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• Reminders
• LHC experience 

• CMS ECAL : APD spikes and endcap radiation effects
• CMS HCAL : Calibration and (insidious) photosensor aging

• HL-LHC : CMS HGCAL
• Readout challenges

• Future Higgs Factory : Dual Readout Calorimetry

Outline
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Reminder : EM vs. Hadronic shower

7/24/243

• EM showers are compact, regular, and 
homogeneous

• Hadronic showers are extended, 
irregular, composed of EM and non-EM 
components, and lose energy to soft 
neutrals and nuclear break-up
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• Large difference in EM and non-EM response (e/h ≠ 1) brings challenges:
• (e/h ≠ 1) + dependence of average fEM on incident energy ➔ calibration depends on 

incident energy
• (e/h ≠ 1) + fEM fluctuations ➔ degraded resolution

e/h ≠ 1

Calibration = f(Ei)

Reminder : Challenges of hadronic calorimetry
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• Cherenkov radiation produced when charged particle 
travels through medium   (with index of refraction n) 
at faster than local speed of light

• Often used for PID in flavor physics: measure 
both velocity + momentum to obtain mass.

• For calorimetry, generally only secondary electrons 
are sufficiently relativistic to produce Cerenkov

• For quartz (n=1.485), minimum KE(e) = 0.1 
MeV and minimum KE(p) = 220 MeV.

• Therefore : Cerenkov light dominated by EM 
component in hadronic showers.

Reminder : Cerenkov radiation

August 12, 2014 HCPSS14: Calorimetry 2 (Mans)HCPSS14: Calorimetry 2 (Mans) 8

Cherenkov Radiation

cosθ=
c

v n

θ

● Cherenkov radiation is produced when a charged particle 
passes through a medium at faster than the local speed of 
light

● Used as a particle identification technique comparing v and p to 
determine m

● For calorimetry, generally only electrons are relevant. 

● For quartz (n=1.485), minimum KE
e
=0.1 MeV, minimum KE

p
=220 MeV

● Cerenkov calorimeters count the path length of high-energy electrons 
in showers : very non-linear response for hadrons
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Practical challenges : Radiation and Pileup
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Radiation

7/24/247
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Radiation Effects

● Radiation loads in the 
calorimeters can be as high as 
200 Mrad for HL-LHC with 
neutron fluences of 1016 n/cm2

● Active materials, electronics, and 
construction materials (e.g. glues) 
must survive such high doses 

1 Gy = 100 rad

Dynamic effect with recovery

Cumulative damage:
• Total ionizing dose (TID)  

• CMOS electronics
• Scintillator

• Displacement damage from 
non-ionizing energy loss 
(NIEL) - silicon sensors

Transient effects:
• Single event effects (SEE) 

impact operation of CMOS 
electronics and other 
components

HL-LHC calorimeters: 
• TID = 200 Mrad
• NIEL = 1016 1MeV-eq neutrons / cm-2
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Pileup

7/24/248

• Pileup : multiple p-p 
collisions occurring 
every LHC bunch 
crossing.

• Remove PU tracks 
by selecting one 
primary vertex 
(PV), but …

• Can’t remove 
neutrals

• At HL-LHC, vertices 
will overlap

~10 cm

Actual event shows ~50 PU
HL-LHC will reach 200!

PV
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Pileup

7/24/249

• Use precision 
timing (~30 ps 
resolution) to 
remove tracks and 
neutral deposits 
not in-time with PV 

30-50 ps
detector
precision

Beamspot

Beamspot
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Practical experience : CMS ECAL and HCAL endcap

7/24/2410
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Crystals
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CMS ECAL

7/24/2411
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CMS ECAL APD Spikes

7/24/2412
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Surprises: APD “Nuclear Counter Effect”

● Energetic hadrons hitting the epoxy 
which binds the APDs to the crystals 
can produce slow, highly ionizing 
particles which produce large pulses 
in the APD

● Non-physicsal arrangement in space 
(Swiss-cross cut)

● Pulses are earlyAugust 12, 2014 HCPSS14: Calorimetry 2 (Mans)HCPSS14: Calorimetry 2 (Mans) 31
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Surprises: APD “Nuclear Counter Effect”

● Energetic hadrons hitting the epoxy 
which binds the APDs to the crystals 
can produce slow, highly ionizing 
particles which produce large pulses 
in the APD

● Non-physicsal arrangement in space 
(Swiss-cross cut)

● Pulses are early

• High energy hadrons interacting in epoxy that 
binds Avalanche Photodiode sensors to each 
ECAL crystal eject highly ionizing particles 
that produce large pulses in APD.

