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@ calorimetry @ FCC-ee

“Probe Higgs and EWK physics with unparelleled precision”
— high energy resolution: mainly driven by Higgs physics

- high spatial resolution: mainly driven by T and HF physics

Two approaches:
CLD: Particle Flow — optimise granularity

IDEA: Dual Readout — optimise hadronic resolution
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@ dual readout in a nutshell

Hadron showers:
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- large non-Gaussian fluctuations among em and non-em shower components

Dual readout:

compensate event-by-event fluctuations through two independent
shower-detection processes (e.g. Cherenkov and scintillation light production)
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CNFN fibre-sampling prototypes (PMT readout)
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RD52 hadronic performance

Energy resolution (%)
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@ﬁ\l RD52 particle ID (electron/hadron separation)

Methods to distinguish e/m in longitudinally unsegmented calorimeter
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@ highly granular prototype (RD52)

Brass module, dimensions: ~ 112 cm long, 12 x 12 mm?
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Light sensors (SiPM)
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lateral shower profile w/ SiPM

NIM A 899 (2018) 52
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em shower are very narrow.

~10% (~50%) within ~1 (~10) mm from shower axis
— fibre readout can easily provide (powerful) input to PFA
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INFN

PAVIA

IDEA (

full simulations)

b Tow
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Baseline option
Cu absorber
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75 projective towers
x 36 slices

AB =1.125°
Ap = 10°

~130 M fibres
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@ shower 2D-imaging

80 GeV 1 Geant4 single-particle simulations
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INFN

PAVIA

events @ full granularity
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@FN 3-leg international proto-collaboration

2. Full-size

prototype (,Kiéli
detector

\1) Prof. Rong-Shyang Lu 3. Crystal option

Segmented Crystal Option of IDEA

Prof. Hyonsuk Jo (KNU)

Prof. Jason Lee (UoS) @/ Prof. Chia Ming Kuo
Prof. Sehwook Lee (KNU)

Prof. Hwidong Yoo (YU)

x5 (460 mm)

Mechanical supporter [l 9.2x9.2cm modules: 9
3D-printing module [ 1/2 modules: 13 (Opt1)

International collaboration forms

-

ﬂﬂ ol ; ' Prof. Chris Tully

Prof. Yuji Enari

(Active from 2021) H Prof. Richard Wigmans

gx@@ Prof. John Hauptman
T

W 1/2 modules: 11 (Opt2)

@?\N Prof. Paolo Giacomelli (Bologna) 1. Bucatini prototype
Prof. Romualdo Santoro (Insubria) -

@ Prof. Roberto Ferrari (Pavia)
US

Prof. Franco Bedeschi (Pisa)

wnenery PTOf. lacopo Vivarelli

Regular meeting
Compensated R&D options

Combine efforts + Texas Tech Prof. Nural Akchurin

+ UTFSM Valparaiso Prof. Edson Carquin Lopez
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@ 2021 (highly granular) modular prototype

- 9 modules (M0-M8) each one made of 16x20 (2-mm @) brass capillary tubes (bucatini prototype)
MO with “high-granularity” readout (SiPMs)
M1-M8 with “low-granularity” readout (PMTS)

- alternate rows of scintillating and Cerenkov fibres
- total dimensions of ~ 10x10x100 cm? (“electromagnetic containment”)

- tested with DESY and SPS beams

Hamamatsu
SiPM: S14160-
1315 PS

Cell size: 15

um
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CNEN 2021-prototype readout system

PMTs read out with QDC (V792AC) and TDC (V775N) CAEN modules

Highly granular module read out with FERS-5200 CAEN system using five A5202 readout
boards - In perspective, should we look for custom solution?

S FERS: A5202
£
£
1 8
- -
- - £
- - R = — "
- - R
- - Two Citiroc1A for reading out up to 64 SiPMs
- One (20 — 85V) HV power supply with temperature
compensation
- s -
Two 12-bit ADCs to measure the charge in all channels
# T 1 units 2
v Timing measured with 64 TDCs implemented on FPGA
B2 — ELLE — et _ (LSB =500 ps)
2 High resolution TDCs (LSB = 50 ps)
Optical link interface for readout (6.25 Ghit/s)
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SiIPM readout w/ Citiroc 1A

CITIROC 1A: block diagram

low-gain preamp

Charge measurement hi h - ai n re am

—

high gain (adc)

