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Electromagnetic shower: summary
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üHigh-energy electrons or photons interact with dense material from calorimeter: 

üThe number of cascade particles is proportional to the energy deposited by the incident 

particle

üThe role of the calorimeter is to countthese cascade particles

üThe relative occurrence of the various processes creating the cascade particles depends on Z. 

ÁAbove 1 GeV, bremsstrahlung radiation and pair production dominates

ÁThe shower develops like this until secondary particles reaches EC 

where loss by ionization dominated

ÁBelow EC, the number of secondary particles slowly decreases as electrons (photons) are 

stopped (absorbed)

cascade of secondary particles 

üThe shower development is governed by the òradiation lengthó X0

üNeeds about 25 X0 to contain most of the EM showers.

üShower max grows with ln(E)

ü 90% of showeenergy contained in a cylinder of radius RM



Calorimeters Principles
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Calorimeter Features
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üMeasure energy of charged (p, p, K, e, é),and neutral (g, n,é) particles

üPrecision improves with energy 

üPosition Measurement
Á Important for neutral particles

üParticle ID
Á Longitudinal (if sampling calorimeter) and lateral profiles different for e and p.

üTiming

üTriggering

üCan be built at 4pdetectors 
Á Hermiticity! Important for missing energy measurement (see later)
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Useful Quantities
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Homogenous vs Sampling EM calorimeter Resolution
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Physics of Hadronic Showers



Hadronic Showers
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An Hadronic (HAD) shower is a cascadeof secondary particles initiated by the interaction 

with matter (ie, energy loss) of an incoming of hadron. 

üHAD showers are like EM showersé but more complicated, 

due to strong interaction of hadrons with absorber.

üMany processes involved:

Á Ionization, 

Áhadron production (fragmentation, é )

ÁCharge exchange 

p+/-n­p0p/pbar

Á nuclear de-excitation, 

Á nuclear breakup, 

­ spallation neutrons, 

Ámuon and pion decay, 

Áé 
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Hadronic Showers
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HAD showers have thus two components:

üPart of the energy is lost in breaking nuclei (nuclear binding energy)

Ý Invisible part of the shower ! Only part of the shower energy is sampled !

Á Large, non-Gaussian fluctuations of each component (EM vs non-EM)

Á Large, non-Gaussianfluctuations in ñinvisibleò energy losses.

Electromagnetic component:

Á Electrons, photons 

(from excitation, radiation, decay of 

hadrons, photo-effect, é)

Á Neutral pions(eg, p0­gg, h­gg)

Hadronic component:

Á Charged hadrons p°, K°, p, é
Å ionization, excitation, nuclei interaction 

(spallation p/nproduction, evaporation n, 

spallation products)

Á Neutrons, 
Å Elastic collisions, thermalization+capture(=>gôs)

Á Break-up of nuclei 



Interaction Length
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üThe hadronic shower is governed by the interaction length lint

Álint: Mean free path between inelastic interaction

Hadronic shower are longer than EM showeré



Particle ID
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The ratio R=lint / X0 is important for Particle Identification

In high-Z material, R~30 => excellent e/pseparation !

1 cm Pb+ scintillator plates makes 

an excellent ñPre-Showerò



Hadron shower in Cu
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HAD showers: intrinsic fluctuations
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No ñcharacteristicò profileé

Size of the EM component (F0) is 

essentially determined by the 1st interaction

Considerable event-to-event fluctuation in F0

On average 1/3 of mesons produced 

in the first interaction with bep0ôs

The 2ndgeneration p°ôs also produced 

p0ôs if sufficiently energetic. 



HAD showers: Longitudinal Profile
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üAs for EM showers, depth to contain an HAD shower increase with ln(E)

Ásharp peak near the 1st interaction point (from p0's produced in the 1st interaction) 

ÁThen more gradual falloff (characterized by lint)

WA78 experiment: 5.4 l(10mm U/5mm Scint), 8 l(25 mm Fe / 5mm Scint.)



HAD showers: Lateral Profile
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ü Lateral shower profile has two components:

ÁElectromagnetic core (from p0­gg)

ÁNon-EM halo (mainly non-relativistic shower particles)



HAD showers: containment 
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Need about ~10 lint to contain 

most of the hadronic showers

Longitudinal Lateral

Lateral containment increases with energy ! (*)
Transverse radius for 95% containement~ 1.5lint

(*) fEMincrease with E, and gfrom p0 emitted along the p0 axis.