• Identify and reject with unphysical behavior 
for “Swiss Cross” topological variable.
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CMS ECAL Crystal Transparency

7/24/2413

• PbWO4 crystals are darkened by high TID
• Laser calibration during orbit gap + dedicated π0➔γγ data stream provide real-time 

measurement and correction
• Response loss is ~1% every 3-4 hours in ECAL barrel; response partially recovers with no beam

II Trans-Siberian School on High Energy Physics
IOP Conf. Series: Journal of Physics: Conf. Series 1337 (2019) 012007

IOP Publishing
doi:10.1088/1742-6596/1337/1/012007

3

Figure 2. Evolution of crystal transparency in different regions of the detector during LHC Run 1 and Run 
2�

3. Proposed upgrage of the Laser Monitoring system

The proposed upgrade of the LM system is shown in Fig� 3. It involves measuring the injected 
light at the source rather than with PN diodes located in the supermodules [1].

Two monitoring spy boxes with 44 fibers each were installed on the light path after the optical 
switch. Fig� 4 shows the picture of the spy boxes. Each fiber will be equipped with a PiN 
diode that measures a small fraction of the light signal. Only 11 of them, which correspond to 
11 monitoring regions (5 & half SMs), are equipped with PiN diodes at the moment. The new 
system has been running in parallel to the legacy system since Run 2.

Figure 3. The schematic view of the proposed LM system for the HL-LHC [1]�

4. Prototype monitoring test results

To check the performance of the prototype system, we used Run 2 data [1]. It is known that
the legacy system uses the ratio of APD and PN signals to compute crystal transparency, while
the prototype system uses APD and PiN signals. For consistency between the two systems,

10

photons that can be used. Details of the p0 stream and the reconstruction are provided in
Appendix B.2.
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Figure 5: The stability of the relative energy scale measured from the invariant mass distribu-
tion of p0 ! gg decays in the EB as a function of time, over a period of 3 hours during an LHC
fill. The plot shows the data with (green points) and without (red points) the light-monitoring
corrections applied. The vertical bars on the points represent the statistal uncertainty. The
right-hand panel shows the 1D projections of the points in the left panel. The mean value and
root-mean-square (RMS) are shown.

The E/p method uses high-energy electrons from W/Z decays and is based on the ratio be-
tween the supercluster energy measured in the ECAL and the momentum of electron tracks,
measured by the tracker detector. Compared to the p0 method, the available data for the E/p
method is much lower, thus the method requires more integrated luminosity to obtain a sin-
gle monitoring point, as shown in Fig. 6. However, since the average energy deposited in the
ECAL is much larger than that from p0 decays, the effect of pileup is negligible [10]. The crite-
ria to identify a sample of electrons with high purity are detailed in Appendix B.3. The stability
of the ECAL response is obtained from template function fits to the E/p distributions in dif-
ferent h regions. The templates for each h region are obtained from the E/p distributions with
all the available data. The data are divided into time intervals with about 5000 electrons per
interval in each h region, and a scaling factor for the reconstructed energy is determined by the
fitting procedure to match the template distribution with an accuracy of 0.05%. The RMS of
the results from the fitting procedure from all time intervals is used as an estimate of the stabil-
ity of the energy measurement in the ECAL. More details on the E/p method can be found in
Appendix B.3.

Lastly, the invariant mass of electron-positron pairs from Z boson decays, as described in Ap-
pendix B.4, is used to measure the stability of the ECAL response, and to correct for any ob-
served drift.

6.1.1 Regional energy drifts

Drifts in the energy scale of up to a few percent per year have been observed in the EB with a re-
gional granularity corresponding to a single light-monitoring harness. The variations depend
on the radiation damage induced by ionizing radiation in the monitoring system (the PN diode
and light distribution system), which is directly proportional to the integrated luminosity. In
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CMS HCAL

7/24/2414

• 17 layer sampling calorimeter : brass (5-8 cm) + plastic 
scintillator (4mm) + SiPM readout

• Barrel: |η|<1.3, 5.8 λint, 9216 channels
• Endcaps 1.3<|η|<3, 10 λint, 6912 channels
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CMS HCAL light path

7/24/2415

Photosensors in RBX

12-Jan-2009 / S.Kunori CMS HCAL / JTerm3 11
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CMS HCAL wave length shifting

7/24/2416

Plas@c&Scin@llators&
13 

The energy absorbed to promote 
the molecule from the ground 
state is generally more than the 
photon’s energy. 