0 500 1000 1500 2000 2500 3000 3500

iy i1 \w

10% ‘\

!
\
400

|
4000 4500 0 200

| low gain (adc)

WWM“MMMH I

6 GeV beam centred on central tower (MO)

Adc high gain
0 2 4 6 8 10 12 14

2000

1000

800 1000 1200 1400 1600

0

(&)

10

15

Adc low gain
0 2 4 6 8 10 12 14

high-gain channel sensitive to single photoelectrons (measure pedestal and APP)
- use high-gain channel to cross-calibrate low-gain channel in photoelectrons
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(NN preliminary results

All SiPM signals converted to ph-e and separately summed up for Cerenkov and scintillation light

Light yield (ph-e / GeV)

>k Scintillating light (mean = 204, std = 7)
> Cherenkov light (mean = 36.5, std = 2.4)

yellow filter on scintillating fibreS — . « « o *_____ *

Light/GeV (Ph-e / GeV)

no filter on Cerenkov fibres > B . ko

40 50 60
energy (GeV)

shower profile

+ ‘Scinslation, 20 Ga'V &+ [CERN-SPS TH Aun 894

— Data - Geant4 comparison at 20 GeV

o
o
o)

o
o
3

CERN SPS 20 GeV e * Non negligible dependence of shower shape on impinging angle

Data vs. Geant4

o
o
o

* Good agreement when including a £0.2° systematics on impinging angle
* Both shower “core” and “tails” properly reconstructed

Percentage of total SiPM signal in fiber
=] o
=] o
+ L=2]

0.02f 5 |
o] * Sensible differences between scintillation and Cerenkov signals at any energy
. e e b scale
% 5 10 15 20 25

Distance from shower axis [mm]
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very perspective R&D?

Do you really want to be analogue?

Analog SiPM

* Analog sum of charge pulses

* Analog output signal

www_hamamatsu com

* Cells connected to common readout

8

Digital SiPM

TDC and
photon counter ||

Digital Cells >

Digital output of
&+ Number of photons
* Time-stamp

* Each diode is a digital switch
* Digital sum of detected photons
* Digital data output

https://indico.gsi.de/event/2099/contributions/6718/
attachments/5430/6692/DIRC2013_Philips_Haemisch.pdf

L. Ratti et al, Front. Phys., 14 January
2021
https://doi.org/10.3389/fphy.2020.607319

digital SiPM (dSiPM): CMOS monolithic sensor and digitiser

— Nno need for analogue signal post-processing

directly provide # of fired pixels, ToA, possibly ToT

FCC-ltaly Workshop, 22 March 2022

17


https://doi.org/10.3389/fphy.2020.607319

CNER very perspective R&D?

Do you really want to be analogue?

| | https://indico.gsi.de/event/2099/contributions/6718/
Analog SiPM Digital SiPM attachments/5430/6692/DIRC2013_Philips_Haemisch.pdf

er— ||
Digital Cells > \

i Digital output of
&= . Number of photons
* Time-stamp

www_hamamatsu com

* Cells connected to common readout * Each diode is a digital switch
* Analog sum of charge pulses * Digital sum of detected photons
* Analog output signal * Digital data output
. . G
(\0 '\(\6\ (O\e Aatti et al, Front. Phys., 14 January
K W ® 2021
b\) “)“ “\]e https://doi.org/10.3389/fphy.2020.607319

digital 6“3‘ ﬂ““‘ ® onolithic sensor and digitiser
analogue signal post-processing

directM provide # of fired pixels, ToA, possibly ToT

FCC-ltaly Workshop, 22 March 2022
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CNFN HiDRa

High-resolution highly granular Dual-Readout demonstrator
INFN — CSN V call with a 3-year (2022-2024) program

Goals: build a highly granular “hadronic containment” prototype in order to:
1) design and validate a scalable construction technique
2) design and validate a scalable readout architecture based on SiPMs
3) assess hadronic performance
4) validate Geant4 hadronic shower simulation models
5) assess longitudinal shower position measurements through timing
6) exploit DNN algorithms in final-state identification and reconstruction

[ INFN divisions of Bologna, Catania, Milano, Pavia, Pisa, Roma, TiIFPA,

with the collaboration of the University of Sussex
and UTFSM of Valparaiso |]
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the project

1) size: ~ 65x65%x250 cm?®

2) # of channels: ~80k tubes & fibres

3) highly granular core (~10k fibres to be read out with SIPMs)

