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Course roadmap
• Week 1 (Foundations)

ü Lecture 1: Why calorimetry?
ü Lecture 2: EM shower physics

• Week 2 (Physics depth)
ü Lecture 3: Hadronic shower physics

ü Lecture 4: Energy resolution from first principles

• Week 3 (Technology)
ü Lecture 5: Calorimeter Technologies (real-life EM and Hadronic calorimeters)
ü Lecture 6: Calorimeter Design

• Week 4 (Systems & Future)
ü Lecture 7: Signal chain, readout, calibration

ü Lecture 8: Future calorimetry

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 4 2



Today’s Lecture
• Week 2 (Physics depth)

üLecture 3: Hadronic shower physics
üLecture 4: Energy resolution from first principles

• 4.1 From Shower Physics to Calorimeter Design
• 4.2 The Three-Term Energy Resolution Formula

• 4.3 The Stochastic Term: Sampling Fluctuations

• 4.4 Noise Term, Constant Term & Leakage

• 4.5 Hadronic Energy: e/h & Compensation

• 4.6 Position Measurement & Time Resolution
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From Shower Physics
to Calorimeter Design

4.1
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Instrumenting a shower: two strategies
• We now understand shower development… how do we instrument it to measure the energy?

• Homogeneous calorimeter: entire volume is 
simultaneously absorber AND active medium
ü Signal produced in the shower; no energy is “lost” in 

passive material
ü Best achievable stochastic term (only intrinsic 

fluctuations): best energy resolution

ü Very expensive; exclusively used for EM calorimeters
ü Examples

• CMS ECAL (PbWO4 crystals)

• NA48/NA62 (liquid krypton)

• Belle II ECL (CsI)

• Sampling calorimeter: passive absorber plates 
interleaved with thin active readout layers
ü Only fraction fsamp of shower energy is sampled,  absorber 

energy is lost
• Typically a few percent (for gas detectors even only ~10-5)

ü Finite sampling introduces fluctuations (dominant 
contribution to stochastic term)

ü Cheaper, more flexible, scalable to large volumes (e.g. for 
HAD calorimeter)

ü Examples
• ATLAS LAr accordion (Pb + LAr)
• CMS HCAL (brass + plastic scintillator)
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Instrumenting a shower: response resolution and linearity

• Resolution
ü Response is affected by event-to-

event variations of the signal
ü Different (concurrent) sources of 

fluctuation affect response 
differently at different energies

• Linearity
ü Average calorimeter signal per unit of deposited energy

ü Ideally proportional to input energy: a linear calorimeter has a 
constant response (after calibration)

ü In general: EM calorimeters are (mostly) linear,  hadronic 
calorimeters are not

ü Compensation might help to restore response linearity
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Active media: what signal do we actually read out?

Full technology comparison (light yield, decay time, radiation hardness, cost, …) à Lectures 5 and 6

• Three fundamental signal types, to be turned into a recordable signal (electronics):

Signal Detector Mechanism Characteristics

Ionization 
charge

Noble liquids 
(LAr, LKr, LXe)
Silicon sensors

Charged particles ionize the 
medium; drift field collects 

e/ions onto electrodes

• Excellent uniformity
• Intrinsically radiation-hard
• Requires cryostat (noble liquids), or 

thin-gap geometry (Si)

Scintillation 
light

Inorganic crystals 
(PbWO4, BGO, NaI, CsI)

 Plastic scintillator,
WLS fibres

Shower excites crystal lattice 
or organic molecules; photons 

collected by photodetector 
(APD, SiPM, PMT)

• Key figures: light yield [ph/MeV], decay 
time [ns], radiation hardness

• Vary enormously across materials

Cherenkov 
light

Lead glass
Quartz fibres

Small component in PbWO4

Charged particles with β > 1/n 
emit coherent Cherenkov 

radiation

• Very fast (instantaneous)
• Only from relativistic particles (β> 

1/n): suppresses low-energy hadronic 
component
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Example of a homogeneous calorimeter: CMS ECAL
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• Scintillator: PbWO4 [Lead Tungstate]
• Photosensor : APDs [Avalanche Photodiodes]

ü ~70000 crystals
ü ~4500 photoelectrons/GeV

• PbWO4  ~100 photons/MeV; after APD yield ~4.5 pe/MeV



Passive (and active) media for sampling calorimeter
• Principle of sampling calorimeters: alternating 

layers of absorber and active material
• Passive absorbers principle responsible for shower 

development and cascade of secondaries
• Absorber (passive) materials

ü High density, high Z

• Iron (Fe) 
• Lead (Pb) 
• Uranium (U) 

– also for compensation in HCAL

• Active materials
ü No need to be as high density as for most 

homogeneous calorimeters (cheaper)
• Plastic scintillator
• Liquid ionization chamber
• Gas detectors
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Sampling Calorimeters

Absorber  Scintillator     

   Light guide   

             
Photo detector    

Scintillator
(blue light)         

Wavelength shifter

                     

electrodes   
Absorber as  

                Charge amplifier  

HV

Argon 

Electrodes   

Analogue
signal   

Scintillators as active layer;
signal readout via photo multipliers

Scintillators as active 
layer; wave length shifter 
to convert light

Active medium: LAr; absorber
embedded in liquid serve as electrods

Ionization chambers
between absorber 
plates

Possible setups
Possible sampling calorimeter setups
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Example of a sampling calorimeter: ATLAS LAr
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• Pb absorbers

