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Calorimeters: (more) examples

NA48 liquid Kr calorimeter



Calorimeters in space: FERMI/LAT 

4

üFermi Satellite with Large Area Telescope (LAT) instrument.

üGamma-Ray Telescope 

Á (200 MeV < g< 300 GeV)

ü Launched June 11 2008

üConsists of:

ÁTracker: Pbfoils + Si strips

ÁCalorimeter (see next slide)

ÁAnticoincidence Detector : plastic scintillator tiles



Calorimeters in space: FERMI ECAL
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ü 18 modules (400mmx400mmx250mm) ~100 kg each

ü 1 module: 

Á carbon-fiberalveolarstructure + 

Á 96 CsI(Tl) crystals(2.7 cm x 2.0 cm x 32.6 cm)

Á arrangedin 8 layersof 12 crystalseach

ü Eachmodule aligned90° wrtitsneighbors, 

formingx,y(hodoscopic)  array

ü Depth: 8.6 XO (10.1 including tracker)

Ý Need shower leakage correction

ü Light read by 2 photo-diodes

Homogenous calorimeter made from 1728 CsI(Tl) scintillating crystals 



Calorimeters in space: AMS-02
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üAlpha Magnetic Spectrometer (AMS):

ÁHEP-like detector operating as external module on ISS

Á Launched in 2011

üSearch for Dark Matter, anti-matter, precise study 

of high energy cosmic ray (flux, composition), 

gamma rays.
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The AMS-02 ECAL
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Sampling calorimeter made from Lead + Scintillating fibers

ü 3-D imaging of shower development

Á 9 Super-Layers (SL) alternatively oriented 

along X and Y axis (5 SL along X, 4 long Y)

ü 1 Super-Layer (~18.5mm):

Á 11 grooved, Pbfoils (1mm thick) interleaved 

with 10 layers of scintillating fibers (Ø~1mm)

glued by epoxy-resin

ü Depth: ~17 X0

ü Fibers read by PMT ~10%/ÕE (test beam)

ECAL support structure

17 cm

65 cm
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ñFutureò of calorimetry

NA48 liquid Kr calorimeterDREAM fibers

Si/W CALICE prototype



(selected) Future of HEP at colliders.
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ü òShortó term: HL-LHC (2025-2035)

Á Upgrade of ATLAS, CMSé (see later)

ü Longer term(30-50 years)

Á Lots of on-going discussions on what will be the ñbestò machine

Á Possible new e+e- colliders

Å Linear (ILC, CLIC)

Å Circular (FCCee, CEPC,é)

Á Possible new hadron colliders: FCChh

Á m-colliders, é

ü Physics Goals:

Á Higgs 

Å high precision measurement on couplings to fundamental fields,

Å Tri- and quadri-linear couplings (HH, HHH production)

Á Search / Study of new physics

Å SUSY, extra-dimensions, é

Å => High mass resonances (d-ijet, gg, ee,é), jets+MET, multi-leptons, é

Require high precision for calorimetry, in particular for jets !

+ timing capabilities 

+ radiation hardnessé



Jet Resolution
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üWorst than (or at most as good as) single hadron resolution

ÁHow to improve on jet resolution ? 

Á ie, how to get rid / mitigate the inherent fluctuations (in particular on fEM) ??

üTwo approaches:

ÁMinimize influence of calorimeter: use combination of all detectors 

=>òparticle flowó (software and hardware)

ÁMeasure the shower components in each event: access the source of the fluctuations

=> Dual readout (mostly hardware + software)



Hadronic/Jet Resolution 
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üHadron Calorimeter Resolution limited by fluctuations(sampling, fEM, quantum, leakage, é)

ÁNon-compensation degrades resolution. 

üExcellent hadron resolution already achieved by several experiment (~30%/ÕE):

ÁAbsorber/scintillating fibers compensated calorimeters: ZEUS (Ur), SpaCAL(Pb)

ÅResolution ultimately limited by sampling fluctuations

üHow to improve resolution, ie:

ÁReduce contribution from sampling fluctuations

ÁElimate/Reduce effect of fluctuations in fEM

ÁElimate/Reduce effect of fluctuation in invisible energy

é  WITHOUT the inherent problems of ñstandardò compensation ? 