Excitation 

Thermalization 

Emission 

Stoke’s Shift- The scintillation 
light is shifted from the 
absorption energy. 

• Scintillation light is emitted isotropically 
in HCAL tile.

• How do we get it out to the 
photosensor?

• Optical fiber, but any light that can 
enter the fiber will also exit the fiber 
and be lost?

• Wavelength shifting fiber absorbs light 
internally and re-emits isotropically so 
that ~5% is captured through total 
internal reflection.

• Wavelength shifting results from 
Stokes shift
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CMS HCAL light path

7/24/2417

LHC CMS
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• Optical Decoder Unit re-maps 
light from layers into towers on 
periphery of detector.

• Photosensors (SiPMs) connect 
to ODU and convert light into 
analog electrical signal, which is 
then digitized by front-end ASIC
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Calibration : CMS HCAL (e.g.)

7/24/2418

• Test beam ➔ full chain

• Cs137 source routed to each scintillator tile ➔ full chain

• Calibration systems
• On-detector LED ➔ photosensors
• Laser-to-SiPM ➔ photosensors
• Laser-to-scintillator ➔ full chain
• Internal charge injection ➔ electronics

• With data
• Muons  ➔ channel-to-channel leveling
• Isolated charged pions ➔ hadronic response 
• Z+jet, γ+jet ➔ jet response vs. energy, η, and pT

• Need to redundantly understand full chain (scintillator 
➔ optical fibers ➔ photosensors ➔ electronics) and 
each component of chain.

• Calibration systems not guaranteed to be stable!
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Calibration : CMS HCAL (e.g.)
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• Test beam ➔ full chain

• Cs137 source routed to each scintillator tile ➔ full chain

• Calibration systems
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• With data
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• Calibration systems not guaranteed to be stable!
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CMS HCAL Hybrid Photodiode Aging

7/24/2420

2016 JINST 11 T10004

Plots of the light output relative to the initial light output as a function of the accumulated
integrated luminosity during the run are shown in figure 3. They show an exponential decrease
in light output with integrated luminosity. After the end of the run, a few percent recovery was
observed for the tiles with the largest damage. The data are not corrected for this e�ect.

Cross checks of the results from the laser calibration from calculations of the jet energy scale,
a calibration using a 60Co source after the end of the run, and a measurement looking at the energy
distribution in the towers using data taken with a single electron trigger as a function of integrated
luminosity give similar albeit less precise results.
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CMS 8 TeV data, 2012

η=1.99, D= 651fb−1

η=2.11, D= 573fb−1
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(b) Layer 7.

Figure 3. Ratio of light output to initial light output for tiles as a function of integrated luminosity, with
extracted dose constant, for CMS hadron endcap calorimeter scintillators in Layer 1 (a) and in Layer 7 (b).

To convert the exponential constant in terms of integrated luminosity to an exponential constant
in terms of dose, the dose received by the tile per unit integrated luminosity is needed. Predictions
of the absorbed dose in HE scintillator layers were obtained using the Monte Carlo code FLUKA
2011.2c [19, 20]. The FLUKA predictions for collisions use a model that represents the HE in
detail, with brass, Dural (Aluminium, Cu, Mg, and Mn), Tyvek, air, and scintillator layers. The
absorber regions are represented as 80 mm thick brass ‘LK75’ layers (with the exception of the
last which is < 20 mm), with a density of 8.4 g/cm3 and a fractional mass composition as follows:
Cu 75%, Zn 24.533%, Si 0.3%, P 0.01%, Fe 0.1%, Sb, 0.005%, Pb 0.05%, Bi 0.002%. Layer 0
is a 10 mm thick polyvinyltoluene layer modelled with a density 1.032 g/cm3 and fractional mass
composition: H 8.5292% and C 91.4708%. Other scintillator regions (layers 1–17) are 4 mm thick
and represented with a polystyrene plastic scintillator of density 1.05 g/cm3 and fractional mass
composition H 7.7423% and C 92.2577%. Since the energy loss per mass per unit area is more
than a factor two higher for hydrogen than for most other materials, the spatial resolution used in
the calculation was defined so that the dose estimates were not averaged over regions containing
materials other than scintillator layers. For towers 28 and 29, the amount of material in front of
the HE varies with azimuthal angle due, primarily, to to the rectangular shape of the crystals in the
electromagnetic calorimeter. This irregularity is not yet simulated, and the dose is calculated for
the average instead. The dose was calculated using an R-Phi-Z mesh, independent of the geometry,

