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— ‘Maximum information’ crystal
calorimetry for e*e” colliders

"] Excellent energy resolution to photons and neutral hadrons
(~3%/VE and ~30%/E respectively)

"] Separate readout of scintillation and Cherenkov light
(for integration with a dual-readout hadron calorimeter)

"] Longitudinal and transverse segmentation
(to provide more handles for particle flow algorithms)

"] Precise time tagging for both MIPs and EM showers
(time resolution better than 30 ps)




More details about this talk in:
https://doi.ora/10.1088/1748-0221/15/11/P11005
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e Optimization of a hybrid segmented R

Asstracr: Crystal calorimeters have a long history of pushing the frontier on high-resolution elec-

ca I (o) ri m ete r conce pt aCh |eV| n g th e h |g h e St tromagnetic (EM) calorimetry for photons and electrons. We explore in this paper major innovations

in collider detector performance that can be achieved with crystal calorimetry when longitudinal

re SOI u t | on fo r both p h Oto ns [~ 3 0/0/\/ E] an d neu tra I segmentation and dual-readout capabilities are combined with a new high EM resolution approach

to Particle Flow in multi-jet events, such as e*e*™ — HZ events in all-hadronic final-states at Higgs
h ad rons [< 30 0/0/\/E] factories. We demonstrate a new technique for pre-processing 7” momenta through combinatoric
di-photon pairing in advance of applying jet algorithms. This procedure significantly reduces a0
photon splitting across jets in multi-jet events. The correct photon-to-jet assignment efficiency
improves by a factor of about 3 when the EM resolution is improved from 15 to 3%/VE. In addi-
tion, the technique of bremsstrahlung photon recovery significantly improves electron momentum
measurements. A high EM resolution calorimeter increases the Z boson recoil mass resolution in
Higgstrahlung events for decays into electron pairs to 80% of that for muon pairs. We present the
[ P ote n t i a I fo r pa rt i c I e i d e n t ifi cat i o n design and opIAimizalion of a highly isegmemed Frystal detector concept tlh:?t achieveﬁ the requiAred
energy resolution of 3% /VE. and a time resolution better than 30 ps providing exceptional particle
identification capabilities. We demonstrate that, contrary to previous detector designs that suffered
from large neutral hadron resolution degradation from one interaction length of crystals in front of
a sampling hadron calorimeter, the implementation of dual-readout on crystals permits to achieve
a resolution better than 30%/VE @ 2% for neutral hadrons. Our studies find that the integration
of crystal calorimetry into future Higgs factory collider detectors can open new perspectives by
yielding the highest level of combined EM and neutral hadron resolution in the PFA paradigm.

future colliders



https://doi.org/10.1088/1748-0221/15/11/P11005

Final States of e*e” Higgs Physics @~246 GeV

 SM Higgs

0 jets: 3%: Z—ll, v (30%); H—O0 jets (~10%, 171, UM, vy, yYZ/WW/ZZ—leptonic)

2 jets: 32% Higgs 4

7 H0 jets. 70%*10% = 7% Slide borrowed from Mangi Ruan
¢ £—qq, A—vjets. o 0= 177

(LCWS 2019, Sendai, Japan)

© Zolhwy H_)Zjets' 30%%70% = 21% Strategy: make all the possible

Z-ll, vw; H—WW/ZZ—semi-leptonic. 3.6% s measurements in each

4 jets: 55% different channel and combine

the resultl

e 7Z—qq, H-2 jets. 70%*70% = 49%
o Z-ll, wy H-WW/ZZ—4 jets. 30%*15% = 4.5%
6 jets: 11%
WW, 2z

. Zqq, H>WW/ZZ—4 jets. 70%*15% = 11% 209

T,

>
>

Z boson
e 97% of the SM Higgsstrahlung signal has jets in the final state Fivel et

o 1/3 has only 2 jets
o  2/3 need color-single identification (grouping the hadronic final state particles into color-singlets)

Jet resolution is a key benchmark for e*e” detectors performance




Traditional impact of

calorimeters on jet resolution

Baseline jet performance depends
on particle composition and the
relevant sub-detector resolutions

Calorimeter resolution on neutral
particles required to achieve

target jet resolution of ~3%

Photons

better than 20%/VE

Neutral hadrons

(mostly KO of <E>~5 GeV) better
than 45%/E

O
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HepSim

HepSim: Z— bb (e*e” @250 GeV)
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Calorimeter resolution to photons

But the role of calorimeters in jet reconstruction spans beyond the direct impact on energy resolution...




Counts

High photon resolution potential for PFA

e Many photons from 1° decay are emitted at a ~20-35° angle wrt to the jet momentum
and can get scrambled across neighboring jets
e Effect particularly pronounced in 4 and 6 jets topologies

HepSim

confusion term from T1° E
photon mis-assignment r —— HZ~> qqqqaq

B clustered m° i _

.: ,4 from jet [~ HZ - bbag

) . 3 ; A R 0 107 iz BBy
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A graph-based algorithm for 1° clustering

e A high EM resolution enables efficient clustering of photons from %s
o Large fraction of T photons correctly clustered with good Oy,
— ~90% for ~3%/(E) vs 50% for ~30%/~(E)
o Large fraction of “fake ”s”’reconstructed with poor Ocy
— ~50% for ~30%/N(E) vs 10% with ~3%/~(E)

HepSim: Z— bb (e*e” @250 GeV)
1

HZ-->bbgqqq

—— 0.03/\E
0.05/\E
—0.1/\E
— 0.15//E
— 03/(E

Peak height
matters!
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Improvements in photon-to-jet correct assignment

Frequency of perfect photon assignment

High e.m. resolution enables photons clustering into s by reducing their angular
spread with respect to the corresponding jet momentum

Improvements in the fraction of photons correctly clustered to a jet sizable only
for e.m. resolutions of ~3%/(E)

HepSim HepSim
1.2 = 12
[ ----- All jets (no n° clustering) HZ->qgqqqqq g I EM res: 0.03 - --- Alljets (no 2° clustering)
= o----- All jets (with = clustering) S 1= - === Alljets (with z° clustering)
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Recovery of Bremsstrahlung photons