• 2 mm LAr gap + 2 
kV HV (ionization 
current)

• ~200000 channels



What a perfect HCAL would need to do?
• Answering the bridge question from Lecture 3:

ü A. Sufficient depth: ~ 10 λint

• will derive the containment requirement shortly

ü B. Equal response to EM and hadronic à e/h = 1 (compensation)
ü C. Good sampling: thin active layers, many samples à minimize stochastic term

ü D. Fast readout: shaping time captures most of signal within LHC 25 ns window

• These four requirements translate directly into the three-term resolution formula…

If  one uses a sampling calorimeter in which the 
sampling fraction is not optimised for compensation, 
then one wastes money…

- R. Wigmans

“

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 4 12



The Three-Term
Energy Resolution Formula

4.2
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The Three-Term Energy Resolution Formula

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 4 14

<latexit sha1_base64="6tjlEoiX0UGzYVMOraA9t4o1X3w=">AAACLHicbZDLSsNAFIYn9VbrLerSzWARXJVEpLoRiqXgsoK9QBPCZDpph04mcWYilJAHcuOrCOLCIm59DqdpFtp6YODn+8/hzPn9mFGpLGtmlNbWNza3ytuVnd29/QPz8Kgro0Rg0sERi0TfR5IwyklHUcVIPxYEhT4jPX/SnPu9JyIkjfiDmsbEDdGI04BipDTyzKYTCIRTR9JRiLxWlrYyeAMXEGWaPwqlWQadKGaJLBw/7ysQ9syqVbPygqvCLkQVFNX2zDdnGOEkJFxhhqQc2Fas3BQJRTEjWcVJJIkRnqARGWjJUUikm+bHZvBMkyEMIqEfVzCnvydSFEo5DX3dGSI1lsveHP7nDRIVXLsp5XGiCMeLRUHCoIrgPDk4pIJgxaZaICyo/ivEY6TjUDrfig7BXj55VXQvana9Vr+/rDZuizjK4AScgnNggyvQAHegDToAg2fwCj7AzHgx3o1P42vRWjKKmWPwp4zvH/5RqUs=</latexit>

ωE

E
=

a→
E

↑ b

E
↑ c

<latexit sha1_base64="MwD/LhDaxQph0i9fC0aXC19w7wU=">AAACBnicbVDLSgMxFM3UV62vUZciBIsgCGWmSHUjFN24rGAf0JmWTJppQzPJmGSEMnTlxl9x40IRt36DO//GtJ2Fth64cDjnXu69J4gZVdpxvq3c0vLK6lp+vbCxubW9Y+/uNZRIJCZ1LJiQrQApwigndU01I61YEhQFjDSD4fXEbz4Qqajgd3oUEz9CfU5DipE2Utc+RNATMUsUDOAl9NS91CnqlOEpDDrlcdcuOiVnCrhI3IwUQYZa1/7yegInEeEaM6RU23Vi7adIaooZGRe8RJEY4SHqk7ahHEVE+en0jTE8NkoPhkKa4hpO1d8TKYqUGkWB6YyQHqh5byL+57UTHV74KeVxognHs0VhwqAWcJIJ7FFJsGYjQxCW1NwK8QBJhLVJrmBCcOdfXiSNcsmtlCq3Z8XqVRZHHhyAI3ACXHAOquAG1EAdYPAInsEreLOerBfr3fqYteasbGYf/IH1+QOhHZdT</latexit>

a→ b =
√

a2 + b2

“stochastic”
 term

“noise” 
term

“constant” 
term

relative 
energy resolution

terms uncorrelated, propagate and 
sum as Gaussian errors 



Origin of resolution formula: track-length integral
• Rossi track-length argument: total ionization by particle in a shower is proportional to 

particle initial energy E0

ü For an EM shower: total charged-particle track length

ü Each charged particle deposits ionization dE/dx ~ const (MIP-like below Ec)
ü Total signal = sum of contributions from all track segments

• For a sampling calorimeter: only a fraction fsamp of track length is sampled
ü Signal proportional to E0, but with fluctuations from finite number of samples

• Several independent sources of fluctuation…
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Energy resolution fluctuation sources
• Calorimeter energy resolution determined by fluctuations

ü Homogeneous calorimeters:

• Shower fluctuations
• Photo-electron statistics
• Shower leakage

• Instrumental effects
– noise, light attenuation, non-uniformity, …

• In addition, for sampling calorimeters:
ü Sampling fluctuations
ü Landau fluctuations

ü Track length fluctuations
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Quantum fluctuation

Quantum fluctuations

Shower leakage*

Electronic noise

Non-uniformity
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The three terms: physical origins

• Quantum and sampling 
fluctuations
ü For homogeneous: Fano 

factor fluctuations in 
number of primary 
ionizations

ü For sampling: finite 
number of track segments 
sampled (dominant)

ü Also: Landau fluctuations 
in thin absorbers; shower-
to-shower fluctuations

• Noise
ü In general does not depend on 

energy (i.e. constant), thus 
scale linearly with energy in 
relative energy resolution