(time integration, volume, sampling fraction)

Dual readout calorimeter !
(one possible solution)



Dual REAdoutMethod (DREAM): concept
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üEstimate fEMevent-by-event [1]:

Áñhardwareò identification

Á comparing light from Cerenkov light and light from scintillation (dE/dx)

üNote: ideally, one wants to measure also fn (proportional to binding energy) to remove 

fluctuations in invisible energy

ÁUsing time structure of showers

üWhy Cerenkov light?

Á almost exclusively produced by EM component 

Á 80% of non-emenergy deposited by non-relativistic particles 

(mainly spallation protons with E~fewhundred of MeV => no Cerenkov light)

üSame medium read by 2 different fibers

Á 2 e/h for the same event

[1]. ñoldò idea; although not initially with 2 types of fibers.  P. Mockett, ñA review of the physics and technology of high-energy 

calorimeter devices,ò Proc. 11th SLAC Summer Inst. Part. Phy., July 1983, SLAC Report No. 267 (July 1983), p. 42



DREAM Prototype
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How to determine E and fEM?
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Q: Cerenkov

S: Scintillation



DREAM prototype results (1)
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Gaussian response



DREAM prototype results (2)
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Linearity of response !

Ultimately expect ~20%/ÕE

Prototype Resolution Limited by (lateral) leakage  

ÁMany other tests done (with Pbinstead of Cu, with crystals, é)

ÁWould need to see what it gives in a real experimenté
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Jet Resolution improvement: 
another path



Energy Flow, Particle Flow (1)
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üTwo ways to deal with fluctuations:

ÁAdjust the hardware to response to equalize the e & h (òhardwareó compensation)

Á Identify the various components (EM, non-EM) and weight them adequately 

(òsoftwareó compensation)

üSoftware weighting was deployed at H1 detector (LAr, SpaCalcalorimeters) in the 90ôs. 

ÁReconstruct 3D-cluster (group of ñconnectedò cells of calorimeter)

ÁEnergy of every cells is corrected by a weighting factor, depending on:

Å energydensityof cell(Ecell/ Vcell) 

Å dense EM depositsvs mipfromhadronic

Å total energy of the cell cluster 

=> less tail in energy distribution, more Gaussian shape, and 15% improved resolution



Energy Flow, Particle Flow (2)
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Going a step forwardé 

üTypically, the jet energy fraction can be split on average:

Á~65% charged hadrons

Á~25% photons

Á~10% neutral hadrons

üòDefaultó way to reconstruct/identify particles. 
Á Neutrinos: via missing energy

Á e/g: mainly ECAL (+tracker)

Á Charged hadrons: calorimeters 

(but tracking system can be used as well)

Á Important to understand if prompt or non-prompt (decay of V0ôs,é)

Á Neutral hadrons: calorimeters (mainly HCAL)

Á Muons: muon station + tracker

üBut no attempt to reconstruct individual particles

and/or avoid double counting (tracker/calo)

ÁJets are ñclustersò of calorimeter deposits/towers/é 

Can we combine measurement of tracker and calorimeter ? 



Energy Flow, Particle Flow (3)
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Pioneered in ALEPH at LEP (90õs)

1.5 T

Tracking:

Á Large number of hits O(20), 

Á redundancy of measurements

Á Very High precision

ECAL (Pb/wire chambers):

Á 3x3cm transverse segmentation

Á 3 longitudinal compartments

Á Multiple readout

Ás~20%/ÕE

HCAL (Fe/readout tubes):

Á Coarse granularity

Ás~100%/ÕE

ÁAFTER the coilé

òsimple designó !



Energy Flow @ ALEPH: description
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(simplified) Overview of the algorithm

ü Reconstruct charged tracks and clusters in calorimeters

Á Including cleaning (noisy channels, é)

ü Extrapolate tracks to calorimeters and form ñcaloobjectsò

ü For each caloobject:

Á for identified electrons, muons, g, p0, remove energy from 

calorimeters

Á Only charged hadrons (mostly pions) and neutral hadrons 

should remain

Á Neutral are built as clusters not linked to tracks or with 

incompatible E/p

WW­qqqq



òEnergy Flowó in ALEPH: (some) results
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e+e-­ Z­qq

6 GeV resolution 

vs 13 GeV for calorimeter only

üAlso: better angular resolution, b-tagger improved by a factor 2é

üBUT:ultimately limited by HCAL resolutioné and loss of information due to interaction in 

the coil before reaching the HCAL.



