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Calorimetry in one slide
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Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043

Need a strong interaction → 
need lots of stuff. And dense stuff if you 

are reasonable!

Hadron CalorimetryElectromagnetic Calorimetry

Electrons like to interact.

Whatever layer is first is your ECAL.

https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
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The two styles

Homogenous
● Everything captured

Sampling
● Only get snapshots of the shower

Great for electrons and 
photons that deposit all 

readily deposit energy via 
ionization

Great for hadrons because 
you can interleave really 

dense layers, and pay for a 
lot of them
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Scintillating crystals for electromagnetic calorimetry

Homogenous
● Everything captured

Great for electrons and 
photons that deposit all 

readily deposit energy via 
ionization
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Electromagnetic Calorimeter Examples

https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-part
icle-detectors-accel.pdf

Scintillating crystals the way to go
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https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-particle-detectors-accel.pdf
https://pdg.lbl.gov/2022/web/viewer.html?file=../reviews/rpp2022-rev-particle-detectors-accel.pdf
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Scintillating Crystals for … hadron calorimetry

N. Akchurin, R. Wigmans, (2012) Nucl. Instr. and Meth. A666 (80) 
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CMS’s Crystal 
electromagnetic calorimeter

Brass+ Scint 
plastic 
hadron 
calorimter

https://www.sciencedirect.com/science/article/pii/S0168900211019851#f0030
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Hadronic energy deposition
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Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043

“electromagnetic” (EM) 
component

“hadronic” (Had) 
component

https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
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Hadronic energy deposition
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Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043

EM/Had ratio 
fluctuates 

event-to-event

Rev. Mod. Phys. 90, 025002, NIM 
A316 (3-5)1992, 184-201

https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.025002
https://www.sciencedirect.com/science/article/pii/016890029290901F?via%3Dihub
https://www.sciencedirect.com/science/article/pii/016890029290901F?via%3Dihub
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Hadronic energy deposition
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Figure adapted from Sehwook Lee 2019 J. Phys.: Conf. Ser. 1162 012043

Detector response 
differs for each 

component

Rev. Mod. Phys. 90, 025002

https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.025002
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image credit: 
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf
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Hadronic showers in crystals

crystal

hadron Both 
components 
produce 
scintillation 
light!
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https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf


Grace Cummings

image credit: 
https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf

10

Hadronic showers in crystals
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Most of the 
Cherenkov!

Can use the 
Cherenkov light 
produced for an 
event-by-event 

correction
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https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf
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How to separate Cherenkov and Scintillation light

11

Wavelength Filters Time structure

2020 JINST 15 
P11005

BGO w/ PMT
NIM 610 (2009) 488 
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https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
http://www.phys.ttu.edu/~dream/resources/publications/610_488.pdf
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How to separate Cherenkov and Scintillation light
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Wavelength Filters Time structure

2020 JINST 15 
P11005

BGO w/ PMT
NIM 610 (2009) 488 

We try both! → best approach depends on 

scintillating material

https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
http://www.phys.ttu.edu/~dream/resources/publications/610_488.pdf
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DESY CalVision: Dual-end 4 SiPM Readout

● 2 GeV Electron Beam
● 4 Broadcom 6x6 mm SiPMs per end
● Prioritized configurability

○ tested many crystal/filter combinations
○ used same SiPMs for each
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Second 
amplification stage

crystal

Motion 
stage

Crystal → cookie → filter → cookie → SiPMs 
(not pictured)

“rear” → Cherenkov 
Channels 

Crystal → cookie → 
SiPMs (not pictured)

“front” → Scint Channels 
All SiPMs 
covered

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
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Support structures 
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Low + High 
gain to DRS

Low + High 
gain to DRS

H2O 
cooling for 
SiPM TEC 

Pulser and 
LED for 

Calibration 
system

Bob

Image: Y. Guo
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2.5 Results to showcase today