ü Dominates at low E if b/E large
ü Typical source: readout 

electronics
• Might have a “range” energy 

dependence

ü At LHC b also includes pile-up 
noise

• Depends on clustering algorithm 
and PU corrections

• Residual non-uniformity 
at all energies
ü Inter-channel response 

variations after calibration 
(residual local response 
variation (e.g. crystal 
opacity) 

ü Temperature gradients, 
dead material, longitudinal 
leakage fluctuations

ü Dominates at high E
• c = 0.5% for CMS ECAL
• c = 0.7% for ATLAS LAr
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The three terms: an example

ATLAS LAr EM barrel 
calorimeter @ η= 0.28
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Why energy resolution matters: H → γγ as a benchmark
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The Stochastic Term:
Sampling Fluctuations

4.3
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Stochastic term for homogeneous calorimeters & Fano factor
• In ideal (homogeneous) calorimeter without leakage energy resolution only limited by statistical 

fluctuations of the number of shower particles...
ü Signal = total number of e-h pairs (or photons) produced in EM shower

• Resolution actually improves due to correlations between fluctuations 
(assuming shower is completely contained): Fano factor F
ü F < 1 for semiconductors
ü F ~ 1 for scintillators
ü Example: LAr (W ~ 30 eV/pair, F ~ 0.1) à a ~ 0.3%/sqrt(E) à tiny!

• Homogeneous calorimeters can have excellent intrinsic stochastic term

<latexit sha1_base64="JA/EBVC0/lwFDvjD1DAt3zDajQQ="></latexit>

ωE

E
→ ωN

N
↑

↓
N

N
=

1↓
N

Poisson
<latexit sha1_base64="zol8pqFwTprsRb0uv6SktqivtwY=">AAAB+nicbVBNS8NAEJ3Ur1q/Uj16WSyCp5KIVC9CUQRPUsF+QBvKZrtpl242YXejlJif4sWDIl79Jd78N27bHLT6YODx3gwz8/yYM6Ud58sqLC2vrK4V10sbm1vbO3Z5t6WiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3w59dv3VCoWiTs9iakX4qFgASNYG6lvl2/QOeoFEpP0qu9kaTvr2xWn6syA/hI3JxXI0ejbn71BRJKQCk04VqrrOrH2Uiw1I5xmpV6iaIzJGA9p11CBQ6q8dHZ6hg6NMkBBJE0JjWbqz4kUh0pNQt90hliP1KI3Ff/zuokOzryUiTjRVJD5oiDhSEdomgMaMEmJ5hNDMJHM3IrICJsctEmrZEJwF1/+S1rHVbdWrd2eVOoXeRxF2IcDOAIXTqEO19CAJhB4gCd4gVfr0Xq23qz3eWvBymf24Besj28J8ZM+</latexit>

N =
E0

W

Mean number 
of particles

W = mean energy required 
to produce “signal quantum”

W ~ 3.7 eV for Si
W ~ 30 eV for NaI
W ~ 100 eV for plastic 
 scintillator
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Photo-electron statistics impact on stochastic term
• For detectors for which the deposited energy is measured via light detection inefficiencies 

converting photons into a detectable electrical signal (e.g. photo electrons) contribute to 
the measurement uncertainty

• Contribution present for calorimeters based on detecting scintillation or Cherenkov light
• Important in this context

ü Quantum efficiency (QE) and gain of used photo detectors (e.g. Photomultiplier, Avalanche 
Photodiodes, ...)

ü Also losses in light guides and wavelength shifters ....
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Npe : number of photo electrons
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Exercise: compute a for CMS ECAL
• CMS ECAL = PbWO4 crystals read via APD

ü PbWO4 is a relatively weak scintillator. In CMS ~ 4500 
photoelectrons/GeV (APD QE ~80%)

ü Fano factor F ~ 2 for crystal/APD combination in crystals 
• F ~ 1 + fluctuations in avalanche multiplication process of APD (excess 

noise factor)

• Expected stochastic term:
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= 2.1%

• This does not include all possible effects, e.g. lateral leakage from 
limited clusters of crystals (to minimize electronic noise and pile-up)
• aleak = 1.5% (Σ(5x5))
• aleak = 2% (Σ(3x3)) • For Σ(3x3) case a = ape ⊕ aleak = 2.9%



Exercise: compute a for CMS ECAL
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• For Σ(3x3) case a = ape ⊕ aleak = 2.9%
• measured value: ameas= 3.4%



Stochastic term for sampling calorimeters: sampling fraction
• In sampling calorimeters stochastic term is dominated by sampling fluctuations

ü = fluctuations in the total number of electron and positron tracks crossing the active planes

• Sampling fraction

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 4 25

<latexit sha1_base64="60rWLpayR8SnYWz+r77dFbKvIK0="></latexit>

fsamp =
ddE

dx

active

MIP

ddE
dx

active

MIP
+ sdE

dx

absorber

MIP

incoming 
particle

shower

ac
tiv

e 
m

at
er

ial
pa

ss
ive

 m
at

er
ial

s d

Ncharged = total energy deposited in active layers / energy deposited per crossing
Number of charged particles crossing active layers increases linearly with 
incident energy and fineness of sampling

Resolution improves as d decreases but 
resolution degrades as fsamp decreases!
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Stochastic term for sampling calorimeters vs active layer
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Stochastic term for sampling calorimeters vs passive layer
• Energy deposition dominantly due to low energy electrons

