
detecting neutrals
good energy resolution at high energies
fast signals for trigger
particle identification (e±/h)
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Muon in Medium

Trajectory of 8 GeV µ− in copper. The coordinates are in cm.
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Electron in Medium

Trajectory of 8 GeV e− in copper. The coordinates are in cm.
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Proton in Medium

Trajectory of 8 GeV proton in copper. The coordinates are in cm.
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e± interactions

Energy loss in medium
Bremsstahlung
e±Z→ e±γZ

Ionization
Bhabha/Møller scattering
e±e− → e±e−

e+ annihilation

Bremsstrahlung

Lead  (Z = 82)
Positrons
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Bremsstrahlung

�
e−(E) γ(k)

e−

Z

�
γ(k)

e−

Z
σ ∝ Z 2

m2 ⇒
σµ

σe
≈ 2 · 10−5

dNγ

dk ∝ 1
k

dEγ

dk =c(k)
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Bremsstrahlung and Pair Production
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γ interactions

Interaction in medium
Pair production
γZ→ e+e−Z (KN )
Pair production
γe− → e+e−e− (Ke)
Compton scattering
γe− → γe− (σincoherent )
Rayleigh scattering
(σcoherent )
Photonuclear absorption
(σnuc)
Atomic photoeffect (σp.e.)

Photon Energy
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Scaling of Material Properties

Radiation length
X0 - the material thickness for a
certain rate of EM:
e±: dEloss

dx ' E
X0

γ: λe+e− ' 9
7 · X0

Derived from EM calculations:
X0 ' 716 g·cm−2·A

Z (Z+1)·ln(287/
√

Z )

Critical Energy
Ec : cascade stops
Losses: Ionization = Radiation
B.Rossi: dEioniz

dx |Ec ' E
X0

Ec ' 610(710) MeV
Z+1.24(0.92) solids(gasses)

E
c
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Electromagnetic Showers

Photons and light charged particles (e±) interact with matter:
• electrons radiate e± → e±γ
• photons convert γ → e+e−

A cascade develops till the energy of the particles go below a
certain limit.
The charged particles of the cascade (e±) leave detectable
signals.
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Electromagnetic Shower: longitudinal development

Scaling variables:
t = x

X0
y = E

Ec

Simple model
A simple example of a cascade:
×2 at ∆t = 1.
E(t) = E0

2t ⇒ tmax = ln E0
Ec

/ln 2

tmax ∝ ln(E0
Ec

)

Detectable signal:
Lcharged ∝ E0/Ec

Simulation: EGS4, GEANT
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Fluctuations: mid of cascade
σN ' N ⇒ tcalor ∼ t(> 95%)
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Electromagnetic Shower: transverse size

Molière radius: RM = X0·21MeV
Ec

R < 2 · RM contains 95% of the shower
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Properties of Materials

Density X0 X0 λI Molière Ecrit Refr.
Material g/cm3 g/cm2 cm g/cm2 RMcm MeV index
W 19.3 6.5 0.35 185. 0.69 10.6
Pb 11.3 6.4 0.56 194. 1.22 9.6
Cu 8.96 13. 1.45 134. 1.15 26.
Al 2.70 24. 8.9 106. 3.3 56.
C 2.25 42. 18.8 86. 3.5 111.
Plastic 1.0 44. 42. 82. 6.1 1.58
H2 0.07 61. 860. 50. 50. 360.
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Generic Calorimeter

A matrix of separate elements:

�
�
�
�

��
��
��
��
��
��

��
��
��
��
��
��

X

Y

Z

Interaction
point

X 0

Measured:
– Ai - measured amplitudes
– αi - calibration factors

(slow variation)
– xi |yi - module coordinates

E =
∑

i∈k×k

Ei

Typically k = 3, 5
Ei = αi · Ai
x |y = f (.., xi |yi , Ei , ..)
~X0 ⇒ direction

Important parameters

• Energy resolution σE
E• Linearity

• Coordinate resolution σx
• Time resolution
• Stability
• Specific requirements:

radiation hardness. mag. field
• Cost
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Generic Calorimeter

Shower

Cherenkov
light Ionization

Scint. light
Electrical

signal

Light
collection

Current
collection

PMT APD

Amplifier

ADC 10-17bits DAQ

Important procedures
• Calibration: Ai - measured
→ Ei = αi · Ai .
αi have to be measured
using particles of known
energies.