Geant4 simulation

. . . .. —0.03F
e Reconstruction of the Higgs boson mass and width from the recoil § [ —xx™-01 45 GeV electrons
mass of the Z boson is a key tool at e*e” colliders @y gosf. — XXM =02
% F XX =03
e Potential to improve the resolution of the recoil mass signal = <[ — x™-04
from Z—ee decays to about 80% of that from Z— uu decays [ TTer
[with Brem photon recovery at EM resolution of 3%/E ] 0,015~
0.01H
Example from —CEPC CDR E Assuming tracker low-p
4 Zéu"’u‘ Recoil » Z>e+te—Recoil 0.005— // resolution of 0.3%
: | | | o000 | | | ] nRRERREE tracker momentum resolution for muons
o CEPC CDR 3 L = CEPCSimulation  CEPC CDR ol Lo ey b b b Ly
O14000f 56ab’, 240 GeV | o —S+BFit 5.6 ab", 240 GeV 0 0.05 0.1 0.15 0.2 0.25 0.3
3 eEIZXW X £ ol e SESDGREX ] Stochastic term of ECAL resolution
; 12000+ a ; Background
5 I Muon Tracok 5 Electron Track
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8000} It ;gf;‘;ts""“‘a‘"’" g I (two tracks)
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https://arxiv.org/abs/1811.10545

The combination of a segmented crystal
high precision EM calorimeter (SCEPCal)
with a dual-readout hadron calorimeter
would be IDEAL to take up the challenge

of precision physics at future e*e” colliders

Barrel Timing Layer

Endcap Timing Layer

Dual-Readout Fiber Calorimeter Endcap Crystals

e Design optimization of a segmented crystal ECAL
e Effective integration with a dual-readout HCAL

e Global cost-performance optimization



Layout overview

Timing layers —— ©,~20ps — “gcEpcal

(0]

(@]

e Transverse and longitudinal segmentations optimized for
particle identification and particle flow algorithms
e Exploiting SiPM readout for contained cost and power budget

4 Dual-readout HCAL\

LYSO:Ce crystals (~1X)

3x3x60 mm? active cell Scintillating fibers

@ =1.05mm
o 3x3 mm? SiPMs (15-20 um) .
Tl Cherenkov fibers
/ @ =1.05mm
ECAL layers — oV /E~ 3%/NE \ k Brass capillary
ID =1.10 mm,
o PWO crystals = OD = 2.00 mm
o Front segment (~6X,) N —
o Rear segment (~16X,) \_ K J L J
o 10x10x200 mm? crystal Solenoid
o 5x5 mm? SiPMs (10-15 um)
Ultra-thin IDEA solenoid
o ~0.7X, ”
HAD |E ~ 279%/
HCAL |ayer — OCE~2T%NE 1
o  Scintillating and quartz fibers 1X, 6X, 16X, 0.7X,
inserted in brass capillaries - : : : s A :
o (similar to prototypes in ' ~1A, ' 0.16)\: 8\, '

A.Karadzhinova-Ferrer slides) 11



https://indico.cern.ch/event/932973/contributions/4062148/

Some crystal options

e PWO: the most compact, the fastest

better for PFA

e BGO/BSO: parameters tunable by adjusting the Si-fraction

e Csl:

the less compact, the slowest, the brightest

T

better stochastic term

Crystal Density A X, Ry Relative LY Decay time Photon density dLYlodT Cost (10 m3) Cost*X,
g/cm? cm cm cm @RT ns (LY / z;) ph/ns (% /°C) Est. $/cm?® Est. $/cm?
PWO 8.3 20.9 0.89 2.00 1 10 0.10 -2.5 8 7.1
BGO 71 22.7 1.12 2.23 70 300 0.23 -0.9 7 7.8
BSO 6.8 23.4 1.15 2.33 14 100 0.14 6.8 7.8
Csl 45 39.3 1.86 3.57 550 1220 0.45 +0.4 43 8.0

Working with the Crystal Clear Collaboration at CERN to evaluate crystal candidates for DRO

o
B
£ 45 GeV electrons PWO
X, =03 R, =2.00cm
ECAL length: 24 X, X, =0.89 cm

Module width: 10 cm

Csl
R, =357 cm

Fraction of enorgy deposit por channel in E1

Fraction of energy deposit per channel in E2

Fraction of energy deposit per channel
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50— -
L
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L L s L L
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Cherenkov detection in PWO and BGO

[

[ ]
3
S,
>
=
@
C
9]
o
£
o
=
©
9]
o

Sensitivity in both the UV and infrared region with Silicon Photomultipliers

Different approaches being explored for a cost-contained ECAL with DRO capabilities:
Detect Cherenkov photons in either the UV (BGO) or infrared region (PWO)
Ongoing laboratory measurement at CERN Lab27 to validate simulation (Crystal Clear RD18)

(@)

(@)

PWO

0.8

0.6

0.4

| 70 B LA NN B

——— Scintillation

—— Cherenkov

- -- - Transmittance (2 cm)
—— Transmittance (20 cm)
- -~ - FBKNUV-HD SiPM PDE
- -- - FBK RGB SiPM PDE

infra-red
optimized SiPM

0.2(—1, .
[ 4 UV optimized Rl T e
i, SPM N e e
oo 400 500 600 700 800 900

Wavelength [nm]

Cherenkov photons
above scintillation peak
are much less affected
by self-absorption

Relative intensity [a.u.]

