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Key/Many Performance Parameters of ECAL
} Energy Resolution (Stochastic and Constant Terms)
} Position Resolution  (x-y local on front face/COG)
} Granularity (Transverse, Longitudinal)
} Angular Resolution/Vector Direction (pointing)
} Dual-Readout Performance (S/C, ECAL+HCAL)
} e/pi (and gamma/K0L) Separation (delayed EM showering ID)
} Pizero Photon Separation, Brem-Recovery Performance, …
} Timing Resolution (Stochastic and Constant Terms)
} Noise Floor and Pedestal Stability
} Dead Material Effects/Hermiticity
} Dynamic Range and Containment
} Acceptance Resolution (barrel/endcap and endcap/beamline)
} Calibration Performance, Response Stability, Monitoring, …
} Alignment Precision, Mechanic Support Photometry, …
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Fundamentals of ECAL Technologies
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Technology EM energy resolution
(stochastic term) (constant term)

Highly granular Si/W based 15–17% 1%
Dual readout Fibre (ECAL+HCAL) 11% <1%
Hybrid crystal (dual readout) 3% <1%
Highly granular noble liquid based ECAL 8–10% <1%

Measurement of the Z coupling to ⌫e

As described in Ref. [849], the e+e� ! ⌫e⌫̄e� process at the FCC-ee can be used
to improve on the precision measurement of the poorly known coupling of the Z to
a ⌫e, currently known at g⌫e

Z
= 1.06 ± 0.18 [850]. This is possible due to the pres-

ence of the t-channel W exchange in the e+e� ! ⌫e⌫̄e� process interfering with
e+e� ! Z(⌫e⌫̄e)�. This interference slightly deforms the distribution of the missing
mass M⌫⌫̄ (or, equivalently, of the photon energy) in the vicinity of the resonant peak
at M⌫⌫̄ = MZ , increasing (decreasing) the cross-section above (below) the mass peak.
So the measurement is based on measuring the asymmetry As of the photon energy
spectrum in an interval of about ±1 GeV around the peak, using data generated with
the KKMC [811, 851] matrix element MC generator. The photon selection criteria
require a sum of the photon energies to be above 0.10Ebeam, each photon angle with
respect to the incoming beam to be above 15°, and each photon transverse momen-
tum being above 0.02Ebeam. At

p
s = 161GeV, with the expected FCC-ee integrated

luminosity (10 ab�1) and without considering any detector e↵ects, As would be mea-
sured with a statistical uncertainty of 2 ⇥ 10�4, which translates into a 1% statistical
uncertainty on g⌫e

Z
, as shown on the left panel of Fig. 382.

To evaluate the impact of a more realistic detector, the study was redone including
the resolution from a homogeneous calorimeter with an energy resolution of �(E�)

E�
=

0.05p
E�

� 0.002, resulting in a 50% degradation of the sensitivity to 1.4% as shown in

Fig. 382 (right), which remains an excellent result. Should the stochastic term be two
times larger (i.e. 0.1/

p
E which is typical for a sampling calorimeter) the sensitivity

would decrease to be 2.4%. This study brings a clear constraint on the need for a very
good calorimeter energy resolution and knowledge of photon energy calibration, to
keep the uncertainty due to the calorimeter resolution at the percent level as expected
with a perfect detector.

Sensitivity to Lepton Flavor Violation (cLFV): Z ! µe and ⌧ ! µ�

By producing 6⇥1012 Z bosons, FCC-ee enables precise tests of charged lepton flavour
violation (cLFV) processes. This analysis can be performed on both Z boson decays
and on the sizeable set of 2 ⇥ 1011 ⌧ lepton decays. In e+e� collisions, the Z ! µe
process has an extremely clean signature, of a beam-energy electron recoiling back-
to-back against a beam-energy muon. With the expected statistic at the FCC-ee it
has been estimated [444] that there will be an improvement of 2 � 3 orders of mag-
nitude on the current limits of about 10�7 from the LHC [852]. The most dangerous
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High-End of Performance Numbers
} 0.1-0.2mm front-face position resolution
} 3%/sqrt(E) stochastic energy term
} <1% on constant term
} <1 mm precision on IP z-vertex position
} <1 mrad angular pointing (photon 3-momentum)
} <100ps timing on all hits above 1 GeV
} e/pi suppression >104

} Upwards of 100 full sampling readings per EM 
shower for energy, position, angles, time, DR, PID
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Do we need all that?
And what kinds of trade-offs are available?



