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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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Jet energy resolution is a key benchmark 
of e+e- detector performance

● eg, Need calorimeters w/ ∆E/E ~ 3-4% for jets 
~100 GeV to separate hadronic W’s Z’s

● Very hard to achieve with traditional calorimetry, 
having HCAL resolution >~50%/√E

Complementary 
approaches to 
better 
calorimetry:

● High 
granularity

● Dual Readout 
(DR) 
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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

https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
https://indico.cern.ch/event/1339557/contributions/5915204/attachments/2859276/5001980/CALOR_MT.pdf
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Future colliders and calorimetry

eg, photon 
matching in 6 jet 
event:

w/ π0 clustering
w/o π0 clustering

The next international collider will most 
likely be an e+e- collider, Higgs factory 
with capabilities of numerous precision 
measurements at the EW scale. 

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

JINST 15 P11005

https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
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Effect of an optimized EM section in traditional calorimetry

Large dispersion in 
Evis and non-linearity 
for hadrons

Strong dependence 
on location of 
interactions if 
layers have non-
uniform e/h

N. Akchurin, R. Wigmans, (2012) Nucl. Instr. and Meth. A666 (80)

https://www.sciencedirect.com/science/article/pii/S0168900211019851#f0030
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Improving jet resolutions
Taking state of the art EM calorimeter energy resolution as sufficient for 
future physics needs, a goal is to simultaneously improve hadron 
performance

Two general approaches
● Particle-flow: use track info to measure charged jet fragments and 

calorimeter data mainly for the measurement of neutral particles.
● Requires fine (transverse) granularity to separate showers 
● “Confusion term” for co-linear particles/showers important at high energy

● Dual-readout: use proxy for invisible E component of hadron showers
● Effectively use an evt-by-evt proxy for EM fraction of hadronic showers
● More moderate requirements on granularity
● Complimentary to (also compatible with) PF methods
● Apply to BOTH EM and hadronic layers to optimize resolution
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 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

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.025002
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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