• Monitoring of the calibration
factors αi using detector
response to a simple
excitation (ex: light from a
stable source).
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Homogeneous and Sampling Calorimeters

Consider: EM shower in plastic scintillator
Needed length ∼ 15 · X0 = 600 cm - not practical!

Homogeneous calorimeters (EM)
Heavy active material, no passive
absorber
• Best energy resolution
• Higher cost

Sampling calorimeters
Heavy material absorber and the
active material are interleaved.
Features:
• Compact
• Relatively cheap
• Sampling fluctuations ⇒

impact on σE
E
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Resolutions

Energy resolution

σE
E = α⊕ β√

E
⊕ γ

E

• α - constant term (calibration)
• β - stochastic term (signal/shower fluctuations)
• γ - noise

Spatial resolution

σx = α1 ⊕ β1√
E
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Energy resolution

• Fluctuations of the track length (EM): σE
E ' 0.005√

E
• Fluctuations of the track length (HD): σE

E ' 0.5√
E

, or ' 0.2√
E

with compensation
• Statistics of the observed signal (EM): σE

E > 0.01√
E

• Sampling fluctuations (EM): σE
E '

√
Ec ·t√
E

, where t is the layer
thickness in X0 (B.Rossi),
∼ 0.1·

√
t√

E
for lead absorber (t > 0.2)

• Noise, pedestal fluctuations σE
E < 0.01

E
• Calibration drifts σE

E ∼ 0.01 for a large detector
• Other ...
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Spacial resolution

• Module lateral size < shower size
• Calculating the shower centroid
• EM: σx > 0.05 · RM
• HD: σx > 1− 2cm
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Light Collecting Homogeneous EM Calorimeters

Heavy transparent materials (low X0) are preferable ⇒
compact, larger signal
• Heavy crystal scintillators: NaI, CsI, BGO, PbW etc: high

light yield ⇒ good resolution, expensive
• Heavy crystal Cherenkov detectors: PbF, etc: compact,

radiation hard
• Lead glass (SiO → PbO) Cherenkov detectors: medium

performance, affordable
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PMT /photodiod

Light collection 20 - 50%

Time resolution:
• Scintillation time
• Light bouncing
• Photodetector

Typically:
τ(90%) ∼ 100 ns for
Cherenkov detectors
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Light Collecting Sampling EM Calorimeters

Heavy absorber (Pb,Cu,W...) and a scintillator (plastic) or
Cherenkov radiator (quartz fibers ...). Problem: how to collect
the light? The most popular solutions for this moment:
• SPACAL (Pb, sc. fibers). The fibers can be bundled to the

PM. Very good resolution. Difficult to manufacture.
• Sandwich with WLS fibers crossing through (“shashlik”).

The fibers are bundled to the PM. Good resolution. Easy to
build.

Pb Pb Pb Pb PbSc Sc Sc Sc Sc

WLS fibers

PMT

Time resolution:
• Scintillation time
• Photodetector time

Typically
τ(90%) ∼ 50 ns
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Light Detectors

Photomultiplier Tubes (PMT)
A vacuum vessel with a
photocathode and a set of
electrodes (dynodes) for
electron multimplication.
• Very high gain ∼ 105 − 107

• Very low electronic noise
• Size: diameter 2-40 cm
• • Slow drift of the gain
• • Sensitive to the magnetic

field
• • Relatively low QE∼20%
• Radiation hard

Avalanche Photodiods (APD)
A silicon diod in avalanche mode
and an electronic amplifier
• Gain ∼ 50− 300
• • High electronic noise
• • Size: 1× 2 cm2

• • Very sensitve to the bias
voltage

• Not sensitive to the magnetic
field

• High QE∼75% at 430 nm
• • Temperature sensitive

-2%/K
• • Radiation hardness may be

a problem
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Crystals in big experiments

BaBar CsI(Tl) ∼ 10000

L3 BGO - ∼ 11000

CMS PbWO - ∼ 80000
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EM calorimeters with optical readout

Density X0 RM λI Refr. τ Peak Light Np.e.

