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Balancing Jets and EM particle resolutions
} For HZ production, all Z recoils matter

} ~70% of Z decay are hadronic
} Particle Flow Principle

} Optimal use of measurement information applied to each 
reconstructed particle
} Charged hadrons (~65%)

measured using track (~0.1%)
} Neutral hadron (~10%)

HCAL (~45%/√E)
} Photons/EM (~25%)

ECAL (~15%/√E)

2
Z →Jets ~ 3.5 - 5.5% (Limited by HCAL & EM)

~4.5%/√E

~3.8%/√E

6.1 Jets 47
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Figure 23: Jet energy composition in observed and simulated events as a function of pT (top
left), h (top right), and number of pileup interactions (bottom). The top panels show the mea-
sured and simulated energy fractions stacked, whereas the bottom panels show the difference
between observed and simulated events. Charged hadrons associated with pileup vertices are
denoted as charged PU hadrons.
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Electron should be done well at e+e- Collider
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} Muons } Electrons

e’s worse than μs w/ CDR reference design
(needs Brem. Recovery, but that has EM res.)
Broadening due to brem~2-4%
*15%/√E à ~0.3-0.6% (compare to 0.1-0.3% for muons)

Reconstructed 
using only track 

information



EM Resolution and Photon Counting
} EM Resolution also improves angular measurements 

and resolves N! counting
} Recoil photons (~8% of full √s collision rate) 

} New Physics Searches and Neutrino Counting
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Three Regimes of EM Resolution
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} For EM showers in a sampling calorimeter, the energy 
resolution is dominated by the sampling fluctuations:
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Imaging Capabilities of High Granularity
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Jan 19, 2018CMS HGCal upgrade Huaqiao Zhang @ HKUST

Position resolution

27

• Intrinsic position resolution is better than 1 mm (smallest cell)

• Two photon position resolution

§ E=80GeV, !=2.4, dR=0.05(30mm)

One event Several thousand events

Jan 19, 2018CMS HGCal upgrade Huaqiao Zhang @ HKUST
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Longitudinal structure of CE-E
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CE-E

Cooling plate

module

motherboard

CO2 (-35 C) Fluctuations driven by 
Low Sampling Fraction(~1/300)

High SF à is like average over many low SF showers



● Timing layer (2 layers):
○ LYSO:Ce crystals
○ SiPMs
○ 3x3x54 mm³ active cell
○ 3x3 mm² SiPMs

(15-25 um)

Segmented Crystal Calorimeter Module
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For all MIPS
1 layer:   30 ps
2 layers: 20 ps + tracking

Front segment with SiPM in front and 
rear segment with SiPM on back 
à Avoids dead material at shower max

● ECAL layer:
○ PbWO crystals
○ front segment 5 cm (~5.4X0)
○ rear segment for core shower 
○ (15 cm ~16.3X0)
○ 10x10x200 mm³ of crystal
○ 5x5 mm² SiPMs (10-15 um)

< 5%/sqrt(E) (+) 1%
~30 ps timing achieved for e/γ pT>40GeV



Electron Energy Resolution
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Electron/p± Discrimination
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Preliminary Exploration of a Crystal Based, 
Fast Timing ECAL Design 

Yuexin Wang 
Institute of High Energy Physics

1. Limited Energy Resolution, especially for Low Energy Photon.  
2. Cost, Power consumption and Cooling.

Intrinsic Time Resolution of Crystal

CDR Baseline ECAL New ideas about ECAL

Event Display

Energy Resolution

Position Resolution

Silicon-Tungsten Sandwich  ECAL 

Scintillator-Tungsten Sandwich ECAL 

Conclusion and Next Step

Sampling, PFA Oriented, 3D Readout

Defects:

Two schemes:
Full Crystal, Fast Timing, 2D Readout

Why a new ECAL?

