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The High-Luminosity LHC
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• In 2027 CERN is intended to start the High-Luminosity LHC program: 

• HL-LHC will integrate 5 (10) times the instantaneous (integrated) luminosity of LHC: 

• High pile-up rate: evts/bunch-crossing from ~70 in LHC to O(140/200) in HL-LHC! 

• Unprecedented radiation levels: doses up to 2 MGy and fluences up to 1016 neq/cm2

🆙
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🆙

☢

Major upgrade program needed to maintain the current physics 
performance in such a harsh environment! 



Tracker: 
Radiation tolerant, 
high granularity, 
less materials, tracks in  
hardware trigger (L1),  
coverage up to |η| = 3.8

Barrel Calorimeter: 
New BE/FE electronics, 
ECAL: lower temp.,  
HCAL: partially new scintillator

Muon system: 
New electronics 
GEM/RPC coverage in  
1.5 < |η| < 2.4,  
investigate muon tagging at higher η

HGCAL: 
Coverage 1.5 < |η| < 3.0 

CE-E CE-H

Silicon

Scintillator

MIP Timing Detector: 
Precision timing for PU mitigation 
Barrel: Cyrstals+SiPM 
Endcap: Low gain avalanche diodes

TriDAS system: 
L1 trigger primitives @40 MHz 
PF selection, 750 kHz output 
HLT output @7.5 kHz

The CMS Upgrades for HL-LHC
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                        High granularity and precise timing to mitigate pile-up 

 Radiation hard detector material to cope with large dose 

🆙

☢
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HGCAL: a novelty in calorimetry
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CE-E CE-H

Scintillator
Silicon

• New endcap calorimeter of CMS: 

‣ Need to replace ECAL crystals and HCAL 
scintillators as they were designed for 500 fb-1 

• High precision energy measurements: 

‣ Missing energy/precision resolution; 

• Ideal detector for Particle Flow; 

• Fully utilise timing* (real novelty in calorimetry!); 

• 5D (imaging) calorimeter: 

‣ Energy, time, x, y, z

BTTB9, 10/02/21 - M. Bonanomi

* See Rohith talk for results on timing performance in TB



HGCAL in numbers
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CE-E CE-H

Scintillator
Silicon

Sampling calorimeter consisting of: 

• 28 layers Si-based EM compartment (CE-E), ~25X0 and ~1.3  

• 22 layers hadronic compartment (CE-H):  
Si-based + Scintillator tiles, ~8.5

λ

λ
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Si is radiation hard!

HGCAL in numbers
SiPM tiles*

Sampling calorimeter consisting of: 

• 28 layers Si-based EM compartment (CE-E), ~25X0 and ~1.3  

• 22 layers hadronic compartment (CE-H):  
Si-based + Scintillator tiles, ~8.5

λ

λ
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* See Malinda talk for results with SiPM tiles
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CE-E CE-H

Scintillator
Silicon

• Coverage:  

• ~620 m2 Si sensors in ~30k channels; 

• 6M Si channels of 0.5/1 cm2 cell size; 

• ~400 m2 of scintillators in 4k boards; 

• ~240k scintillators channels, 4-30 cm2 cell size; 

• Operating temperature: -35 C

1.5 < ∣ η ∣ < 3.0

∘

HGCAL in numbers
Sampling calorimeter consisting of: 

• 28 layers Si-based EM compartment (CE-E), ~25X0 and ~1.3  

• 22 layers hadronic compartment (CE-H):  
Si-based + Scintillator tiles, ~8.5

λ

λ

🧊
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BEAM TESTS
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October 2018: beam test @CERN-SPS
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DWC E

10x10cm2


scintillator

4x4 (2x2)cm2

scintillator

CALICE 
AHCAL

HGCAL-EE

HGCAL-FH

40x40cm2 

scintillator

VME readout

environment

control

control

room

Beam

NIM crate

MCP

delay line

z

y

x

HV supply

O(106) events collected!