0.6fF

08f

04f

0.2F

BGO/BSO

| —— Scintillation

Cherenkov

Transmittance
Hamamatsu SiPM PDE

1 L1 |
400 500

L
600

700‘ = ‘8(;0‘ = ‘900
Wavelength [nm]

BGO/BSO have larger
stokes shift, i.e. a wider
range of transparency
for ‘UV CherenkoVv’
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Energy resolution for EM particles

e Contributions to energy resolution:

Geant4 simulation

o  Shower fluctuations < 10°F _
m Longitudinal leakage :T Eo = lo?é)jge;gg;s‘;g';no . PWO
m  Tracker material budget ~ % Photostatistics
m  Services for front layers readout W [ --#-- Shower fluctuations
oy G 10k -4 -- Noise
o Photostatistics o TEE
m [unable parameter depending on: o
=
e  SiPM choice [ TN
. B ‘\~‘~
e Crystal choice
o Noise E ;
m Negligible with SiPMs - . \""*:5:::_,_:_:_:____A
S LIS
e High gain devices (~10°) Y Ty
e Small dark count rate within signal R
|ntegrat|on t|meW|ndOW 10—1 | ik 1 Ll T N \|||2
1 10 10

Electron energy [GeV] 14



Energy resolution for neutral hadrons

DRO correction for the energy

1. Correct the energy deposit in the HCAL with DRO _ . depositin the SCEPCal
2. Correct the energy deposit in the SCEPCal with DRO e

HCAL
- Edep,cor
5

2 before
L correction

3. Calibrated sum of SCEPCal+HCAL N
uOJO 0.6
Lu 0.4j
\LIJ —®——  Pure HCAL (S-based DRO): 0.25 NE @ 0.010 o2k
o 1k , :
F ———&—— HCAL+ECAL (only HCAL dro): 0.42 /VE ® 0.025 o T b 64 05 06 07 08 08
r : C/SECAL
: HCAL+ECAL (dro corr): 0.27 /VE @ 0.021 .
I Good stochastic term
_ recovered with crystal 3L - R
dual readout! W
107" = £ T
: o
‘| «<— adding raw SCEPCal energy % °°o
adding DRO corr SCEPCal o4
<— pure HCAL 02 £ :
1072 1 1 1 II| 1 1 [ 1 1 1 II‘ 1 1 ”H’- IIIIIIIIIII -‘-IEHIHr IIIIIIIIIIII |‘
10 102 O 0.1 02 03 04 05 0.6 07 08 09

C/SECAL

Beam energy [GeV]



Stochastic term

Calorimeter cost/performance optimization

0.5

0.45

0.4

0.35

0.3

0.25

0.2

Brass tube outer diameter (OD) can be increased to 3/3.5 mm
with marginal impact on the hadron resolution

Relative channel reduction and cost decrease approximately
with ~1/0OD?

- 0.05

F —e— electrons (w/o SCEPCal) % F —e— electrons (w/o SCEPCal)

£~ —e— kaons (w/o SCEPCal) = 0.045— —e— kaons (w/o SCEPCal)

E —e— electrons (w/ SCEPCal) % 004i —e— electrons (w/ SCEPCal)

£ —e— kaons (w/ SCEPCal) b " E —e— kaons (w/ SCEPCal)

: . 5 0%

- ®) =

- = 0.03F

e g e

e /‘r 0.025} {,\6/’/ / ?

= / 0.02F

f ./ 0.015f /

= 001z T

- 0.005F “} . %

E L b e e e e e L obr L A S S RS
1.5 2 2.5 3 3.5 1.5 2 25 3 3.5

Brass tube outer diameter [mm] Brass tube outer diameter [mm]

Brass capillaries
“Nominal” dimension
OD=2 mm, ID=1.1 mm

S

Active fiber diameter unchanged
Brass tube outer diameter varied

1.5 mm 3.5 mm
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Ongoing integration in 41T Geant4 IDEA simulation

e Full simulation in 41 geometry ongoing for Many thanks to Lorenzo Pezzotti!
further optimization of the overall detector

concept

W Ty

<—— timing layers

front barrel rear barrel
crystal segment crystal segment

front endcap
crystal segment

B SR,
| I Y 0 O A




Particle ID with time-of-flight

Crystals can provide excellent
timing capabilities for particle
identification:

o Time tagging of MIPs with ~30 ps

time resolution with single layer
m See MTD in CMS Phase 2 upgrade

o Time resolution of ~30 ps to e.m.
showers with E >20 GeV

with the ECAL (rear) segment(s)
m See Phase 2 CMS ECAL Upgrade

1/

Time resolution to single muons with
LYSO crystals: o, ~ 10 ps
https://doi.org/10.1016/j.nima.2016.05.030

+ amp. walk corrected

At =time, , —time . (ns)

CMS Phase-2 PbPb (5.5 TeV)
T T T \_;/"J T T T T ‘ T T T T ‘ T T T T l T T T T
Simulation [ 1°°
F Hydjet -
o <15
22 102

MTD Barrel
30 ps time
resolution

10
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https://cds.cern.ch/record/2667167/files/CMS-TDR-020.pdf
https://cds.cern.ch/record/2283187/files/CMS-TDR-015.pdf
https://doi.org/10.1016/j.nima.2016.05.030

Particle ID with crystal segmentation

e Topology of longitudinal/transverse energy deposits in crystals provides a clear
e*"lr*"- discrimination—better than 99% electron efficiency at 99% pion rejection
(with simple cuts)

e Large potential for improvement with the addition of dual-readout information

and use of more sophisticated pattern recognition algorithm

Longitudinal segmentation

Geant4 simulation

-
<
9]
w
§8 1
W] E
S~
-
<
o
= u
58
»T-_u‘o10_1§—
e :10 GeV
10_2:+e':45GeV
F—+e:120 GeV
[+ :10 GeV
L+ : 45 GeV
- ——m 120 GeV
107 102 107" 1
dep/Ebeam

102

Transverse segmentation

Geant4 simulation

110 GeV
F—— e :45GeV
E 4 e:120 GeV
:+n‘:1OGeV
L —+— n : 45 GeV
[ —— a 120 GeV

m_a_

25

rear

=

front

E

dep,ECAL

dep,ECAL

2|
10 ol
e
L+
F—+—7
B 13

107°

Dual-readout

e

" 99% electron
-1 efficiency @
E 99.4% T rejectio

E pions rejected from additional C/S cut
I with respect to FR and R25 cuts

N

10 GeV )
145 GeV
1120 GeV
110 GeV
145 GeV
1120 GeV
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e Exploit the 5 calorimeter longitudinal layers:
o For each layer the transverse segmentation
combined with the additional information
(e.g. dual readout and timing)
can be treated as a colored image
o Extract features from each image with
convolutional filters
o Combine features to identify particle patterns
to achieve particle discrimination
e Preliminary results: longitudinal segmentation

in the crystal EM section substantially
reduces pion mis-identification rate

True positive rate

0.999

0.998

0.997

e’/ - discrimination with ECAL only
ROC curves

- two-layer segmentation

/ - no longitudinal segmentation

107 1
Fake positive rate




Summary

Highlights of a segmented crystal calorimeter with dual readout

o Excellent DRO hadron calorimetry better than ~30%/+E is maintained with a
segmented crystal EM calorimeter in front of the thin solenoid in the IDEA detector

o Addition of ~3%/VE EM resolution for photons and brem recovery for electrons
Efficient pre-clustering of pizero photons, improves the correct photon-to-jet assignment
especially in 4 and 6 jets event topologies