GeV rad σE
E

Material g/cm3 cm cm cm index ns λ nm yield
Crystals

NaI(Tl)∗∗ 3.67 2.59 4.5 41.4 1.85 250 410 1.00 106 102 1.5%/E1/4

CsI ∗ 4.53 1.85 3.8 36.5 1.80 30 420 0.05 104 104 2.0%/E1/2

CsI(Tl)∗ 4.53 1.85 3.8 36.5 1.80 1200 550 0.40 106 103 1.5%/E1/2

BGO 7.13 1.12 2.4 22.0 2.20 300 480 0.15 105 103 2.%/E1/2

PbWO4 8.28 0.89 2.2 22.4 2.30 5/39% 420 0.013 104 106 2.0%/E1/2

15/60% 440
100/01%

LSO 7.40 1.14 2.3 1.81 40 440 0.7 106 106 1.5%/E1/2

PbF2 7.77 0.93 2.2 1.82 Cher Cher 0.001 103 106 3.5%/E1/2

Lead glass
TF1 3.86 2.74 4.7 1.647 Cher Cher 0.001 103 103 5.0%/E1/2

SF-5 4.08 2.54 4.3 21.4 1.673 Cher Cher 0.001 103 103 5.0%/E1/2

SF57 5.51 1.54 2.6 1.89 Cher Cher 0.001 103 103 5.0%/E1/2

Sampling: lead/scintillator
SPACAL 5.0 1.6 5 425 0.3 104 106 6.0%/E1/2

Shashlik 5.0 1.6 5 425 0.3 103 106 10.%/E1/2

∗ - hygroscopic
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Crystal Ball (SLAC, DESY)

• ∼ 600 NaI crystals
• γ detection
• Charmonia spectra
⇒ QCD tune!
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KTeV (FNAL)

• 3256 CsI crystals

• π◦ → γγ detection

• σE/E ≈ 2.0%
√

E + 0.5%
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BaBar (SLAC)

Figure 3: The BABAR Detector. 1. Silicon Vertex Tracker (SVT), 2. Drift Chamber (DCH),

3. Particle Identi�cation Subsystem (DIRC{Detector of Internally Reected Cherenkov Light, 4.

Electromagnetic Calorimeter (EMC), 5. Magnet, 6. Instrumented Flux Return (IFR).

the B1 permanent magnets at �20 cm from the interaction point, which separate the beams after

head-on collisions. The acceptance in polar angle � is limited by the gap between beamline elements

to �0:87 < cos �lab < 0:96 (�0:95 < cos �cm < 0:87). As the innermost BABAR subdetector, two

important considerations in optimizing the design were low mass, to minimize multiple scattering,

and radiation hardness of its components. A detailed description of the SVT and its components

can be found in Ref. [4].

The SVT contains 52 modules built out of AC-coupled double-sided silicon sensors (strips

othogonal on the two sides). These are read out by a full-custom low-noise radiation-hard integrated

circuit, known as the AtoM chip (mounted on a passive hybrid circuit that is attached to a water

cooling channel). The detector modules are organized in �ve radial layers, each divided azimuthally

into 6, 6, 6, 16 and 18 staves respectively (see Table 4). The three inner layers are crucial for vertex

and tracking resolution, while the outer two layers are needed to provide additional measurements

for stand alone tracking independent of drift chamber information. These outer two layers each

contain two di�erent types of modules, an inner (labelled a in the Table 4) and an outer (labelled

b) layer, occupying slightly di�erent radial positions. The modules are assembled on carbon �ber

support cones, which in turn are positioned around the beam pipe and the B1 magnets. The SVT

and some beamline elements are housed inside a strong support tube, with its load transferred at

the ends to the PEP-II beamline support \rafts."