• First large scale prototype 

‣ 28 layers CE-E 

‣ 12 layers CE-H 

‣ 39 layers CALICE AHCAL 

• Calibration with MIPs and showers;  

• Physics performance :  over a 
wide energy range (20-300 GeV); 

• Timing performance from TOA. 

e+ and π−

Validation of the detector design and assessment of HGCAL performance
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Electrons performance in CE-E
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Fine longitudinal and transverse granularities: HGCAL is an imaging calorimeter 

June 2018 run 407 - event 1 

150 GeV/c e+ (poor beam)

v13_patch1

e+

γ
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Electrons performance in CE-E
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June 2018 run 407 - event 1 

150 GeV/c e+ (poor beam)

v13_patch1

e+

γ
Particle ID 

& 
Energy reco

Fine longitudinal and transverse granularities: HGCAL is an imaging calorimeter 
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Electrons performance in CE-E
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June 2018 run 407 - event 1 

150 GeV/c e+ (poor beam)

v13_patch1

e+

γ
Particle ID 

& 
Energy reco

Longitudinal shower shapes

Fine longitudinal and transverse granularities: HGCAL is an imaging calorimeter 
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Electrons performance in CE-E
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June 2018 run 407 - event 1 

150 GeV/c e+ (poor beam)

v13_patch1

e+

γ
Particle ID 

& 
Energy reco

Longitudinal shower shapes

Transverse 
shower shapes

Fine longitudinal and transverse granularities: HGCAL is an imaging calorimeter 
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Electrons performance in CE-E
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June 2018 run 407 - event 1 

150 GeV/c e+ (poor beam)

v13_patch1

e+

γ
Particle ID 

& 
Energy reco

Longitudinal shower shapes

Transverse 
shower shapes

Angular & position 
resolution

Fine longitudinal and transverse granularities: HGCAL is an imaging calorimeter 
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Electrons performance in CE-E
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June 2018 run 407 - event 1 

150 GeV/c e+ (poor beam)

v13_patch1

e+

γ
Particle ID 

& 
Energy reco

Longitudinal shower shapes

Transverse 
shower shapes

Angular & position 
resolution

Ideal detector for Particle Flow!

Fine longitudinal and transverse granularities: HGCAL is an imaging calorimeter 
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Electrons energy reconstruction
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• Different reconstructions studied:  
MIP calibration, dE/dx weights, 
sampling fraction method (SF);  

• Energy distribution: unclustered energy 
sum of the deposit in all Si-pads; 

• Gaussian fit around the core region to 
determine the energy resolution  

• Good Data/MC agreement throughout 
the full energy range;

σE /⟨E⟩
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Energy resolution and linearity
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Good Data/MC agreement across the entire energy range 

Small non-linearity O(2%) at low energies, but optimal linearity for E>50 GeV 

Values in agreement with TDR expectation!
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Assessment of longitudinal shower evolution studying center of gravity: 
 
 
 

Validation of dependence on the beam energy and measurement of CE-E critical energy

BTTB9, 10/02/21 - M. Bonanomi

COGz =
∑28

i=1 ESi
i ⋅ zi[X0]

∑28
i=1 ESi

i

Average  from  
 

reconstructed distribution

COGz



Shower shapes: longitudinal profiles
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 Longo’s parametrisation: 
 

 

Longitudinal center of gravity and shower maximum: 
 

 

• Validation of  

• Measurement of the CE-E critical energy 

• Sampling calorimeter: reconstruction of the 
longitudinal profiles

⟨ dE(t)
dt ⟩ = E0

(βt)α−1β exp(−βt)
Γ(α)

,

⟨COGz⟩ =
α
β

, tmax =
α − 1

β

⟨COGz⟩, tmax ∝ ln (E/EC)

