ECFA A PO AT

European Committee for e Aecelerato ) el s “‘

ECFA HET FACTORY STUDY:
WG3 DETECTOR TECHNOLOGIES

M.C FOUZ
- CIEMAT -

115t Plenary ECFA Meeting
15 November 2024



Detector challenges for e+e- Higgs, EW, top Factories
~

DETECTOR CHALLENGE » Clearest environment than hadron colliders

No pileup, no underlying event E and p constraints...

» Huge number of events (e.g. 5x10%%Zvs 18x10° at LEP
108 WW pairs vs 8x103 W at LEP )

High precision can be achieved

To achieve systematic uncertainties
similar or smaller than the statistical

Some Performance requirements driven by physics

v Momentum Opt/p>r ~3-4 x 10 (~7 um single hit resolution) (~1/10 of LEP)

v Angular resolution < 0.1 prad for 45 GeV muons

v Impact parameter Cdqo =5 @15 (psin032) -1 um (~3 um single hit resolution) (b and c tagging capability)
v' E.M calorimeter

resolution < 10 - 15 %VE (with low constant term) (B physics could need to go down 5 %VE )
Very good transversal granularity is required for T physics

AN

Jet energy resolution ~30%VE (~ a factor 2 better than present)
v’ Particle Identification (PID)  Excellent lepton and photon ID (e/=, u/=, y/%°) , ©/K, K/p separation (heavy flavor studies)....
for a broader momentum range for e, u and hadrons to improve tagging, jet energy...

v' Hermetic coverage

Improve PID

Beam-induced background rejection
Pile-up rejection

M.C Fouz Improve calorimeter/tracker reconstruction

v’ Precise timing will play an important role




Circular vs linear e+e- Higgs, EW & top Factories
Main impact on detector

/ Beam Structure ———==_______ |ICBeam Machine Detector Interface (MDI) \

—==—— No beam

369 ns

1] ILC  CLC FCCee CEPC
[ R ee

=eeece 1 Train Cross. angle @ IP (mrad) 14 16.5-20 30 33
20 ns| |@Z—pole FCC-ee Beam L* (meters) 4.1 6 2.2 2.2

WWHHWHWWWWHHWW Circular Colliders:

Continuous beam
/ e Last focusing magnet (at L*) INSIDE the detector volume
\ (also the LumiCal at 1m from IP —vs 2.5m)

Implication on power, rates, readout...

ILC experiments use power pulsing
(electronics off between trains)

—> Power consumption
reduction a factor O(10)

L“M‘.V\OS‘.tH at Z"P0{e3 Tera-Z vs Gl'ga—Z 0 < 100 mrad reserved to magnets and instrumentation

_— + Lumical (up to 150 mrad)
@ FCCee L~1.8 x 10%/cm* : Forward tracker limitation > 10 deg.
physic event rates up to 100 kHz. (pile up of 2x103)
. _ Lower tracker acceptance for FCCee vs ILC
Implication on detectors, electronics, DAQ:

response time, time resolution, size of event, data handling....
Huge statistic = Systematic control down to ~10™ level

Excellent control of acceptances needed Larger tracker volume at FCCe@
Luminosity measurements o(L)/L = 104 (for low angle Bhabha events) \

e Bfield limited to 2T at Z-pole operation (~3.5T for linear)
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CEPC  ILD like
baseline.
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Vertex and tracker detectors at the different concepts

)
@ WERTEX Allegro Vertex design
Al I Use Pixel Si liCOﬂ d€'|'€C1'OT"S / 71 . Middle Tracker

~ 5-6 layers @Barrel and up to 6 @endcap.
single or double layer
Pixel size < 25um

Air cooling cones

TRACKER

Two different approaches TRACKER OPTIONS

X Silicon Strips

s SID P

* Full silicon system - :
Strips or large pixels CLICDET Silicon Pixels
* Gaseous detector surounded by a CLD Silicon Pixels
layer of Silicon detector ALLEGRO Drift chambers + Silicon Strips or Silicon Pixels

CEPC BASELINE | TPC + Silicon Strips or Silicon Strips

Several gaseous TPC ILD TPC + Silicon Strips
detectors options Drift Chambers

IDEA Drift Chamber + Silicon Strips

A™ CONCEPT TPC + Silicon Strips or Drift Chamber + Silicon Strips
® -
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The vertex and silicon trackers (& timing layers)

Different technologies under development and in synergy with other projects (HL-LHC)
Design of chips and solutions for larger structures, demonstrators under test beam...
Inclusion of precise timing (<ns) is an important challenge which also impacts on power consumption
(linear colliders can use power pulsing, for circular extra cooling increase material budget)