Non-EM fraction breakdown
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ü In Lead, non-EMcomponent energybreakdown: 

Á~56% ionizing particle 

Å 2/3 are protons (from spallation). <E>~50-100 MeV

Á~10% neutrons, 

Å very soft (3 MeV typically), 

Å on average 37 n 

per deposited GeV !

Á~34% invisible 



EM fraction (1)
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üEM fraction (fEM=EEM/ Etot) due to p0/h­gg. 

Á In first interaction, ~1/3 of produced particles are p0.

ÁRemaining hadrons may undergo neutral pionstoo. 

üConsiderable variations from shower to shower

üOn average, fEMincrease with shower energy (typically ~30% at 10 GeV, ~50% at 100 GeV)

<fEM> is large, energy dependent 

and material dependent 



EM fraction (2)
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From NIM A316 

(2002) 184

From NIM A399 (1997) 202

üFluctuations in fEMare non-Poissonian

üDeviations from E-1/2 scaling



HAD shower response (1)
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üThe response to the HAD part (h) of a hadron-induced shower is usually smaller than that of 

the EM part (e)  (due to invisible energy: energy used to release nucleons from nuclei, neutrinos, é)

Ýònon-compensationó (see next)

üMoreover, as <fEM> varies with energy, hadron calorimeters are non-linear.



HAD shower response (2)
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p: response to pions-induced showers

e: response to emshower component

h: response to non-emshower component

ü e/h: energy independent way to characterize 

hadron calorimeters

ÁCannot be measured directly 

(inferred by e/pat several energies)

Calorimeters can be:

Á under-compensating (e/h>1)

Á over-compensating (e/h<1)

ÁCompensating (e/h = 1)



Consequences of (non-)compensation
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ü (some) Consequences of non-compensation: 

ÁNon-linearity of the hadronic calorimeter response

ÁDegradation of the energy resolution
Á Event-by-event, fluctuations in emand non-EM fraction creates event-by-event signal fluctuations



How to achieve compensation ? 
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ü Long-storyé it took a lot of R&D to understand the underlying mechanisms of hadron calorimetry and 

identify several ways to achieve compensation: 

ü Build a sampling calorimeter 

Á Compensation can never be achieved with homogenous calorimeter !

ü Boost the non-EM response 

Á Amplify neutron and soft photons component by:

Å Fission: usage of 238U plates (depleted). 

Åhydrogenous detector: optimize sampling fraction, integrate signal over a large enough window, é

ü Suppress EM response

Á Usage of high-Z absorber (Pb, Ur,é) and low-Z active. 

Å Photo-electric effect dominates (sphoto-é Z5)

Å Suppress low energy photon detection (g< 1 MeV captured in absorber)

Á Further suppression: shield active layers with thin sheets of passive low Z material.

Å e.g. Ur wrapped with Stainless Steel sheets in ZEUS.

ü Offline compensation: 

Á Recognize, event-by-event, cells rich in EM and non-EM deposits, and weight their energy accordingly

Å Need fine segmentation



First òcompensatingó calorimeter
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Á First Uranium calorimeter by Fabjan& Willis

250 238U plates (1.7mm thick) 

+ LAr(20mm gap between plates)

Á Compensation almost achieved 

=> e/h ~1.1 ï1.2

ü Mechanism: nuclear fission

Á Extra energy from fission fragment: carries a lot of energy (nuclear gôs and soft evaporation neutrons. 

Á Should ñcompensateò for losses in nuclear binding energy

ü For a long time, thought to be the solution to compensationé 



Compensated calorimeter: example

32



Compensation: examples
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DØ Ur/LArcalorimeter
Almost compensated during Run I (1992-1996)

ü During TevatronRun II (2001-2011):

Á bunch crossing 3200->396 ns

Á => Smaller  ~0.45ms (vs~2ms) 

charge integration window

Decays of excited uranium nuclei happen long after shower 

development and corresponding charge not captured with short 

integration time.

=> Compensation deteriorated and thus resolution for Run II.

DØ Run II cut-off



Compensation: examples
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Elastic n-p scattering:

Efficient sampling of neutrons through

the detection of recoiling protons!