BTTB9, 10/02/21 - M. Bonanomi



From the fit to CE-E critical energy

21

Measurement of the CE-E Critical Energy from  vs  

Complete reconstruction of longitudinal showers profile

T and ⟨COGz⟩ Ebeam

BTTB9, 10/02/21 - M. Bonanomi
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Good Data/MC agreement over a wide energy range
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CE-E critical energy in a nutshell
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Average  from  
 

reconstructed distribution

COGz

Three complementary measurements of CE-E Critical Energy ( ) 

Overall qualitative agreement within  

 from longitudinal fit lower than  from  definition, being the latter more precise

EC

2σ

EC EC ⟨COGz⟩



Transversal shower shapes
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Transverse shower containment assessed looking at:  

• Layer energy density w.r.t central pad (seed) 

• Ratio between central pad and one (two) ring(s) around it

BTTB9, 10/02/21 - M. Bonanomi

E1/E7 E7/E19E density



10.2 Studies with Electromagnetic Showers
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Figure 10.11: Schematic illustration of the a priori different orientations of the involved z-axes.
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Figure 10.12: (a) Mean position residuals as a function of the layer depths from which the
calorimeter’s orientation with respect to the DWC coordinate system can be assessed. A fit to the
mean residuals reveals the orientation of the prototype’s z-axis to the true beam axis which was
incorporated into the simulation. Note that the same may be done with the position residuals
using muons, cf. Figure 8.12. (b) Combined HGCAL and DWC pointing resolution at a depth of
6.6 X0 as a function of the incident positron energy. After inclusion of the finite DWC precision
into the simulation, a reasonable agreement between the data and the simulation is observed.
Hence, the results for the simulation without smearing of the reference measurement may be
interpreted as the calorimeter-only position resolution.

Figure 10.12b illustrates the pointing resolution of the layer, whose residual distribution has
been shown previously in Figure 10.10b, for all positron energies. Like it was reported else-
where before, e.g. in Ref. [211], the resolution may be parameterised according to Equation 10.14.
Inclusion of an additional noise-like term in order to describe conceivable energy-dependent ef-
fects in the DWC extrapolation does not improve the agreement of the model to the data. The
energy-dependent stochastic term a · E�0.5

beam can be motivated by the sampling fluctuations in the
contributing diodes that, in first approximation, scale with E�0.5

beam as well.

s2
x(y), HGCAL-layer = a2

· E�1
beam + b2 (10.14)

Although the silicon diodes on the sensor are ⇠1 cm wide, the shower incidence can be recon-
structed with a more than 10⇥ better precision at high energies. Even for the lowest energy
point of 20 GeV, the precision is still better than the binary resolution of ⇠ 1.1 cm/

p
12. After in-

clusion of the finite DWC tracking precision into the simulation, the agreement between the data
and the simulation is remarkable for the high energies. By contrast, the resolution for the lower
energy points is approximately 10% underestimated in the simulation. It might hint at a deficit
in the calorimeter simulation with GEANT4 and/or at a too optimistic estimate of the actual

163

Single layer pointing resolution
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DWCs used to infer 
impact points in  
HGCAL layers
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Position & angular resolution
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CE-E prototype with 28 layers: shower axis reconstruction

BTTB9, 10/02/21 - M. Bonanomi

Straight line fit on single layer positions for layers with 1% to 95% energy deposit  
DWC and HGCAL systems alignment  residuals as a function of longitudinal center of gravity 

Pointing and angular resolutions of the HGCAL CE-E prototype
→

σ2
x =

a2

Ebeam
+ b2



Conclusions
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The HGCAL will replace CMS endcap calorimeters for HL-LHC programme 

28-layer CE-E HGCAL prototype studied in beam tests: 

• Validation of dedicated GEANT4 simulation shows good agreement 

• Energy resolution:  in agreement with TDR expectation 

• Complete shower characterisation: longitudinal and transverse shower shapes 

• Imaging calorimeter: reconstruction of shower axis 

• Position and angular resolutions at the level of 0.3 mm and 5 mrad

S ≃ 22 % ,  and C ≃ 0.6 %

Validation of the HGCAL design and complete characterisation of electromagnetic showers!
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