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Detector Concepts 3+

D. Contardo (Mod)
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D. Contardo (Mod)

Discussed :
Here Brass

Uniform with
S. Steel

Vincent.Boudry@in2p3.1r

HCAL can use Iron absorber to act
as field return yoke

2T thin solenoid w/ calorimetry outside
R&D to develop high-strength Al-stabilized NbTi

superconducting cable and light vacuum vessel*
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» Studies in calorimetry outside concepts with parameterized X/X, and A for performance

and to assess if B > 2T possible

» Realistic field maps modeling in simulation to study systematics on p; measurement

Calorimetry summary | FCC FR+IT @ Lyon, 23/11/2022

3/22


mailto:Vincent.Boudry@in2p3.fr

IDEA: Dual Readout (only)

Romualdo Santoro

h )
(_) (1 _.fcm))
e 5

I
(—‘) a —fem))
e c

Principle:
' i EM . . Eq=E| fom+
s - U — Compensation of the imbalance EM/Had resp.
en) . .
ik s by 2 measures with # e/h : Scint and Cherenkov . _E(f =
COMPONENT c— Ve
o | (1- fom) — ymeasured in beam tests

x does not depend from
energy and particle type.

It is detector dependent: it
can be measured on beam
tests

Prototype with hadronic containment: I-IzDRa

INFN-funded
R&D project
(2022 - 2024)

The Mini-Module

32 x 16 capillaries
Quter diameter: 2mm
Inner diameter: 1.lmm
Alternated scintillating

and clear fibres
\ The Module

~ 65 x 65 x 250 cm?
16 modules in total

2 central modules
equipped with SiPMs
10 Mini-modules 14 modules equipped
~13x 13 x 250 cm? with PMTs

0 odo

The challenge:

More than 10.000 SiPMs, fitting the back
side of the detector, to be read out

Hamamatsu SiPM:
S$14160-1315 PS
Cell size: 15 pm

A small prototype has been tested on beam in 2021 (@DESY and
@CERN) with electrons ranging from 1 to 100 GeV

The prototype was made of brass capillary tubes (2 mm outer
diameter) each hosting a fibre of 1 mm diameter: : (10x10x100 cm?)

There are 9 towers containing 16x20 capillaries with alternating
scintillating and clear fibres

The central tower is equipped with SiPMs while the surrounding
towers are connected to PMTs (costs saving reason)

mmary | FCC FR+IT @ Lyon, 23/11/2022
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Electrons: Brass & S. Steal

Pions :

alE
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IDEA: Integration

Quite challenging integration that requires:

Precise assembly procedure

Compact components: there is almost no space in
the rear part of the calorimeter
2 SiPMs
1 Mechanical support
1 Cabling and readout to serve all channels

60 mm

150 mm
Two Citiroc1A for reading out up to 64 SiPMs

One (20 — 85V) HV power supply with temperature
compensation

Two 12-bit ADCs to measure the charge in all channels

Timing measured with 64 TDCs implemented on FPGA
(LSB = 500 ps)

2 High resolution TDCs (LSB = 50 ps)
Optical link interface for readout (6.25 Gbit/s)

SiPM + front-end
board

The Mini-Module

Grouping blpard
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IDEA: Dual Readout with Crystal

(High precision ECAL)

Instrumented return yoke

Double Readout Calorimeter

IDEA calorimeter
o,/E (EM) ~13%NME
0 /E (HAD) ~31%/NE
bR S et resolution ~ 30%/E

27T coil

\Ultra-fight Tracker

™~ Lumical

Pre-shower counters

A calorimeter with) 3%/+E EM fnergy resolution

has the potential to improve event
reconstruction and expand the landscape
of possible physics studies at e*e” colliders

e CP violation studies with BS decay _
to final states with low energy photons

e Clustering of m”’s photons to improve
performance of jet clustering algorithms

e Improve the resolution of the recoil
mass signal from Z—ee decays |
to ~80% of that from Z— pp decays
(recovering Brem photons)

Transverse and longitudinal segmentation optimized
for particle identification and particle flow algorithms
e Exploiting SiPM readout for contained cost and power budget
Timing layers —— 0,~20ps — ~ High precision EM 5 . )
LYSO:Ce crystals (~1X,) DR crystal section :