Leading Physics Drivers and Studies
} Single photon spectra

} Precision Z to ne coupling (~1%), now at 18%
} Stochastic term ~3% best, >5% big impact
} Non-collision EM backgrounds (Cosmics, Beam Halo)

} Precision LFV, Zàeµ, Zàµµàµ“e”(hard Brem in ECAL)
} Hard Brem rejection/angular resolution/vector direction

} Recoil Mass/Radiative Return and tàµg
} Event Missing Energy/Total Momentum ~0

} Decay/Radiative Photons
} Pizeros from Jets, heavy flavor, tau-lepton decay

} Graph theory p0 preclustering, t polarization
} Ptot/Emiss balancing with multi-photons (e+e−àgg(g))
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EM Resolution and Photon Counting
} Improved angular measurements and N! counting

} Recoil photons (~8% of full √s collision rate) 
} New Physics Searches and Neutrino Counting

6
Recoil Mass (GeV)

Ev
en

ts
 / 

4 
G

eV

Data

Nν = 2
Nν = 3
Nν = 4

L3

0

100

200

300

400

0 50 100 150 200

e+e− → νν
_
(γ)

Nν = 4

Nν = 2

e+e− → νν
_
γ(γ)

√s


  (GeV)

σ 
 (n

b)

L3

10
-2

10
-1

1

10

100 120 140 160 180 200

Improved Syst.
(A. Blondel)



Precision QED/Lumi e+e−àgg(g), e+e−àe+e−(g)
} Total Momentum Zero Resolution

} Forward coverage/alignment
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Dual-Readout Calorimetry with 
Homogenous Crystals at FCC-ee

S. Nabili on behalf of 
CalVision Collaboration

❖ Timing layer
❖ SCEPCal: Segmented Crystal

Electromagnetic Precision 
Calorimeter

❖ Thin Solenoid
❖ DREAM/RD52 Style HCAL
❖ Enhance with precision ECAL + 

IDEA concept fiber HCAL

Started to analyse/understand data from April 2024 
DESY test beam with:

v DESY test beam with 2 to 4 (GeV) electron beam: 

GEANT simulation, reference: arXiv:2008.00338

Segmented DRO: Crystal ECAL + Fiber HCAL

Single Crystal DRO: Test Beams 

Outlook & References

Physics Goal at FCC-ee Calorimetry 

❖ Distinguish hadronic decay of W,Z,H with Jet energy 
resolution of ~3% for clean W/Z separation (hard with 
traditional calorimetry with !"#$% >~50%/√E)

❖ Precision reconstruction of exclusive b and tau final 
state to reduce backgrounds

Ø PWO4/BGO/BSO/PbF2 long crystals
Ø Material, angle, and filter scan 
Ø Faster electronics

v FNAL facility with 120 (GeV) proton test beam(s): 
Ø PWO4/BGO short crystals
Ø Material, angle and absorption filter scans
Ø Study: MIP + shower, angular dependence of light 

collection and S,Ĉ components, timing
Ø take Scintillation shape from unfiltered channels
Ø deconvolute with BGO scint function to get Cherenkov

FNAL test beam conclusions: 
• Need larger crystal to improvement tracks with photo-statistics
• Separation Promising for BGO, PWO4 separation is harder since scintillation 

light is faster à needs to use better filters

Challenges of Hadron Calorimeter

J. Phys.: Conf. Ser. 1162 012043

Hadronic jets components:
v EM fraction: relativistic and charged
v Hadronic fraction: slower compared to EM 

fraction; invisible nuclear binding 
v EM to hadronic ratio fluctuates events by events
v Detector response to EM energy deposition differs 

from hadronic energy deposition 

Benefits of using DR in crystal ECAL:
v EM/had ratio can be inferred from ratio of 