https://journals.aps.org/rmp/abstract/10.1103/RevModPhys.90.025002
https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900212X00214/1-s2.0-S0168900212005888/main.pdf?X-Amz-Security-Token=IQoJb3JpZ2luX2VjEKn%2F%2F%2F%2F%2F%2F%2F%2F%2F%2FwEaCXVzLWVhc3QtMSJHMEUCIQCBSHaOrvkR7P4UQpYx%2FROxN%2FACiEAhhlYGINbZ7YvskQIgQE4rNBQ9VUQw%2F%2FwGaDUNp7wIqs3eKNNIFlOQfafoN18qswUIIhAFGgwwNTkwMDM1NDY4NjUiDJai772KL2yABn%2FaWiqQBYziu%2B45VUI7FPnOGiZZjryPAz%2BDj3QWT1KD5Vl19nKR3tdO0nWdildgIW7lBLA95la2UKOnL0LaWxOryrvynIyY3Shi98N0HigG3YziQb9m8K71uQfXPvlZHTQ3WBSZpz5S7Z%2BKyO%2BtROWMzAr9o6R0seiV%2BBkwo2g3EoMESGNd%2FnGYr7xXk%2BlDT%2FoHDIeAPdn9MH%2BCE%2F4pZ3vOheInC3vZUmQgTPp8sJvbEdf5l9w4QiMYV01gESTxU%2BycZki66N7TbGtOQZfPjW9K8u%2F9ZaWujO9Hngxj%2B2iEcomcD9wCA%2BI6PViJ9P9y7jh%2Bu4tV8YthhZdFtnliw4Srrt6EjSYPnay5eGfM6Qz%2BLvlWRxTD3fJn7J5OBXNXEPPWJveKMO4OAUFb2a2aR0C37x%2BIrQkBgiC6eGgq1nxAoXlSi8G%2FkYuUOyLrhv2p1DbdEHWLl0GGr9uYzu4OzYjMve6Hu%2BE1O3HDz%2F3Bg2KmOg2%2Fs0NbsrqUQonHe5z%2FGkBhwzfC5L%2FeI3IhzI2vKu21OHI6X9lR0WG4iTmiLpDRMSNBgo5LtFhAob2Ih269NuYecrnyCg7UAUAfcGpDTD09Um6cwpfzOFRHFouCKQmmXTCMD3x1idZGMpc4GGsYB2sRczDYoVIJ7mJ2nF1BRp3x9nUK5xD3WrlfHDH3e2YQPPSQDAXzeeXemecVcripqCjFgPCdMc2O38Ulc%2F5gK40b6mouHCCB4J2D5IFXOWTAqIwdL9uyrcT21K1VWGazPvBqWz7PoDevtSgSsc4kvp5tSiQ%2BBmiAQ48GDrf5oPOVMVsRnNGS22pHQBPCEWoYa0GvaD2jBHg5M64AxtXc8qaDebzR26%2FZAJvqeFwaAGwYrgiK9K62MIS%2FqrIGOrEBIH8RqSrlVlaQ1WOjazNIA2YPnnQuZE0iaJeyC34cN5y1NiNdG09lk9Rb8gmr9e%2BO4em22Xhnkx0V132V1vr7tSN08xWadgKJR6HwEywOU%2BBb47h7H0KM%2ByQhjIey%2BGHJno%2FnZhNv5Qb6T%2Fe8d14nIPqq53jU1N0DDymDVU4c%2FGu87TvzXSKcOXyJ4qWM4whIPHRvmBPku%2Bp9UTxRVrss08IF71YNl56fMrOvtXRfncWh&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20240520T021134Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYY3QKZEM3%2F20240520%2Fus-east-1%2Fs3%2Faws4_request&X-Amz-Signature=802c522fa1886edb3acfd97fca29444016008bc4617d24ef297e8b6ef1f8ca36&hash=93969a2d841c3df3aae96a47699f6f0e24856ff1bdc8c9b62cee797bfb5eefdc&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0168900212005888&tid=spdf-6ace7fc4-250a-4509-9fff-01f1c1a28c80&sid=8aac368c38e0f64e5c8aa7e9c22e1a0dcb07gxrqb&type=client&tsoh=d3d3LXNjaWVuY2VkaXJlY3QtY29tLmV6cHJveHkuY2Vybi5jaA%3D%3D&ua=190e5d5b50580d010651&rr=8868cbf778856aa1&cc=ch&kca=eyJrZXkiOiIxVjRzU3FzMEVhSW03dHNtSjcrckRobEFuVzJhQTh0eXc4SDRmeW1GQXZ3bHhlY1MwME1ad25ZVlFrSzhIcGhQNkpnN1hTSHdtald2UjVybWo3ZWxWYTJqTzRtWnB5RVB1dmMvYkRBZGl4OThMLzBvKzJnaGVyM1R1LzNZMHdsY29UalpyOUNZUm1ma1F4a21QS2lDQ1JUcHUvQysyNFFjSVdrSGdocVBLTnE1VS85Vm5RPT0iLCJpdiI6ImJkYTYyMzk0Njc3YzYwZTIwZGZkNDQwN2Y1NTdmNmRmIn0=_1716171098272
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Calvision
CALVISION formed to pursue calorimetry efforts on multiple fronts and in 
collaboration with other projects, particularly IDEA/MaxiCC

Interests in:
● Crystal DR ECAL
● Fiber DR HCAL
● Full Detector studies (sim.)
● Event Reconstruction
● BlueSky R&D (materials, sensors, R/O, ...)

Multi-year efforts planned in each area.  

