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Outline 

• Physics of calorimeters 

→ tutorial session on simulation of calorimeters 

with Geant4 

 

• Calorimeters at LHC – examples 

 

• Calorimeters for the High Luminosity LHC 
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Physics of Calorimeters 



Basic Functionality 
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Resolution of Tracking Detectors and Calorimeters 
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Electromagnetic Cascades 
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Electromagnetic Cascades – Shower Profiles 
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• longitudinal profile: 

 

 

 

• maximum and 95% containment: 

 

 

 

 

 

• Ec = energy at which ionisation and bremsstrahlung have the same dE/dx 

      ~ energy at which dE/dx per X0 by ioniation is equal to E 

 

→ when you simulate e.m. showers, a low energy cut-off can be used 

→ different “range” for particle showers in different materials 



Electromagnetic Cascades – Shower Profiles 
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• longitudinal profile: 

 

 

 

• maximum and 95% containment: 

 

 

 

 

 

• Ec = energy at which ionisation and bremsstrahlung have the same dE/dx 

      ~ energy at which dE/dx per X0 by ioniation is equal to E 

• transverse profile given by Moliere  

 radius:  

 

 

 

 

 

• exponential decrease of particle density 

 at shower boundary → mainly photons 



Detector Active Material 
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energy measurement by: 

 

• scintillation light:  

• crystals: NaI(Tl), CsI(Tl), CsI, BaF2, BGO, PbWO4 

• good energy resolution 

• problem: not fast response 

• example: CMS (PbWO4), Babar (CsI(Tl)), Belle (CsI(Tl)), L3(BGO) 

 

• Cherenkov effect: 

• higher energy threshold (7 MeV), less photons 

• fast 

• example: Jade (lead glass), OPAL (lead glass) 

 

• ionisation + charge measurement:  

• liquid argon, liquid krypton → sampling calorimeters 

• example: ATLAS(LAr), H1(LAr), NA48(LKr) 



Resolution of EM Calorimeters 
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→ Poisson distribution 

σ ~ 1/√N ~ 1/√E 

→Presampler/Tailcatcher 



Sampling Calorimeters 
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d = absorber thickness per layer 

Ntrack-segments = T / d = (E/Ec) (X0 /d)  

 

σ(E)/E  ~ √N/N ~ √(Ec/E) √(d/X0) 
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homogeneous 

sampling 



Arno Straesser - Calorimetry at LHC 

Hadronic Calorimeters 
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Compensation 
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Compensation 



Arno Straesser - Calorimetry at LHC 

Calorimeters at LHC 

Examples 



ATLAS and CMS Electromagnetic Calorimeters 
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ATLAS 

CMS 



Performance of the ATLAS LAr Calorimeter 
• 10 M minimum-bias 

events 

• 130,000 electron 

candidates 

 

 

• fraction of energy in 

the calorimeter layers 

 

• most energy in 1st 

and 2nd layer 

• little energy in 3rd 

layer 

• shower reasonably 

well contained 
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+ track & vertex criteria 



ATLAS and CMS Electromagnetic Calorimeters 
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ATLAS and CMS Hadronic Calorimeters 
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HCAL half-barrel 

brass+scintillator 

WLS=wavelength-shifting fibre 

optical signal transmission 

Hybrid Photo Diode   

CMS 

ATLAS 

steel + 

scintillator 

tiles 

 

 

 

 

 

optical signals 

read out with PMTs 



ATLAS and CMS Hadronic Calorimeters 
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Hadronic Calorimeter Performance in Testbeams 
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D. Froidevaux, P. Sphicas 



ILC Calorimeters – Particle Flow Reconstruction 
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generated reconstructed 
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Calorimeters for the  

High Luminosity LHC 



LHC and Detector Upgrades 
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∫ 
L
 d

t 

Year 

phase-0 

phase-1 

phase-2 

2013/14 2018 ~2022 

7 TeV 14 TeV 

    1027 → 

2x1033cm-2s-1 

 → 1x1034cm-2s-1 

  1x1034  → 

~(2-3)x1034cm-2s-1 

~10 fb-1 

~50 fb-1 

~300 fb-1 

3000 fb-1 

 → 5x1034cm-2s-1 

luminosity leveling 

Possible upgrade timeline 

R. Heuer comments winter shutdown 2011-2012 (FAZ 6.10.2011): 

"Die Maschine und die Detektoren brauchen dringend mal eine Pause.„ 

→ there are more breaks ahead.... 