4) scalable design

The challenge
10240 SiPMs to be read out, on detector back side

The Mini-Module

© 32 x 16 capillaries

The Module /

0 Mini-modules
13 x 13 x 250 cm3 O 16 modules in total

* 2 central modules equipped with SiPMs
* 14 modules equipped with PMTs
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(INFR mechanics — 2022 program

a) 1 x 20-cm-long minimodule - study assembly technique and tools
b) 1 x 250-cm-long minimodule - scale up technique and tools

c) 2" 250-cm-long minimodule - verify mechanical coupling, study fibre grouping for PMT readout

20-cm-long minimodule: pretty good quality of capillary tubes — simplify tooling

1) tooling designed and built
2) six layers glued and measured

FCC-ltaly Workshop, 22 March 2022 21



(NN 20-cm-long minimodule

module thickness

3.5 40

measured overall dimensions and geometry

(thickness, width on both sides)

bending = 12 uym
torsion = 10 um

module width

1.5

El £ E
- 2 14 20 g
5 5 2 3
| E 1.3 Q
2 30 ° 20 7
§ g 1.2 5
E 25 é 1.1 10 =
] =
S 0
8 20 1 .
. 0.9 o
0.8
20
10 0.7
5 0.6 -30
3.5 4 45 0 095 15 25 3 e g g 0
Position along the tubes (a.u.) Position along the tubes (a.u.)
11 pym < all values < 33 pm |all values| < 14 ym
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front-end elx (grouping)

8-SiPM module from Hamamatsu

8x Effective photosensitive area (¢ 1.0)

Requirements:

- individually qualify each SIPM

- reduce number of readout channels
- 8-SIPM signal grouping for readout
- linearity needs to be guaranteed

Index mark

Ch. 1 | Ch.8
2 LU RN N N N N [ N N N [ N N
7x20=140

15.35+005
f i
Silicone resin

8x MPPC chip

| com— | — —1
< PCB

16x ¢ 045

a) Commissioning: 1 front-end board — 8 readout channels

=
“g
=
="
\' s
.
L)
<

23
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<k front-end elx (grouping)

Requirements. 8-SiPM module from Hamamatsu
- individually qualify each SiPM R =Selssulisrauarst
- reduce number of readout channels \ | "
— 8-SiPM signal grouping for readout N—F————— ™
- linearity needs to be guaranteed s o

a) Commissioning: 1 front-end board - 8

b) Operation: 1
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CINER readout system

Two possible ways:
charge integration (baseline)
waveform sampling (alternative to be studied)

both presently targeting commercial implementations (by CAEN) of “SiPM-
customised” chips (produced by Weeroc and by Nalu Scientific)

Q: would be worthwhile to invest on R&D in this context?

FCC-ltaly Workshop, 22 March 2022
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(INFR dual-readout crystal option

Segmentations optimised for particle ID and PFA

SiPM readout for contained cost and power budget

T1&T2 timing layers
LYSO:Ce crystals (~1 Xo)

o: ~ 20 ps More details in: 2020 JINST 15 P11005

E1&E2 ECAL layers
PWO crystals / SCEPCal
~6 Xo + ~16
Oem/E ~ 3%/NE

Dual readout HCAL\

Scintillating fibers
@ =1.05mm

Cherenkov fibers
@ =1.05mm

cccece
«€CC

T

EA

recec
PR A ars
P wir e
PR A
<
<

Brass capillary
ID=1.10 mm,
OD = 2.00 mm

Ultra-thin (~0.7 X,) solenoid \ -

e
""tb': —

SWe——

142

HCAL layer
Onan/E ~ 26%/VE

Solenoid

|

1X, 6X, 16X, 0.7X,

L1 | | 1 /s 2 1
7 7

g pa

r A 1

I I
~1A, 0.16A, 8A,
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@ integration in Geant4 IDEA simulation

e Barrel crystal section inside solenoid volume

e Granularity:
1x1 cm? PWO segmented crystals

e Radial envelope:
~1.8-2.0m

e ECAL readout channels:
~1.8 M (including DR) I

‘-"-.
,

|| *=— timing layers
front barrel crystal rear barrel crystal

segment (6 X) segment (16 X}

el
a\ecatrcﬂ ens

A0 eV
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@FT\I integration in Geant4 IDEA simulation

e Barrel crystal section inside solenoid volume

e Gral Jet resolution

g—- 0.14r
e Rad b“f i - -o-- without crystals

012_ ........................................................................