Cerenkov to scintillation light 
v To compensate for less hadron energy 

degradation

Nuclear Intr. and Meth. A666(80)

arXiv:1807.03853RevModPhys.90.025002
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❖ Overcome the fluctuations in the number of nuclear breakups by comparing 
scintillator (sensitive to all charge particles) to Cherenkov light (mostly e+e-)

❖ e/h ratio can be inferred from ratio of Cerenkov to scintillation light → proxy to
correct for nuclear (invisible) binding energy

Homogenous DR Crystals

❖ Different crystal types: PWO, BGO, PbF2 + heavy glasses
❖ Scintillation and Cerenkov separation using timing and 

wavelength
❖ Scintillation optical spectrum is narrower than à use filter to 

distinguish C vs S
❖ Cerenkov light propagate faster than scintillation light

Scintillation vs Cerenkov Light

v Crystal transparency where Cerenkov light is most 
intense (near NUV) is poor à using filter beyond 
scintillation spectrum (1 > 550 56)

RevModPhys.90.025002

2020 JINST 15 P11005

BGO 

G. Cummings slides at US FCC Workshop

EPJC (2018) 78:426

v Reduce effect of bremsstrahlung on electron 
energy resolution

v 78 reconstruction and jet matching, e.g. 
photon matching in 6 jet event

References:
• arXiv:2008.00338
• arXiv:1807.03853
• 2020 JINST 15 P11005
• RevModPhys.90.025002
• Nuclear Intr. and Meth. A666(80)

❖ Larger crystal to improve tracks photo-statistics
❖ Faster electronics
❖Wider range of filters

• J. Phys.: Conf. Ser. 1162 012043
• EPJC (2018) 78:426
• G. Cummings presentation at US FCC
• B. Hirosky presentation at CALOR 2024

❖ Focus: understanding photon collection in PbWO4, PbF2, BGO and BSO single crystals
❖ Goals:   Acquire enough sampling statistics for Cerenkov (~60/GeV) and scintillation 

photons (~400/GeV) to attain better resolution

Test Beams Purpose

2020 JINST 15 P11005

MC
2020 JINST 15 P11005 MC

2020 JINST 15 P11005

G. 
Cummings 
slides at US 
FCC

Recoil Analysis – Single Most Important 
Unbiased Sample of Higgs Boson Decays
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} Zàµ+µ- Recoil } Zàe+e- Recoil

Muon Track 
Δp/p ~0.3%

Electron Track 
Δp/p tail ~1-2%

à Up to ~80% of Electron Resolution Recovery with 3%/√E
(Mid-Term) ~22% improvement on Higgs mass from ZH events

where the uncert. on mass mean is comparable to H width

45 GeV Electron
Brem. Rec.

15%/√E

3%/√E



W-LKr p0 Photon Separation
} High granularity 3D cells (1cm x 1cm x 2.6 cm)

} ~5%/sqrt(E) from LKr
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entrance. The granularity is also needed for the correct separation of the photons from
charged pions in the decays. A study has been done comparing the performance of
di↵erent noble liquid calorimeters (LAr and LKr) in ⇡0 events. Both cases, where the
photons from the ⇡0 decays can be reconstructed separately (resolved), or when they
are reconstructed as a single EM object (unresolved), have been considered. It was
observed that the ⇡0 reconstruction e�ciency and the ⇡0 mass resolution improved (see
Fig. 388), with finer granularity in the case of LAr and further choosing LKr, which
has a smaller Molière radius. Figure 389 shows the e�ciency for the reconstruction of
a ⇡0 as a function of its energy.