• ∼ 10000 CsI(Tl) crystals

• σE/E ≈ 2.3%/E1/4 + 1.9%

and digitizing electronics provide for a total of four overlapping linear ranges. The system handles

signals from �50 keV to �13GeV, corresponding to 18 bit dynamic range. A short shaping time

of � 400 ns is used in the preampli�ers to reduce the impact of soft (<5MeV) beam-related pho-

ton backgrounds. Noise performance can be recovered by digitally processing the signal waveform

sampled at 4MHz. Calibration and monitoring is achieved by charge injection into the front end

of the preampli�ers, a �beroptic/xenon pulser system injecting light into the rear of each crystal,

and a circulating radioactive source (a neutron-activated uorocarbon uid) producing a 6.13MeV

photon peak in each crystal. Signals from data (�0s, �s, radiative, and non-radiative Bhabhas,

 and �+�� events) can provide additional calibration points. Source and Bhabha calibrations

are updated weekly to track the small changes in light yield with integrated radiation dose. Light

pulser runs are carried out daily to monitor relative changes at the <0.3% level.

The calorimeter has achieved an electronics noise energy (ENE) of �220 keV (coherent plus

incoherent) measured with the source system (in the absence of colliding beams) after digital signal

processing. During regular data taking, this digital �ltering is not applied and the ENE rises to

�450 keV owing to the short shaping time; consequently, only channels with >1MeV are presently

used in the reconstruction of calorimeter energy deposits. The e�ciency of the calorimeter exceeds

96% for the detection of photons with energies above 20MeV.

The energy resolution can be measured directly with the radioactive source at low energies and

with electrons from Bhabha scattering at high energies, yielding resolutions of �(E)=E = 5:0�0:8%
at 6.13MeV and �(E)=E = 1:9 � 0:07% at 7.5GeV, respectively. The energy resolution can also

be inferred from the observed mass resolutions for the �0 and �, which are measured to be around

7MeV and 16MeV, respectively.
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Figure 8: The energy resolution as a function of energy, as determined from the observed width

of �0 and � decays to two photons of equal energy, and the resolution for Bhabha electrons. The

shaded band is the best �t to the �0, �, and Bhabha data. Also shown is the energy resolution of

the 6.13MeV photons from the radioactive source, and of the photons in the transition �c1 ! J= .
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SpaCal (CERN, Frascatti)

scintillating fibers / lead matrix

• Fibers/lead 50% / 50% in
volume

• X◦ = 1.2 cm
• 5 g/cm3

• CERN - original R&D

• KLOE (DAFNE) - 5000 PMTs

• KLOE σE/E ≈ 5.7%/E1/2

• KLOE στ ≈ 50/E1/2 + 50 ps



Introduction Physics of Showers Calorimeters Front-End Electronics Procedures Summary Appendix

Front-End Electronics

Requirements

• Resolution ∼ 10−3

• Dynamic range > 102:
needed to measure the
shower profile and the
coordinates

• Differential linearity <1%
• Digitization speed (>10 MHz)
• Readout speed (>10 MHz)
• Cost

Existing generic solutions

• Charge integrating ADC
• Flash ADC
• Combinations (pipeline ADC)
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Charge Integrating ADC

Q→V
C

in
pu

t

out

ga
te

+

−

Q V V T TDC

gate

in
pu

t

100ns

10us

DAQ

Integrating ADC

• Many products on the market
• Precise: 12-15 bits
• Gate must come in time ⇒ long
(>300-500 ns) delay for each
channel is needed (cables)
• Slow conversion time > 10 µs ⇒
not suitable for trigger logic
• Problems at very high rate:
pileup, deadtime
• Pedestal



Introduction Physics of Showers Calorimeters Front-End Electronics Procedures Summary Appendix

Flash ADC

* *

*

*
* *

*

*
*

* * *
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2 ns = 500 MHz

Flash ADC
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• Cost ×10 of the QDC
(100 MHz, 12 bits)
• Huge memory buffers needed
• Resolution n bits ⇒ 2n

comparators
• No dead time
• No delay cables needed
• Pileup can be partially resolved
• Time resolution without extra
discr.& TDCs
• Can be used in trigger logic
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Calibration

The detector has to be calibrated at
least once.
• Test beam
• Better: in-situ, using an

appropriate process:
◦ e+e− collider: Bhabha

scattering e+e−→ e+e−,
e+e−→ e+e−γ

◦ LHC: Z→e+e− (1 Hz at low
luminocity)