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
15

BGO DSB Glass ABS Glass

Average 
pulses @ 90° 
w/R64 filter

Average pulses for “rear” 
(unfiltered) channels @ 90° 

● 2.5 cm x 2.5 cm x 18 cm 
○ ~16 X0

● “rear” channels: Hoya U330 filter
● “front” unfiltered for scint-only

● BaO+SiO2+Ce2O3+Gd2O3
● 2 cm x 2 cm x 15 cm  

○ ~6 X0
● “rear” channels: Hoya R64 filter
● “front” unfiltered

● B2O2+SiO2+Al2O3+Ce2O3+Gd2O3
● 2.5 cm x 2.5 cm x 6 cm 

○ ~4 X0
● unfiltered runs best!

https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
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BGO DSB Glass ABS Glass

Average 
pulses @ 90° 
w/R64 filter

Average pulses for “rear” 
(unfiltered) channels @ 90° 

● 2.5 cm x 2.5 cm x 18 cm 
○ ~16 X0

● “rear” channels: Hoya U330 filter
● “front” unfiltered for scint-only

● BaO+SiO2+Ce2O3+Gd2O3
● 2 cm x 2 cm x 15 cm  

○ ~6 X0
● “rear” channels: Hoya R64 filter
● “front” unfiltered

● B2O2+SiO2+Al2O3+Ce2O3+Gd2O3
● 2.5 cm x 2.5 cm x 6 cm 

○ ~4 X0
● unfiltered runs best!

2.5 Results to showcase today

https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
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BGO DSB Glass ABS Glass

Average 
pulses @ 90° 
w/R64 filter

Average pulses for “rear” 
(unfiltered) channels @ 90° 

● 2.5 cm x 2.5 cm x 18 cm 
○ ~16 X0

● “rear” channels: Hoya U330 filter
● “front” unfiltered for scint-only

● BaO+SiO2+Ce2O3+Gd2O3
● 2 cm x 2 cm x 15 cm  

○ ~6 X0
● “rear” channels: Hoya R64 filter
● “front” unfiltered

● B2O2+SiO2+Al2O3+Ce2O3+Gd2O3
● 2.5 cm x 2.5 cm x 6 cm 

○ ~4 X0
● unfiltered runs best!

2.5 Results to showcase today

https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
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2.5 Results to showcase today
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BGO DSB Glass ABS Glass

Average 
pulses @ 90° 
w/R64 filter

Average pulses for “rear” 
(unfiltered) channels @ 90° 

● 2.5 cm x 2.5 cm x 18 cm 
○ ~16 X0

● “rear” channels: Hoya U330 filter
● “front” unfiltered for scint-only

● BaO+SiO2+Ce2O3+Gd2O3
● 2 cm x 2 cm x 15 cm  

○ ~6 X0
● “rear” channels: Hoya R64 filter
● “front” unfiltered for scint-only

● B2O2+SiO2+Al2O3+Ce2O3+Gd2O3
● 2.5 cm x 2.5 cm x 6 cm 

○ ~4 X0
● unfiltered runs best!

Analysis ongoing!
(this is the 0.5)

You can see the 
Cherenkov edge by-eye! 

Easy for waveform 
analysis!

https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
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2.5 Results to showcase today
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BGO DSB Glass ABS Glass

Average 
pulses @ 90° 
w/R64 filter

Average pulses for “rear” 
(unfiltered) channels @ 90° 

● 2.5 cm x 2.5 cm x 18 cm 
○ ~16 X0

● “rear” channels: Hoya U330 filter
● “front” unfiltered for scint-only

● BaO+SiO2+Ce2O3+Gd2O3
● 2 cm x 2 cm x 15 cm  

○ ~6 X0
● “rear” channels: Hoya R64 filter
● “front” unfiltered 

● B2O2+SiO2+Al2O3+Ce2O3+Gd2O3
● 2.5 cm x 2.5 cm x 6 cm 

○ ~4 X0
● unfiltered runs best!
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first time these heavy glasses have been 
used in a beam test! 

