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Two ECAL designs in CDR
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A priority physics requirement _ Basic Unit
Jet Energy Resolution (JER)

2 symmetric sensitive silicon layers
- glued on a PCB

| - equipped with readout ASICs
ttungsten plate

Both are Particle Flow Oriented e

extremely high granularity in three dimensions
promising to achieve unprecedented
JER ~ 3% - 4% @ 100GeV ~ 30%/~NE
W/Z/Higgs Boson Mass Resolution (BMR) ~ 3.8%

Scintillator-Tungsten Sandwich ECAL

Basic Unit —
2 layers of plastic scintillator strip )

- 2mm thick, 5x45mm? large
- perpendicular to adjacent layer
- attached to SiPM

1 tungsten plate

by Peizhu Lai (NCU)
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Two ECAL designs in CDR

However, for these two ECAL:s:
Challenges: Estimated by Prof. Jianbei Liu

e Extremely high granularity — Report on CaloWs in March, 2019

massive numbers of readout channels/v
~25SM(ECAL) + 65M(DHCAL)

e Power consumption ~ 146kW(ECAL) + 110kW(DHCAL)

e Cooling

e Expensive cost of Si and massive readouts
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4~6
—» Photodetector
\‘Cr'ystal

® Similar to baseline ECAL;
o Finely segmented transverse, Icmx1cm cell;
® Limited number of longitudinal layer.

Geometry 2:

Basic Module I

| Crystal Scinﬂlla&or (eg. BGO, LYSO..)

1x1x40cm?

k\Pho‘rode‘rec‘rors (eg. FPMT, SiPM...)/ )

o Finely segmented longitudinal, 1cm/layer;
® Transverse cell, long crystal bar, 1cm*x40cm;
Cross structure

o crystal bar perpendicular to adjacent layer;
Time measurement for hit positions

e compensating for transverse granularity.




Basic cell:
[ x1x(5~7)cm? crystal bar, single readout

Structure:
4~6 longitudinal layers
PCB . R
- :: Photodetector ngh llgh t.
~* Crystal Hchannels, 6~7 times less

reconstruction is compatible with current PFA

Key question:
l[imited longitudinal granularity
dead material between layers



Dead Material and Layer Number

Model: (Crystal + PCB + Cu) / layer

Crystal, total radiation length = 24X
PCB, 2mm/layer
Cu, represents the dead material between layers (cables, cooling, etc.)

Varying thickness of Cu per layer and longitudinal layer number
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Note: digitization not implemented yet, so energy fluctuations and leakages dominate
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BMR

Higgs Boson Mass Resolution vs Layer Number

Full simulation of Baseline Si-W ECAL Fast simulation
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ECAL Layer

Relative Detector Resolution

10-15 layers can satisty the requirement of 4% BMR (Boson Mass Resolution).
6 layers may be acceptable thanks to the better EM resolution.
< 5 layers may need further optimization of Particle Flow Algorithm.



Anomalous large signals caused by photodetectors

Anomalous large signals: ECAL spikes
Origin: particles deposit energy in photodetectors (APD)

CMS Experiment at LHC, CERN
Data recorded: Mon Dec 14 05:06:49 2009 CEST

Run/Event: 124120/ 9703142
Lumi section: 32
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Fig. 2. CMS event display of a pp collision event, showing an isolated ECAL spike (top-right) simulating a 690 GeV transverse energy deposit.

Also observed in Belle/BESIII CsI(+PIN diode) ECAL, can not be ignored!
How about other photodetectors? such as SiPM, need dedicated study...
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https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900212X00305/1-s2.0-S0168900211019553/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20191116T070016Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTYZVCCRBH2/20191116/us-east-1/s3/aws4_request&X-Amz-Signature=a6ad8e370b5277e9e263004d51ac3cb9ceee823ed95320323336d636c4a474f6&hash=b3558f45fd22cfacc0aa87dab3dca875f3708fd8830e1f01698b0a9e51d723ca&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0168900211019553&tid=spdf-fcd8f575-aadb-496a-8e04-129934daa9f0&sid=2e2d321c4ef9524a821b4ee2edd775f11e3bgxrqa&type=client
https://pdf.sciencedirectassets.com/271580/1-s2.0-S0168900200X00782/1-s2.0-S0168900297005123/main.pdf?X-Amz-Security-Token=&X-Amz-Algorithm=AWS4-HMAC-SHA256&X-Amz-Date=20191116T064838Z&X-Amz-SignedHeaders=host&X-Amz-Expires=300&X-Amz-Credential=ASIAQ3PHCVTY2YR62E2G/20191116/us-east-1/s3/aws4_request&X-Amz-Signature=2475360a03897f9c4810ebdbaa5cc039a79b309b92964523d1460a5b313723f7&hash=2b76fe3141a9cdc216e14e161c65fdf4095b600940bc4771414048e86581439f&host=68042c943591013ac2b2430a89b270f6af2c76d8dfd086a07176afe7c76c2c61&pii=S0168900297005123&tid=spdf-549036ab-0efe-4638-b62d-cadbf4e1bfe7&sid=2e2d321c4ef9524a821b4ee2edd775f11e3bgxrqa&type=client

Geometry 2

Basic Module )

Crystal Scinﬂllaior (eg. BGO, LYSO..)