– 5 –

• Observed response loss with dependence on η, layer, delivered lumi  ➔ radiation damage
• (Eventually) realized phi dependence ➔ NOT consistent with radiation damage.
• What other sources of aging?Response%Loss%in%HE:%phi%dependence
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During&2016,&we&have&observed&large&systematic&phi&dependence&in&the&Response&Loss&of&HE,&in&particular&its&high&eta&region.
Original&observation,&based&on&Laser&Megatile data,&was&confirmed&by&measurements&using&collisions&data.&&

April&4,&2017 Pawel&de&Barbaro,&U.&of&Rochester 4
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CMS HCAL Hybrid Photodiode Aging (2)

7/24/2421

• Checked response of HPDs removed from detector with laser.
• HPD photocathodes showed higher than expected degradation

• Scaled with level of HPD vacuum ➔ caused by known 
“ion feedback” mechanism

• Damage is highly local under fibers from detector ➔ not 
caught by LED or laser system!

• HPDs replaced with SiPMs in 2017-2019.

Jan 2018 A. Heering,  CMS collaboration

Tower assignment

9

Data Orientation: HE HPD
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HL-LHC : CMS High Granularity Endcap Calorimeter Replacement

7/24/2422
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• 1.5 < |η| < 3
• ECAL : 26 layers, Cu/CuW/Pb, 27.7 X0

• HCAL : 21 layers, steel, 10 λint

• 620 m2 Si  ➔ 6M channels
• 370 m2 scintillator ➔ 280k channels!

• 26k Si / 4k scint modules

• Extreme radiation and pileup levels for HL-LHC required total 
replacement of CMS ECAL and HCAL endcaps.

• HGCAL is a novel “imaging” calorimeter that will reconstruct 
showers with extreme detail for
• Separating pileup-related energy deposits from deposits 

of interest
• Identifying forward jets from VBF Higgs production

CMS High Granularity Calorimeter (HGCAL)
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CMS HGCAL : imaging calorimeter

Figure 7. Event display of a simulated high pT jet in the HGCAL with 140 pileup overlayed.

from optimal particle-flow algorithm, the run I performance is also recovered in terms of
jet energy resolution, as shown in figure 8 (right).

Figure 8. Electron identification efficiency and fake rate (left) and jet energy resolution (right) in

the simulation comparing current detector with upgraded one in high pileup environment.

– 6 –
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CMS HGCAL : imaging calorimeter

 12

Imaging calorimeter

8

Figure 4. A display of an event reconstructed by the HDBSCAN algorithm in 3d Cartesian space 
(left) and 2d η-ϕ space (middle). The event is generated by injecting a single pion in front of the 
HGCAL in the presence of 200 overlapping pileup interactions. Different colors mark the 
different reconstructed clusters. For presentation, only hits within a 0.4 x 0.4 window centered 
by the injected pion in the η-ϕ space are shown. A display of the simulated hits associated with 
the injected pion is also shown on the right. 
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Figure 4. A display of an event reconstructed by the HDBSCAN algorithm in 3d Cartesian space 
(left) and 2d η-ϕ space (middle). The event is generated by injecting a single pion in front of the 
HGCAL in the presence of 200 overlapping pileup interactions. Different colors mark the 
different reconstructed clusters. For presentation, only hits within a 0.4 x 0.4 window centered 
by the injected pion in the η-ϕ space are shown. A display of the simulated hits associated with 
the injected pion is also shown on the right. 

y [cm
]

0

5

10

15

20

25
30

35
40

z [cm]

300 325 350 375 400 425 450 475
500

x
[cm

]

40

50

60

70

80

90

100

CMS Phase 2 Simulation Preliminary

Reconstructed

2.40 2.45 2.50 2.55 2.60 2.65 2.70 2.75
¥

0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

¡

CMS Phase 2 Simulation Preliminary
Reconstructed

y [cm
]