® EC/A ]y | — (G- e
A 5 12 | E—— e
B § || A——— . g RS

0.0 el i.:.r.-:..-ﬁ._..;.'.;f;'.';?f.—._:.h.j; ................

BT

002_ ..................................................................................................................................................................

III|III|III|III|III|III|III
00 20 40 60 80 100 120 140
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INFN  Integration In Geant4 IDEA simulation

PAVIA

e Barrel crystal section inside solenoid volume

e Gral Jet resolution

T NNSRattHo
e Rad buf i --o-- without cry _ NN s
0_12_ ........................................................................ ) _ \ WO IR R

o ECA 01— @\_; .................................................... o\“

0.08|— ‘.'t-‘.m :‘.,... “e ____________

|||||||||||||||||||||||||||
O ~"20 40 60 80 100 120 140

jet

FCC-Italy Workshop, 22 March 2022 29



@FN dual-readout particle flow algorithm

Jet resolution: with and without DR | pPFA

Jet resolution Jet linearity
y 0-14 ~ 03[
“t;'u_. [ e'e =-Zy > —e— w/o DRO, w/o pPFA £ [ee-=I7y-oj —e— wio DRO, w/o pPFA
S coonmemmenme e —=— w/ DRO, wio pPFA I_IJE' 0_2__ ................................................................... —=— w/DRO, w/o pPFA
—es— w/ DRO, w/ pPFA - i —es— w/ DRO, w/ pPFA
=
B =
i | e E_ e O R B R R
z GBAWE = 0.34/ {E © 0.047 o
- s2RCE = 0.32/ {E © 0.034 L i
B | ke s OB TR g EFME:DEQ}E@DUW ..................... 8 0__ ...... :,j:::j:‘/ . i
- E 2
5 I
B L
0% | DR .. SN .. ..~ OO e )
- S
004 b e R L L T R B R B R e e o
O [}2 | 11 | | 11 1 | L1 1 | 11 1 | 11 1 | L1 1 | [ | | _0 3_| 11 | 11 | | L1 1 | 11 1 | 11 1 | 11 | | 11 1
B ¢ 20 40 60 80 100 120 140 ' 20 40 60 80 100 120

( Eiﬂt ) [GeV] ( Ejﬂt ) [GeV]

sensible improvement using DR information combined with a PFA approach

- 3-4% for jet energies above 50 GeV

More details in: arXiV 2202.0.1474 (Feb 2022)
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@FN dual-readout particle flow algorithm

Jet resolution: with and without DR | pPFA

Jet resolution Jet linearity

[ &' > ZVy = i —e— wio DR oot ff —e— w/o DRO, w/o pPFA

—a— w/ DRO, w/o pPFA

—s— w/ DRO, w/ pPFA

III|III|III|I
100 120 140

( EiE_t ) [GeV] ( Ejﬂt ) [GeV]

= _||||||||||||||||||||||
0320 40 80 80 100

sensible improvement using DR information combined with a PFA approach

- 3-4% for jet energies above 50 GeV

More details in: arXiV 2202.0.1474 (Feb 2022)
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@FN crystal proposal(s)

Funding request presented by a bunch of U.S. universities (P.I. prof. Sarah Eno)
Maryland, Princeton, Texas Tech, Virginia, Michigan, Purdue

and labs
MIT, Fermilab, Caltech

for building a dual-readout crystal prototype detector over next few years
— quite large R&D program covering all aspects
— got initial seed, more funding request submitted

— Snowmass white paper submitted

PRIN “young” funding proposal under preparation (P.l. dr. Marco Lucchini, Milano Bicocca)

Simulation efforts ongoing to:

optimise ECAL+HCAL detector concept and integration
— study impact of granularity and of timing information

optimise DR-PFA algorithm

FCC-ltaly Workshop, 22 March 2022
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@ projective geometry

Significant funding obtained by a bunch of Korean universities (P.I. prof. Hwidong Yoo0)

R&D presently focused on:
- copper/brass forming (all available options being considered, included 3D printing)

- readout system with waveform sampling (CAEN V1742 digitiser)
- testbeam with refurbished RD52 modules under preparation

- simulation and deep-learning algorithms

3D-printed prototype -,

';

quite impressive but at present by far too costly -
by f:
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Korean planning

plate-based (+ possibly 3D-printed) prototype

short-term plan

Module #1 (2x2)

mid-term plan

Prototype Detector (2021)
5x5 (460 mm)