ü Range of these electrons smaller than absorber thickness
ü Only few electrons reach active layer

• Only fraction f ~ 1/s reaches active medium

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 4 27

incoming 
particle

shower

ac
tiv

e 
m

at
er

ial
pa

ss
ive

 m
at

er
ial

s d
<latexit sha1_base64="wyGfuhD5IVifboNn4xEm32aYq8s=">AAACE3icbVDLSsNAFJ34rPVVdelmsAjioiQi1WVRCq5EwarQhDCZ3LSDkwczN2IJ+Qc3/oobF4q4dePOv3Fau9DqgYHDOfdy55wgk0KjbX9aU9Mzs3PzlYXq4tLyymptbf1Sp7ni0OGpTNV1wDRIkUAHBUq4zhSwOJBwFdwcD/2rW1BapMkFDjLwYtZLRCQ4QyP5td1Tv3AR7rDgfaZ6EJYldTOVZphSN1KMF+2yaPuc6tKv1e2GPQL9S5wxqZMxzvzahxumPI8hQS6Z1l3HztArmELBJZRVN9eQMX7DetA1NGExaK8YZSrptlFCGqXKvATpSP25UbBY60EcmMmYYV9PekPxP6+bY3ToFSLJcoSEfx+KcklN4GFBNBQKOMqBIYwrYf5Kh9UwjqbGqinBmYz8l1zuNZxmo3m+X28djeuokE2yRXaIQw5Ii5yQM9IhnNyTR/JMXqwH68l6td6+R6es8c4G+QXr/QsYu57t</latexit>

Ncharged → E

Ecs

<latexit sha1_base64="dLG0loAF7dkoXCSNrH/Lnf+K0QA="></latexit>

ωE

E
→

ωNcharged

Ncharged
→

√
Ecs

E

Optimization: choose small Ec (large Z 
absorbers) and small s (fine sampling)
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ESol/Liq
c =

610 MeV

Z + 1.24

Ncharged = charged particles reaching active layer
E/Ec  = total number of particles
s  = absorber thickness in X0

Reminder: higher-Z materials have stronger electric 
fields that enhance bremsstrahlung (lowering Ec)



Stochastic term for sampling calorimeters vs passive layer
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EM energy resolution of Pb/LAr sampling calorimeter 
with 2 mm Pb plates for 1 GeV electrons.

Sampling fluctuations in extreme conditions
• When signal in single active layer is produced 

by only small number of charged tracks, 
Landau fluctuations matter. This happens for:
ü Very thin active gaps à broaden the fluctuation 

of each sample (Landau-type effect)
ü Very coarse sampling à reduces the number of 

effective samplings of the shower (sampling 
effect)

• a ~ fsamp
-1/2 does not represent well 

resolution anymore
ü Fluctuations of path length become important, 

due to predominance of energy lost by 
Compton/photo-electrons and bigger multiple 
scattering

ü When active layer thickness d << λMFP  
fluctuations not Gaussian, single track can 
deposit much more than the mean
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• Silicon detectors usually extremely thin (e.g. 0.3 mm): 
Landau tail significant if used for calorimetry

• Gas detectors as active medium have very thin gas gaps
ü Mean energy deposit per gap ~ few keV à very poor sampling
ü Compensated by large number of gaps and/or gas amplification
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Landau fluctuations impact on sampling calorimeters
• Recap from Lecture 2: Landau distribution describes energy 

loss in thin slab of material
ü Asymmetric: long high-energy tail from rare delta-ray production
ü Most Probable Value (MPV) << mean; sigma comparable to MPV
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• When do Landau fluctuations matter for sampling calorimeters?
ü Small d makes the energy deposited per active sample less Gaussian
ü When the active layer is thin enough that signal in one sample is produced only by small number of charged tracks

• Typical examples: thin Si layers or thin gas gaps

• Direct impact on resolution: adds non-Gaussian contribution to stochastic term!
ü Correction factor to effective formula for thin active layers à asamp increases by ~20-40%

ü Particularly relevant for: e.g Si-W sampling calorimeters (CMS HGCAL)
ü Landau correction can be built into energy reconstruction algorithm

30



• Active layer impact rule of thumbs

ü d/X0 > 1: Gaussian approximation adequate
ü d/X0 < 0.3: Landau broadening increases σE/E

• Example: Si active layer d ~ 0.3 mm
ü d ~ 0.3 mm à d/X0 = 0.0032
ü Signal in one layer comes from very small path 

length
ü Single-layer deposits are strongly non-Gaussian

ü Landau tails can noticeably broaden the 
resolution
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When non-Gaussian single-sample fluctuations matter



Stochastic term “effective” parameterization
• Sampling calorimeter resolution formula for homogeneous active medium

ü esampling = average energy deposited by MIP in one active layer [MeV]

ü Consequence: thinner active layers à smaller esampling à better resolution

• A few values… *
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a[%/
→
GeV ] ↑ 5.5

√
esampling[MeV]

Detector Active Absorber a Use

ATLAS LAr EM LAr 2 mm † Pb 10% EM

ATLAS TileCal scintillator 3mm ‡ Fe 52% Hadronic

CMS HCAL scintillator 3.7 mm Brass 65% Hadronic

* check the formula for the various case, see whether it works…

† d/X₀ = 0.2/14 ~ 0.014 for a 2 mm LAr gap (X0 ~ 14 cm), (dE/dx)|MIP for LAr ~ 1.5 MeV/cm: ATLAS LAr is well into the Landau-dominated regime!
‡ see exercise in next slides! 



