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Physics we have INFN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavia
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Status: October 2023
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Physics we need / we would like to have (NN
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BSM direct

Mz, I'z, Ny, Ri, Are, Mw, T'w

as (with permille accuracy)

searches

ALPs, dark photons,

Quark and gluon fragmentation Heavy Neutral Leptons,

NP QCD

LLPsS

Higgs
physics

Higgs width, Higgs to
Invisible, (self-)couplings
Flavour Physics

* 10" r'r: tau-based EW
observables, lepton universality

Top physics
* 10*2 bb/cc pairs: flavour
observables and anomalies, Miop, I'top, EW tOP
CKM, CP, etc. couplings
Numbers for FCC-ee — original slide from C. Grojean
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Mz, I'z, Ny, Ri, Are, Mw, T'w

as (with permille accuracy)
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* 10" r'r: tau-based EW
observables, lepton universality

i
|

Flavour Physi

Top physics

* 10*2 bb/cc pairs: flavour
observables and anomalies,
CKM, CP, etc.

Mtop, I_top, EW tOp
couplings

i

Numbers for FCC-ee — original slide from C. Grojean
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Physics we need / we would like to have (NN
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Whole physics programme (not just "Higgs factory”) makes the s
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Physics we need / we would like to have (NN

Detector it ftre o ks
hermeticity,

flexibility N
BSM direct W (flavour), jet resolution
/v searches :
| Higgs ”“w
ALPs, dark photons !

Heavy Neutral Leptons, _ Higgs
LLPs el \ physics

Higgs width, Higgs to
} Invisible, (self-)couplings

N Tracking resolution
(tagging), vertexing

-

Mz, I'z, Nv, Ri, Are, Mw, T'w

as (with permille accuracy)

Quark and gluon fragmentation
NP QCD

. EW factory
Particle ID, _ (Z, WW)

detector resolution |
systematics, _ | \

* 10 r'r: tau-based EW

. . Vertexing,
observables, lepton universality

Particle ID

Top physics

* 102 bb/cc pairs: flavour (tracking, calo)
observables and anomalies, Miop, [op, EW tOp
CKM, CP, etc. couplings

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 11



Physics case drivers (AN
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* Higgs boson tagging and BR into invisibles sets requirements on: > FCCee simuaion V5 =240 GeV, 5ab”~
: (O 4000 [— b g
* Tracking performance o | = :
: ! : & 12000 77
* Material in the tracking volume - =Z,H|i §
i 10000 | I Rare (e(e)Z, yy—>upr) :

* Magnetic field (and thickness of solenoid)

* Higgs boson BR sets requirements on e, y and jet energy and angular
resolutions

®* Tagging sets requirements on tracking and vertexing

* Requirements grow as more and more physics is explored

Critical detector Requirement Comments
7H — 69+ Lﬁ— X Tracker J;T) N O;T% 2. 10-5 But also precliassim EW, flavour,
H — b];, cC Vertex 6,4~ 5@ 15(psin 0 '[um] | Additional case study: B—~+K'tt Benchmark physics channels for
H = g.qd.VV ECAL HCAL o) ko | Ay Higgs/Top/EW cht_orles discussed in
- oE, 10— 15% e T— — will improve detector
, ~ ut Tlavour pnysics may nee etier . .
H —yy ECAL 5 g energy resolution requirements by spring 2025
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Typical detector @ e+e- collider CINFN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavia

Inner tracker with lowest possible mass and smallest possible inner radius
Low-mass outer tracker for excellent momentum resolution at high energies
Particle ID performance for flavour physics

High granularity, high resolution calorimetry

Large superconducting solenoid

Muon system

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 14



Linear vs. circular specifics (NFR

Sezione di Pavia

Linear colliders:
* Bunch trains - allow power pulsing - cooling not needed
* Beamstrahlung:
1) High magnetic field (> 3 T) desirable
- lower tracking volume - solenoid could be outside calo volume
2) Inner tracking radius limited to greater than some (~ 3) cm

Circular colliders:
* Continuous running — cooling required
* Preserve beam emittance @ Z pole:
* Magnetic field limited to 2 T max
- larger tracking volume needed
- solenoid better inside calorimeter volume (or in between ECAL and HCAL)

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 15



A bit of advertising (AN
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Optimal energy range for SM particles