® Just a few RaD examples
| ‘ _
ARCADIA-MD3 (DMAPS) Y Developments on 65 nm CMOS technology
LF11is 110 nmm CMOS ) i
advantages Better spatial resolution, lower

5um resolution
ultra-low power capability
O(10 mW/cm?);
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power consumption, lower
material budget, larger wafers

50um thinkness
R&D on thinned
samples (20-30um)

THL = 109 DAC (274 e-)

H2M-2 in DESY test beam
lkrum 10

RMS (-1.2V): 42 ns
| RMS (-3.6V): 35 ns

timing limited by
non-uniformity of
charge collection

Normalised frequency
° ° ° °

LGADS MAPS devices with
linear gain

Different types under development
Ultrafast device (~20ps)
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3D—INTEGRATED SENSORS

New development, supported by DOE
partner with industry leaders
Design goal: 5um, ~5-10 ps

Mirolans Image sensor
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ALICE ITS

Material Budget optimisation T e e

Material budget is dominated by cooling, supports, and cabling

Half-layer

4

< [53 PCB How to redb(.&c Lt? ey

oo [ Silicon . . . . . \0
o< [ GlueEcobond45 v" Minimize cooling and mechanical structures

E; — Ronaesl v Silicon sensors only component in the active area Half-ring .
ks B A | Power supply and transfer data cannot be on the chip

3 LtL . => Circuits located at the short edges of the chi B
- Traditional | & -nip Beampipe

ko -> Stitching

: |

CMOS sensor  CMOS sensor  CMOS sensor  CMOS sensor
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Tracking based on Gaseous Detectors

Some advantages

Low material budget
Better resolution
Particle ID (complementary to TOF)
dE/dx or dN/dx (Cluster counting)
Continuous tracking
Of interest for long-lived particles vertex

Track angle 90 deg.
—— IDEA
— = |IDEA MS only
—— CLD
—~ — CLDMS ony

CLD- Full silicon
Material budget 11%

IDEA-Drift chamber
Material budget <2%.
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Diferent readouts
under development

- GEM
« MicromeGAS
 PIXEL

Test beam 2021 using Pixel readout
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— electron - pion
— kaon - pion
—— proton - pion

70 80 9 100
Momentum (GeV/c)
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Tracking based on Gaseous Detectors
Drift chambers

IDEA - WIRE CHAMBER
112 layers
4 m long, R =35-200 cm
343968 wires

outer cathode sub-layer

Inner cathode sub-layer anode sub-layer

/
ee0 et U-view (stereo angle +)

° V-view(stereo angle
0o 00 e00 00

uard
cooecon00ed® Lo

=}

~N/

ULTRA-LIGHT WEIGHT
STRAW TRACKER

Assembly can be done by
*  Winding (as MuZ2e), or
 ultrasonic welding (as DUNE)

stereo angle \/\/{nding

for second ﬂ-
- ’
coordinate . —

_/

# of tracks

Counting Cluster
Technique

Counting the number of
ionization acts per unit
length (dN/dx)

drift tube

sense
ncs
wire' oy

000
Integrated charge

# of tracks

00 3700
# of clusters




Tracking based on Gaseous Detectors
TPC challenges at Z pole for circular colliders

TPC is the detector proposed for ILD (initially only for linear colliders now being studied for FCCee)
and it has been approved for the CEPC baseline detector

TPC integrates over many collisions. Maximum ion drift time ~0.44 s. = ION backflow could be an issue at Z pole

Studies ongoing to fully understand the implications

New LD Models

ALICE TPC UPGRADE

(&) FCC240 [{HH!)!
BX freq 66K 800K 30000K g —r LI CE
Max.Primaryions. 0,01 nC/m?* 2nC/m® 26 nC/m? -

Values for I1BF=0

ILD preliminary

nC/m3 /BX

w— |LC250_ILD_I5_v03
s |LC250_ILD_I5_v05
s FCCeeZ_ILD_I5_v11gamma

e FCCeeZH_ILD_I5_viigamma

Induced lon charge

in single BX

L 0
600 800 1000 1200 1400 1600
radius [ mm ]

| 1078

500
Z[cm]

IBF ~4 >

E}ﬂ 91 similar to Allﬂiﬂ

(1-10) cm max. distortions

(~0.6mm residuals after
corrections in ALICE)

I
-2560 -200 -150 -100 -50 0 50 100 150 200 250

z(cm)

Distortion corrections will be needed
Some more work needed to demonstrate the feasibility
of using TPC for Z-pole at Circular colliders

