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CMS and Calorimeters
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CMS detector: general purpose detector, capable of identifying, 
and measuring energy and momentum:
- Electrons and photons
- Jets (quark-gluons hadronization), taus and missing-transverse-energy
- Muons

CMS ECAL: Compact, homogeneous, hermetic and                                                                                                                                               
fine grain calorimeter, capable of measuring energy of                           
electrons and photons with excellent resolution 
- 75848 lead-tungstate (PbWO4) scintillating crystals:
   X0 = 0.89 cm, rM = 21.9 mm, 25 ns scintillating time,                         
   intrinsic light yield 100 /MeV → 4 p.e./MeV on the APD pair
- Photodetectors: APDs in EB and VPTs in EE
- Thickness in rad-length (X0): ~26X0 (EB) and ~25X0 (EE)

η = 0 η = 1.48

EE: 1.48 < η < 3

EB: 0 < η < 1.48

ES (Lead/Si planes): 1.65 < η < 2.6

B = 3.8 T
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CMS and Calorimeters
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CMS detector: general purpose detector, capable of identifying, 
and measuring energy and momentum:
- Electrons and photons
- Jets (quark-gluons hadronization), taus and missing-transverse-energy
- Muons

CMS HCAL:  sampling calorimeter, capable of measuring                            
energy of  hadrons (pions, kaons, protons and neutrons)
- 9072 read-out channels:
   HB/HE (HO): layers of brass (iron) absorber and plastic
   scintillator read by SiPMs 
   HF: steel layers and quartz fibres read by PMTs 
- Thickness in attenuation length (λ0):
    5.6λ0 < T < 10λ0 (end HB and HE) B = 3.8 T
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Data-taking Challenges
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Overlapping interactions, pile-up (PU):
- Nominal luminosity achieved by focusing 
   beams  to enlarge collision probability
- Increasing number of interaction per 
   bunch-crossing → bigger pileup

- N.B.: Signal amplitudes last for O(100) ns

Detector aging due to radiation:
- Increase of photo detectors 
   (APDs, SiPMs) dark current 
- ECAL crystal transparency change 
   and HCAL tile light yield chance

   → Laser system used to 
       monitor the change

CMSPublic/LumiPublicResults ECAL

HCAL

CMS-PRF-21-001

CMS-PRF-21-001 ECAL

https://twiki.cern.ch/twiki/bin/view/CMSPublic/LumiPublicResults
https://doi.org/10.48550/arXiv.2309.05466
https://doi.org/10.48550/arXiv.2309.05466
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Pulse Amplitude Reconstruction
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Constraints on in-time energy reconstruction 
for each channel:
- LHC bunch spacing of 25ns
- Reduce the impact of out-of-time deposits (OOT PU)
   for every bunch-crossing (BX)

Multi-fit/MAHI algorithm:
- Template fit with 1 in-time amplitude and 9 (7)
   out-of-time amplitudes for each ECAL (HCAL) channel, 
   by minimizing the χ2 and taking into account the noise
   covariance matrix:

 

 S  = 10 (8) read-out samples
 pj  = pulse templates for each BX
 C  = covariance matrix (with noise)
 Aj = signal pulse amplitude

 

JINST 15 P10002

ECAL

JINST 15 P10002

ECAL

HCAL: MAHI algorithm

JINST 18 P11017

https://iopscience.iop.org/article/10.1088/1748-0221/15/10/P10002
https://iopscience.iop.org/article/10.1088/1748-0221/15/10/P10002
https://iopscience.iop.org/article/10.1088/1748-0221/18/11/P11017
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Electron/Photon Energy Calibration
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N crystals

⚫
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Electron/Photon Energy Calibration
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N crystals

Ai(t): per-crystal amplitude (from multi-fit)

⚫
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Electron/Photon Energy Calibration
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N crystals

Ai(t): per-crystal amplitude (from multi-fit)

Li(t): laser correction for transparency change

⚫⚫
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Electron/Photon Energy Calibration
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N crystals

Ai(t): per-crystal amplitude (from multi-fit)

Li(t): laser correction for transparency change

Ci(t): crystal-to-crystal intercalibrations to equalize ECAL response 
Intercalibration constants derived with independent methods and 
combined:
- Z→ee: targeting the Z mass
- E/p: equalizing ECAL response to tracker  
- π0→γγ: targeting the π0 mass

2018
CMS-EGM-18-002

⚫⚫

https://doi.org/10.48550/arXiv.2403.15518
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Electron/Photon Energy Calibration
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N crystals

Ai(t): per-crystal amplitude (from multi-fit)

Li(t): laser correction for transparency change

Ci(t): crystal-to-crystal intercalibrations to equalize ECAL response 

G(η): η-scale to match simulation energy scale to data energy scale,
           and fix the absolute scale

Energy scale computed targeting Z mass, using Z→ee events from data 
and simulation