This talk will focus on studies 
related to DR in a crystal ECAL

1st phase:
● Lower level R&D
● Single modules, small arrays
● Materials/technology evaluations
● Building up simulation program
● Scale up modules in next phase

See also talks on other fronts by 
● Wonyong Chung: DR Calorimetry Simulation
● Renyuan Zhu: Progress of Inorganic Scintillators
● Nural Akchurin: US Perspective, High-granularity DR
● And many related topics all week! 

https://indico.cern.ch/event/1339557/contributions/5898506/
https://indico.cern.ch/event/1339557/contributions/5898531/
https://indico.cern.ch/event/1339557/contributions/5925118/
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A Segmented DRO Crystal ECAL + DRO Fiber HCAL

arXiv:2008.00338

Concept:

● (Optional) timing layer
● Segmented ECAL
● Thin solenoid
● DREAM/RD52 style HCAL

SCEPCal: 
Segmented 
Crystal 
Electromagnetic 
Precision 
Calorimeter

eg, IDEA concept fiber HCAL

Enhance physics program with precision ECAL + DR hadron performance

https://arxiv.org/abs/2008.00338
https://arxiv.org/abs/2008.00338
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Initial studies for crystal+SiPM DR ECAL
Performance/feasibility of 
concept strongly depends on:

● Adequate sampling statistics of Č 
light ( >~50 photons/GeV)
● Need large area sensors; good 

PDE, λ sensitivity
● Sufficient separation of Č from S 

light to avoid washing out signal
● Wavelength, timing/pulse shape 

discriminators 
● For state of art ECAL resolution, 

reasonably large S is desirable.  
May require some care to address 
saturation effects in SiPMS/readout
● Eg small cell, fast recovery 

devices

Initial bench and beam tests for xtal ECAL, focus 
on understanding photon collection in various 
materials (PWO, BGO, PbF, BSO, etc.)

Each have different advantages/challenges for 
performance criteria  

● acquire data for tuning simulation
● guide choices for a ‘phase 2’ ECAL module sufficient in 

size to contain an electron shower
● Gain experience with FE electronics, readout and 

beam interfaces to run efficient beam tests

‘Phase 3’ is planned to develop a larger ECAL, 
sufficient to use with single hadrons in 
ECAL+HCAL resolution studies in collaboration 
with IDEA
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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
bs

or
p

tio
n

DREAM/RD52

Detection regions for Ĉ light 
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Test beam efforts 2023/2024
Test beam 1: 120 GeV proton beam (FNAL)

● PWO/BGO,interference/absorption filters
● Concentrated on beam on long axis, MIPs + showering events
● Study light collection and S,Ĉ components, timing
● Lecroy scope 10GS/s

Test beam 2: 120 GeV proton beam (FNAL)
● PWO/BGO/PbF, absorption filters
● Concentration on angular dependence of light collection
● Aim to tune MC and identify Ĉ/S signal+variations 
● Readout: 5GS/s DRS

Test beam 3: 2-4 GeV e- beam (DESY)
● PWO/BGO/BSO/PbF/scint glasses
● Material and filter scan, longer crystals
● Readout: 1-5GS/s DRS

Test beam 4: various beams (CERN)
● Coming in July

Baseline bar configuration

Č SiPM 
x4

filter

Hamamatsu
S14160-6050HS
Large area 6x6 mm SiPMs

Broadcom
AFBR-S4N66C013-ND
Large area 6x6 mm SiPMs

OnSEMI
MICROFJ-60035-TSV-TR
Large area 6x6 mm SiPMs

S
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M
 e
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ns
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𝝈 (ns) 

ev
en

ts

10 mV*ns 
threshold (best)

Martin, C

Test Beams
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Study PbF2 crystals to test modeling of Cerenkov light collection

● Geant4 model normalized to response @ 90° 
● Tune reflection model for surface conditions
● Good O(<20%) modeling precision of Ĉ 

photon statistics – shape structure 
determined by Cherenkov cone, Z matching, 
internal reflection, surface reflections, ... 

25mmx25mmx60mm crystal

D
a

ta
/S

im

Angle Angle

#
 P

.E
.