◦ h+h→π0+X, π0 → γγ
◦ RCS (JLab): e−p→e−p

Procedure: for event n:

E(n) =
∑

i∈k×k

αi · A
(n)
i

χ2 =
∑

n

(E (n) −
∑

i∈k×k

αi · A
(n)
i )/σn

• System of linear equations
• ⇒ N×N matrix - nearly diagonal
• Easy to solve
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Monitoring

Instabilities:
• All avalanche-type devices tend to drift (PMT, gas

amplification ...)
• Optical components may lose transparency
• Temperature dependence
• Many other sources of instability ...

Calibration is typically done once per many days of running ⇒
signal monitoring in between is needed.
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Light collecting devices
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light
scattering

• Stable pulsed light source:
◦ Xe flash lamp: 1% stability, >100 ns

pulse
◦ Laser: 2-5% stability, �1 ns pulse
◦ LED: 1-3% stability in thermostate,

>30 ns pulse
• Usually the light source has to be

monitored
• Light distribution
• Material transparency: not easy to

monitor (λ-dependence)
• Scintillation yield - no monitoring this

way
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Summary

Calorimeters are used for:
Detecting neutrals
Energy and coordinate measurements
Trigger
Separation of hadrons against e±, γ and muons

The calorimeters are of increasing importance with higher
energies. They become the most important/expensive/large
detectors in the current big projects (LHC, CLIC etc).
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Summary (continued)

There are various techniques to build calorimeters for different
resolution, price, radiation hardness and other requirements.

The typical energy resolutions are:
• EM: from σE

E ∼ 2%√
E
⊕ 0.3% for scintillating crystals to about

σE
E ∼ 10%√

E
⊕ 0.8% for sampling calorimeters.

• HD calorimeters: σE
E ∼ 30−50%√

E
⊕ 3%

The coordinate resolutions could be about 1-3 mm for EM
calorimeters and 20-30 mm for HD ones.



Introduction Physics of Showers Calorimeters Front-End Electronics Procedures Summary Appendix

Outline

1 Introduction

2 Physics of Showers

3 Calorimeters
Generic calorimeter
Light collecting calorimeters

4 Front-End Electronics

5 Procedures

6 Summary

7 Appendix
Charge collecting calorimeters
Hadron calorimeters



Introduction Physics of Showers Calorimeters Front-End Electronics Procedures Summary Appendix

Charge collecting EM Calorimeters

Ionization ⇒ electrical charge collected in electrical field.
Sensitive to electro-negative contaminations. Active materials
with electron/ion mobility:
• Solids: semiconductor (Si), no amplification, rad. soft/hard
• Liquids (no amplification, rad. very hard):

◦ cryo Ar (sampling, impurities <ppm), Kr, Xe (impurities
<ppb)

◦ warm organic liquids (impurities � ppb)
• Gas, sampling: low signals if no gas amplification used.

Landau fluctuations.
◦ High pressure (20-30 atm), no aplification, rad. hard, but

low signals
◦ gas wire chambers (with amplification), rad soft

Detector with no cascade-type amplification (like happens in
wire chambers, PMT etc) have a much more stable calibration.
But: low signals ⇒ amplifiers ⇒ sensitive to electronic noise.
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Electrical Signal

Induced Charge: Ramo-Shockley Theorem

A
E

q
−V

I(t) = q·(~v ·~E)
V

Q =
∫

I(t)dt = q

Ionization collection
Electrons and ions add to the signal.
The velocities of electrons and ions are orders of magnitude
different.
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Liquid Argon Calorimeters

• X0 = 14 cm - rather long ⇒
SAMPLING

• Ve = 3 µm/ns at 5 kV/cm
• ∼ 2 · 106 e−/GeV typically
• Widely used: H1 (Pb,Fe), D0

(U), SLD, ATLAS (Pb)
• Very stable (1%/year at SLD)

ATLAS (LHC)
• “Accordion” structure
• 2 mm Pb, 3 mm LAr
• 2-5 kV on the gaps
• Amplifiers ×100

noise < 5000e−
• High capacitance ⇒ noise

1

Performane of the ATLAS eletromagneti alorimeter under beam tests

Fabrie Hubaut a �

aCPPM, CNRS/IN2P3, Univ. M�editerran�ee, Marseille, Frane

The physis program at LHC is highly demanding in terms of detetor performane. In partiular, the ATLAS

eletromagneti alorimeter has to math hallenging requirements for energy, position and time resolutions.