Combination of a DRO ECAL with a DRO HCAL allows for a global optimization of
each calorimeter compartment in terms of channel count, readout and cost

Exploit timing capabilities, segmentation and dual readout to maximize the information
extracted from the segmented crystals as a linchpin to provide stronger criteria in
matching to the tracking and hadron calorimeter measurements

21



Additional slides
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More on 411 geometry integration
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Integration in 411 Geant4 IDEA simulation
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More on cost/performance optimization
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Cost-power drivers and optimization ... .. . .

SiPMs
89%

e Channel count in SCEPCal is limited to ~2.5M
o 625k channels/layer (2 “timing layers” + “ECAL layers”)

Crystals
81,0%

e Costdriversin ECAL layers (tot ~95ME€):
o ~81% crystals, 9% SiPMs, 10%
(electronics+cooling+mechanics)
o ~19% of cost scales with channel count

total ECAL cost
- - - channel cost

Cost [KEUR]

-
o
)

I

e Power budget driven by electronics: ~74 kW S
) 185 kW/layer —l—crystz\alvolumeco;t\\i \ \\\

L. —— 1 long. segment
—— 2long. segments
—+— 3long. segments "~

| —+— 4long. segments

e Room for fine tuning of the segmentation and of the 1O Siog segmems
detector performance/cost optimization (see backup) T

1
Crystal transverse width [cm]

v
Reference design: 28
1 cm?, 2 segments
cost ~ 95M€



Detector cost drivers

PY Crystal Optlons CMS ECAL PWO crystals
o LYSO:Ce for timing layer (optimal choice for the CMS MTD)
o PWO (very compact - CMS and PANDA ECALs preferred choice)
o Many other crystals on the market may allow further optimization

e Crystal costs used as reference

o Quotes from crystal vendors

m PWO: ~7€ /cc (for 10 m?, cut and polished)
m LYSO: ~30€ /cc (for cut, polished and wrapped elements)

e SiPMs

o Recent estimates from CMS Upgrade experience:
m  ~6€/SiPM (9x9 mm? active area)
m can embed a LED for monitoring: additional ~1€/channel

o Cost constantly dropping and technology improving in the last decade
m can aim at a factor ~2-4 reduction in the next decade




Cost and power breakdowns for SCEPCal

T1+T2 (TIMING) E1+E2 (ECAL)

Area barrel 53 53
Area endcap 19 19
Total area (barrel+endcaps) 72 m? 72 m? T1+T2 E1+E2

(TIMING) (ECAL)
# Channels barrel 977k 859k

# of readout ~1.3M ~1.2M

# Channels endcaps 344k 374k channels
Total # of channels (barrel + endcaps) 1.3 M 1.2 M SiPMs (kW) 2.7 2.5
Crystal cost 10 M€ 78 M€ Electronics (kW) 34.3 33.5
SiPM cost (+monitoring for ECAL only) 8 M€ 8.5 M€ Sub-total (kW) 38 36
Electronics cost 5 M€ 4.5 M€ Total (kW) ~74 kW
Cooling+power+mechanics cost 5 M€ 5 M€
Sub-total cost (barrel+endcaps) 28 M€ 96 M€

Total cost (barrel+endcaps) ~124 M€



PWO - electrons (TRK 0.1 XO)

—e— Crystal length = 14.6 X0
—ae— Crystal length = 16.9 X0

®— Crystal length = 20.2 X0

o Crystal length = 21.3 X0

§ Crystal length = 22.5 X0
10 Crystal length = 23.6 X0
C @ Crystal length = 24.7 X0

Optimization of crystal volume g o i

e Crystal pointing geometry
—reduce by ~20% crystal volume and channel count

e

.......

| % 1EB) Beam energy [GeV]

~ =

—

6./E @ 1 GeV (shower fluct. only)
N 6/E @ 45 GeV (shower fluct. only)

_(EVE [%]

e Optimizing crystal length vs energy resolution
o with 20 X0 contribution to constant term from shower

leakage comparable to intercalibration precision: O(1%) 25 e \\
o no substantial impact on stochastic component 2k N
(negligible wrt photo-statistics term of ~4-5%) e N

Total crystal length [XO0]



Fraction of energy deposit per channel in E1 Fraction of energy deposit per channel in E2

o
4O

o

S

Transverse segmentation
(V|Sua| ImpaCt cell size: 2x2 cm?

S
(S -SSRV I =

o

1
x [cm]
1

e e o 9O
L3SV O = N 7= Je

o

cell size: 1x1 cm?

x [cm]

o
- S

y [em]
>

=)

h =
O N Do

cell size: 0.5x0.5 cm?

=]

9
x [em] x[em]



Optimization of segmentation

: . T
e Segmentation optimized for performance/cost: 2 S
X e "
o Transverse segmentation: P
o}
O
10 e

— 1cm ~R,, /2 (half Moliere radius)

o Longitudinal segmentation: 2 segments
—particle ID with no dead material at shower max
—simple for readout and services (front and rear) _I:rly:;é{vsggnr:een?o;t\

—— 2 long. segments
—— 3long. segments "~ :
| —+— 4long. segments S

e Impact of ch. count on overall detector cost <20% 19" slong.sogmenis
L —— 6 long. segments
for baseline segmentation choice .

e Total cost ~ 95 M€

3§ \ - - - channel cost
N P it iy o =

.