Exercise: compute a for ATLAS TileCal
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Exercise: compute a for ATLAS TileCal using effective parameterization formula
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Exercise: compute a for ATLAS TileCal

1. Compute εsampling = MIP energy deposited in one active scintillator layer (d = 3 mm)

ü Polystyrene scintillator: (dE/dx)|MIP ~ 2.0 MeV/cm
ü scintillator layer thickness d = 3 mm = 0.3 cm
ü εsampling = (dE/dx)|MIP × d = 2.0 MeV/cm × 0.3 cm = 0.60 MeV

2. Apply effective parameterization for sampling-term contribution
ü asamp = 5.5  × sqrt(0.60) ~ 5.5 × 0.775 ~ 4.3 %/sqrt(GeV) (sampling fluctuations only)

3. Compare with measured stochastic term (from table in previous slide)

ü ameas(TileCal, hadronic) ~ 52 %/sqrt(GeV)
ü ameas /asamp = 52 / 4.3 ~ 12× (!)
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Exercise: compute a for ATLAS TileCal using effective parameterization formula
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Sampling fluctuations alone do NOT explain hadronic 
resolution! Dominant effect: non-compensation (e/h != 1) 
→ fluctuating EM fraction in hadronic showers 
→ large intrinsic stochastic contribution 



Sampling fluctuations in EM and hadronic showers
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Sampling calorimeter
1.5 mm Iron + 2 mm LAr

Sampling fluctuations 
only minor contribution 
to hadronic resolution in 
non-compensating 
calorimeter!

EM resolution dominated
by sampling fluctuations



Noise Term, 
Constant Term 
& Leakage

4.4
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Noise term: electronic noise
• Detector signal = current pulse (directly or after conversion), energy ~ to collected charge

• Current pulse acquired by readout chain, affected by electronic noise (thermal + amplifier noise)
• Amount of electronics noise depends on detector technique and features of readout circuit

ü à more details on this in lecture 7
ü “Light” calorimeter: noise small when high-gain multiplication (phototube) in first stage of readout chain 
ü “Charge” calorimeter: noise larger due to use of pre-amplifier

• signal shaping + optimal filtering techniques used to minimize electronic noise

• Equivalent noise charge:
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Q =
→
4kTRωF

k = Boltzmann constant
T = temperature
R = preamplifier equivalent noise resistance of
dF = preamplifier  bandwidth

• b depends on amount of considered detector cells (clustering) 
ü cluster size + clustering techniques, e.g. zero suppression (à more on this in Lecture 7)

• Noise may become dominant below few GeV
ü noise-equivalent energy is required << 100 MeV for applications in the several GeV region.

• At LHC energies: electronic noise usually small (b ~ few MeV per cell)
ü ATLAS LAr: noise ~ 20-50 MeV per cell (depends on gain); cluster noise ~ 200 MeV
ü CMS ECAL: noise ~ 40 MeV per crystal; cluster noise ~ 200-300 MeV



Noise term: pile-up

• Pile-up noise: additional energy deposits from in time 
(and out-of-time) pp interactions
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~5 cm

ü σpileup ~ 1-2 GeV per cluster/jet area: much larger than electronic noise
ü HL-LHC: up to 200 simultaneous pp collisions à pile-up noise dominates
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The constant term: non-uniformity and calibration limits
• Constant term c dominates resolution at high energy

ü Example: CMS ECAL a ~ 3%, c ~ 0.5%
• à constant term dominates above ~25 GeV

• Sources of the constant term
ü Inter-channel response non-uniformity (after calibration): ~0.3-1%

• e.g. light yield non-uniformity; mechanical deformations; local non-hermeticity

ü Longitudinal leakage fluctuations: ~0.1-0.3% (for well-designed calorimeter)
ü Temperature gradients: ~0.2-0.5% per degree C for PbWO4 (~ -2%/C light yield)
ü Dead material in front of calorimeter

• significant if not corrected by pre-sampler or other calibration techniques 

• Minimizing the constant term: the calibration challenge!
ü Mechanical control
ü Temperature control: e.g. CMS ECAL stabilized to 0.1 C
ü Inter-channel calibration: do all you can do with first-principle knowledge + use “standard 

candles” events (i.e. 𝝅0 → 𝛄𝛄, Z → ee (more on this in lecture 7)
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Leakage
• Due to calorimeter finite size, shower might not be 

not fully contained
ü Longitudinal leakage
ü Lateral leakage

ü Albedo (= backward leakage through front of calorimeter)

ü Upstream energy losses
• à more on pre-sampler and correction algorithms in Lecture 7

ü Non-hermetic coverage

• Dominate at high energies for homogeneous 
calorimeters since stochastic term very small

• Lateral leakage: limited influence

• Longitudinal leakage: strong influence!
ü Fluctuates event-by-event à adds to c term

• Impact on resolution (possible parameterization):
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f = average fraction of shower leakage
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Energy 
resolutions 
example
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Table 28.8: Resolution of typical electromagnetic calorimeters. E is in GeV.