10



More ideas for PID - The ARC concept

ARC=Array of RICH Celils

CLD version with ARC

: N EcaL (ol uk
each cell acts as an independent RICH detector \ ECAL 78 ()
Lightweight and compact ‘\‘-', /.1

! ARC

Single cell geometry

‘ S 7¢ - ' *_‘\ ~"‘ : LA
R R ian 7 S m
“ Insulation + support L - 7/ -*’gr-'-l‘v“ ]
/F/gm\/ AN S : 7 e
\ S 2&3‘“ '
20 cm Radiator gas i .
| ‘

- Aerogel 2 Photosensor array

O, Cooling plate

Ny vs Momentum for Different Datasets

—— Xe 3.5 bars
—— Xe 2 bars
— GsF1o

—= Ng=3

Radiator Max p [GeV/c]

Two radiators: Sar 6@ o 5

Xe @ 2 bar 38 i

C4F10 (or a more eco-friendly alternative) Yaiaras bap 33 %

+ Aerogel (for low p tracks) S
Aerogel also as thermal insulator Xenon could be suitable, but must be pressurized [§

between SiPM array and gas radiator to achieve sufficient photon yield
—> the vessel needs to be reinforced

Momentum (GeV/c)

Single cell prototype foreseen in 3 years (DRD4)
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Facing the calorimeter challenges. Jet energy resolution

Hadronic final states are very relevant players, opening sometimes
the access to rare process and helping on increasing statistics
Precision on the jet energy determination plays a very important role

30%/VE needed (~a factor 2 with respect to the present experiments).
The value is driven by the precise separation of Zand W in their
hadronic decays and it is comparable to the natural width of Zand W

Many R&D activities are ongoing, approaching the problems in different ways.
Two main approaches:

> High granular calorimeters with embedded electronics to apply PFA (Particle Flow Algoritms)

Concepts with PFA fully oriented calorimeters
CEPC Baseline, CLD, CLIC, ILD, SiD, FST,

> Dual readout Calorimeter

C ts with Dual Readout : ; 1SI
oncep SIVISIEA Hal Readot The measurement of jets with the needed precision

is the main challenge for the calorimeters

M.C Fouz . 12



Facing the calorimeter challenges. Jet energy resolution

High granularity calorimeters for PFA

Dual Readout Calorimeter

Reconstruct every single particle in the event and measure it
only with the detector providing the best resolution

Traditional Calorimetry Particle Flow Calorimetry

Tracker ECAL HCAL
PP Cross out clusters
LEE R v ° : : - from charged hadrons
e .o

e
eecee ® .....
19
e & e ~
o0 SR J
®oee :: e KL'n
.
o%oe*

Ejee = E(ECAL) + E(HCAL)
Composition ~30% :(~70%

Ejee = E(Tracker) + E(y) + E(Kyn)
Composition ~60% : ~30% :(~10%

ILD '
Simyl%fiov{ L

Charged ;‘
Hadrons

Signal = Sop + Snaad = €femE + Rf hadE
fhad =1- fem

If it could be possible to distinguish in the calorimeter the
electromagnetic fraction , compensation is not needed

Wifferent materials for producing different response type:

1. Cherenkov light, produced by relativistic particles dominated
by electromagnetic components (80% of the hadronic
component is not relativistic)

2. Scintillator light

Compensating

N e
i —=1
=

Non compensating

»
3

Pure
hadronic
component

Pure
hadronic
component

u

N events (a.u)
N events (a.u)

1 1.2

Signal/GeV (a.u)

Signal/GeV (a.u)
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High granularity calorimeters

Developed by the CALICE Collaboration along >20 years ( approach also used for the upgrade of the CMS endcap

calorimeter for the HL-LHC).
They are sampling calorimeters and several technologies as active medium under study: Silicon detectors, scintillators,

gaseous detectors
* FE electronics is embedded into the layer structure

* Dead spaces must be minimize = High precision mechanics needed
* For Linear Colliders final electronics implements power pulsing mode,

PFA Calorimeter C AL'@

Hadron Shower
T “i“}‘;“

HCAL

threshold (15 pC)

Tracking
mees | [Sollr | RPC | GEM || 0ED capabilities!!
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High granularity calorimeters - few examples

L\ 0 (R
BatAanaaaassa tn’s B
e RS Y s

: 15 layers 18x18 cm?
0.5x0.5 cm? Si cells
2.8+5.6 mm W (21 Xo)
100 kg, 0.4x0.4x80 cm?

15k channels

Embedded electronics

......