1
C;rystal transverse width [cm]

v
Reference design:
1 cm?, 2 segments
cost ~ 95M€
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More on dual-readout implementation

34



Implementing dual readout in crystals

e First test of combination of a DRO crystal ECAL with DREAM HCAL back in 2009 with
BGO modules (N.Ackurin et al., NIM A 610 (2009) 488-501)

e Total signal
4 § signal
48%/\/E + 1% * C signal
= 0.10
2 Limited by poor ECAL
3 EM energy resolution
= D
£
¥ 005 ~3x3x24 cm? tapered crystals
§ " :
3 from L3 readout with PMT
without optical contact
\ Beam c
0 1 1 L '
0.25 0.20 Oi15 0.10 0.05 0
~— IWE DCl1 DC2

Fig. 8. The energy resolution of the BGO ECAL as a function of energy, for electrons
with energies ranging from 20 to 200 GeV. The relative width of the distribution,

ITC

T N. Akchurin et al. / Nuclear Instruments and Methods in Physics Research A 610

177 =t

o/mean, is plotted versus the beam energy, separately for the scintillation and
Cherenkov components of the signals, and for the total signal, integrated over the
first 115 ns. See text for details.

Affected by leakage fluctuations

™ Leakage counter

Average Cerenkov signal (GeV)

Successful demonstration that DRO principles also apply to a
hybrid calorimeter system (despite many experimental limitations!)

w fg T T v
150 f /s +
f” 4 o=t
7 I
E
/ s
100 k /
so b4
—=— R=02I%0.79fom
------- Stand-alone fiber module
—— BGO -+ fiber module
0 L L L L L
0 02 04 0.6 0.8 1.0

Electromagnetic shower fraction, fq,



https://reader.elsevier.com/reader/sd/pii/S0168900209016039?token=6EF6420FA983BF7BF51E463BDE9E46A4755AB57D2DC6A53554BF0F379AE2EF208D1FF99BAE855D42F14859F9D39B7019

DRO in the rear SCEPCal segment only

e Majority of the energy deposit from hadron is in the rear ECAL section

e Dual readout can be implemented in the rear section only
o No degradation in performance wrt a full (front+rear) DRO ECAL
o +50% in channel count wrt to non-DRO ECAL can be mitigated by decreasing granularity in

the rear compartment where shower radius is larger

2 1=
g F —5GeV
doubling SiPMs for DRO 3 — :Zgg
only in the rear section i most of the events with 722 23
’—— <10% of kaon (ECAL) 120 GeV
\1‘ ol energy in the front layer __ 50, gev
C i—o—
——
—
; =
' St
] —==tt—
! ‘ — —t
P02 ;E T
' - kaons %t
S I I

[ FNEEE FEEEE REEEE N SRS NS R R
0 01 02 03 04 05 06 07 0. 0.9 1
ECAL, front ECAL, rear
Edep /Edep

—®——  Pure HCAL (S-based DRO): 0.25 NE & 0.010

F ——&—— HCAL+ECAL (only HCAL dro): 0.42//E ® 0.025

HCAL+ECAL (only rear ECAL dro): 0.28 NE @ 0.020
HCAL+ECAL (dro corr): 0.27 NE @ 0.021

=N s —

\- ~a Sy

kaons %t

L L L |
10 10°
Beam energy [GeV]
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Photo-statistic requirements for S and C Smearing according

/ to Poisson statistics

Combined ECAL + HCAL resolution to neutral kaons Combined ECAL + HCAL resolution to neutral kaons
. . w w
e Poor S directly impact the ECAL 5/ < :
] ] L Performancg with no DRO
resolution stochastic term AT || omedeninteRon
107" 107" = S X ¥
(even without DRO):
C=1
o S >400 phe/GeV to limit the &4
—+C=6
contribution to HCAL stoch. term S0 S8l
below 20% - ' L | 2o
: gu:; :CAL | I gur_é :CAL i
102 Ll L L L L L 102L T T R R A | L
10 10? 10 107
° A I|m|ted reSOIUtion tO C Beam energy [GeV] Beam energy [GeV]
(photostatistics) impacts the C/S £ o eowaon| £ F e o (EOAL e HOAL
and thus the preCiSion Of the 'é 0'6: -~ Contribution from ECAL | E ?\ - ==~ Contribution from ECAL |
. N . BN |
event-by-event DRO correction o \\ : T g emse vm—
s L . !S> 400 phe/GeV E N \‘\ 1C > 60 phe/GeV
o C>60 phe/GeV to limit the - A M | B s e,
. ) g r K | % 0.25F - )
contribution to HCAL stoch. term 3 *% R e I - i ’
below 20% D oof poaisa| 10 ' SCEPCal
: SCEPCa 0'15_ : baseline ]
o I W e TR baseline . ...| oqll i g ) PR
10 102 10° 10* 1 10 10

S photons / GeV C photons / GeV 37



SCEPCal key features for DRO optimization

e High granularity increases light collection efficiency (both C and S)

o 1 cm? cross section compared to ~ 3 cm? in L3/CMS and crystal length reduced by ~2x
e SiPM active area can be tuned to achieve target resolution (stoch. term)

o Light collection efficiency increasing linearly with SiPM area
e SiPM with smaller dynamic range but high PDE can be selected for C-detection

Geant4 simulation

w o2
O Rear crystal length: 30 mm
2 o018 Rear crystal length: 50 mm
c ’ Rear crystal length: 100 mm
o Rear crystal length: 150 mm
= 0.16 Rear crystal length: 200 mm
° Rear crystal length: 250 mm
= 0.14
= E1 (6X,) i E2 (16X,) +
(6] L) 1
2 0.12 f ﬂ )
8 01 SCEPCal front cr;;lstals T
o

X2.7 €---ocevnnnnt . -0.08F .., SCEPCal rear crystals

0.06 :
X1.7 €---oovi D
0.04—
e " T
F | ‘ CMS ECAL crystals ~ 230 mm
00 50 100 150 200 250 300

Crystal depth [mm]

Photostatistic term (@ 1 GeV) [%]

10

— PDE=20%

— PDE=40%
—— PDE=50%

...182

SiPM area [mm®]

Photo-statistics term for S can
be tuned by increasing the SiPM
active area down to <2%
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Technological advancements (SiPMs)

e Many technological advancements in the field of photodetectors
e Compact and robust SiPMs with small cell size and fast recharge time (~4 ns)
extending the dynamic range and enhancing sensitivity in a wide range of wavelengths

45

=3¢ . % .. Hamamatsu B
RGB‘HD SlPM teChnOIOgy S 3; 15 um cell size 2019 version
Al C
< E
FBK 1 ® 305— -
SiPM Cell, top view 0.9 § a5f- 2018 version
0.8 =
0.7 =
5 0.6 50-75 um cell size ;
805 L+ tschifolog High sensitivity: 3
| E o4 =7um) PDE up to 75% E
Cell size 03 - e
0.2
Std. SiPM | RGE- h e
b 4 forsmall celj size!