Technology (Experiment) Depth Energy resolution Date

NaI(Tl) (Crystal Ball) 20X0 2.7%/E1/4 1983

Bi4Ge3O12 (BGO) (L3) 22X0 2%/
√

E ⊕ 0.7% 1993

CsI (KTeV) 27X0 2%/
√

E ⊕ 0.45% 1996

CsI(Tl) (BaBar) 16–18X0 2.3%/E1/4 ⊕ 1.4% 1999

CsI(Tl) (BELLE) 16X0 1.7% for Eγ > 3.5 GeV 1998

PbWO4 (PWO) (CMS) 25X0 3%/
√

E ⊕ 0.5% ⊕ 0.2/E 1997

Lead glass (OPAL) 20.5X0 5%/
√

E 1990

Liquid Kr (NA48) 27X0 3.2%/
√

E⊕ 0.42% ⊕ 0.09/E 1998

Scintillator/depleted U 20–30X0 18%/
√

E 1988
(ZEUS)

Scintillator/Pb (CDF) 18X0 13.5%/
√

E 1988

Scintillator fiber/Pb 15X0 5.7%/
√

E ⊕ 0.6% 1995
spaghetti (KLOE)

Liquid Ar/Pb (NA31) 27X0 7.5%/
√

E ⊕ 0.5% ⊕ 0.1/E 1988

Liquid Ar/Pb (SLD) 21X0 8%/
√

E 1993

Liquid Ar/Pb (H1) 20–30X0 12%/
√

E ⊕ 1% 1998

Liquid Ar/depl. U (DØ) 20.5X0 16%/
√

E ⊕ 0.3% ⊕ 0.3/E 1993

Liquid Ar/Pb accordion 25X0 10%/
√

E ⊕ 0.4% ⊕ 0.3/E 1996
(ATLAS)

traditional sandwich structure is the LAr-tube design shown in Fig. 28.22(a).
A relatively new variant is the use of Cerenkov light in hadron calorimetry. Such

a calorimeter is sensitive to e±’s in the EM showers plus a few relativistic pions. An
example is the radiation-hard forward calorimeter in CMS, with iron absorber and quartz
fiber readout by PMT’s.

Ideally, the calorimeter is segmented in φ and θ (or η = − ln tan(θ/2)). Fine
segmentation, while desirable, is limited by cost, readout complexity, practical geometry,
and the transverse size of the cascades. An example, a wedge of the ATLAS central barrel
calorimeter, is shown in Fig. 28.22(b).

In an inelastic hadronic collision a significant fraction fem of the energy is removed
from further hadronic interaction by the production of secondary π0’s and η’s, whose
decay photons generate high-energy electromagnetic (EM) cascades. Charged secondaries

January 29, 2010 16:23
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Exercise: EM energy resolution for H → γγ

• H → γγ:  one of the key Higgs discovery channels
ü Signal: narrow invariant-mass peak on smooth γγ continuum

ü Background rejection relies on sharpness of the peak

• Mass resolution requirement
ü σm < 1.5 GeV  →  σm/mH ~ 1.2%
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Exercise:  What are the dominant contributions to the photon energy 
resolution relevant to H → γγ reconstruction in ATLAS and CMS?

𝜃₁₂ ~ 180o 
tan 𝜃₁₂~ ~ ∞
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Exercise: EM energy resolution for H → γγ

• Mass resolution requirement
ü σm < 1.5 GeV  →  σm/mH ~ 1.2%

• For symmetric decay
ü Eγ ~ mH/2 ~ 60 GeV
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Exercise: What are the dominant contributions to the photon energy 
resolution relevant to H → γγ reconstruction in ATLAS and CMS?

• ATLAS 
ü Stochastic a/√E = 10%/√60 ≈ 1.3%
ü Noise b/E = 0.3/60 ≈ 0.5% 
ü Constant c ≈ 0.4%
ü Total ≈ 1.5%

• CMS 
ü Stochastic a/√E = 3%/√60 ≈ 0.4%
ü Noise b/E = 0.2/60 ≈ 0.3% 
ü Constant c ≈ 0.5%
ü Total ≈ 0.7%
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Exercise: EM energy resolution for H → γγ
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Exercise: What are the dominant contributions to the photon energy 
resolution relevant to H → γγ reconstruction in ATLAS and CMS?

• ATLAS • CMS Eur. Phys. J. C 74 (2014) 3076Phys. Rev. D. 90, 112015 (2014)

• ATLAS mass resolution 1.2-1.7 GeV, depending on 
category (position in the detector, photon 
momentum) and data taking conditions (pileup): 
better than expected (calibration!)

http://dx.doi.org/10.1140/epjc/s10052-014-3076-z
http://journals.aps.org/prd/abstract/10.1103/PhysRevD.90.112015


Hadronic Energy: 
e/h & Compensation

4.5
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Callback: the e/h problem
• Reminder → Lecture 3, Section 3.3

• Hadronic shower: two responding components
ü EM component (𝝅0 → γγ): responds like electrons/photons → response scale e

ü Non-EM component (spallation, evaporation neutrons): → response scale h

• key figure of merit: e/h ratio
ü e/h ≡ EM response / hadronic response for equal incident energy
ü e/h = 1: (ideal) “compensating” calorimeter