Fig. 388 Invariant mass of two-cluster ⇡os for di↵erent noble liquid calorimeters configurations

Fig. 389 Probability of a ⇡o identification as a function of its energy for a W+LKr calorimeter with
a granularity of 1⇥ 1⇥ 2.6 cm3
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Resolving Jets and Photon-Jet mis-assignment

} Improved with Graph theory p0 pre-clustering
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3.1 The qqqqqq Channel

The most spectacular events in the h → WW search are the qqqqqq events.
In this channel, the Z and both W’s decay hadronically, so the physical signature
is six jets with many charged tracks and the full collision energy spread around
the detector. One pair of jets should have the Z mass, and another should have an
invariant mass near mW. The last two jets should be fairly low mass and low energy.

The major backgrounds to this search are e+e− →WW→ qqqq, e+e− → ZZ→
qqqq, and e+e− → qq̄(γ) processes. These processes are backgrounds even though
at first glance there should be only two or four jets in the event. Any of the quarks in
these events may radiate one or more hard gluons, which will hadronize into another
jet. This jet will typically have less energy and fewer charged tracks than a primary
quark jet. Gluon jets may easily mimic the two weak jets expected from the W∗

decay. The inner tracking volume of the L3 detector is quite small, so fluctuations
in a single jet can be hard to distinguish from two separate jets. The goal of the
analysis is to remove the events with poorly reconstructed jets or radiated gluons.

At preselection,we required 0.85 < Evis√
s < 1.15 to eliminate two photon pro-

cesses and other low energy background processes. We selected hadronic events by
requiring at least 30 calorimetric clusters and 30 tracks, as well as EBGO > 70 GeV
and EHCAL > 25 GeV. We reduced the contamination from e+e− → qq̄(γ) by re-
quiring the event thrust to be less than 0.9. The thrust variable measures the extent
to which all the particles point along a single direction, as would be the case for
qq̄(γ). Finally, we forced the event to six jets using the Durham algorithm[34] and
required each of the six resulting jets to contain at least one charged track. The
Durham algorithm is a jet-building algorithm which iteratively combines the two
calorimeter clusters with the smallest Y (i, j)≡ 2EiE j

1−cosθi j
s to produce proto-jets.

As the number of proto-jets decreases, the Y value for combining the remaining
proto-jets rises. We required events to have a minimum Y value for combining the
six jets to produce five using the requirement log10Y56 >−4.1.
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Variable Description Trend
Emaxjet6 Energy of the most energetic jet

from the 6 jet fit.
Eminjet6 Energy of the least energetic jet

from the 6 jet fit.

Signal events should have six rea-
sonably equal jets, while many back-
grounds have several high energy jets
and several very low energy gluon
jets.

nminjet6 Minimum number of charge
tracks in any of the jets from the
6 jet fit.

Gluon jets and other “reconstruction“
jets will have fewer charge tracks than
signal jets.

θminjet6 Minimum angle between any
two of the six jets.

Gluon-radiation jets will tend to have
a relatively small angle with respect
to other jets.

logY45 Durham Y value where the fit
changes from four jets to five
jets.

logY56 Durham Y value where the fit
changes from five jets to six
jets.

True six jet events should have larger
values of the Durham cut values.

meq Mass determined by a 5C fit as-
suming four jets and two equal
mass dijets.

WW and ZZ background processes
should havemeq=mW andmeq=mZ
respectively.

χ2WW χ2 of a 5C fit to e+e− →
WW→ qqqq

WW background events should have
a good χ2 for this fit, while signal
events should not fit as well.

m4cZ Mass of the Z candidate from
the 4C fit.

For signal, this should be close to mZ.

m4cW Mass of the W candidate from
the 4C fit.

For signal, this should be close tomW.

αW(∗)W∗ Angle between the decay planes
of the W candidate andW∗ can-
didate.

This angle is likely to be smaller for
gluon jets which fake the W∗.

Table 3.2: Neural network variables for the qqqqqq selection networks.

38 CHAPTER 3. THE SEARCH PROCESS FOR H→ V(∗)V∗

1999 2000
Preselection Selection Preselection Selection

WW background 451.1 119.3 823.3 228.4
ZZ background 34.9 14.7 69.8 29.4
qq̄(γ) background 184.4 18.9 304.5 35.1

Total MC Backgrounda 671.0 153.0 1199.1 293.0
Data 652 155 1234 288

Signal for mh = 110 GeV 1.02 0.94 8.0 7.1
a Includes very small contributions from Zee and eνqq processes.