0

5

10

15

20

25
30

35
40

z [cm]

300 325 350 375 400 425 450 475
500

x
[cm

]

40

50

60

70

80

90

100

CMS Phase 2 Simulation Preliminary

Simulated

Jingyu Zhang
ICHEP 2020

Simulated hits for single ~50 GeV 
pion interacting with HGCAL

Reconstruction of clusters with 
200 PU overlaid on single pion

single pion

pile up clusters
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CMS HGCAL : Pileup removal with precision timing

• HGCAL provides ~30 ps precision for multi-MIP energy deposits
• Identify high-energy clusters and then reject out-of-time deposits
• Plots show cells with E > 3.5 MIPs projected to front face with and without timing requirement.

• Simulation is VBF (H➔γγ) with one photon and one VBF jet in same quadrant

Zoltan Gecse

Pileup Supression with Timing

5

•Plots show cells with E >~3.5 MIPs, projected to the front face 
of the endcap calorimeter 

•Concept: identify high-energy clusters, then make timing cut 
to retain hits of interest 

•Design HGCAL to obtain a ~30ps timing measurement for 
multi-MIP energy deposits

No timing requirement Δt<90ps (3σ at 30ps)
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• Why both scintillator+SiPM and silicon sections?  Why the 
funny shape of scintillator+SiPM section?

• Scintillator+SiPM is less expensive than silicon, but less 
radiation tolerant -> se scintillator+SiPM in low radiation 
regions.

• How to define “low radiation”?
• We will “level” the response of all 6M HGCAL channels 

using the MIP as a “standard candle.”
• Require detector noise to remain at least ~3σ from MIP 

signal even after irradiation.
• SiPM radiation-induced noise (dark current) will be 

unacceptable for good MIP reconstruction after 5 x 1013 
neutrons / cm2

HGCAL : radiation-based design considerations  

5 x 1013 n/cm2 

contour
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HEP data challenge  

HEP aims to discover increasingly more massive particles, probe 
smaller distances, and study more rare processes.

This requires colliders/experiments with increasing energy and luminosity 
➔ increasing detector occupancy 

➔ increasing detector granularity and precision
➔  increasing data volume produced by detector

➔  move more data processing to on-detector electronics
➔  increasing complexity, power consumption, and radiation tolerance

"The solution to every problem is another problem." 
Johann Wolfgang von Goethe
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• Historically, trackers and calorimeters manage 
data rates with channel count, dynamic range, 
and readout rate

HGCAL data challenge  

Design and first test results of the CMS HGCAL on-
detector ECON-T ASIC with a reconfigurable encoder  
algorithm for data compression  
Cristina Mantilla Suarez1 and Jim Hoff1 on behalf of the CMS Collaboration

ECON-T:  sums, selects and compresses trigger charge data @ 40 MHz

ECON-T Layout

1 Fermi National Accelerator Laboratory

HGCAL Raw-data   
(5 Pb/s, 6M channels)

Reduced Trigger Data 
(300 Tb/s, 1M channels)

ECON-T 
(40 Tb/s, 1M channels, 
~9k 10.24 Gbps links)

Bench Tests and Radiation Tolerance SEE Tests 

128 pin packaged ECON-T.

AI on Chip: Reconfigurable Encoder

Encoded 16 x 3bit 
outputs, 48 bits

Decode off-detector 
to 336 bits

Input (48x7bit) 
336 bits

SEE test in medical facility

• ECON-T has triplication for SEE protection.  
Chose not to triplicate clocks for simplicity and power, I2C 
configuration protected with dedicated Hamming correction. 

• Observed serializer SEU in radiation tests. 
Serializer design improved for v2. 

• 1.28 Gbps outputs agree perfectly with 
simulation/emulation run on FPGA. 

• Verified functionality of power-up-state-machine, 
PLL, eRx, eTx, formatter, serializer and buffer.

Testing setup Phase value selected at the center of the 
eye diagram to minimize the error rate.

• Quantization Aware Training of Encoder 
algorithm based on LHC simulation. 

• Optimization of CNN architecture for 
physics performance and area and power 
requirements. 

• Reconfigurable weights and biases via I2C. 

• Full triplication of clocks, logic, and resets 
for I2C configuration.

FERMILAB-POSTER-22-214-PPD 

Eye diagram measured on one of the 13 
output 1.28Gpbs eTx channels.