• e/h ≠ 1: most real detectors
ü 1.1–1.5 typical

• Response non-linearity

ü fem increases with energy → e/𝝅(E) is energy-dependent
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Typical e/h values

Fe absorber :  e/h ~ 1.3
Pb absorber :  e/h ~ 1.4
U absorber :   e/h ~ 1.05
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Resolution impact of e/h ≠ 1
• fem fluctuates event-by-event

ü σ(fem) ~ 10–15% at typical energies 

ü With e/h ≠ 1, each event gets a different response bias

• Result: extra resolution term
ü This is a constant-like term
ü …does not improve as 1/√GeV
ü e/h = 1.4, σ(fem) = 10% → σcomp ~ 2.9%

• Reminder: ATLAS TileCal exercise (Sec 4.3)
ü asamp = 4.3%/√GeV (sampling term alone)

ü ameasured ~ 52%/ √GeVà x12 larger!

ü Dominated by e/h ≠ 1 at all practical energies
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Compensation theory
• Goal: e/h → 1 (compensating calorimeter)

• Strategy 1: suppress EM response (↓ e)
ü High-Z absorber (Pb, U): sub-threshold e⁻ 

multiplication suppressed
ü Fast fission of ²³⁸U produces extra hadronic 

energy → boosts h

• Strategy 2: recover hadronic signal (↑ h)
ü Hydrogen-rich active medium (plastic scintillator)
ü Evaporation neutrons scatter on ¹H → recoil 

protons → visible signal
ü Critical: optimal sampling fraction fsamp ~ 10–16%
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ZEUS compensating calorimeter

Absorber:  uranium (²³⁸U)
Active:      plastic scintillator
e/h  =  1.00 ± 0.02
σ/E  ~  35%/√E

Proof-of-principle that perfect 
compensation is achievable

Nucl. Instrum. Meth. A336 (1993) 23–52

https://www.sciencedirect.com/science/article/pii/0168900293910782
https://www.sciencedirect.com/science/article/pii/0168900293910782
https://www.sciencedirect.com/science/article/pii/0168900293910782
https://www.sciencedirect.com/science/article/pii/0168900293910782
https://www.sciencedirect.com/science/article/pii/0168900293910782
https://www.sciencedirect.com/science/article/pii/0168900293910782


The elephant in the (compensating) room
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• Compensation is usually achieved with high Z absorber (Pb, U)

ü Reduce EM response
ü Generate large number of neutrons

• Drawback: e/mip gets smaller (~0.6)!
ü Large response non-linearities for low energy hadrons
ü Worse response for jets that for single hadrons!

arXiv:1712.05494

(…) As a result of  the important 
contribution from soft jet fragments, 
and the large event-by-event 
fluctuations in this contribution, the 
energy resolution for intermediate 
vector bosons measured with the 
compensating ZEUS uranium 
calorimeter was worse than expected on 
the basis of  the single-pion resolution. 
Also, the small sam pling fraction 
required to achieve compensation 
limited the em energy resolution, to 
18%/√E in ZEUS (…)

arXiv:1712.05494

https://arxiv.org/abs/1712.05494
https://arxiv.org/abs/1712.05494


Beyond hardware compensation: dual readout calorimeter
• Idea: measure fEM directly exploiting 

Cerenkov vs Scintillation light
ü Electrons in hadronic shower are relativistic down to 200 keV 

à Cerenkov

ü Most non-EM energy in hadronic shower from protons from 
nuclear reaction à Scintillation

• Advantages
ü No need for high Z absorber (e.g. Cu has e/mip ~0.86)
ü Can select any sampling fraction
ü Method does not rely on measuring neutrons (smaller 

volume, faster integration time)
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(e/h)S and 
(e/h)C 
need to be 
known
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How is a dual readout calorimeter realized? An example

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 4 51

ar
X

iv
:1

71
2.

05
49

4

DREAM

https://arxiv.org/abs/1712.05494


Beyond hardware compensation: software compensation
• Software compensation (SWC)

ü Core idea: weight cells by energy density
ü Weight high-density cells (likely EM) with 
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Or go ever farer, and replace part of the calorimetric measurement with other sources (e.g. tracker)à particle flow

Example:  ATLAS HCAL SWC: 
improves hadronic resolution by 
~20% at 50 GeV

likelihood for reconstructed topo-clusters to originate 
from an EM shower as a function of shower depth 
normalized cluster signal density

Distribution of cell energy in ATLAS TileCal 1
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Position Measurement
& Time Resolution

4.6
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Position measurement in (EM*) calorimeters
• Possible when calorimeter (or readout) is segmented 
• Cell size must be comparable to (or smaller than) 1 RM (Moliere radius)

ü Reminder: lateral containment à ~90, 95, 99% @ R = 1, 2, 3.5 RM 
ü Fine segmentation to measure position with good accuracy