Table 3.3: Preselection and selection totals for the qqqqqq channel.

3.2 The qqqqlν Channel

In this channel, the Z decays hadronically, while oneW decays hadronically and
the other decays leptonically. The different lepton flavors naturally define three dif-
ferent subchannels: qqqqeν, qqqqµν, and qqqqτν. Further, the difference between
leptons coming from theW(∗) and from theW∗ doubles the number of subchannels.
In one set of signatures, the W(∗) decays hadronically and the W∗ decays leptoni-
cally, which means the lepton energy is small and the neutrino energy is also small,
so the missing energy in the event should be small. In the other set, the W(∗) decays
to lν and the W∗ decays hadronically, leading to a high-energy lepton and a good
deal of missing energy. Since the kinematics of the two cases are quite different, we
considered the qqqqlν channel to have six subchannels. For brevity, we will refer to
events where the lepton is produced from the decay of the W(∗) as (lν) events and
events where the lepton comes from the W∗ as (lν)∗ events.

The major backgrounds to this channel differ somewhat depending on subchan-
nel. The (lν) events have significant amount of missing energy, so e+e− → qqlν is
a major background, where gluon radiation generates the additional two jets. The
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3.3 The ννqqqq Channel

In this channel, the Z decays to neutrinos and the W’s decay hadronically, so
all the visible energy in the event comes from the Higgs. The signature is two
medium-energy jets with the invariant mass of the W, two low-energy jets with a
much smaller invariant mass, and a missing mass of the Z. The total energy in the
event should be twice the beam energy and the vector sum of all momenta in the
event should be zero. Thus the missing mass is

mmissing =
√
(
√
s−Evis)2− p2vis.

In this case, the two neutrinos produced by the Z should have an invariant mass of
mZ.

The most important background to this channel was the e+e− →WW process,
particularly the case where WW→ qq̄′τν. A tau decays hadronically 65% of the
time, leaving an event with two high energy jets from the qq̄′ and one low energy
jet from the tau. The tau decay also involves a neutrino which contributed to the
missing mass. Gluon radiation or jet reconstruction can easily account for a fourth
low energy jet.

Another very important background was the e+e− → qq̄(γγ) process, where the
both the electron and positron emit a photon before annihilating, or one emits two
photons. After emitting the photons, the electron and positron interact at smaller
effective center-of-mass energy (

√
s′). This “double-radiative” process has a sharp

peak for
√
s′ = mZ, where the emission of the photons effectively returns the pro-

cess to the huge Z resonance at 91 GeV visible in Figure 3.1. We reduced this back-
ground by requiring the event thrust to be less than 0.9, the fraction of visible energy
in a 30◦ cone around the beampipe to be less than 60%, and |cosθmissing|< 0.96.

We preselected events with substantial missing energy by requiring 0.4< Evis√
s <

0.7 and chose hadronic events by requiring 20 calorimeter clusters and 10 charged
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Variable Description Trend
Emax4j Energy of the most energetic jet

from a fit to four jets.
Emin4j Energy of the least energetic jet

from a fit to four jets.

Signal events tend to have two
medium-energy and two low-energy
jets, while backgrounds will tend to
have higher Emax values and lower
Emin values.

θmin4j Minimum angle between any
two of the four jets.

Gluon jets tend to be emitted at small
angles relative to the emitting quark
jet.

αW(∗)W∗ Angle between the decay planes
of the W candidate andW∗ can-
didate.

This angle is likely to be smaller for
gluon jets which fake the W∗.

m5cW Mass of the dijet with invarient
mass closest to mWafter the 5C
fit.

For signal events, this mass should be
close to mW.

mrecoil Recoil mass of the event. For signal events, the recoil mass
should be mZ. Background events
will tend to have smaller recoil mass.

logY23 Durham Y value where the fit
changes from two jets to three.

logY34 Durham Y value where the fit
changes from three jets to four.

Events with gluon jets will tend to
have smaller Y values.