ECAL Geometry in CEPC CDR

Crystal Scintillator (eg. BGO, LYSO…)

Photodetectors (eg. FPMT, SiPM…)

1x1x40cm³

Basic Module

Photon 
120GeV

24X0

BGO

Analysis at Energy Deposition Level

Position of incident particle is reconstructed by center of energy deposition 
in each layer. Position resolution can reach about 265µm @120GeV.

For a basic ECAL unit with 24X0, energy resolution at energy deposition 
level is about 1.48% @120GeV.  
The maximum energy deposited in a BGO strip (1×1×40cm³) for a 120GeV 
photon is about 5~6GeV. This result can be an input for the saturation and 
design of electronics.

Except for the electronics and photodetectors, some properties of crystal 
itself (see the list below) can contribute to the time resolution. We call it 
Intrinsic Time Resolution.

So far, we have studied the dependence of the intrinsic time resolution of 
crystal on the hitting position of incident particle. The setup and results of 
scan are shown below. 
For a 1×1×40cm³ BGO strip, intrinsic time resolution of single readout is 
in the range of 15~120ps (Fig.1). And the time measured by two PMTs is 
independent (Fig.2). So we can get a combined time resolution below 50ps 
corresponding to 1cm position resolution along crystal strip.

✦ New ECAL geometry with crystal strip can achieve high energy resolution (~1.48% @120GeV) and high position resolution (~265µm @120GeV) for a single 
photon at the level of energy deposition in Monte Carlo Truth. Further simulation with dedicated digitization modeling the electronic responds and inhomogeneity 
noise is needed in the next step. Analysis including more energy points is also necessary. 

✦ More detailed analysis about dependence of the intrinsic time resolution on other parameters of crystal will be conducted. 
✦ Capability of separating two nearby Particle-Showers is vital to a ECAL. We need to do: 

- Analysis of physics requirement of separation (How severe is the overlap for the new geometry in a CEPC event with most abundant final state particles?) 
- Exploration of separation algorithm (How to do the separation?)

ΔE/E~1.48%

Δx~0.263mm Δy~0.2647mm

Max energy in a strip: 
5~6GeV

Model
Factors

• Hitting Position of incident particle 
• Incident angle of incident particle 
• Geometry size of crystal (cross section) 
• Reflectivity of reflectance coating 
• Scintillation properties of crystal 

• Scintillation yield 
• Decay time 
• Absorption length 

• ……

Width 
Amplitude

Intrinsic time spectrum

Fig.1 Fig.2

In order to reduce the number of electronic readout channel, precise 
time measurement is expected.

2 symmetric sensitive silicon layers 
- glued on a PCB
- equipped with readout ASICs

1 tungsten plate 

Basic Unit

2 layers of plastic scintillator strip 
- 2mm thick, 5×45mm² large
- perpendicular to adjacent layer
- attached to SiPM

1 tungsten plate 

Basic Unit

Basic Unit

Small Crystal Geometries for Timing Detectors
} Tiles and Bars (few mm thick w/ area of ~1cm2)

} Single layer ~330,000 channels
} Stereo readout for bars (L/R) ~25ps timing resolution
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Low occupancy timing layer timing for ~1 X0
Transverse orientation w/ stereo readout

by Yuexin Wang
Similar study at IHEP

3x3x50mm3

Option A for CMS MIP Timing Detector TDR

Non-wrapped crystal bar with 2 SiPMs attached at each end

crystal

incoming particles



Crystal + SiPM timing layer (CMS MTD)

Packaged array of 16 LYSO crystals
SiPM array before gluing to crystals end face

crystal

incoming particles

SiPM

Teflon wrapped 
crystal bar with 

2 SiPMs 
attached at each 
crystal end face

Non-wrapped crystal bar with 2 SiPMs attached at each end



Silicon Photomultiplier (SiPM) Cells
} Typical dynamic range customization for SiPM

} More (small) SPADS  to count more photons (50à15μm)
} Bright crystal (LYSO, GAGG) and high photodetection

efficiency (PDE) and light collection efficiency (LCE)
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Hamamatsu MPPC designes

3

Currently:
Large device ~6x6mm2

CMS MTD ~4.5 m2 of SiPMs
(of 3x3mm2)

Segmented Crystal ECAL:
~200 m2 of crystal surface
(3-4 layers)
Which SiPM device?