120 GeV
proton beam

H. Lin, M. Paranjpe
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~Good signal-to-
noise for MiPs

(improved for test 
beam3)

PbWO4 signals, 120 GeV protons

Position dependence evident in readout
 => good coverage of crystal cross 
section is important

Ledovskoy, A

Unfiltered PWO, Ch 1

Filtered PWO, MIP 
near SiPM

m
V

ti-tMCP (ns)

Martin, C

beam

beam

w/ scintillation filter

w/out scintillation filter M
C

P

Collect MIP and showering events

25mmx25mmx60mm crystal

See also G. Cummings slides at US FCC Workshop

Unfiltered PWO

Ledovskoy, A

MIPs

Showers

saturation

https://indico.mit.edu/event/876/contributions/2858/
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MIP Timing Resolution – Filtered PWO 
660 nm interference filter 

on rear SiPMs  

particle

3
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0

7
65
4

M
C

P

25mmx25mmx60mm crystal

rear

front

Threshold on pulse integral, amplitude walk correction

MIP Timing resolution ~200 - 400 ps / single channel
● Upstream channels - no filter, mostly scintillation
● Worse resolution on channels w/ Cherenkov 

selection filter

σ
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Thresh (mV·ns)
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MIP Timing Resolution – Filtered PWO 

8 mm
(i)(i)

(ii)

(ii)

Two “peak” structure correlated with track location wrt SiPM
(absent in unfiltered data)
● Visible on filtered channels, correlated with track location wrt SiPM

Hypothesized as a combined effect of interference filter and Cerenkov directionality
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MIP Timing Resolution – Unfiltered PWO 

particle

3
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0
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P

25mmx25mmx60mm crystal

rear

front

𝝈 (ns) 
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ts 10 mV*ns 
threshold (best)

Martin, C

● No “double peak” structure in unfiltered data
● Simple combination of channels yields improved 

timing resolution

Dubnowski, M

T
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g 
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n 
(p

s)

Rear channels

Upstream / 
front 
channels 
even 
better =>
<200ns



CALOR 2024May-2024 20

Analysis of 120 GeV Protons on BGO 

Simplified Geant4 model

Simulation:
MPV = 66 MeV
Select tracks with deposited energy 50–100 MeV

DATA:
MPV = 50 mV
Select tracks with reconstructed amplitude 35–100 mV

Tracking 
errors

MIP
spectrum

Good S/N 
in data

A. Ledovskoy
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BGO Modeling
Modeling of scintillation and Cherenkov photon 
collection for BGO crystal
● Simulation only tuned for average amplitude over 

the scan
● Data/simulation agreement to 10% level 

Ledovskoy, A

Beam position x,y

Center of crystal Measure of light collection in channel 5 vs beam position
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Signal analysis (BGO)

Single photon response 
(SPR) SiPM + Amplifier

Scint signal, integrating over 
photon production/arrival times

Ĉ signal, integrating over 
photon prod./arrival times

Modeling of signal shapes using data + photon tracing in Geant4

Simulation

Non filtered
data S >> Ĉ

Light production models x propagation x electronics response function
Used as templates for fitting pulse components

A. Ledovskoy

From data + 
BGO scintillation
decay time

Simulation

SPR from (de)convolution of 
average measured signal 
w/o filter + BGO decay time.
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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)
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Conclusions
Analysis of first test beam data is in progress
● Preliminary analysis suggests the presence of a significant detected Ĉ signal 

component in filtered data from hadrons (protons) on BGO => our main requirement 
for implementing DR

● Good progress in modeling details of light collection
● Angular dependence of S/Ĉ collection
● Dependence of light collection on track location

● Preliminary MIP timing performance in 200-400 ps range / single channel
● Interesting features to study in up/downstream differences, filter effects
● Future results will examine up/down stream timing correlations

Much work/analysis in progress:
● Continue S/Ĉ separation in PWO, BGO, BSO, heavy glasses, filter optimizations
● Optimal use of combined SiPM signals for timing, S/Ĉ separation
● Select candidate crystal(s) for matrix test sufficient to contain EM showers
● Primary goals: validate EM resolution and application of DR in combined tests with 

IDEA HCAL Supported via:
DE-SC0022045
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More slides
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EM calorimetry
Showers relatively* uniform.  Excellent energy 
resolution has been realized in numerous EM 
calorimeters over the past few decades. 