ÁCharged particles measured by tracker (~perfect)

ÁPhotons by ECAL (sE/E ~10-20%)

ÁNeutral hadrons (ONLY) by HCAL (sE/E ~50-100%)

ÝMuch improved resolution on jets 

wrtcalorimeter measurement only
(vs ~70% of particles measured with HCAL 

in traditional approach)

üNot only:  

ÁAim at having a ñGlobal Event Descriptionò

ÁUse adapted calibration for each object

ÁNatural mitigation of pile-up (at hadron colliders)

Á Improved angular resolution

ÁAccess to sub-structure of shower

Á etcé. 

Beyond Calorimetry: The Particle Flow paradigm

24

Particle Flow: 

üReconstruct and identify every stable particle in the event

ÁCombining Optimally all information from all sub-detectors



Needed ingredients for a good Particle Flow
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üGood separation of charged and neutrals

Á high field integral (BxR), ñeffective granularityò

ÁSmall granularity (to minimize overlapping showers)

üòNoó material before the calorimeters

Áñlightò tracker, calorimeters inside the coil

üSmall Moliere Radius

Á to minimize shower overlap

üEfficient Tracking



Particle Flow @ LHC (CMS)
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üCMS design meets several of the criteria for a good PF

Á Large Field Integral: BxR= 4.9 T.m

ÅCMS: B=3.8 T, EcalRadius R = 1.29m

ÅALEPH: 1.5 x 1.8 = 2.7 T.m

ÁECALwith excellent resolution (sE/E ~10-3%), 

granularity and small RM (2.2 cm).

Å poor HCAL resolution (as ALEPH)

ÁExcellent tracking (high granularity, spT/pT~1% pT)

üBUT, considerable challenges! 

ÁUp to 2 X0 of tracker material in front of ECAL
Å Nuclear & EM interactions in the trackeré

Á pp collisions, pile-up and (very) high density of 

particles

First studies started in ~2004



PFLow@ CMS: Results

27

Jet Response close to 1 

BEFORE any jet correction

(use of calibrated particles!)

Large improvement in Jet 

Resolution, especially at low pT



PFLow@ CMS: Results
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PFLow@ CMS: Results
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Not only for jetsé



The ILC case
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üStudy Higgs, Unitarity, top at e+e- linear colliders (ILC, CLIC, é) 

ÁHeavily involves W, Z and H in hadronic modes (high BR)

ü Challenge: W/Z separation

Á Hadronic decay of W/Z

Á Need to separate W&Z 

ie, measure the mass of di-jet pairs:

jet

jet

jet

jet

DM(W,Z)~10 GeV

LEP-like, 60%/ÕE

Goal: 30%/ÕE

ex: WW scattering 

=> sE/E~3%



A word on resolutioné 
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üForgetting the correlations, the jet resolution can be written as:

sconfusion: mixing between neutral and hadron deposited energy 

sthreshold: threshold for each species (integrate fluctuations at low energy of jet fragmentation)

slosses: losses due to imperfect reconstruction

üStudies show the confusion term play a major role !

üTowards ultimate Pflowperformance:

Á focus more on separating showers 

(ie, granularity)than single particle resolution 



òParticle Flow Calorimetersó
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Another step beyond: Design the detector for PFLOW

Initially thought for TESLA in 2000ôs, then ILC. 



òParticle Flow Calorimetersóé or òImaging Calorimetersó !
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Another step beyond: Design the detector for PFLOW



Detectors for ILC
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ü Lots of R&D since 15 years. TDR in 2013.

ü Lots of possible options. Ex:

Á 3D-tracking:

Å High Precision vertex (Si) detector + TPC 

Á High Granular Calorimeters

Å ECAL with 30 longitudinal samples

Å HCAL (48 long. Samples)

Á B-field: 3.5 T

Á Iron yoke instrumented with Muons detection 

system (Gas or scintillators)



Si / W high-granularity ECAL (1)
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ü One possible option studied inside the CALICE collaboration: Si/W sampling calorimeter

ÁR~1.8m

ÁW absorber

ÁEnsure compactness (~20 cm thickness), 

Á small RM

ÁSi as active medium

Á for 30 layers: ~2600 m² of Si,  

Á Large S/N

ÁExtreme high granularity

Á 108 channels (vs 105 at LHC !!!)