Basic cell:
[ x1x40cm’ crystal bar, two readouts
Structure:

perpendicular to adjacent layer
Highlight:

NEEEEEEEEEEE Hchannels, ~15 times less
longitudinal granularity guaranteed
using time information for hit positions

1x1x40cm?

\Phofodefecfors (eg FPMT, SiPM.. )/' J

Key question:
separation of nearby showers




Physics requirement of separation

Proportion of cells with multi-particle?
7->qq (2 jets)
0.8 - .
- Super cell: 40cmx40cm L Basic cell: 1cm*x40cm
0.7:.78% 198%
0.6;9 0.8__%\
g 0'5;_ g 0.6_—
D 0.4f 5 L
< - . < -
0.30 Can be solved by time 0.4~
- <~ 0 some extent -
0.2 & i PN
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Number oflparticles in a 40cmx40cm cell Number of particles in a 1cmx40cm cell
z:“"g"': * ;h“:gej’ > Tracker Is the real ambiguity,
qrgec » Merr but not so severe

Neutral + Neutral ~25% —>» Only Calorimeter
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Phys1cs requlrement of separatlon

Guidance from Fast Simulation
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Baseline Si-W ECAL T * 4 for 4~6cm sepamtlon distance

with Icmx1cm cell . ﬁqm cm Qq) — l
Critical separation distance 3.5 > L L """ L i

(Di-photon separation study ! 10 1 02 1 03
by Hang Zhao) Critical separation distance [mm]
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Reconstruction of di-photon event

preliminary reconstruction of 2 parallel 5GeV photons

Distance
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Separation efficiency of 2-3cm photons ~ 75%

0

10 15 20

Time resolution

350 4cm 100ps

—— Mean=-0.74, RMS=0.72

—— Mean=0.51, RMS=0.43

—— Mean=-0.74, RMS=1.00

4cm 200ps

—— Mean=0.52, RMS=0.79
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Reco Pos Z [mm]

Distance (cm) 7 6 5 4
YY 08.40% | 98.60% | 99.10% | 97.70% | 98.60% | 98.70%
Position Matching | 98.20% | 97.40% | 93.10% | 81.20% | 79.90% | 76.60%
Energy Sharing | 98.30% | 98.50% | 99% | 97.60% | 98.50% | 98.60%
All 3 conditions | 98.10% | 97.30% | 93% |81.10% | 79.80% | 76.50%
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Requirement of time resolution: < 100ps
Critical separation distance:

~4cm, only using time

~2-3cm, combine time and energy



Consideration on the choice of crystal

Lowest Total Cost (¥)

Xo (cm) 24Xo (cm) '
BGO 1.12 26.72 1.15 billion
PbWO4 0.89 2071 | 1.09 billion \
Csl (pure) 1.86 4796 | 135biion |

For only ECAL, no much difference.

For the whole detector, CsI may not make sense.
13



Consideration on the choice of crystal

BGO PbWO4 Csl (pure) BaF2 (1Y) CeF3 LYSO
Density (g/cm?) 7.13 8.3 4.51 4.89 6.16 7.4
Radiation Length Xo (cm) 112 0.89 1.86 2.03 1.654 1.14
Moliere Radius Rm (cm) 2.259 1.959-2.19 3.531 3.117 2.398 2.07
Minimum ionization (MeV/cm) 8.918 10.2 5.605 6.374 8.311 i
Refractive Index 21 2.20 1.95 1.49 1.62 1.82
. | fast 60 fast <10 fast 6 fast 0.6(~2) fast 9
4
B ) | slow 300 slow 30 slow 30 | slow 600 slow 30 ;
Light Yield (photons/MeV) 8000-12000 100-150 1700 Sl 4400 30000
! 13000/total

| ‘Cost ~ Radiation Length & cost of cryst‘al#‘

v PbWO4, BGO
?  Csl (pure)

Energy resolution ~ Light Yield

v BGO, CslI (pure)

7?7 PbWO4

Time resolution ~ Decay Time & Light Yield

v PbWO4, Csl (pure)

-

BN
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There’s no perfect crystal,
only suitable crystal to reach
a point of balance!

Need further comparison...