 1,5 year stop 

 1 year stop 

 1,5 year stop 

today 



CMS Phase-1 Upgrade 
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CMS: Anomalous Signals in Calorimeters 

HCAL: barrel and endcap (HB,HE) 

•random, low rate,  

~ 10-20 Hz (E>20 GeV) 

•  caused by ion feedback, noise & 

discharges in Hybrid Photo Diodes 

(HPDs) 

 
 

•caused by Cherenkov light by particles 

going through glass of Photo Multiplier 

Tube (PMT) 

Fiber  

Bundles 

PMT  

Window 

2004 Test beam 

HCAL: forward region (HF) 

• in collision data, CMS observed anomalous signals in ECAL and HCAL (now reproduced in 

simulation and taken into account/corrected in data analysis) 
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G. Tonelli ICHEP2010 
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Hybrid Photo Diode 

γ 

photo- 

electron 
Si pixel 

detector 

HV 



CMS HCAL Barrel and Endcap with SiPM 
• Silicon Photo Multiplier (SiPM) 

• pixelated avalanche photo diodes which run in 

Geiger mode → very high gain 

• all APDs are connected 

 to one output 

• signal is sum of all pixels 

 

 

 

 

 

 

 

 

 

 

 

• array size 0.5x0.5 mm2 up to 5x5 mm2 

• pixel size 10 μm to 100 μm 

 

• about 30% quantum efficiency (x 2 of HPD) 

• gain ≈ 106  (x 500 of HPD) 

• more light (40 photo-electrons/GeV),  

 less photostatistics broadening 
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I.K. Furic ICHEP2010 

http://micro.magnet.fsu.edu 

avalanche 

region 
(example, not CMS design) 



CMS HCAL barrel and endcap segmentation 
• new photodetectors allow finer segmentation in HCAL depth 
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• more robust to pile-up and 

to damage of inner 

scintillator layers 

 

• TDC measurement on 

inner HCAL layers yields 

better bunch assignment 

→ improves lepton ID 

• readout-chip is going to be 

replaced → read-out with 

higher bandwidth 



• ionisation reduces light transmission in crystals like PbWO4  

• absorption bands due to colour centres in crystal caused by oxygen vacancies and impurities 

• scintillating light produced by hadrons and e.m. particles is not affected 

• concerns when exposed to extremely high radiation dose in mixed particle beams 

 

CMS ECAL endcap crystals 
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4 x 3662 crystals 

light produced 

light transmitted 



• reduced light transmission is observed in test beam 

• not caused by ionising radiation damage but cumulative hadron-specific damage 

 

 

• expected hadron fluences in ECAL barrel (endcap) after 10 yrs of LHC: 1012(1014) hadrons/cm2 

• proton and photon induced damage measured with photo-spectrometer: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• loss in light transmission could be monitored by external light injection  → crystal calibration 

• replacement of ECAL endcap crystals is under discussion (Phase-2) 

 

CMS ECAL endcap crystals 
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hep-ph/0511012 

protons 
photons 

cumulative 

damage by 

hadron fluence: 

band-edge shift 

at 1 kGy/h ~ 

1012 p/cm2/h 



• 4 high granularity LAr calorimeters 

 

• 182486 readout channels 

 

 

 

 

 

 

 

 

 

• front-end and trigger-sum electronics 

 → on-detector in radiation environment 

   → new trigger readout with higher granularity 

      for improved trigger (phase-1) 

   → new front-end electronics because of  

      radiation, aging, trigger improvement (phase-2) 

 

• back-end electronics and more trigger logic  

 → shielded counting room 

   → new electronics because of  

      trigger improvement and aging(phase 1+2) 

New Readout Electronics for the ATLAS LAr Calorimeter at the sLHC   -    Arno Straessner 32 

The ATLAS Calorimeter Electronics 



ATLAS  Current FCal 
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Molière 

radius 

• 3 sections: FCal 1/2/3 

• FCal1: Cu absorber, LAr active material  

 → e.m. showers (X0 = 27.6 cm, λ = 2.66 cm) 

• FCal2/3: W+LAr → hadronic showers 

 (X0 ≈ 90 cm, λ ≈ 3.6 cm) 

• detector concept: 

• absorber matrix with hollow tubes 

• inside: precision metal rod fixed with fibre 

• ionisation in LAr gap, read-out combines signals of several rods 

• gap sizes: 269 μm (FCal1) 376/508 μm (FCal2/3) 
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Limitations of Current FCal 

• current FCal1 will work properly up to luminosities of 1x1034 cm-2s-1 

• the FCal1 will however not work efficiently above 3x1034 cm-2s-1 

• reasons: 

• positive Ar ion buildup leads to field distortion and to signal loss 

• high HV currents lead to voltage drop 

• heating of LAr and boiling (only at very high luminosities)  

 

• all effects related to: 

•  particle rate  ~  peak luminosity (not integrated luminosity) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

acceptable 

marginal 

degraded 
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Limitations of Current FCal 

• LAr heating/boiling can possibly be cured with additional LN2 cooling loops 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• LN2 cooling can remove a 10x LHC heat load  

 (562 W on 3.787 m2 surface) using   

 a flow of 0.0028 kg/s at 0.070 m/s 

 

10x nominal heat load +  

ohmic heating and 10 W/m 2 ID heat leak 

current FCal  

at HL-LHC 

+3K 

nominal temperature 

in this simulation: 90 K 

+2K LN2  cooling pipes 
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• critical ionisation rate: rate of newly created  Ar+ ions equal to 

rate in which ions are removed from the gap 

• r = rate relative to critical rate 

• relative of LAr+ e- recombination rate w 

• w=0 no recombinations    

• w→∞ recombination removes practically all  Ar+ e- pairs 

• signal is obtained from fast-moving e- (Ar+ are slow) 