⚫⚫
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Electron/Photon Energy Calibration
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N crystals

Ai(t): per-crystal amplitude (from multi-fit)

Li(t): laser correction for transparency change

Ci(t): crystal-to-crystal intercalibrations to equalize ECAL response 

G(η): η-scale to match simulation energy scale to data energy scale,
           and fix the absolute scale

Fe,γ: refinement correction using a semi-parametric BDT, based on 
        simulation

Accounts for leakage, material effects, dead channels

⚫⚫
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Electron/Photon Energy Calibration
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N crystals

→ECAL energy stability in time

⚫

N.B.: at analysis level further refinements are applied to the energy

CMS-EGM-18-002

⚫

https://doi.org/10.48550/arXiv.2403.15518
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Electron/Photon Energy Calibration
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N crystals

→ECAL-only electron resolution

⚫

N.B.: at analysis level further refinements are applied to the energy

CMS-EGM-18-002

⚫

https://doi.org/10.48550/arXiv.2403.15518
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HCAL Energy Calibration
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N channels

Ai(t): per-channel amplitude (from MAHI)

Li(t): laser correction for light-yield change

Ci(t): channel-to-channel intercalibrations to equalize HCAL response 

HCAL

Combine φ-symmetry methods (3% precision): 
equalizing the average energy in channels at 
constant η
- Iterative method 
- Method of moments: 
   exploits central moments of the 
   energy distributions

JINST 15 (2020) P05002

Quark-gluons hadronize: Jets

http://dx.doi.org/10.1088/1748-0221/15/05/P05002


CEPC2024: 8th-11th April                                                   CMS Calorimeters                                                            08-04-2024               

HCAL Energy Calibration
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N channels

Quark-gluons hadronize: Jets

HCAL

Using data:
- For 50 GeV charged hadrons, 
   with 0<ptrack<60 GeV
- Scale computed as:
   EHCAL/(ptrack- EECAL)
- Final scale computed with iterative
   method, using pile-up corrections,
   with a 2% precision JINST 15 (2020) P05002

Ai(t): per-channel amplitude (from MAHI)

Li(t): laser correction for light-yield change

Ci(t): channel-to-channel intercalibrations to equalize HCAL response

G(η): absolute scale calibration

http://dx.doi.org/10.1088/1748-0221/15/05/P05002
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Jet Energy Calibration
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Jet energy calibration: 
Factorized approach to correct jet energy scale JES 
(in data and simulation) and jet energy resolution JER 
(in simulation):
- MC truth corrections: correct JES at the jet particle 
   level
- Residual corrections: correct JES for residual 
   differences between data and simulation
- Smear jet energy resolution in simulation to match 
   the data

Particle-Flow: 
- Combine the tracks and the calorimetric deposits to
   identify and reconstruct the particles
- ECAL and HCAL calibrated energies from the jet 
   constituents are combined, and the total jet energy 
   is calibrated

CMS-DP-2020-19 CMS-DP-2021-33CMS-DP-2021-33

https://cds.cern.ch/record/2715872
http://cds.cern.ch/record/2792322
http://cds.cern.ch/record/2792322
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Jet Energy Calibration
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Jet energy calibration: 
Factorized approach to correct jet energy scale JES 
(in data and simulation) and jet energy resolution JER 
(in simulation):
- MC truth corrections: correct JES at the jet particle 
   level
- Residual corrections: correct JES for residual 
   differences between data and simulation
- Smear jet energy resolution in simulation to match 
   the data

Particle-Flow: 
- Combine the tracks and the calorimetric deposits to
   identify and reconstruct the particles
- ECAL and HCAL calibrated energies from the jet 
   constituents are combined, and the total jet energy 
   is calibrated

CMS-DP-2020-19 CMS-DP-2021-33

https://cds.cern.ch/record/2715872
http://cds.cern.ch/record/2792322
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Performance at Analysis Level
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H→γγ analysis:
- Full ECAL calibration and analysis-level refined corrections 
   are applied
- Good mass resolution in the best-resolution categories for 
   cross-section measurements: σeff/mγγ~1.2%

JHEP 07 (2023) 091

VH→bb analysis:
- Full HCAL and jet calibrations applied
- Good data to MC agreement within uncertainties in 
   the cross-section measurement  

CMS-HIG-20-001

http://dx.doi.org/10.1007/JHEP07(2023)091
https://cds.cern.ch/record/2883570
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Summary
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● CMS calorimeters
○ Made to reconstruct and measure the energy of electrons, photons and jets
○ ECAL: PbWO4 crystals calorimeter
○ HCAL: sampling calorimeter made of brass/iron absorber and plastic scintillators 

● Data-taking challenges:
○ Increase number of overlapping interactions →in-time energy reconstructed using multi-fit algorithm
○ Detector aging due to radiation: monitored and corrected using a laser system