Sampling fraction can be tuned to 

achieve compensation

Hydrogen in active material (gas mixture) Lead / Scintillator 

e/h not determined by absorber but by active medium (and in particular its H-content) 
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ATLAS & CMS calorimeters
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outside the calorimeter

=>compact calorimeters ! 



CMS ECAL
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Barrel crystals

Pre-Shower

ECAL 

Endcaps

Á Endcaps (1.48<|h|<3), ~23 t

Á 14648 crystals over 4 Dees (2 per endcap)

Á Preceded by Pb/Si Pre-Shower

Á Barrel (|h|<1.48), ~67 t

Á 61200 crystals over 36 super-modules

CMS ECAL Endcaps Dee

Homogenous calorimeter made from 75848 PbWO4 scintillating crystals 
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CMS ECAL Construction
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CMS ECAL: monitoring
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After laser correction

Before laser correction

E/p with W­enevents

Recovery of transparency interfill

ü Response of PbWO4 crystal change with irradiation

Á Loss of transparency

ü Damage and recovery during LHC cycles tracked with a 

laser monitoring system



CMS ECAL: performance
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Stand-alone performance assessed during extensive 

test Beam campaigns at CERN... 

JINST 2 (2007) P04004

Combined performance measured in-situ

p0­gg Z­ee

(test beam)
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Solenoid: BEFORE the calorimeters



The ATLAS ECAL

44

Sampling Pb/LArcalorimeterwith innovative ñaccordionò geometry

ü Longitudinal dimension ~25 X0, 47 cm (vs 22 cm for CMS)

ü ~170 000 channels

ü Usage of Liquid Argon

Á Radiation Hard

Á High number of electron-ion pair produced by ionization 

(1 GeV deposit -> 5.106 e-) 

Á Stable vs time

Á BUT: Å Need a cryostat (90K)

Å Slow time response (400 ns vs 25 ns LHC bunch crossing)



ATLAS ECAL: accordion geometry (1)
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Standard Liquid Argon Accordion Liquid Argon 

üSlow response (long integration time)

üElectrodes ̂particles

ü Long cables

ÁTo bring signal to pre-amplifiers

ÁRegroup gaps 

üDead zones due to cables

üAccordion geometry: fast 

üElectrodes ££to incident particles

ÁSignal read out forward & backward

ÁNo long connection 

üNo cracks (in azimuth)



ATLAS ECAL: accordion geometry (2)
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ATLAS ECAL: Performance
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Stand-alone performance assessed during extensive 

test Beam campaigns at CERN... 
Combined performance measured in-situ

Linearity of the response

%7.0
3.0%10
ÄÄ=

EEE

s

(test beam)



CMS HCAL
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(HB)

(HE)
(HF)

ÁHCAL Barrel (HB): |h|<1.3

ÁHCAL Endcap (HE): 1.3<|h|<3

ÁForward HCAL (HF): 3<|h|<5, Fe+QuartzFiber

See next



CMS HCAL
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HB/HE: Sampling Brass/plastic scintillator calorimeter

HB (17 longitudinal layers) HE (19 longitudinal layers)

üSegmentation: DhxDf=0.087x0.087 (larger at high h)

ü 18x20°ñwedgesò with alternate brass plates (5-8 cm) 

and ñtilesò embedded with Wave Length Shifter (WLS).
Á Light from scintillator: blue-violet

Á WLS: absorb light then fluorescence in green

Á Green light read by Hybrid Photo Diode (HPD)



CMS HCAL: Brass absorber preparation
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CMS HCAL: Containment
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ü At |h|=0, lintfrom HB =5.8 !

(7.2 with ECAL)

Å Large leakageé

ü CMS adds HCAL Outer (HO):

Å Scintillator + WLS 

outside coil acting as 

ñtail catcherò. 

Poor Resolution: ~100% / ÕE



ATLAS HCAL
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ATLAS TileCal
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ÁCoverage: |h|<1.7

Á 3 cylinders (1 barrel, 2 extended barrel)

Á 3 longitudinal sampling

ÁSegmentation: DhxDf=0.1 (0.2) x0.1

Á~10 000 channels

TileCal: Sampling Fe/plastic scintillator calorimeter

üKey element: Tile

ÁPerpendicular to beam axis

ÁWLS carry light to PMT



ATLAS TileCal: Performance
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Resolution: ~50% / ÕE