0 &
'''''

3 smuﬂsocn“i

TASU

ASU = ASIC+PCB+SiWafer
DIF = Detector InterFace:
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*A 'asicskirRoC2™ '
Pads on bottom

Scintillator HCAL - AHCAL

Tiles 3x3x0.3 cm3
38 layers 0.72 x 0.72 m?
~22.000 channels ;

80 GeV pio
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EPICAL-2 prototym

Active cross section
3x3cm?
0.03x0.03mm? Si-pixels

28 layers
>~ ALPIDE CMOS sensors
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SDHCAL - Semidigital HCAN
from SDHCAL to T-SDHCAL

Starting to implement precise
timing (tens ps) using Multigap
Glass RPCs instead of single gap &
new electronics with better timing
capabilities




Dual readout calorimeter

Dual-readout calorimeter can be used for EM and HAD calorimetry as a single device

Possibility of adding a dedicated Crystal ECAL in front

Geometry based on metal capillaries acting as absorber with inserted fibers (Cherenkov and scintillator)
No longitudinal segmentation (time could be exploited)

ECAL
Prototype
(Bucatini)

' CALf*suze &
ll‘Ox le 100 cm3

o le Sl e
2.00

320 brass tubes

E
No subtraction u =

PMT noise subtracted

Total noise subtracted

~* TB2023 Preliminary

01 015 02 025 03 035
1/VE [GeV "]

HiDRa:

High-resolution, highly granular Dual-Readout Calorimeter

(Prototype for Hadronic containment)

- o W, P e
= .;w;@in
_—

/‘J' 1 >

= Y

l WL

A

measurement

&311

fment

Investigating assembly
‘@ procedures including
= some automatization
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Liquid argon calorimeter (ECAL)

Target 10-15 times higher granularity than ATLAS for PFA in high pile-up environment.
(ATLAS Cu/Kapton electrode but PCB allows high granularity)

Based on LiAr ATLAS Calorimeter

Developments on PCB Low mass cryostats needed
design and tests i

B
v R&D carbon fiber including a //
full carbon composite
honeycomb 0
v Developping a connectorless
feedthrough

3D printed epoxy resine structure with slits for strip
cables, glued to the flange

Absorber
Beam Test Prototype

Readout \ | = W7 /%7 R 3CB T {7 L
elz:t?;de - Y /v R | Foreseen for 2028-29

4 "I 5 /4 /.
2160 2170 2180 2190 2200 2210 2220

Seds () ! SEEEmERE ~ 20 % Allegro barrel module
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Crystal Calorimeters

[ SCEPCAL: Segmented Electromagnetic Precision CALorimeteﬂ

Dual readout  scintillator and Cherenkov from the same active

SCEPCal E 2 ° Rear crystal ECAL segment:

Two 4x4 mm? SiPMs with optical fiers medium, disentangle using optical filters

optimized for scintillation (10 pm cell size)
and Cherenkov (40 pm cell size) detection

/ E1,E2: Dense crystal with dual-readout capabilitities (PBWO4, BFP, BSO)
{ Precise measurement EM showers

Front crystal ECAL segment:

bl el e FT1, T2 Fast and bright Scintillator MIP tag 20 ps

optimized for scintillation light detection

(10 pm cell size) FOV IDEA

Crystal Bar ECAL GRAINITA Based on grains of inorganic scintillating crystal

Single readout + FPA readout by wave length shifting
Double-end readout with SiPM ({, t). - :

Basic Module
Crystal Scinfilla?r (eg. BGO, LYSO..)

Ay

o Ixtx40cm’ ||

‘\Phofodefecfors (eg. FPMT, SiPM.../

EEEEEEEEEEREE ) 4 InCI(:?ent —
] — particles

Under development for CEPC
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ECFA HET Factory study: WG3 Summary

Parallel sessions on 3 ECFA General Workshops + 2 dedicated WG3 :

Vertex and Calorimetry, PID and Photodetectors
(Some other in the pipeline discarded due to bringing forward the European Strategry process)

~78 talks in total covering many R&D topics under development
(Not all included in the today’s talk)

ECFA HET Factory Study WG3 Report will include

—_—

. Experimental conditions

. Detector requirements (linear vs circular requirements)

. R&D plans for the next 3-5 years (with inputs from DRDs)
- Technical challenges
- Activities targeted at Higgs Factories
- Goals

w N

4. Detector concepts status & plans (inputs from ILD, SiD, CEPC, CLD, IDEA,
ALLEGRO) status & plans
- On simulation, reconstruction, performance studies, optimisation...

5
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Thank you -
for your attention

" Toad towards neWdgtette
for a future Collider

7

M.C Fouz ”