C0n51derat10n on the chmce of crystal

dR
dt

Maximum at Z factory, Vs =91.2 GeV
Gete- ~ 108 b = 10-31 cm?2
L =32x1034 cm-2s-1 (in CDR), ~ 1036 cm-2s-1 (expected)
dR/dt ~32x103s-1 =32 kHz
— 3.125x104 ns/evt = 31.25 ps/evt
<30 us, <10 ps

efe— '/‘Hi

16000 F— Enlriesmeml:;ﬂrBDQg - / : |
C . . ] Mean 307 107 | IR R

wnfl  Intrinsic time spectrum laus 274 100 200 300 400
— @(GEV)
woi- | BGO (slower decay time) Operation /s L per IP Years Total [ L Event
o 3000ns — 3us mode  (GeV) (10**em™?s71) (ab™',21Ps) yields
ol <10us V H 240 3 7 5.6 1 x 106
. H Z 91.2 32 (%) 2 16 7 x 101

L e T e WHW=  158-172 10 | 2.6 2 % 107 (1)

0 500 1000 1500 ggu!.[TJT H“W
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Summary

“Two basic geometrles of Homogeneous Crystal ECAL are dlscussed

Geometry 1
v" Reconstruction is compatible with current PFA
- Trade-off between layer number (EM resolution & #channel & cost)
and PFA performance (Jet energy resolution)
- The choice of photodetector and electronic readout: Dead material
and Spike Signal!
Geometry 2
v Separation problem of multi-particle shower is not so severe
v Better EM resolution offers a margin for 4-6¢cm separation distance
- Need further full simulation of PFA to evaluate

Crystal options
BGO/PbWO4/Csl (pure), need further comparison

16



Backup
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EM Energy Resolution

DAMPE, BGO

X Layer (22 BGO bars)

e

eegans BGO calorimeter

/L3y

Y Layer
—
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Plastic Scintillator Detector BGO Calorimeter
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~ 1, R - -
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-~ \ crystal 704 \E
4 DATA 1983 © | o 0.14F -
15 x DATA 1984 - 1 S=283 +-03 (%) it -
- ® DATA 1985 N=124 (MeV) CC)O 12E e
N } 4‘ o MONTE-CARLO o8l |\ _ C= 0,26 - 0.04 (%) =R 1
- \\\ \ S 0.1 E
= 10 +‘++ + 1983 3 0.6 8 C 7
2 T : : 0.08\- =
3 $ + T Tt :
e 1985 0.4 ——— 0.06 B
05 . T — C ]
0.2 0.04 ]
CMS ECAL 0.02E E
0 1 1 1 i L 0 ‘ C I I |
0 10 20 30 L0 S0 0 50 100 150 200 250 10—1 Lo llll1 Lo |l|1l Lo |11102
E (GeV) E (GeV) EReC(CgeV)

< 2% at 1GeV 2.8%/VE ®© 0.3% 5.86%/VE @ 0.78%

The performance now measured in electron beams
with final prototypes shows that we are below 2%

energy resolution at 1 GeV and near to 5% at 100 MeV. 18



Physics requirement of separation

Analysis at generator level

Physics event:
e 7.— qq (2 jets)

Parameters:
e TPC Magnetic Field, B=3T
e TPC Radius, R=180cm
e TPC Barrel Length, L=470cm
e ECAL Longitudinal Thickness, 24X

Analysis level:
 Number of supercells with multi particles?
* Closest Distance between all final state particles at different depth?

19
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Phys1cs requlrement of separatlon

Guldance from Fast Slmulatlon

Di-photon Separation Study

on Baseline ECAL

The reconstruction efficiency of two parallel 5 GeV photons was
studied. The distance between these two photons ranges from 1mm

to 80mm.
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Reconstruction of di-photon event
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seed crystal
shower core position Combine these two positions to match showers in two

dimensions to get a complete particle shower
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Preliminary estimation

cell size, 10mm ~ 20mm, BMR almost constant
30 layers (BMR=3.9%) -> 6 layers (BMR=4.15%), -6.5%
17%/JE (BMR=3.83%) -> 2%/E (BMR=3.75%), +2%

fragment -50%, 3.83%->3.5%, +8.5%

#channel, ~ 5 times less @ 10mm cell
~ 10 times less @ 20mm cell

-4.5%
BMR=3.971%

+4%
BMR=3.648%

cell size, 10mm ~ 20mm

30 layers (BMR=3.9%) -> 4 layers (BMR=4.4%), -13%
17%/JE (BMR=3.83%) -> 1.7%/,JE (BMR=3.75%), +2%
fragment -50%, 3.83%->3.5%, +8.5%

#channel, ~ 7.5 times less @ 10mm cell
~ 15 times less @ 20mm cell
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-11%
BMR=4.218%

-2.5%
BMR=3.895%