Calorimeter prototype and prodution modules have been tested under eletron beams at CERN during the last

three years. Results are presented and ompared to ATLAS requirements.

1. Introdution

The ATLAS (A Toroidal LHC ApparatuS) ex-
periment [1℄, presently under onstrution, will
start operation in 2007 at the LHC [2℄ proton-
proton ollider at CERN. This multi-purpose de-
tetor has a wide physis program, spanning from
preision measurements of W� bosons, top and
bottom quarks properties, to Higgs boson or su-
persymmetri partile searhes. In most ases,
the eletromagneti (EM) alorimeter will play a
key role in measuring energy, position and time
of eletrons and photons.

2. General layout of the ATLAS eletro-

magneti alorimeter

The LHC extreme operating onditions impose
severe onstraints on detetors, in terms of ra-
diation tolerane, bakground rejetion apabil-
ity, noise handling, response speed, spatial ov-
erage and time stability. The EM alorimeter
is a lead-liquid argon (LAr) sampling alorime-
ter with an aordion geometry [3℄, that guar-
antees a full azimuthal overage. It is divided
in one barrel (j�j < 1:475) and two end-aps
(1:375 < j�j < 3:2) and is segmented in depth
in three ompartments (see �gure 1). The sam-
pling 1 (front) is made of narrow strips and per-
forms preise position measurements and =�0

separation. The sampling 2 (middle) has a depth
of 16 to 18 X0 and ollets most of the e/ shower
energy. The sampling 3 (bak) reovers high en-
ergy tails and helps to separate hadroni to ele-

�On behalf of the ATLAS liquid argon group.

tromagneti partiles. In addition, a thin pre-
sampler detetor orrets energy losses in the up-
stream material for j�j < 1:8. In total, almost
200,000 read-out hannels give the detetor a high
granularity. Liquid argon has been hosen for its
intrinsi linear behavior, response stability and
radiation tolerane. For ease of onstrution, the
barrel part is divided in 32 modules and eah
end-ap wheel is made of 8 modules. The on-
strution, test and integration of these modules
are presently well advaned, and are detailed in a
separate ontribution [4℄ within this publiation.
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Figure 1. Sketh of the aordion struture and
sampling segmentation of the EM alorimeter.
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Liquid Krypton Calorimeters

• X0 = 4.5 cm - can be
homogenous

• Signal ∼ ×2 of LAr
• Expensive
• Experiment NA-48: ∼4 m3,

homogeneous, thickness 27 X0,
13k channels.

Energy (GeV)
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n
σE
E = 0.4%⊕ 3.2%√

E
⊕ 0.1 GeV

E
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Monitoring: charge collecting devices

• Media purity (LAr ...) - general control
• Electrical pulse to monitor each electronic channel

V

electrodes

test
pulse

+

−

• Very good stability (∼1%/year) reached in LAr detectors
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Hadronic Shower

High energy nuclear interaction on a nucleus:
h + A →

∑
i h±,0

i +
∑

i π
0
i , and π0 → γγ.

π0 yield Nπ0/Ntot ∼ 0.1 · ln E ⇒ signal
• strong fluctuations depending on the first interaction
• a sizable amount of energy goes to nuclear excitation
• important parameter: response ratio e/h

◦ e/h 6= 1 - non-linear with energy, poor resolution
◦ e/h = 1 - “compensated” calorimeter

Scale: interaction length λI ≈ 35 g/cm2 A1/3

Shower max: x/λI = tmax ≈0.2 · ln(E/1GeV ) + 0.7
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Hadronic Shower
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Hadron Calorimeters

• SPACAL σE
E ' 30%√

E
⊕ 3%

• L Ar σE
E ' 52%√

E
⊕ 3%

• Tile σE
E ' 60%√

E
⊕ 2%
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