Table 3.7: Neural network variables for the ννqqqq selection networks.

https://arxiv.org/pdf/hep-ex/0204029.pdf

https://arxiv.org/pdf/hep-ex/0204029.pdf
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Figure 96: Side view of a single slice of the segmented dual-readout crystal calorimeter inside the IDEA
solenoid (red) and fiber calorimeter (blue and orange towers as in Fig. 1.

Each endcap consists of two truncated cones pointing to the interaction point and divided
in 179 concentric rings along ✓. Each ring is segmented along � to provide an approximate
crystal cross section of 1⇥ 1 cm2 as for the barrel. A slice of the hybrid calorimeter layout
implemented in Geant4 is shown in Figure 96 and some details on the crystal geometries are
visible in Figure 97.

10.2 Signal simulation

The choice of the crystals (LYSO and PWO) is discussed in [11] and represent a robust choice
that relies on mass produced crystals and on the experience from other particle detectors
that exploit similar technology. Nonetheless, other crystals can provide similar or better
performance and should be considered (e.g. BGO, BSO, BaF2, etc.). The studies presented
in the following, in terms of detector performance, however are not much dependent on the
crystal choice as long as crystals with similar radiation length and Molière radius are selected
and similar amount of light can be collected.

In homogeneous calorimeters made of scintillating crystals all the energy deposited by
particles through ionization is converted to a scintillation light signal. In addition, a very
large Cherenkov light signal is also produced given the high index of refraction of the material
(e.g. n = 2.2 for PWO). The optical photons propagate through the crystal and a fraction
of them is detected by the Silicon Photomultipliers. A full ray tracing simulation is not
implemented for the following results but independent dedicated studies were made [11]
to identify an appropriate choice of crystals and SiPMs that yields the desired amount of
photoelectrons per GeV of energy deposited (by considering the crystal light yield LY and the
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Multi-Signal ECAL and e/p± Discrimination
} IDEA DR Hybrid
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Dual-Readout Calorimetry with 
Homogenous Crystals at FCC-ee

S. Nabili on behalf of 
CalVision Collaboration

❖ Timing layer
❖ SCEPCal: Segmented Crystal

Electromagnetic Precision 
Calorimeter

❖ Thin Solenoid
❖ DREAM/RD52 Style HCAL
❖ Enhance with precision ECAL + 

IDEA concept fiber HCAL

Started to analyse/understand data from April 2024 
DESY test beam with:

v DESY test beam with 2 to 4 (GeV) electron beam: 

GEANT simulation, reference: arXiv:2008.00338

Segmented DRO: Crystal ECAL + Fiber HCAL

Single Crystal DRO: Test Beams 

Outlook & References

Physics Goal at FCC-ee Calorimetry 

❖ Distinguish hadronic decay of W,Z,H with Jet energy 
resolution of ~3% for clean W/Z separation (hard with 
traditional calorimetry with !"#$% >~50%/√E)

❖ Precision reconstruction of exclusive b and tau final 
state to reduce backgrounds

Ø PWO4/BGO/BSO/PbF2 long crystals
Ø Material, angle, and filter scan 
Ø Faster electronics

v FNAL facility with 120 (GeV) proton test beam(s): 
Ø PWO4/BGO short crystals
Ø Material, angle and absorption filter scans
Ø Study: MIP + shower, angular dependence of light 

collection and S,Ĉ components, timing
Ø take Scintillation shape from unfiltered channels
Ø deconvolute with BGO scint function to get Cherenkov

FNAL test beam conclusions: 
• Need larger crystal to improvement tracks with photo-statistics
• Separation Promising for BGO, PWO4 separation is harder since scintillation 

light is faster à needs to use better filters

Challenges of Hadron Calorimeter

J. Phys.: Conf. Ser. 1162 012043

Hadronic jets components:
v EM fraction: relativistic and charged
v Hadronic fraction: slower compared to EM 

fraction; invisible nuclear binding 
v EM to hadronic ratio fluctuates events by events
v Detector response to EM energy deposition differs 

from hadronic energy deposition 

Benefits of using DR in crystal ECAL:
v EM/had ratio can be inferred from ratio of 