3x3x60 mm? active cell El
3x3 mm? SiPMs (15-20 um)

Conceptual layout -

'/Mixed-fibers DR sampling section—\'

Scintillating fibers
@ = 1.05 mm

Cherenkov fibers
@ =1.05mm

Brass capillary —_
ID = 1.10 mm,
0D = 2.00 mm

ECAL layers « o JE ~ 3%/\E
o  PWOecrystals = —l
Front segment (~6X)
Rear segment (~16X)
10x10x200 mm? crystal
5x5 mm? SiPMs (10-15 um)

Solenoid

Ultra-thin IDEA solenoid
~D_?X0 ”

HCAL layer — 9":/E~26%NE
Scintillating and “clear’ PMMA fibers

Vincent.Boudry@in2p3.fr

1% 6X. 16X,
(for Cherenkov signal) inserted = : : v
inside brass capillaries ' ~1A "0.161 g.\ g
5
Calorimetry summary | FCC FR+IT @ Lyon, 23/11/2022 /22
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IDEA: Dual Readout with Crystal

(High precision ECAL)

Resrciystal ECAL segment Ongoing R&D: calorimeter cell optimization

BGO arystals (S=11 cm?), Teflon wrapped, grease coupling

s .
Two 4x4 mm? SiPMs with optical g eI UV SIPM 424 e
filters optimized for scintillation and e ) ) & a0l
cherenkov detection resp. e Optimization of crystal cross section (granularity) El
; and longitudinal segmentation ém'

e Evaluation of light output for different crystal
and SiPM geometries

g
T

B
a8

\

Front crystal ECAL segment: e First experimental results available to validate e el aba
Single 5x5 mm? SiPM per crystal Crystal length [cm]

splimized for scintilaborlight detection expectations from Geant4 ray-tracing simulation _ 550 oy - Tt et s e
420
> ek g s00f- v
BGO crystals u‘ e 1.5 '
: i 1.0x1.0xLcm® S aeaf -
Embedding 100 um thin 2 f -
optical filters in the = 20
SiPM window? 3 s0o- v g
, 280
., W = = -
4 FPreliminary data
I 20 - : FBK NUV SiPM dr:‘::'r!i"
50cml W J/ 1.2x1.2cm?  1.0x1.0cm?  0.8x0.8 cm? T T T
1.0cm SiPM area / Crystal cross section
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IDEA: Dual Readout with Crystal

(High precision ECAL)

Particle Flow Algorithm
(DR-pPFA)

The dual-readout method in a hybrid calorimeter photons ® Umision'm Geante
/

. Stcar — XucarCroar ~ (ﬁ ..
L= XHCAFL , 7 ;:/-. crystal rear :
Blacsar = SL‘("AL_ — xecaLCEcAL i | e oysaivon |
1 — XEoAL _—
Eiotat = Encar + Epcac , / / _ - [ Timing font |
i 3 \\-.ill "I,"’./’.'.\_.-.-' . - Solenoid gap
Dual-readout method confirms its | /,j/ \ | L
_ng neutral

hadron  SOMREGTRGIN More details in: 2022 JINST 17 POS00E.  ©
applicability in a hybrid calorimeter
. ” . . More details in:
o Response linearity to hadrons restored Jet I"eSO|ut10n Wlth and WIthOUt DR'pPFA 2022 JINST 17 P06008
within £1% Jet resolution Jet linearity
o Hadron energy resolution comparable to|| Jet energy resolution and linearity N P e o Y S
that of the fiber-only IDEA calorimeter as a function of jet energy in e g, | B v
off-shell e'e"—Z*—jj events (z of \ : £ o
different center-of-mass energies): Wl \ u-é o
e crystals + IDEA w/o DRO AN S N
e crystals + IDEAw/ DRO oo : 02t S
e crystals + IDEA w/ DRO + pPFA 005 5620 : o T T '223.1 B R N E B
(E.et)[GeV] (EIel ) [GeV]
Vincent. Boudry@in2p3.1r (7= 0] N —— S — —
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Noble Liquid EM Calorimeter