0 10 20 30 40 50 60 70
15 pm Cell size (um)

62 %

CS

~4500 cells/mm? 39
PDE up to 50%

FF



Validation of Geant4 ray-tracing simulation

— — T
«  Emission scintillation light a

e Geant4 simulation for ray-tracing of Cherenkov photons validated e

e Reproducing experimental results from test beam

Filter transmission

F. Bedeschi, G. Gaudio, et al. https://www.sciencedirect.com/science/article/pii/S0168900212014520 = 0250 b
. P, S
Geometry and material description in the paper T 020 e = - §:ul,/[.\ sion (‘-41,.(‘/,;:%/./
X . . . elf absorption
» 7 crystals with dimensions of 30 x 30 x 200 mm?3 3 e ? !
. Lo . .. § 015
» All crystals were individually wrapped in aluminized mylar. g
» Hamamatsu R8900-100 tubes 5 %10
» Both the upstream and downstream end faces of the matrix were covered g 005
with a large optical transmission filter (U330 or UGS5) 2 2
2 e 0 e const of sven s win omenins o > Silicone cookies were used to reduce the light trapping effect PMT 300 350 400 450 500
e matn i the contat vaa. Al Custls were indiduly wispped 25 % 25 X 5 mm3 Wavelength (nm)

aluminized mylar. Both the upstream and downstream end faces were covered
with flces. See text for detail. PMT1 PMT2 PR

MC to data comparison: simulation predicting
~40% more Cherenkov photons (fine tuning ongoing)

\ Detected photons Number in paper
Silicone gap \ PMT window (50 GeV e-) (50 GeV e-)

refrac_idx 1.403 refrac_idx 1.525 e Upstream e —
25x25x0.1mm3  25x 25 x 0.8 mm3
No filter /No filter 9950 14860
. ’ - No filter/U330 9146 781
» Crystal wrapped with aluminum sheet of 0.985 reflectivity o e
» 0.1 mm silicone gap between crystal and PMT Borosilicate glass window s e L7
» Interface between gap and PMT window is set as the filter U330/U330 517 774 650
M > PMT surface is set 4§ s¢hsitfvd ™ . U330/UGS 513 1246 1250



Ray-tracing in the SCEPCal

e Study impact of various parameters on light

collection efficiency for both S and C:
o LCE grows linearly with SiPM active area
o LCE grows with shorter crystals

Rear segment

Front segment 2 SiPMs

Light Collection Efficiency

Light Collection Efficiency

Light collection efficiency for rear SCEPCal crystal

0.1
0.00F- —— SiPM1mm
0085 —— SiPM2mm
TE —— SiPM3mm
0.07H —— SiPM4mm ‘f
0.061 —— SiPM5mm J
0.05F ‘
o.o4ﬁ )
= T
003EL e o
0.02F PP M
gl Scintillation
0015 photons (S)
%0 80 100 120 140
—— SiPM1mm
- —— siPM2mm Y. Lai
101 = — SiPM3mm
F —— SiPM4mm
L —— siPMsmm

[ e

Cherenkov
photons (C)
{..‘\.lewauummﬂwﬂwl...
140 160

60 80 100 120 180 200 220
z (mm)

SiPM
side
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Event

Fraction of S and C photons detected with dual SiPM

- )3 = | mpy— » RGB and UV SiPM are used to detect Cherenkov and scintillation
il —omesm | photons

= — OB ST » All the photons detected by UV SiPM are considered as S

s —— Smeaswement |~ The 550nm filter is added to RGB SiPM, so only photons with
10 ‘J # © meastrement wavelength > 550nm could be detected. In this region, C is dominant

- » The left plot shows spectrum of S and C when they are produced,
) arrived at the end and collected by SiPM

» The number of photons at different stages are shown in the table
below, but it is a rough estimate, as the scintillation spectrum we are
using is clearly rough up when wavelengths > 550nm.

10

j i Table 2. Photon yield for both Cherenkov and scintillation light in response to a 45 GeV electron shower in
T 0. S S

| I | 1
200 300 400 500 600 700 800 900 1000 1100 120 the rear SCEPCal segment assuming a PbWOy crystal and the SiPM spectral sensitivity shown in Figure 24
wavelength (nm)

plaspg s s |aplugll Faph

(left).
Scintillation fs Cherenkov fe
[photons/GeV ] [%e] [photons/GeV] | [%c]
Generated 200000 100 56000 100
Collected 10000 5.0 2130 3.8
Detected by NUV SiPM #1 (1 < 550 nm) 2000 1.0 140 0.25
Detected by RGB SiPM #2 (1 > 550 nm) < 20 < 0.01 160 0.3
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Increase of C/S ratio in irradiated PWO crystals

e An example of high wavelength Cherenkov detection
o Radiation damage in PWO crystals filtering out the scintillation and enhancing the
relative contribution of C photon (with lambda>500 nm) to the signal

o Pulse shapes also get faster

-
o
o

;5 PbWO non irr transmission g ; i
o= PbWO transmissionp__ = 14 m! 5 ’
c — in —e— Total Light Output
5 9 PbWO cherenkov spectrum < Rl
2 gOE — PbWO scintillation emission F= —=— Scintillation fraction
£ QE bialkali photocatode = 107 . 5
‘é’ 70 R e Toe s et \\ —*— Cherenkov fraction
s Y
= ¥
= £
60 A %
50 | i 102
40 [ f + \
30 T\>§ \\ Extremely harsh hadron damage after o
20 / ; 24 full HL-LHC running in CMS ECAL o
10f- N l
‘/U;uu/uuuu‘m'“rw sl 104 |
300 350 400 450 500 550 600 650 700 0 20 40 60 80 100
Wavelength (nm) B, [m']

Figure 4.5: Left: wavelength dependence of Cherenkov and scintillation light compared with
the transmission of hadron damaged crystals and the quantum efficiency (QE) of the photode-
tector. Right: contribution of scintillation and Cherenkov signal to the total light output at
different 1ing.