Cerenkov to scintillation light 
v To compensate for less hadron energy 

degradation

Nuclear Intr. and Meth. A666(80)

arXiv:1807.03853RevModPhys.90.025002
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❖ Overcome the fluctuations in the number of nuclear breakups by comparing 
scintillator (sensitive to all charge particles) to Cherenkov light (mostly e+e-)

❖ e/h ratio can be inferred from ratio of Cerenkov to scintillation light → proxy to
correct for nuclear (invisible) binding energy

Homogenous DR Crystals

❖ Different crystal types: PWO, BGO, PbF2 + heavy glasses
❖ Scintillation and Cerenkov separation using timing and 

wavelength
❖ Scintillation optical spectrum is narrower than à use filter to 

distinguish C vs S
❖ Cerenkov light propagate faster than scintillation light

Scintillation vs Cerenkov Light

v Crystal transparency where Cerenkov light is most 
intense (near NUV) is poor à using filter beyond 
scintillation spectrum (1 > 550 56)

RevModPhys.90.025002

2020 JINST 15 P11005

BGO 

G. Cummings slides at US FCC Workshop

EPJC (2018) 78:426

v Reduce effect of bremsstrahlung on electron 
energy resolution

v 78 reconstruction and jet matching, e.g. 
photon matching in 6 jet event

References:
• arXiv:2008.00338
• arXiv:1807.03853
• 2020 JINST 15 P11005
• RevModPhys.90.025002
• Nuclear Intr. and Meth. A666(80)

❖ Larger crystal to improve tracks photo-statistics
❖ Faster electronics
❖Wider range of filters

• J. Phys.: Conf. Ser. 1162 012043
• EPJC (2018) 78:426
• G. Cummings presentation at US FCC
• B. Hirosky presentation at CALOR 2024

❖ Focus: understanding photon collection in PbWO4, PbF2, BGO and BSO single crystals
❖ Goals:   Acquire enough sampling statistics for Cerenkov (~60/GeV) and scintillation 

photons (~400/GeV) to attain better resolution

Test Beams Purpose

2020 JINST 15 P11005

MC
2020 JINST 15 P11005 MC

2020 JINST 15 P11005

G. 
Cummings 
slides at US 
FCC

Test Beam

Grace Cummings
S/C adds a Single Crystal EM PID



More Physics Studies Needed
} Full Simulation will help tie together trade-offs 

in tracking, timing layers, ECAL EM, and 
ECAL+HCAL Jets/taus

} Photon 3-momentum measurement with precise sub-
mm vertexing and 20-30ps timing resolution will bring 
measurements from EM showers out of the dark – not 
requiring assumptions on IP and signal hypotheses to 
constrain total momentum 

} ALP-sstrahlung processes
} Boosted pseudo-scalars decaying to photons

} Rare events need highly resolved event-by-event 
measurements

} Backgrounds need to be studied for high 
statistics, systematics-limited searches
12



More Emphasis on Full Simulation
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} Key4HEP progressing well

} Integrated full detector studies crucial for understanding 
trade-offs across vertex/tracker/ECAL/ECAL+HCAL/timing 
layers/muon

} Background studies needed to understand how reducing 
assumptions on the photons/electron momentum 
reconstruction and PID information impacts physics program

Wonyong Chung



Outlook
} More Detector-Level Performance Evaluation (w/TB)

} Bootstrap full event sims with limited volume ECAL setups
} Provide full set of detector readings from local EM shower
} Non-collision EM backgrounds (Cosmics, Beam Halo)

} Enable analyses to form new variables and test new PFA
} LLP semi-neutral displaced vertex pointing
} High efficiency tagging and separation of photons

} Big Opportunities in EM Domain
} Photon 3-Momentum/Vector Direction w/Precision Timing
} Dual-Readout/Multi-Signal ECAL
} High Resolution Ptotal w/ Low Energy Single and Multi-Photon
} More Precision Inputs to Improve PFA & PID Performances
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