Nicolas Morange

e An appealing option for FCC-ee
Good energy resolution
High(-ish) granularity achievable
Linearity, uniformity, long-term stability

small systematics

e Lots of interesting studies / R&D to do
Optimization for PFlow reconstruction
Achieving very low noise
Lightweight cryostats to minimize X,
Designing for improved energy resolution

e Significant progress in the past year

Design driven by readout electrodes

e 1536 straight inclined (50°) 1.8mm Pb

absorber plates

1.2 -2.4mm LAr gaps
40cm deep (22 X,)

=8 mrad,
12 longitudinal layers

e Solid aluminum cryostat
Implemented in FCC Fullsim

Lots of room

Multi-layer PCBs as readout electrodes

A0 =10 (2.5) mrad for regular (strip) cells, A¢

e High granularity required for better PFlow
performance (few million cells)

e >6 compartments to compensate LAr gap
widening

Vincent.Boudry@in2p3.fr

Optimizing the energy resolution

e LAr —éo/b}*(lgzt e Straight planes — ¢ MVA calibration

& b We £ trapezoidal absorbers improves constant term
No fmprovernent in Better sampling fraction e Clustering
resolution in first layers Large effect, to be
Expected impact on PID to Small gain in resolution studied further
beﬁStUG'Ed Feasibility ?

Calorimetry summary | FCGFR+IT@ Lyolrrﬂl,' D3/11/2022
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Noble Liquid Calorimeters : R&D’s

Crucial for low energy measurements at FCCee

Ongoing R&D for cryostats using new materials and
sandwiches
Generic R&D at CFRN as cryos will be used for solenoids i
all experiments
Synergy with progress in aerospace
Test microcrack resistance, sealing methods, leak and
pressure tests
Address CFRP/Metal interfaces
Promises for “transparent” cryostats: few % of X !

NAS'ES lineless cryotank

High density feedthroughs needed in case readout
electronics outside of cryostat
Aim for ~ x5 density and ~ x2 area wrt ATLAS

Prototypes of 3D-printed epoxy resins structures with slits
for strip cables, glued to the flange
Leak tests and pressure tests at 300 Kand 77 K
Suitable materials identified: G10 structure with slits +
indium seal + Epo-Tek glued Kapton strip cables
Stress simulations of complete designs at 380 Kand 77 K

Detailed measurements of cell properties and
cross-talk effects

Frequency behaviour

Good overall agreement with simulations on
large frequency range

1:1 scale 6 chunk: 16 towers with
different layouts

— High woltage

Signal pick-up

s - Ground shield

Signal extraction

mm— Ground shield

i Signal pick-up

~ High voltage

INncent. Boudry@inZpas.1r
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Noble Liquid

i : - Based on IDEA design but using Noble
Noise and cross-talk considerations - Liauid for ECAL ign but using

e Performance impact of position of
solenoid to be studied in simulation

e Low noise to measure photons down to 200 MeV
e Measure MIPs with good S/N
e Sub-percent cross-talk

. 5 e ECAL endcaps
COI'd eleCtronlcs . Parallel disks, 1.5mm Pb, 2mm LAr gaps
Total thickness 45cm

4kT o HCAL barrel

ImTp Based on Iron-Scint Tile design for FCChh
13 compartments, A8 x Agp = 0.025 x 0.025

e Cryostat: more realistic implementation

* Noise master formula:  ar C,

e Cold electronics: gainon C, Tand g,

e Challenges:
Heat dissipation
Difficulty for repair

e We know how to do it:
DUNE example

e Very first studies
HGCROC in Ligquid N at
JCLab

Vincent.Boudry@mnZp3a.1m Caonmety summary | FCC FR+T @ IL,
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CALICE: Highly Granular Calorimeters

Roman Pdschl

Si-W ECAL (ALICE FoCAL)  [Scint-W ECAL]

L1 A

Detectors for Higgs Factories

0,5x0,5 cm? 0,003x0,003 cm? 0,5x4,5 cm? 1x1 cm?

x15 (—30) Silayers  x 24 MIMOSA layers  x30 Scint+SiPM lay.  x 38 Scint+SiPM lay.  x 48 layers GRPC
+W +W +SS +SS =55 A