: Tower#1 Toweri#2

Tower 1 | Tower 2

Tower#3 Toweri#4
lower 3 | Tower4
Module #2 (3x3)

Toweri#1 Tower#2 Tower#3
Tower 1 | TOwer 2 Tower‘ \

Tower#4 Tower#5 Toweri6
Mower 4 | Tower 5 | Tower 6
: __ Tower#7 | Tower#8 | Tower#9
gower 7] Tower 8] Tower 9

G

Mechanical supporter [l 9.2x9.2cm modules: 9
3D-printing module M 1/2 modules: 13 (Opt1)
I 1/2 modules: 11 (Opt2)

» building more and more modules (2022-25)

FCC-ltaly Workshop, 22 March 2022
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(NN deep-learning algorithms

T-decay case study

Dynamic Graph CNN (DGCNN) architecture with realistic SIPM input
- calorimeter signals only -

T —evvy EIKM 0.16 041 0.00 0.00 0.00 1.63 0.00

T —TIV 3.24 el 2.43 0.16 4.45 0.32 1.30 0.57

T—mmv 154 BN 1./0 BE%/SN 0.65 0.49

T—-mn’mv 024 0.16 5.58 EgMYd 0.00 5.17 0.24 1.54

Truth BR

T —TIMTV 0.00 7.10 3.95 0.32 glemesy 6.86 0.32 1.29

T—nnnn’v  0.08 0.73 6.45 11.85 5.88 KN 0.08 4.03

T — JVV 1.22 0.16 0.24 0.00 0.00 0.00 EE¥E¥A 0.00

Z—qqjets (s 016 016 0.16 056 032 0.32 PR

Predicted BR
(B=0 and no solenoid material)
Accuracy: 86.8%

Truth BR

kel 0.45 0.65 0.03 0.00 0.00 0.34 0.00
T —ew

T —TIV SARElY 2.21 0.25 1.71 0.19 0.94 0.14

T—-mdvy 134 3.49 iRy 497 1.12 1.67 0.11 0.44

T iy 046 0.25 12.09 EEREY 0.14 3.24 0.00 0.63
I oy 011 3.14 124 0.16 EpeE] 6.79 0.00 1.16
T oromdy 016 030 1.82 1.57 6.42 [yMQY 0.03 2.66

T — PVV 1.24 0.25 0.06 0.00 0.03 0.00 glEiyy 0.00

Z—qgjets 0.13 021 021 059 1.87 229 0.03 EIXY

N
Z P Po 2 > ":’tz_ o
o _ ‘?i '?c. ':’f-;xi 4@:@
Predicted BR

(B field and material)
Accuracy: 90.8%
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(INEN  last but not least ... very preliminary

guark/gluon jet identification:

Average scintillation energy images

Quark Gluon . o ROC curve ‘P ¢

c 0.8 \
[e) \
r -8 / Y
2.0.6 ~80% gluon rejection
o at 80% quark efficiency
D
—0.4-
¢ S
=
O 0.2
Image - AUC:0.8752
Point cloud - AUC:0.8762
9.0 0.2 0.4 0.6 0.8 1.0
Quark |et Efficiency
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(NN summary

(highly granular fibre-sampling) dual-readout calorimetry solid candidate for future
Higgs/EWK factories

“top-of-the-art” performance in most — or likely all — physics channels predicted when
crystal EM section included

many technical “stand-alone” questions (on mechanics, sensors, elx) still open
detector integration (still missing engineered design) open issue as well
— works ongoing (or planned to go) in many places

— many of them hopefully cleared during next 3-4 years
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@FT\I job offers

Many interesting activities lacking manpower!

If you are interested, please join group:
Idea-dualreadout@cern.ch
and (by-weekly) meetings which schedule is at:

https://indico.cern.ch/category/10684/

FCC-ltaly Workshop, 22 March 2022
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@ dual-readout math

S=E X
C=E X

reconstructed

- fem T (h/e)s X (1 — fem) |

- fem + (/@) X (1 — fem) |

fem = electromagnetic shower fraction

(h/e)s , (h/e)c : detector-specific constants

By solving the system, both E and f., can be

FCC-ltaly Workshop, 22 March 2022
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dual-readout formulae

1
1—(2)

measurable event by event, if y is known

— (1-fem) can be reconstructed within an unknown constant factor

\ x measurable if E is known

FCC-ltaly Workshop, 22 March 2022
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