https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://www.hoyacandeo.co.jp/english/products/eo_pdf/U330.pdf
https://www.edmundoptics.com/p/hoya-r64-640nm-508mm-sq-1mm-thick-colored-glass-longpass-filter/46511/?srsltid=AfmBOoo1VMbjMz0CXWrQm31TWUMjQjN4OpWM6fz1qJo6g8CAV_Zy2coJ
https://indico.slac.stanford.edu/event/8288/timetable/?view=standard#33-progresses-of-inorganic-sci
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Angle Scans - All crystals and glasses
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Why angle scans? 
Cherenkov is directional 
→ another handle for 
separation!

Why these angles? 
Only really meaningful w/ 
full sweep, cut down on 
angles for time.
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PbF2 - The Control

● ~22 X0 

● 20 cm long
Normalized average pulse 

shape, no filter
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Serves as Cherenkov 
shape in fits!
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BGO (Bismuth Germanate)  
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All Scintillation

Scint + Cherenkov
Cherenkov (from PbF2)

+ =

In principle…

… but these are really similar.
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The Single Delay Line (SDL) method - take a “derivative”

● 2 ns delay
● Cherenkov 1 PE shape from PbF2

1 pe Cherenkov 
SDL pulse

1 pe Cherenkov 
normal pulse

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
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The Single Delay Line (SDL) method - take a derivative

● 1 pe scintillation shape → convolute 1 pe Cherenkov w/
○ w/ 𝜏 = 314 ns → decay time of BGO 

1 pe Cherenkov 
SDL pulse

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
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BGO SDL Analysis

● Build average SDL pulse at most probable amplitude for rear channels to 
extract photoelectrons per energy

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
25



Grace Cummings

BGO SDL Analysis

● Build average SDL pulse at most probable amplitude for rear channels to 
extract photoelectrons per energy

Channel 7 
average pulse 
@ 90°
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26



Grace Cummings

BGO SDL Analysis

● Build average SDL pulse at most probable amplitude for rear channels to 
extract photoelectrons per energy

Channel 7 
average pulse 
@ 90°

Geant4

normalize

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
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BGO SDL Analysis

Light yield = (amplitude from fit * amax,MPV) / (A1pe * Edeposit,MPV)

Let’s be optimistic!

at 90°

Ch4*4 = 160 pe/Gev
(Ch4+Ch7)*2 = 120 

pe/GeV

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
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DSB-3 (Barium Disilicate) Scintillating Glass

● Scintillating glass
○ Some admixture of BaO+SiO2+Ce2O3+Gd2O3

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
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Average pulses 
@ 90° w/out filter

DSB Properties: Ren-Yuan Zhu’s CPAD2023 talk

Average waveform 
90° w/out filter

https://indico.slac.stanford.edu/event/8288/timetable/?view=standard#33-progresses-of-inorganic-sci
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DSB-3 SDL analysis 
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Light yield = (amplitude from fit * amax,MPV) / (A1pe * Edeposit,MPV)

~1000 Cherenkov 
pe/GeV (if our 

Geant model of 
DSB is correct)!

First time this glass 
has been put in 

beam!
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Summary and future plans
● Test beams promising!

○ DESY test beam comfortably surpasses goal of > 50 
Cherenkov photoelectrons / GeV

■ BGO
■ DSB glass for homogenous HCAL

● 5 x 5 BGO crystal matrix → lateral + transverse 
containment

○ 22 X0
○ Segmented – higher granularity in the front

● Joint test beam w/ DR hadron calorimeter
○ The system performance is what matters

● Simulation maturing
○ crystal ECAL integrated into Key4HEP
○ Full DR test beam modules implemented in GEANT4

Grace E. Cummings | US Muon Collider Workshop, 08 August 2025
31