V. Boudry, FO2 Workshop

* The fedleration under one roof allows for common develop

nt and comparison on equal

footing

‘ Analogue Hcal an%/
Siw ECAL Scintillator Ecal

Semi-digital Hcal @

Esectronics heght: 17mm mas
Heal shield: 100400 ym SPARDCIE, T Jem ek Puimice Ful v
w 2 w BEAITZ \ i Rebust btudice | OIF, CALB and POWER e b (S0l Resdout pads
5 (copper} y UVLED | Flecnud Connegior \ cants 2 b PCB interconnect {iem x 1cm)
r _— FEB (1. 2men) Baadout ASIC
) PCH suppart (PR af polycarbanat) Haidina 2, 14min}
E R S W
JH e
=] L e
v ]
Cathesde glass (1. 1)
Mylar (1756} :
(T Ceramic ball spacer (1.2mm) *+ Tesistive coating

{ w0 |

e \ L ]
Resfleccicr Fusis, o
", Cental Interface Boans. Hibes frame (1. 2mm) el il
Glass fiber frame (1. 2mm) + resistive coateg

B Kapton® film: 100 pm

inciy. tin Cooing Pips i o irkatac
wiappng  HEU, D.75mmmick | res Boan Plais N U k]

- . b
MM O Gmm ok G socket {-24mm)

Optical readout Gaseous readout

* Realistic dimensions
= Structures of up to 3m
- Integrated front end electronics
No drawback for precision measurements NIM A 654 (2011) 97
= Small power consumption (Power pulsed electronics)

| digital

!

digital |

.

‘Siliwn‘ ‘Scintillator‘ IMAPS‘

Vincent.Boudry@in2p3.fr Calorimetry summary | FCC FR+l

[ @ Lyon, 23/11/2022
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-
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CALICE SiW-ECAL

8 Interconnection

ASIC+PCB+SiWafer
=ASU
Size 18x18 cm?

Digital readout

ASIC SKIROC2(a)
SlL-Board

Wire Bonded or
In BGA package

SiWafers
glued
onto PCB

Pixel size
5.5x5.5 mm?

The beam test set ups consist of a stack of short layers built from one ASU and a readout card each

* 15 short layers equivalent to 15360 readout cells
«Up to 21 X,
*Overall size 640x304x246mm*
*Flexible mechanical structure to adapt to beam conditions

* Commissioned 2020-2022
+~450000 calibration constants for one ASIC feedback capa

setting
Testbeams (finally) in November 2021 and during 2022

cell count CALICE Work in Progress cell count CALICE Work in Progress
. 7500 o/p=11.9%
5 2000 = BN Sim masked
S 5 5000
5 E
A 1000 A g
7 2500
0 T T T T 0 T T
0 20 40 60 80 10 0 20 40 60 80

shower energy [a. u.] shower energy [a. u.]

Vincent.Boudry@in2p3.1r
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CALICE: Scint-ECAL

* Sc-ECAL prototype: successful construction during 2019-2020
* Effective granularity 5x5mm?, 32 sensitive layers composed of scintillating strips
and CuW absorber plates
* 6700 readout channels in total

* Successful commissioning and long-term cosmic-ray tests (2020-2021)
* Calibration of all SiPMs and SPIROC2E chips; MIP response calibration
* Tracking performance: achieved better than 2mm positioning resolution =

s
5 ool

+MC Longitudinal
_ . profile

] zsi; .3
i !

+* ++
rptararebsdartrt?

T
E 4
i
5
3
a

i
Cosmic muons

I L . " .
[ H 0 15 E:i = 0
LaywriD

* Gearing up for beam test at CERN in October 2022

e —
+ dala e %,
% 1

Vincent.Boudry@in2p3.fr Calorimetry summary | FCC FR+IT @ Lyon, 23/11/2022
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CALICE AHCAL

Large enough to contain hadron showers
= 38 active layers of 72*72 cm?