—

o
@

Normalized Amplitude

o
~

—— non-irradiated crystal

02—

10 20 30 40
Time (ns)

From “Evolution of the CMS ECAL Performance and R&D Studies for Calorimetry Options at High Luminosity LHC”, M.Lucchini
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https://cds.cern.ch/record/1975537/files/CERN-THESIS-2014-197.pdf

Dedicated C-sensitive elements (option) o B,

radiator
rear segment /

e A ‘honeycomb’ structure for the rear crystal section
o Pure Cherenkov radiators nested with scintillating crystals
o Cand S elements individually readout with SiPMs
o Size of C-element can be optimized to achieve good C “sampling”

e Front SCEPCal segment unchanged:
o  Pure S-crystal with 1 cm? — no projective cracks front segment

e Reduce transverse segmentation in the rear segment by using - PWO

octagonal (~1 cm side) crystals
o Shower radius is larger in the rear section (less segmentation needed)
o Total SCEPCal channel count reduced by ~25%

4 cm 44



C-only DRO optimization (work in progress)

e Design under optimization
o Tuning granularity and dimensions of C sensitive material
o  Choice of C-radiator (e.g. quartz vs undoped crystal)

cm? granularity

e Optimize C-sampling fraction vs resolution to EM
particles

ECAL+ HCAL

Energy deposits in active elements (except ECAL C-radiator) E, [

front ECAL layer rear ECAL layer

Rear side
DRO Honeycomb

10 mm-side S octagons
7 mm side C bars
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Crystal based Spaghetti Calorimeters

e Technology wise, a lot of progress in high granularity crystal calorimeters

o New materials and new production processes
o Undoped LUAG crystals as excellent cherenkov radiators
o Crystal based SPACAL being studied for LHCb HL-LHC upgrade

LusAlsO:, Undoped:

p =6.73 g/cm? Cherenkov radiatior

X, =141 cm Cerium-doped: The Phase Il upgrade of the LHCb calorimeter
A =23.3cm Good scintillator systam { s

Refractive index, n = 1.86

A | :
N }
A

‘..‘.M
!

Formerly for “Studies on sampling and
homogeneous dual readout calorimetry with meta-crystals”

" SCSF-78 SCSF-78

Test beam results of a high granularity LUAG fibre calorimeter prototype

( )



https://iopscience.iop.org/article/10.1088/1748-0221/15/05/C05062/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/6/10/P10012/pdf
https://iopscience.iop.org/article/10.1088/1748-0221/11/05/P05004/pdf

Dynamic range with SiPMs

e 15 um cell pitch has high PDE (up to 50%) — optimal for T1 and T2 (timing)
e 10 um cell pitch has larger dynamic range — possibly better for E1, E2 (ECAL)
Ratio of of SiPM available cells over the
X number of photoelectrons at 1 GeV
< 10000 o 1000710 @ 400
[} E © E = C : P _nNo,
— — PDE=20% A — o S r —— SiPM cell size: 10 um, PDE=20%
O % ° s % SIPM cell size: 10 um S 305 __ SiPM cell size: 15 um, PDE=20%
8000 —— PDE=40% o soo— . o g F --- SiPM cell size: 10 pm, PDE=40%
© D o oM oelisize: 15 pm §90C ... SiPM cell size: 15 um, PDE=40%
c E ° F >
% 6000 3 e00F e 250?
o) E IS E
© 5000— > 500 200[—
o E Z F E
S 4000 400 150l
‘E- 3000:— 300:— E
° E E 1] S telettuiutetettutstsisttelistitslssttis s
g 2000;— 200;— F
:E; 10005— 1003— 50::___—________'___—'_________’__'____'_____________
Z E = C
O‘.Alu“Mn.hn‘.luuhHll.u.luulnulnn e rifll NI NS A S WS WS S e o b Lo Lo Lo Lo b Lo Lo Law i
0 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
SiPM area [mm?] SiPM area [mm?] SiPM area [mm?]
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More on ECAL and HCAL performance simulation
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Impact of tracker and dead material budget

Tracker material budget <0.3X|, for <2% impact on stoch. term

o  Well within the target of the CEPC and IDEA reference tracker designs
Dead material for services <0.3X,, for impact on stoch. term < 2%

o Compatible with estimated material budget from cooling (5 mm Al plate)

and readout electronics
PWO - electrons
—10°F -
O\ .
_ - — TRK X0 =0.0
> - .
8 i . —— TRK X0 =0.1
_ | : TRKX0=0.2
® : — TRKX0=0.3
m 10 ; : TRKX0=04
~ [ v —— TRKX0=05
w [ : TRK X0 = 0.7
“~.q:J L
b L -
1 111l l; 1 1 1 L1l | 1 1 1 1 1 |

1 | I10 11|02
Beam energy [GeV]

o, (EJE @ 1 GeV [%]

e
o

gg_ —— Total resolution

E— Photostatistic

8 ... Shower fluctuations

7F

6F

I <
af /
2/ """ !

gEzmnnniil

007 Ol‘l I0.|2I = I0‘\'3I - ‘0.‘4I I I0.|5I = IO.|6I - l0.7

PWO - electrons

Tracker material budget [X0]
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Recovery of Bremsstrahlung photons (1)

%
e Electron momentum at the entrance of ECAL smeared by 0.3 %
e 120 GeV electrons
e Adding back brem photons with ECAL resolution
0.1X, 0.2 X, 0.3 X, 0.4 X,
Boool- — Yomeces | i — g — E.F e,
8 E Corr: stoch 5.0 g B Corr: stoch 5.0 g [ Corr: stoch 5.0 0500 L Corr: stoch 5.0
Q500 Gorr: Sloch 120 Q000 Con: Stoch 180 Qso0f- Con: Stoch 180 o r Gort: Sloch 120
[ Corr: stoch 20.0 r Corr: stoch 20.0 h r Corr: stoch 20.0 y\ L Corr: stoch 20.0
E Corr: stoch 30.0 C Corr: stoch 30.0 C Corr: stoch 30.0 2000— Corr: stoch 30.0
30001 25001— ] N L
E : [. 2000 [ A
2500 L \ [ L
F 2000~ F , 1500 ll
2000 F 1500~ | r l
£ 1500~ F | r il
1500F 5 P 10001 il
E 1000 [
1000F- r [ r
& & I, 500(—
500 05 500; /i &
E - rach ol - a = r»f"':#‘\ | tri".-" T n -.-a"‘u:gu | R~ = ety R W .k s
105 110 115 120 125 105 110 115 120 125 105 110 115 120 125 105 110 115 120 125