■ Increase of dark current in the photo-detectors 
■ Crystal transparency/tile light-yield change

● Calibration: 
○ Laser corrections, per-crystal intercalibrations from data and scale calibration
○ Electrons/photons: additional energy calibration targeting simulation, using both ECAL and tracker information
○ Jets: additional energy calibration to Particle-Flow constituents, targeting simulated energy (JESs and JERs)

● Performance:
○ Thanks to the in-situ and offline calibrations:

■ Good detector stability during the data-taking, e.g. ECAL-EB RMS = 0.1 GeV
■ Good energy resolution, e.g. H→γγ signal resolution in best categories
■ Good data-MC agreement, e.g. mjj  distribution in VH→bb cross-section measurement
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Backup
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ECAL and HCAL laser monitorin systems
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HCAL Laser system:
- One quartz fibre per φ-segment bring in a pulse 
   from a nitrogen laser system. 
- Laser is fanned out to every tile by 200μm 
   quartz fibre.

HE: Layer 1

ECAL Laser system:
- Lasers send light to crystals via multi-level
   optical fiber system
- Optical switch → 1/88 regionsHCAL

ECAL
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CMS and Calorimeters
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CMS detector: general purpose detector, capable of identifying, 
and measuring energy and momentum:
- Electrons and photons
- Jets (quark-gluons hadronization), taus and missing-transverse-energy
- Muons

CMS HCAL:  upgrade
- 2017: SiPMs instead of HPDs in HE
- 2019: SiPMs instead of HPDs in HB 
- Measure scintillator light output with better signal/noise 
   → improve energy resolution
- Increase the read-out depth segmentation 
   (4 in HB and till 7 in HE)

2016

2019
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HCAL: HPDs vs SiPMs
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Response variation: HPD vs SiPM
Thin lines: HPD
Bold lines: SiPMs

- SiPMs: 32.1 photoelectrons per GeV for pion,
   →using muons: 4.3 photoelectrons per layer  
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HCAL performance from Test beam 
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- HB and HE resolution for 2017 upgrade:

- HF resolution:

CMS-PRF-21-001

https://doi.org/10.48550/arXiv.2309.05466
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ECAL+HCAL response from Test beam 
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ECAL+HCAL response to different 
particles
- Response of the combined calorimeter
   system to  six different particles
- EB and HB are calibrated with 50 
   GeV/c electrons

Eur. Phys. J. C 60 (2009) 359

Eur. Phys. J. C 60 (2009) 359

ECAL+HCAL not compensated:
- e/h ≠ 1, e.g. e/h ~ 1.4 for EHB > 8 GeV

Eur. Phys. J. C 60 (2009) 359

After correcting energies 
of pions which interacted 
in the EB

https://link.springer.com/article/10.1140/epjc/s10052-009-0959-5
https://link.springer.com/article/10.1140/epjc/s10052-009-0959-5
https://link.springer.com/article/10.1140/epjc/s10052-009-0959-5
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Electron/Photon reconstruction in ECAL

26

Magnetic field and material                                              
in front of ECAL 

Electrons and photons make multiple 
energy deposits in ECAL

Rechits

Clusters

SuperClusters

- Reconstructed energy deposits in crystals

- Rechits are gathered together around the 
crystal with highest energy to form clusters

- Each cluster represents a single particle

- Bremsstrahlung and photon conversion                        
before the ECAL: clusters have to be                          
combined together to form a SuperCluster

- Particle energy reconstructed using 
SuperClusters
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ECAL Resolution: Contributions 
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CMS-EGM-18-002CMS-EGM-18-002

https://doi.org/10.48550/arXiv.2403.15518
https://doi.org/10.48550/arXiv.2403.15518
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Electrons/photons into Particle-Flow
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clusters, SCs, tracks associated to 
electrons and tracks associated to 

converted photons are given as an input 
to Particle Flow 

Linking between the input objects is 
done for Electrons and Photons → 

Refined SCs are built

Selections applied to define electrons 
and photons, built from refined SC 

using track information

SuperClusters, electron and 
photon energy calibrated with 
regressions using ECAL                           
and tracker information 

JINST 16 (2021) P05014

Particle-Flow: combine the tracks                     
and the calorimetric deposits to                                     
identify and reconstruct the particles

Particle-Flow

https://iopscience.iop.org/article/10.1088/1748-0221/16/05/P05014/pdf
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Analysis Level Refinements
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JINST 16 (2021) P05014

JINST 16 (2021) P05014

Additional corrections, after ECAL calibration:
- Refinement regression on data and simulation 
- Fine-grain scale corrections on data, based on the simulation
- Fine-grain smearing of simulation energy resolution, 
   to match data

https://iopscience.iop.org/article/10.1088/1748-0221/16/05/P05014/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/16/05/P05014/pdf