* 4 HBUs per module

* in total: 608 SPIROCZ2E ASICs, ~22000 channels

» SiPMs: Hamamatsu S13360-1325PE
» All modules interchangeable

* highly granular scintillator SiPM-on-tile hadron calorimeter,
3*3 cm? scintillator tiles optimised for uniformity
+ fully integrated design
« front-end electronics, readout
voltage supply, LED system for calibration CERN SPS in 2018
* no cooling within active layers -> power pulsing * 3 weeks of beam time
+ scalable to full detector (~8 million channels) + Collected O(100) mio events
= geometry inspired by ILD, similar to SiD and CLICdp ! » Very stable running
= HCAL Base Unit: 36*36 cm2, 144 tiles, 4 SPIROCZ2E ASICs * Nearly noise free
= slabs of 6 HBUs, up to 3 slabs per layer * <1 per mille dead channels

+ Built with scalable production techniques in ~2 years
* Operated in beam tests with muons, electrons and pions at

F/l FCC Workshop 2022

Vincent.Boudry@in2p3.fr Calorimetry summary | FCC FR+IT @ Lyon, 23/11/2022 16/22
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CALICE SDHCAL

a Detectors as large as 3x1m? need to be built

@ Electronic readout should be the most robust with
minimal intervention during operation.

@ Mechanical structure with minimal dead zone

2 |nclude time information SDHCAL -> T-SDHCAL

I Large RPC detectors I

<

48 layers
= 1x 1 cm? granularity
r 3-threshold, 500000 channels

I Large mechanical structure I

»  Power-Pulsed Flatness g
o' » Triggerless DAQ system Using roller Using electron beam (R
/ rd »  Self-supporting mechanical structure leveling weilding

Highlight Il: SDHCAL testbeam

2 weeks of beam test at CERN SPS: 14 - 28 September 2022

* Observation in previous beam tests: (slightly) different reconstructed hadron n
energy in two beam lines at SPS, which have different mixtures of pions and )
protons

» Goal for this testbeam: use Cherenkov detectors to separate pions and protons
+ Expectation: pion showers have higher EM fraction and more hits

*  Optimise o,B.y separately for pions and protons

» Investigate calorimeter quantities that might allow pion/proton distinction

Vilororrerermrerryerrrrerer oo G FR4IT @ Lyon, 23/11/2022 17/22
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CALICE for FCC-ee

Timing

Power for continuous operations

* Timing is a wide field

+ A look to 2030 make resolutions between 20ps and 100ps at system level realistic assumptions

* At which level: 1 MIP ar Multi-MIP?

« For which purpose ?
*Mitigation of pile-up (basically all high rate experiments)
*Support of PFA — unchartered territory
*Calorimeters with ToF functionality in first layers?
*Might be needed if no other PiD detectors are available
(rate, technology or space requirements)
*In this case 20ps (at MIP level) would be maybe not enough
Lengitudinally unsegmented fibre calorimeters

m Required Time Resolution [ps]

?

Parbule Fluw

?
.

Pile Up Mitigation

Filne calormmnely
ToF Functionality

Hit time resolution:
Results from 2018 beam test of AHCAL with muons

Clock frequency 5 MHz,
Powering pulsing

0.25 Internal TOC (50 ps time resclution)
Mean: 0.04
§ 0.20f StdDev: 1.57
E A fast-time DETECTOR
E 0.15 » Multi-gap RPC is an excellent candidate,
i
= 0.10
E =
2005 1 Top sinel phatn ¥ | ]
LAY e [ ]
0.00] s _ : wyior HE |
Hit time [ns] Mylar Li

Cartoon F. Simaon

* Linear Colliders operate in bunch trains

1.“frep
CLIC: At, ~0.5ns, frep = 50Hz
ILC: At ~550ns, frep = 5 Hz (base line)

Aty

* Power Pulsing reduces dramatically the power consumption of detectors
* e.g. ILD SIiECAL: Total average power consumption 20 kW for a calorimeter system with 10° cells
* Power Pulsing has considerable consequences for detector design
« Little to no active cooling
= => Supports compact and hermetic detector design
* Have to avoid large peak currents
* Have to ensure stable operation in pulsed mode

* Upshot: Pulsed detectors face other R&D challenges than those that will be operated in “continuous” mode
* Tendency: Avoid also active cooling in continous mode

jitter < 20 ps rms @ Q=0.2 pC

—PETIROC 32-channel, high bandwidth preamp (GBWP= 10
GHz), <3 mWich, dual time and charge measurement (Q=30 fC)

4.5 gaps of 250 pm each can prm'idetime resolution

Requires thorought evaluation
in simulations

Inverse APD as LGAD?