Electron momentum at ECAL [GeV]

Electron momentum at ECAL [GeV]

Electron momentum at ECAL [GeV]

Electron momentum at ECAL [GeV]
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Recovery of Bremsstrahlung photons (2)

Geant4 simulation

— XX = 0.1
— X/XJ™ =02
— X/XJ™=0.3

XIXJH = 0.4

o2LeVvVe

Counts

i — XX =07

102

T,

T

s
0 0.2 0.4 0.6 0.8
S E

brem

Figure 3. Left: fraction of the total energy lost by 45 GeV electrons through bremsstrahlung radiation within

Geant4 simulation

=]
o
@

0.025

from Brem

o
o
[N

LS B L B

op/p (

0.015

0.0

0.005

L

— XX =041 V electrons
— XXI*=02
— XX*=03

XX = 0.4

— XX*=07

tracker momentum resolution for muons

o
OorrToT

b b b b b Loy
0.05

Stochastic term of ECAL resolution

the tracker volume (before reaching the calorimeter) for different scenarios of tracker material budget. Right:

contribution to the resolution of the electron momentum at vertex due to bremsstrahlung assuming the energy
of photons emitted within the tracker volume are measured by calorimeter with a certain stochastic term of

energy resolution.

0.08

0.06

0.04

0.02

Geant4 simulation

=)

3

— 45GeV
—— 45 GeV e (Brem recovery with 15%/!/7)
—— 45 GeV e (Brem recovery with 3%/ \‘@)

X/XIP = 0.2

435 44

445 45
Reconstructed momentum [GeV]

455

Counts

0.16
P ——45GeV
0.141~ —— 45 GeV e (Brem recovery with 15%/VE)
[ —— 45GeV e (Brem recovery with S%/\rf)
o0.12f
0.1
FXXIF=0.4
0.08—
0.06/-
0041
0.021
0 e - RN B :
43 435 44 445 45 455
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Figure 4. Distributions of the reconstructed momentum for muons (assuming a tracker momentum resolution
of 0.3%) and for electrons assuming recovery of bremsstrahlung photons with an energy resolution of
15%/VE and 3%/VE. Two scenarios are shown: assuming a tracker material budget equivalent to 0.2 X
(left) and 0.4 X (right).
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Performance of the dual readout HCAL only

e Performance studied by selecting events with hadrons that do not interact in the crystal

e Dual readout correction works as expected
o Energy resolution of ~25%/VE @ 1% to hadrons
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o Linearity and gaussian distributions restored

DRO correction for C

[or]
o
o
o

7000

6000

5000

4000

3000

2000

1000

III|||I|IIIIII|IIIIIIIII|I|I|||I\I‘I\I\

180

o<:>

o/ E

1072

Energy resolution to K%t

Pure HCAL cher only: 0.72 NE @ 0.086
Pure HCAL scint only: 0.32 /VE @ 0.069
Pure HCAL (S-based DRO): 0.25 NE ©0.010
Pure HCAL (C-based DRO): 0.24 /VE ® 0.014

107

«:| «— cher only

<«— scint only

="l «— DRO corrected

10
Beam energy [GeV]

52



Linearity (SCEPCal + DRO HCAL)

e (Gaussian distributions and response linearity restored
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Maximum weight matching via Blossom V algorithm
for ° reconstruction in multi-jet events




Algorithm +@, NetworkX

{®) Network Analysis in Python

max_weight _matching (G, maxcardinality=False, weight="weight')

e Compute a maximum-weighted matching of G.
o A matching is a subset of edges in which no node occurs more than once.
o  The weight of a matching is the sum of the weights of its edges.
o A maximal matching cannot add more edges and still be a matching.
o  The cardinality of a matching is the number of matched edges.

e If G has edges with weight attributes the edge data are used as weight values else the
weights are assumed to be 1.
e This function takes time O(number_of nodes ** 3).

e This method is based on the “blossom” method for finding augmenting paths and the
“primal-dual” method for finding a matching of maximum weight, both methods invented
by Jack Edmonds [1].


https://networkx.github.io/documentation/stable/reference/algorithms/generated/networkx.algorithms.matching.max_weight_matching.html
https://dl.acm.org/doi/10.1145/6462.6502

Algo performance vs photon energy cut (results)
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Building graph

e node = photon
edge = pair of
photons
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Assigning weights

e Assign a weight, w_, to
] .
each edge ‘
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Comments on solution

e Dblack dots = photons
that do not originate
from a T° decay

e Hard cut on ‘structure’
may reduce to
substantially the fraction
of wrong photon pairing
from photons not from
° decays (“spare
photons™)

one odd photon (not from T1°) - .
left unpaired



Example of CNN structure with 3 longitudinal layers

E1 E2

[(2, 15, 15, 1)]
[(2, 15, 15, 1)]

[(2, 15, 15, 1)]
[(2, 15, 15, )]

input: input: input: | [(?, 15, 15, 1)]

input_1: InputLayer

input_2: InputLayer input_3: InputLayer

output: | [(?, 15, 15, 1)]

!

input: | (%, 15,15, 1)

output:

)

input:

output:

\

input: | (2, 15,15, 1)

(2,15, 15, 1)
output: | (%, 13, 13, 32)

L

input: [ 12, 13, 13, 32). (2, 13, 13, 32). (% 13, 13, 32)] |
(2,13, 13,96) |

conv2d: Conv2D conv2d_l: Conv2D conv2d_2: Conv2D

output: | (?, 13, 13, 32)

output: I

(2, 13, 13, 96)
(2, 11, 11, 256)

conv2d_3: Conv2D

output:

)

input: | (2, 11, 11, 256)

flatten: Flatten

output: | (2, 30976)

)

input: | (2, 30976)
output: | (?, 30976)

dropout: Dropout

input: | (2, 30976)

dense: Dense

output: | (%,2)
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