SEE Tests with 200 MeV protons 
with fluence: 5.4E+12 p/cm2 

HL-LHC fluence: 1E+14 p/cm2

This manuscript has been authored by Fermi Research 
Alliance, LLC under Contract No. DE-AC02-07CH11359 
with the U.S. Department of Energy, Office of Science, 
Office of High Energy Physics.

ECON-T Block Diagram (simplified)
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HGCAL Readout Architecture

50 Chapter 3. Endcap Calorimeter

3.3.5 Electronics and electrical systems1270

3.3.5.1 Front end hardware1271

The architecture of the front end electronics readout for the low-density silicon section is shown1272

in Figure 3.26. The high-density silicon section and scintillator section are similar, with some1273

components organized differently. All sections make use of the lpGBT ASIC, two different1274

concentrator ASICs, and the HGCROC readout chip. The silicon section makes use of the1275

Rafael clock and fast control fanout chip, and the scintillator section makes use of the GBTSCA1276

slow control ASIC.1277

Hexaboard 

Figure 3.26: HGCAL readout architecture for the low-density silicon region.

3.3.5.2 HGCROCs and Hexaboards1278

Each channel of a silicon module is wirebonded to the module PCB (hexaboard). Copper traces1279

on the hexaboard carry the electrical signals from each individual channel to a surface mounted1280

HGCROC serving up to 72 channels. Each HGCROC also carries two extra channels for cali-1281

bration pads and four for common mode noise subtraction that are not connected to any sen-1282

sor pads. The low density (192-channel, not counting calibration cells) modules have three1283

HGCROCs and use 64 channels per ROC, while high density (432-channel, not counting cal-1284

ibration cells) modules have six and use 72 channels per ROC. The HGCROC performs the1285

following functions:1286

ECON-T

• 4 selectable trigger data 
compression 
algorithms: variable and 
fixed-latency options. 

• Includes formatter and 
smart buffer. 

• PLL and 1.28GHz phase-
aligners from lpGBT.

 Huge data challenge: HGCAL is a 6M channel “imaging calorimeter” with good 
precision over wide dynamic range for amplitude and time of arrival.

Target Achieved

Buffer 
Latency 0-12 BX 0-12 BX

Other 
Latency 4 BX 7 BX

Power 
consumption 500 mW Most of detector: 385 mW 

Max 420 mW.

TID 200 Mrad In progress

SEE 
tolerance

3x106 
high 

energy 
hadrons 
cm-2 s-1

Cross section results:
I2C configuration 

error
0

Error requiring 
reset

< 1err/30s on whole 
det.

eTx single-bit error 1.7E-11 cm2

Results
• Chip functionality has been verified. 

• Few verilog bugs found, fixed for v2. 

• SEE tests: no observed I2C errors or 
errors requiring chip reset.

ECON-T Testing Results

channels Dynamic 
range

Readout 
rate Data rate

Tracker 2E+08 24 1 kHz O(100 
Gbps)

Calorimeter 1E+04 210 40 MHz O(1000 
Gbps)

• This is changing:
• Trackers will contribute to L1 trigger @ 40 MHz
• Calorimeters will have ~10M channels

• Readout schemes become more complex ➔ 
move more complexity onto the detector for 
processing data at source.
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HGCAL data challenge  

24 Chapter 2. Active elements

and/or 3 ⇥ 3 neighbouring cells to form trigger primitives, shown as differing colour group-
ings in the figure, and the subdivision of the module into symmetric domains for the readout
chips, simplifying the layout of the module readout printed circuit board (PCB). Silicon wafer
layouts using the three-fold diamond configuration are shown in Fig. 2.4.

Figure 2.3: Schematic illustration of the three-fold diamond configuration of sensor cells on
hexagonal 8” silicon wafers, showing the groupings of sensor cells that get summed to form
trigger cells, for the large, 1.18 cm2, sensor cells (left), and for the small, 0.52 cm2, cells (right).

Figure 2.4: Drawing of hexagonal 8” silicon wafers, with layout of large, 1.18 cm2, sensor cells
(left), and small, 0.52 cm2, cells (right).