Barrel Module

Endcaps



Si / W high-granularity ECAL (2)
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Si/W prototypes
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Si/W: physics prototype
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62 mm

360mm

360mm

Å30 layers of variable thickness Tungsten

ÅActive silicon layers interleaved

ÅFront end chip and readout on PCB board

ÅAnalog signals sent to DAQ

Å10,000 channels

Å6x6 1x1cm2 silicon pads

ÅConnected to PCB with 

conductive glue

ÅPCB contains VFE electronics

Å14 layers, 2.1mm thick

ÅAnalogue signals sent to DAQ © M. Anduze



Si/W: physics prototype test beam results
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Linearity of response Resolution, ~16%/ÕE



HCAL for ILC: AHCAL (1)
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ü One possible option studied inside the CALICE collaboration: 

Analogue HCAL Stainless Steel / Scintillators sampling calorimeter

Á 3x3 cm² scintillator tiles

Á 8.106 channels

vs O(10k) for ATLAS/CMS ! 



HCAL for ILC: AHCAL (2)
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~50%/ÕE obtained in test beams 

(after software compensation)



Some other results
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Linearity & Resolution of Semi-Digital HCAL Resolution of A-HCAL with/without software compensation

Data/MC Track Length (Semi-Digital HCAL)



Particle Flow Algorithms for High Granular Calorimeters
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High Granular / Imaging Calorimeters need 

powerful and innovative reconstruction algorithmsto be fully exploited

ü Lots of R&D in parallel to detector developments.

ü Challenges:
Á Avoid  double counting of energy from same particles

Á Separate energy deposits from different particles



PANDORA Particle Flow Algorithms (PFA)
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PFA Results (examples)
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W/Z separation (2-3 sigmas)

Optimization 

studies

PFLowalways òwinsó 

against standard 

calorimetry 
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(near) Future at LHC

NA48 liquid Kr calorimeter



Õs = 13 TeV

Lumiinst. : up to 2.5x1034cm-2s-1, 

ñL dt = 300-500 fb-1

<PU> : from ~25 to 60

X(750) ? SUSY ? J

Õs = 13-14 TeV

Lumiinst. : >= 5x1034cm-2s-1, 

ñL dt : 3000 fb-1

<PU> : ~140-200

Õs = 7-8 TeV

ñL dt = 25 fb-1

Higgs boson discovery !

LHC: from Run I to HL-LHC
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Phase I Phase II (HL-LHC, >2025)òPhase 0ó, 

Run II

Run III

Run IV

Run I

We are here !



Challenges: Radiation damage 

48

(Pre-Shower + ECAL+HCAL)

HCAL Endcap

up to 30 kGy

Pre-Shower + ECAL Endcap

at h~3: 1.5 MGy, 1016n/cm2

3000 fb-1 Absolute Dose map in [Gy] simulated with MARS and FLUKA

Aging studies shows thatEndcap Calorimetry (+Tracker) has to be replaced. 



CMS Endcap
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Pre-Shower
ECAL Endcap

HCAL Endcap



Challenges: Pile-Up (PU)
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üHL-LHC Nominal Parameters:

Á 140 additional interactions per bunch crossing (every 25 ns) + out-of-time PU

ÅCould go up to 200

Á Instantaneous Peak Luminosity: 5x1034cm-2s-1, 

üChallenges for Triggers (especially Level 1 !) & offline reco+ computing (30xLHC)

Need to preserve òlowó energy physics (125 GeV Higgs) 

and explore TeVscale (e.g. SUSY) in a very harsh environment !



HGCAL: General Layout

51HGC
Back Hadron Calorimeter 

(Stainless Steal + Scintillators)

H
G

C-
E

C
A

L

H
G

C-
H

C
A

L

CMS choice: High Granular Sampling Si-based Calorimeter [*] 

with 4D measurement of showers (energy, position)
(possibly 5D with timing) [**]

[**] See talk by N. Akchurin

Technical Proposal

CERN-LHCC-2015-010
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[*] thanks to CALICE developments, 

progress on Si & data transmission