Battom steel plate

Vincent.Boudry@in2p3.1r
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: by Hamamatsu
P Substrate =
P Multiplication Gain ~ 50
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GRAINITA status report

_ Granular scintillator
Shashlyk-type calorimeter GRAINITA | |
RN ~ local light collection
WA RS SR L AR T 222 by fibre a /a LiquidO
N
n&'fmﬁ‘i}"m « Local sampling (WLS fibre)
IJ&W@'M Grain of Crystal
Typical sampling calorimeters: Crystal calorimeters : — 0.5-1.0 mm
g _10%-15% op _1%-2% — Prod (ISMA):
E VE E VE :
* Homegenous prod Grains /

plates (**'Am response)

Production under control:

g i i « BGO for comparison
£ 0 o grains are similar to larger crystals
£ o homogenous production ZnWO, :
Torf e TN - d=7.62,n=2.1
\i A =480 nm, 10k y/MeV
sl | et RIS SISIERS 8 — Bath of CH.l>(D=3.3, n=1.7)

L] 15 50 73 100
Time (ps)

_ sh .
Vincent. Boudry@n2p3.Tr Calorimetry summary | FCC FR+IT @ Lyon, 23/11/2022 Shape discrim y vs o 19/22
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Test benches

Y11 WLS fiber
|

Black Bax v

Tap view of the

Study of the pulse time delay: average light path i
ZnWO, + propanol ~ 17 cm

Light absorption too large (wrt to kitchen salt test)

- new studies with the new ZnWQ, grains, a
green LED and a better matched WLS fiber

1] Light absorbtion

— LED pulses
Y11 (200
2] WLS fibres : 02(1(00))
— 4 Kurarai types Z (;3)2((500(;3))

1 selected

— Readout with 2 fibres
= 10% improvement (dropped)

] O

Active volume = 2.8 x 2.8 x 6 cm? (~200 g of ZnWO,) ] ]
Fibers spacing: 7 mm 3] 16 fibre bench in preparation
16 fibers read-out by SiPM
Possibility to repeat the study with the well known BGO — cosmics
= position dependance, Nph
Blue/Green LED injected in the middle (& UV LED with a quartz — trigger by 2 timepix
fiber ?) .
_ N = trajectory
Cosmic rays triggering 03/11/2022 00/20
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Improvement of readout

Alternatives should be considered

' By oy ™~

Analog SiPM Digital SiPM

TDC and
photon counter

~ = With dSiPM there is no need for
= analogue signal post-processing

Digital output of
* Number of photons

* Time-stamp
W et 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
N . =,

SPAD array in CMOS technologies may offer the following benefits:
to embed complex functions in the same substrate (e.g. SPAD masking, counting, TDCs)
the design of the front-end electronics can be optimized to preserve signal integrity

(especially useful for timing) See NSS MIC

the monolithic structure simplifies the assembly for large area detectors plenary
development costs can be kept relatively low if the design is based on standard process

Vincent.Boudry@in2p3.fr Calorimetry summary | FCC FR+IT @ Lyon, 23/11/2022 21/22


mailto:Vincent.Boudry@in2p3.fr

Conclusions

Missing:
— Forward Calorimetry

* High Precision of the measurement (position)

— Luminosity, Beam return
— Linked to the placing of the magnets, etc
— Activity mostly outside of FR, IT

— Muon Chambers [Paolo Giacomelli]
* based on y-RWell, RPC’s

— PicoSec MicroMegas [Florian Brunbauer]

ILD:

— Effort to evaluate the implications of continuous

operation during the next months started

Vincent.Boudry@in2p3.fr

Calorimetrers

— very active domain

* Many R&D, large span of “TRL”
* Essentially split in IDEA (IT) + CALICE / ¢Ar (FR)

— will be affected soon by ECFA DRR reshuffling

* 1stmeeting 12/01 at CERN
[see call from R. Pdschl]

— Lively discussion on synergies:

 SW (Key4HEP, to be completed),
TDAQ (EUDAQ), beam test operations, ...

« Common set of events for benchmarks
(to be defined)

Calorimetry summary | FCC FR+IT @ Lyon, 23/11/2022 22/22


mailto:Vincent.Boudry@in2p3.fr

	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20
	Slide 21
	Slide 22