The cell size is driven both by physics performance considerations, such as the lateral spread
of electromagnetic showers, and by constraints imposed by the need to keep the cell capaci-
tance within a manageable range. In practice, this results in cell sizes of ⇡1 cm2 for the 300 and
200 µm active thickness sensors and ⇡0.5 cm2 for the 120 µm active thickness sensors, corre-
sponding to a maximum cell capacitance of 65 pF. Each sensor has either 192 or 432 individual
diodes, which act as sensor cells. The HV bias is applied to the sensor back-plane, whereas the
ground return from each individual cell is provided through the DC connection to the corre-
sponding front-end amplifier. Two cells per readout chip are segmented to include calibration
pads with smaller size and correspondingly lower capacitance and noise.

An irradiation campaign is underway, which will include noise measurements, with a partic-
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• 432 Si channels ➔ 
48 trigger cells (TC)

• 20b channel ➔ 7b 
(no timing info)

• Only every-other 
ECAL layer 
contributes to trigger

• ECON ASIC 
selects only 
3/48 TC for 
most of 
detector!



James Hirschauer | Calo Lecture 1

Calorimeter R&D for Future Colliders

7/24/2431
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Requirements for future e+e- Higgs factory

7/24/2432

• Jet energy resolution : 
• Require 3-4% resolution for 100 

GeV jets to separate hadronically 
decaying W and Z bosons

• Essential for absolute 
measurement of Higgs total 
width in e+e- ➔ ZH events.

• EM resolution remains critical:
• Precision W/Z boson studies
• Electron bremsstrahlung 

recovery

Can we improve jet resolution without 
harming EM resolution?

CALOR 2024May-2024 3

Future colliders and calorimetry

The next international collider will most 
likely be an e+e- collider, Higgs factory 
with capabilities of numerous precision 
measurements at the EW scale. 
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High resolution EM calorimetry equally 
important, eg

● Unexpected, even invisible, 
Higgs decay

● Precision W/Z-boson studies
● Electron brem. recovery
● π0 reconstruction and jet matching

eg, brem. 
recovery 
important in 
electron energy 
resolution

Also see talk by M. Tornago
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Traditional trade-off : jet vs. EM resolution

7/24/2433

• Excellent EM resolution usually 
harms jet resolution
• Strong EM response in ECAL 

leads to e/h mismatch.
• Even for well matched e/h, fEM 

fluctuations have a major impact 
on hadronic resolution.

ECAL 
e/h

HCAL 
e/h

EM res 
(1/√E)

Had res 
(1/√E)

CMS 2.4 1.3 3% 100%

ATLAS 1.4 ~1.4 10% 50%

• (e/h >>1 in ECAL) ➔ strong 
calibration dependence on 
location of shower initiation 
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Solution : Dual Readout (DR) Calorimetry

7/24/2434

• Simultaneous and independent measurements of Scintillation light (S) and Cerenkov 
light (C) make it possible to measure fEM of hadronic showers event-by-event!

• e/h for S and C are inherently different
• Hadrons contribute to S but not C
• Electrons contribute to both S and C

• RD52 / DREAM has demonstrated excellent performance for hadron calorimetry and 
proof-of-principle for EM crystal calorimeter.

CalVision collaboration goal : demonstrate strong performance 
of combined DR Crystal EM calorimeter + DR HCAL for excellent 

jet resolution without sacrificing EM resolution.
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Dual Readout Method

7/24/2435

CALOR 2024May-2024 7

 Dual Readout (DR) Calorimetry

E = (ξS − Ĉ)/(ξ − 1)

PDG

Hadronic event (π- here) can be seen 
to scatter about the fixed slope

Slope depends only on e/h values 
and is energy and species 
independent

Ĉ,S measurements effectively 
determine fem and allow a shower-by-
shower correction => proxy to correct 
for invisible energy

Nice review: RevModPhys.90.025002

• Slope of line ξ determined only by e/h 
values of S and C response

• ξ is independent of energy and 
hadron type!

• Energy reconstructed universally as 

• where S and C are measured event-
by-event and ξ is fixed for calorimeter.

CALOR 2024May-2024 7
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RD52 / DREAM Hadron Calorimeter

7/24/2436

• Copper absorber and bundles of scintillating 
fiber and quartz (no scintillation)

• Excellent hadronic resolution, decent EM 
resolution.