• Two algorithms for shower position from cell energies
ü Simple centroid

ü Logarithmic weighting

• Physical motivation for log weights: wi should be proportional to dE/dx

Marco Delmastro Calorimetry in Particle Physics Experiments | Lecture 4 54

<latexit sha1_base64="Wgm2Ke1wMqlO0GENIl1/HKvcX9g=">AAACGXicbVDLSsNAFJ34rPUVdelmsAiuSiJS3QhFEVxWsA9oQphMJ+3QyYOZG2kJ+Q03/oobF4q41JV/47TNQlsPXDhzzr3cucdPBFdgWd/G0vLK6tp6aaO8ubW9s2vu7bdUnErKmjQWsez4RDHBI9YEDoJ1EslI6AvW9ofXE7/9wKTicXQP44S5IelHPOCUgJY80xp5mQNsBBmN+3mOL7ETSEIzR6UhHnkc3+jKZ09Nc+yZFatqTYEXiV2QCirQ8MxPpxfTNGQRUEGU6tpWAm5GJHAqWF52UsUSQoekz7qaRiRkys2ml+X4WCs9HMRSVwR4qv6eyEio1Dj0dWdIYKDmvYn4n9dNIbhwMx4lKbCIzhYFqcAQ40lMuMcloyDGmhAquf4rpgOikwEdZlmHYM+fvEhap1W7Vq3dnVXqV0UcJXSIjtAJstE5qqNb1EBNRNEjekav6M14Ml6Md+Nj1rpkFDMH6A+Mrx9Q2KB4</latexit>

xcog =

∑
xiEi∑
Ei

biased toward cell center

<latexit sha1_base64="v7IRVQu8NN2LHuOwK5cynuWVYGI="></latexit>

xcog =

∑
wiEi∑
wi

<latexit sha1_base64="V4D2rI8M+YjUUAfty4OxwJJV8fE=">AAACEnicbVDLSsNAFJ3UV62vqEs3g0VQhJKIVDeCKILLCrYKTQiT6USHTiZh5kYtId/gxl9x40IRt67c+TdO2i58HbiXwzn3MnNPmAquwXE+rcrE5NT0THW2Nje/sLhkL690dJIpyto0EYm6DIlmgkvWBg6CXaaKkTgU7CLsH5f+xQ1TmifyHAYp82NyJXnEKQEjBfbWbcDxAb4NHLyNPSGxFylC85OAF6Z5wO4ghwSKohbYdafhDIH/EndM6miMVmB/eL2EZjGTQAXRuus6Kfg5UcCpYEXNyzRLCe2TK9Y1VJKYaT8fnlTgDaP0cJQoUxLwUP2+kZNY60EcmsmYwLX+7ZXif143g2jfz7lMM2CSjh6KMoEhwWU+uMcVoyAGhhCquPkrptfEZAImxTIE9/fJf0lnp+E2G82z3frh0TiOKlpD62gTuWgPHaJT1EJtRNE9ekTP6MV6sJ6sV+ttNFqxxjur6Aes9y+i6Jzm</latexit>

wi = w0 + ln
Ei

Etot

Logarithmic weights 
correct for the 
exponential fall-off of 
EM shower tails
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e.g, in CMS w0 = 5

* hadronic position resolution is 
substantially worse (cell sizes in HCAL 
usually ~10 cm → σx ~ several cm)



Position measurement in calorimeters
• Position resolution for EM calorimeters

ü ATLAS LAr : σx pos ~ 0.5 mm at 50 GeV (strips layer ~ 4–5 mm @ η~0) 

ü CMS ECAL: cell size ~ 2x2 cm2 à uses 5x5 cluster; σx~0.7-1.5 mm
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Time resolution

• Time resolution depends on both Intrinsic time and signal processing technique

ü CMS ECAL PbWO4: σt < 100 ps at E > 10 GeV (fast crystal + fast APD)
ü ATLAS LAr: limited by 450 ns drift time à σt ~ ns (electronics-limited)

• 4D calorimetry: adding precision timing to calorimeter measurements
ü CMS MTD (Minimum Ionizing Particle Timing Detector): 30-50 ps per track
ü CMS HGCAL: < 50 ps per hit (LGAD sensors) à pile-up rejection from timing
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Type Speed Resolution Cost

Ionization moderate moderate cheap

Crystals fast best expensive

Scintillators fast moderate moderate

• Intrinsic time resolution set by signal rise time / 
sqrt(Nphotons) or signal-to-noise
ü Scintillator + PMT/APD: 100 ps – 10 μs
ü Thin silicon detector (10-300 μm): 100 ps – 30 ns
ü Thick (~cm) Si or Ge detector: 1-10 μs

ü Noble liquid ionization (depends on gap width): ~450 ns



What did we learn today?
• Week 2 (Physics depth)

üLecture 3: Hadronic shower physics
üLecture 4: Energy resolution from first principles

• 4.1 From Shower Physics to Calorimeter Design
– Homogeneous → best resolution; sampling trades performance for flexibility and cost.

• 4.2 The Three-Term Energy Resolution Formula

• 4.3 The Stochastic Term: Sampling Fluctuations
– σE/E = a/√E⊕ b/E⊕ c; three independent origins; a ≈ 5.5√esampling %/√GeV (Wigmans).

• 4.4 Noise Term, Constant Term & Leakage
– Noise and pile-up limit low-E resolution; non-uniformity and calibration set the constant floor c.

• 4.5 Hadronic Energy: e/h & Compensation
– e/h ≠ 1 creates constant-like σcomp > sampling term
– compensation (hardware or software) forces e/h → 1
– Hardware compensation works best for single hadrons, for jets not effective, modern alternatives exist

• 4.6 Position Measurement & Time Resolution
– Log-weighted centroids reach σx≲ 1 mm; timing below 100 ps (PbWO4) enables 4D calorimetry.
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