Homogeneous EM Calorimeters Achieved resolutions in the range:

Homogeneous:
~ few %/sqrt(E)
vs

Sampling:
~10-15%/sqrt(E)

2022 Review of Particle Physics

 Image source: PWO w/ electron

https://www.physi.uni-heidelberg.de/~sma/teaching/ParticleDetectors2/sma_ElectromagneticCalorimeters.pdf
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Hadron Calorimetry is Challenging
Much more challenging to precisely 
measure E deposition by hadrons

Showers include a pure EM component with 
large E dependence and fluctuations
=> different response,e/h>1, degrades resolution

Purely hadronic component can result in 
significant amount of invisible energy (eg ~8 
MeV/nucleon release, neutrons interacting late 
wrt integration times, ... )

S. Lee 2019 J. Phys.: C
onf. Ser. 1162 012043 
 

 
arXiv:1712.05494

Examples of e/h hadronic resolution
CMS: 2.4 (1.3)  ECAL (HCAL) ~ 85%/√E 
ATLAS   1.37 ~ 52%/√E

https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
https://iopscience.iop.org/article/10.1088/1742-6596/1162/1/012043
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CALVISION
R&D consortium dedicated to detector R&D future colliders, emphasis on 
detector to meet physics requirements for next lepton collider.

● Precise measurements of the Higgs boson properties, and
● W and Z bosons physics as critical tests of Standard Model
● and their use in exploration of new physics beyond the SM

● Develop complimentary technologies to typical PFA approaches
● Explore (moderately) high granularity calorimetry with:

● Intrinsic dual readout capabilities
● State of art EM resolution (homogeneous crystal)
● Hadron performance comparable to fiber-based DR

● Bluesky R&D on materials, sensors, readout, techniques
● Collaborate in international efforts on best detector solutions
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A Segmented DRO Crystal ECAL + DRO Fiber HCAL

Concept:

● (Optional) timing layer
● Segmented ECAL
● Thin solenoid
● DREAM/RD52 style HCAL

SCEPCal: 
Segmented 
Crystal 
Electromagnetic 
Precision 
Calorimeter

SCEPCAL++

eg, IDEA concept fiber HCAL

Concept highlights advantages for physics program with precision ECAL 

10.1088/1748-0221/15/11/P11005

https://arxiv.org/abs/2008.00338
https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
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Segmented ECAL
Two layers w/ high density 
(short X0, small RM)
● Fast signal, reasonable 

Ĉ/S ratio, cost effective
● PbWO4, BGO and BSO 

are good candidates

Longitudinal profiles Separation of photons w/ 3o opening angle

SCEPCAL++

10.1088/1748-0221/15/11/P11005

https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
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Segmented ECAL
Two segmentation layers
● Front segment (~6 X0, ~50 mm)
● Rear segment (~16 X0, ~140 mm)
● Longitudinal segmentation useful for the separation of electrons and pions

(can also be included in e/γ/π±, separation methods)

Front to rear energy vs 
transverse distribution

SCEPCAL++

10.1088/1748-0221/15/11/P11005

https://iopscience.iop.org/article/10.1088/1748-0221/15/11/P11005
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SCEPCal +DRO HCAL performance studies
Electron E resolutionNeutral hadron E resolution

Electron energy 
resolution maintained 
at level of best crystal 
calorimeters

SCEPCAL++

Similar sampling term as that of a pure 
DRO HCAL

● DR in EM + hadron sections

Slightly larger constant term:
● intrinsic limitation in system combining 

segments with different e/h ratios 
● material budget from the ECAL services 

and the solenoid

M. Luccini

DRO corrections
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June 2023 Test Beam @Fermilab Datasets

without filter with filter
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