Energy Resolution and Dynamic Range
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● 5%/sqrt(E) → LO>400 phe/GeV → LO>0.4 phe/MeV
○ at LCE~2.5%, PDE ~ 20% → LY>80 ph/MeV  
○ Ok for PWO (~100 ph/MeV)

● Maximum energy deposit in single crystal for 120 GeV e.m. 
shower ~60%
○ ~ 35000-70000 phe for ~72 GeV (at PDE~20-40% resp.)

● SiPM 5x5 mm² on a 10x10 mm² crystal is sufficient
○ LCE~2.5%
○ if cell size: 15 um → cells / SiPM ~110,000 and PDE up to 40%
○ if cell size: 10 um → cells / SiPM ~250,000 and PDE up to 25%

● Sensitivity for 0.1 GeV particles
○ 40 phe signal
○ Noise from SiPM within 30 ns integration gate negligible 

(DCR<10MHz → noise<1 phe)

ly=light yield of crystal, lce=light collection efficiency, pde= number of photoelectrons per photon, 
phe==number of photoelectrons, 



Further Possibilities for SiPMs with 
High Dynamic Range and Packing Density
} Large pixel count w/ large gain leads to current 

output limitations for large area devices
} Multiple analog outputs per device

} Regional lumped analog sums - split output currents per 
region and sum (1/128, 1/32,1/8,1/2)

} Multi-gain SPADs (5, 15, 50μm) for different cell sizes and 
fill factors – dynamic range built into SPAD layout

} On-chip ADC with regional serializers
} Commercial market for LIDAR advances is growing rapidly 

– many new developments expected
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Conclusions
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● Physics case at e+e- colliders calls for high resolution ECAL
} Z Jet resolution not limited by EM resolution
} Zàe+e- recoil resolution w/ Brem. recovery methods
} Sampling fraction statistics for PFA shower separation
} Photon counting with high fidelity/angular resolution
● Homogenous and segmented crystal calorimeters can provide 

outstanding energy resolution in the energy range 0.1-120 GeV
● Calorimeter design can capitalize the expertise from previous 

HEP detectors (CMS / PANDA ECALs)
● Recent progress in the fields of crystals and SiPMs enables a 

flexible, compact and lower cost solution for a high resolution 
ECAL

● A highly segmented calorimeter in transverse and longitudinal 
direction combined with 20 ps timing capabilities enables novel 
4D algorithms for PFA 
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Additional slides



Comparisons with CMS and PANDA ECALs
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● LY (PWO) ~ 100 ph/MeV
● CMS EE: 

○ QEVPT ~22%, 
○ LCE ~ 9% (1 VPT: size~ 11 mm radius - area: 380 mm²)
○ PbWO, crystal end face size: ~30x30 mm² 

● CMS EB: 
○ QEAPD~75%, 
○ LCE~9% (2xAPDs, size: 5x5 mm²)
○ PbWO crystal size: ~22x22 mm²

● Resolution measured in test beam: ~3-6% stochastic 
+ 0.3-0.6% constant
http://iopscience.iop.org/article/10.1088/1748-0221/2/04/P04004/pdf
https://arxiv.org/pdf/1306.2016.pdf

PANDA ECAL
PWO-II development:
→ factor 4 higher LO at -25°C wrt to +25°C
→ ~20 phe/MeV @PDE=20%
→ <2% stochastic term
https://arxiv.org/pdf/0810.1216.pdf

http://iopscience.iop.org/article/10.1088/1748-0221/2/04/P04004/pdf
https://arxiv.org/pdf/1306.2016.pdf
https://arxiv.org/pdf/0810.1216.pdf