CALOR 2024May-2024 8

Previous DREAM/RD52 results on DR Crystal Calorimeter
DREAM/RD52 previously investigated DR w/ crystals and PMTs readout
using BOTH optical filters and timing to separate Ĉ and S signals

● Ĉ/S filters, PMT readout
● Resolution O(10%/√E), dominated by 

photon detection statistics
● Improvements needed on efficiency, λ 

range of light collection to increase Ĉ 
signal for DR application

● Need B-field compatible readout

 Rev.Mod.Phys. 90 (2018) 2, 025002

hadronselectrons

Proof of principle for DR crystal calorimeterExcellent hadron performance 
demonstrated, reasonable EM

NIM 686 (2012) 125
CALOR 2024May-2024 8
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RD52 / DREAM “rotation method”

7/24/2437

• Obtained σ/E = 3% for 80 
GeV π+ and protons.

• Which is ~30% / √(E)
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DR crystal calorimeter

7/24/2438

• Separate S and C in single monolithic crystal with wavelength and timing/
pulse shape

• Good performance requires clean separation of S and C components that 
maintains large S contribution for EM resolution and preserves small C 
contribution for DR method

• Wavelength : photosensors with near UV sensitivity, optimized filters
• Timing : Fast timing and precise pulse shape discrimination — 

perform on-detector to avoid “big data” challenges.
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Wavelength challenges

7/24/2439

• Ideally would take C from its peak at UV 
wavelengths

1. Crystals have low transmittance in UV
2. Photosensors have low efficiency in UV

CALOR 2024May-2024 12

Challenge of Light Detection and Separation

n.b. Crystal transparency is poor at NUV where Ĉ light is 
most intense => use longer λ’s beyond scint spectrum  

Modern SiPMs are promising, but improvements in 
deep Red/NIR sensitive devices are very desirable

BGO Spectrum
From R. Zhu

Hoya U330 filter

A
b

so
rp

tio
n

DREAM/RD52

Detection regions for Ĉ light 

• Instead use filter select long wavelength for C 
and infra-read optimized SiPM.

• Ongoing R&D:
• New materials to address (1)
• Improved photosensors to address (2)
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CalVision timing / pulse shapes in beam test

7/24/2440

• 120 GeV protons on BGO crystal
• Select MIP protons - produce both S and C

CALOR 2024May-2024 23

S/Ĉ Signal Analysis in Data (BGO)

Fits to average MIP signal 
using two components

Accounting for 1PE 
amplitude ~0.6mV yields
Order of <20>PE/MIP 

Example of a single showering 
event
● Signal ~50 MIPs
● Order of a few GeV E loss
● Very encouraging S/N and 

component separation 

A. Ledovskoy

Front SiPM (no filter) Back SiPM (U330 filter)

Large S swamps C despite 
pulse shape difference

Use filter on one 
SiPM to isolate C
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Conclusion

7/24/2441

• This is an exciting time for calorimetry

• CMS is deploying a novel and ambitious new HGCAL — will provide an 
eternal playground for AI/ML!

• Upcoming challenges for extreme precision and radiation tolerance at 
future e+e- and pp colliders require immediate R&D.

• We are always in need of interested new collaborators — please feel free 
to contact me!   
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Additional material

7/24/2442



James Hirschauer | Calo Lecture 1

CMS High Granularity Calorimeter

7/24/2443
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Scintillation : plastic scintillator (e.g.)

7/24/2444
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Wave-length shifting

7/24/2445
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Photosensors

7/24/2446

• p.e. accelerated over 2kV 
into dynode chain

• Secondary emission 
electrons provide gain 106

Photomultiplier Tube Hybrid Photodiode Silicon Photomultiplier
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Photosensors

7/24/2447

Quantity PMT HPD SiPM
bias voltage 2kV 10kV 50 V
gain (M) 106 103 105-106

volume/channel 10cm3 10cm3 < 1cm3

B-field performance None Good Good
High amplitude noise Fair Poor Good
Response stability Fair Fair Good
sensitivity 1 pe > 1 pe 1 pe
�T for �M/M = 1% 3�C 4�C 1�C
�Vb / Vb for �M/M = 1% 5� 10�4 5� 10�3 10�3

Biggest SiPM 
challenge is 

radiation-induced 
dark current 
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CMS HCAL Hybrid Photodiode Aging (2)

7/24/2448

August 12, 2014 HCPSS14: Calorimetry 2 (Mans)HCPSS14: Calorimetry 2 (Mans) 11

Hybrid Device: HPD

HPD
Internal gain ~2000, can
be operated in magnetic

fields parallel to electric field
Requires O(8000V) over gap

of ~4 mm (2 MV/m)

e-

+
e-