 

36 

Signal degradation in LAr gap 

S(t) = signal pulse 

td = drift time 

at η=4.7 • at high luminosity 

• not all  Ar+ are removed from gap → ion build-up 

• recombination rate rises → slow-rising pulse 

• although HV resistors have high value 

→ voltage drop over LAr gap 

• amplitude no more proportional to energy deposit 
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ATLAS sFCal for Phase-2 

• solution 1: smaller LAr gaps reduce ion build-up effects and HV drop 

• build new sFCal (Cu/LAr) calorimeter with 100 μm gaps instead of 250 μm to replace FCal1 

 

 

 

 

 

 

 

 

 

• test beam measurement of pulse shapes in Protvino/Russia with a high-intensity proton beam 
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100 μm 

gaps 
250 μm 

gaps 
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ATLAS MiniFCal 
• new sFCal would require an opening of the endcap cryostat 

• very difficult and risky operation  

 → FCal, electromagnetic and hadronic endcap calorimeters are in the same cryostat  

• components will be activated → requires additional safety measures during module extraction 

• only performed if new front-end electronics for the hadronic endcap calorimeter is needed 

 

• solution 2: new MiniFCal in front of current FCal → in front of endcap cryostat 
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FCAL 

HEC 

HEC 

EMEC 

MiniFCal 

MiniFCal 

electronics 
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ATLAS MiniFCal for Phase-2 

• technology: Cu absorbers and diamond detector disks 

• neutron flux  ~5 x 1017 n/cm2  (10 yr HL-LHC):  

 copper 3x higher absorption rate than tungsten 

 

 

 

 

 

 

 

 

 

 

 

• 12  Cu disks and 11 detector planes  

• 18.8 radiation lengths  

• sampling fraction 0.005 

 

• ~5000 diamond pixels 1cm x 1cm 

 

 

• absorption in Cu disks reduces energy 

 deposit in FCal1 by 45% 

 

• voltage drop in FCal less than 50 V 

 for  radius>11 cm  

   → only 3% of FCal affected by HV-drop 
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~175 mm 

n fluence at LHC 

in kHz/cm2 

MeV/100 evts 

~300 mm 
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ATLAS MiniFCal 

• simulated energy response and resolution to single electrons of 200 MeV: 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• resolution typically <5% in MiniFCal region  

 and better than ~30% down to |η|~5.3 

 

• diamond-Cu sampling device is difficult to 

 calibrate: strong dependence on particle fluence 

40 

~175 mm 

Detector Developments for the High Luminosity LHC Era    -    Arno Straessner 

time in beam 



How to find out what is the best solution? 
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• detector simulations 

• rough estimate: Monte Carlo generator level with acceptance cuts 

 

 

 

 

 

 

 

 

 

 

 

• best with realistic geometry, all physics effects, detector response functions, 

calibration, ... 

example: 

missing ET tails if detector  

acceptance is reduced 

engineering drawing 

→ simulation tool 

here somewhere is your  

New Physics signal 

this is your 

background 



Simulation Framework Geant4 
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key tasks: 

• tracking, and geometrical propagation including magnetic field 

• modelling of physics interactions 

• visualization, persistency  

 

and enable you to describe your setup: 

• detector geometry 

• radiation source 

• details of sensitive regions 

 

 

 

 

 

 
The ATLAS Simulation  

Infrastructure 

arXiv:1005.4568 



Summary 
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• LHC Calorimeters – „classic“ calorimeters adapted to hadron machine conditions 

 

• ILC Calorimeters – reconstruction of e.m. and hadronic shower details – particle flow 

 

• non radiation-hard technologies will see problems in High Luminosity LHC phase 

 

• new solutions are being worked on – a project of the next 10 years (and maybe more...) 

 
 



More information 
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The path to the future – part 2 

45 

R. Bailey 

ICHEP2010 

~300 fb-1 

3000 fb-1 

??? fb-1 

• higher intensity requires upgrades of CERN accelerator 

complex (Linac 4, LP-SPL/PS2, PSB+) 

• small β* and modification of the interaction region,  

 e.g. crab cavities 

• luminosity leveling: start a fill with non-max luminosity 

 → avoid exponential lumi decrease → optimize total lumi yield 

 

 

"crab" 

optics 
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Luminosity Leveling 
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• luminosity evolution today in one fill: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

• luminosity leveling: 

• reduced and constant pile-up rate during one fill 

crab 

cavities 

crab 

cavities 

without leveling 

with leveling 

• possible luminosity evolution at HL-LHC: 

 



• Tile Calorimeter: Fe/Scintillator 
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The ATLAS Tile Calorimeter Electronics 

• Tile Calorimeter pgrade plans: 

• electronics, connectivity, cooling is arranged in "drawers" 

→ replace with newly designed modules  

• replacement of gap and cryostat scintillators 

 (possibly MicrOmegas) 

 

• new readout-electronics (same arguments as for LAr read-out) 

• higher radiation tolerance, normal ageing of components 

• improved trigger capabilities → higher granularity 

scintillator 

arrays 