LEP1 stati StiCS in a few minutes Sharpen and challenge our knowledge of already existing physics \%
Detector calibration/alignment at all /s ) = * & 'I"L@
Z WWw ZH tt J‘l‘& O %
e 0° E 'l | - ' | | | | 'l = 'ff é{"%@’*f rO
L : | v
4 & w : e FCC-ee(2IPs) (~CEPC50MW)— & % G’% D5 . .
*,‘}Q’ u@-" &ﬁ& oy R L. qgdead o FCCee(41Ps) (Lumix17) 7 %"’b ,;:%- %é:"”.f‘b(
P & E W =  ILC(TDR, upgrades) (~C3) | "“*‘..»3 Y %ﬂg S 7y, Ch
& ﬁ;“:'ﬂ"@' 5 < - CLIC (CDR, 2022) i o e D,_"ag, %, ﬁQ‘*
S8 & 5 42 l ”4,4, St "'eq "‘e% 0. %O
\\) 'b%&éﬁqq 5 = 7.163 GeV) — / &,:,4 Irﬁ}ﬂﬁﬂ -"% rﬂg '? ’o
vtfé' Kﬂt @g‘k 42.6 = L FCC-ee o on P,%#G?qbﬂo} R ‘@% (o) );
. Pl ‘D C. %,.%, 5., Y&
QO s | | AN
=, —
@{‘{hﬁ*"‘t‘}i&? E 1D = e H115 7 F# ‘:‘r
o & = : %
& & h Y
A E
& =)
< (365 Ge%)
ILC CLIC i
\L{f T?n?tcr!? r?ﬁ?:f:r:i?t:i? 100 150 200 250 300 350 = 400 Motivates the competition
AR RPROUNIE - RDP + in situ In situ only s [GeV] Luminosity is the name of the game

-

Precise and continuous Vs, 1/s spread, boost determination

Both with resonant depolarisation (RDP) and with collision events in up to four detectors
Essential for precision measurements

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 16



FCC-ee detectors (AN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavi

X
g
=
£

: - 2 T thin solenoid within calo
21 SOlen?!d outside calo 2 T solenoid outside ECAL Si vertex detector
Full silicon tracker : : : ) : : : :
: , Tracking with ultra light drift chamber + Tracking with ultra light drift chamber
SIW highly granular EM Calo : : ) . :
SiI Wrapper (improved tracking + timing) Dual-readout calorimeter + preshower

Sci-steel highly granular HAD Calo :
SIS LAr EM Cato + Sci-steel HAD Calo MPGD (pRwell) based muon detector

RPC-based muon detector

* Beam crossing angle + need to keep vertical beam emittance low = B field limited to 2 T @ Z pole
* Lot of room for (even radical) changes
* Show already different approaches to tracking/calorimetry

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 17
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Vertex detectors (AN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavi

General requirements

Flavour physics and tagging requires 3-5 pm — pixel size ~15 pm
Small material budget (0.1% of Xo/layer) — thickness ~ 50 pm
Low power consumption (especially inner layers) —» 10-30 mW/cm?

Solution;: CMOS MAPS

high spacial resolution and small material (integrated circuitery)
= Used in LHC upgrades (ALICE ITS, ATLAS ITK, etc.)

= No need for bump-bonding: allow smaller pixel size

= Opverall affordable

Cylindrical
Structural Shell

Half Barrels

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 18
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Full silicon tracking — CLD approach (AN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavia

VTX:

* Pixel size 25%25 pm? - 50 um sensor thickness - aiming at 3 um resolution
* Material and cooling benchmarked on ALICE ITS (LS2) upgrade design
* Power dissipation: 40 mW/cm? - water cooled

[o} t
* Single point resolution 7x90 um? (5%5 pm? in first layer)
* Inner tracker: barrel 3 layers, end-caps 7 disks
* Outer tracker: barrel 3 layers, end-caps 4 disks

0 125,126 159, 161 229,231 299, 301

FCC-ee CLD FCC-ee CLD
= 1@ T T T T T T T ' L L S R
S F Single w 32 30 B Outer tracker —
fo) A s 6=10deg — [ Inner tracker
=1 [ o 6=30deg ] o i
A 107'E " o 0=50deg E > B Vertex detector
— : + 0=70deg 3 > B Beam pipe |
o " 5 o 6=89deg ] _.>_,<
g_l 02 O B, s a®b/(p sins’ze)__ o 20
o - S & E _g’ e
(o} L e~ : T ]
[ ] -} N
\I— 3 & o, T x m <
% 107 F gy T —
3 T, 5 S 10
b - :::@=: § = ] q')
10 4 E . = -
E S ] &
: Betans,, 'g: E
10—5 1 ol C ol . 0
2 0 20 40 60 80
1 10 10 o 2
p [GeV] 6 [°]
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Light weight tracking - IDEA (AN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavi

Vertex technologies

P DLZ.OO 0,20 I 1 %}% 0,20 12
0 L ,
Depleted Monolithic Active Pixel detectors SIS,

3 Inner Vertex (ARCADIA based): : : DN~ ey g v - v oo oo g g oy o 3 3
: gg’”lr;?d; ,%;}O NM Process Target high granularity Precision points connecting vertex
. Dir#ensions: Low power consumption required with Drift Chamber
* Power densit%/ 30 mW/cm? e compromise with time-resolution  Low-p; tracking
* 100 MHzlcm Bunch-crossing ID

Middle and Outer Vertex plus disks Alternative: curved MAPS (inspired by ALICE ITS3 design)

(ATLASPIX3 based):

° TS| 180 nm process ~005% X/XO matel‘la| bUdget pel‘ |ayel’ Stli:yc“th(::IC::\eIIH
* S0umthick 5 times less than baseline option -
e Module dimensions:

e Power density 150 mW/cm?

Up to 1.28 Gb/s downlink 13.7 mm radius: mechanics ok, does electrically work?

Active pixels < 95% of covered area (chip service zones)
Impact on physics?

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 20



Light weight tracking - ALLEGRO

: VTX similar to CLD

Tracking with drift chamber (as in IDEA - similar in concept to

MEG Il chamber)

Minimising multiple scattering, adding only 2% X, to material in

front of calorimeter
Drift time O(300 ns)

Cluster counting (12.5 cm clusters) improves spacial resolution

and dE/dx measurement

Single point precision (with cluster counting) better than ~ 100 pm,

many points per track

30

25

% of Xo

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024
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IDEA: Material vs. cos(0)

I Beam pipe
[ Vertex silicon
[ Drift chamber
I Silicon wrapper

0 01 02 03 04 05 06 07 08 09 1

o,/pt

Track angle 90 deg.
B — IDEA
— -~~~ |IDEA MS only
------- IDEA No Si wrapper
—— CLD

-~ CLD MS only



https://indico.mit.edu/event/876/contributions/2672/attachments/1042/1708/allegro-concept.pdf

Drift chamber (AN

Total thickness: 1.6% of X, at 90°
(W wires dominant contribution)

max drift time: 350 ns
g,, ~ 100 ym; 0, <1 mm

Open issues:

* Complete mapping of dN/dx data in all relevant
background regions

* Understand details of cluster counting performance

* Build large mechanical prototype
=200 cm

* Inner radius R,, = 35 cm, outer radius R, =

* Spoke (wire support) mechanical deformation due
to wire mechanical tension

* Build full length functioning prototype with few cells
* Develop on-detector cluster counting electronics

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024
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Challenges

* Full silicon tracking:
* Keep material down, despite cooling and services

* Particle identification may require additional detectors
(RICH?)

* Drift chamber:

* Mechanical stability, cluster-counting compatible electronics

Particle Separation (dEIdX VS ledX) Preliminary! analytic calc., assumes focusing target achieved
ot o - Analitic > — K-
sigma f = ARC aerogel gas K-1t

o alculations e I K

10 | | — k5 J J L p-

9 1IN/ dx - o o f\ ™

8 IXTT | “}1“ g ' \\\_

7 E/dx  g/n A W

6 ' K/p . T

5 \‘\ .

4 \\-‘ .

: .| RICH N,

1 e LTl ] i

I e T S A s G ———

p [GeVie] Momentum (GeV)
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Taken from here

pt [GeV]

107"k

102k

107k

10+
104

Detector occupancy driven by incoherent pair
creation and synchrotron radiation photons

Estimated < 1% for full silicon detectors
Almost NO GO for TPC (see )
OK (but need to keep eye on) for DWC
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https://cds.cern.ch/record/2887802/files/document.pdf
https://indico.cern.ch/event/1335278/contributions/5733468/attachments/2786115/4857742/TPC_perspectives.pdf

Particle-flow oriented calorimeters

Basic idea: for charged particles, measure energy by using tracker
rather than calorimeter
Requirements: High granularity - compactness (small Moliere radius)

Drawbacks: confusion term (when calo-cluster subtraction goes

wrong - tails in jet energy distributions)
Studied in detail for linear colliders

SiW ECAL Analogue Scintillator HCAL
and ECAL
Heat shield: 1004400 pm E”Gﬁ“ﬁ*' Tile, 3mm thick  Bolyimide Foil Rwi:f":&mh;fc‘mlrm —_—

SLruc! UVLED | Flexead Cam\
/ A non- | i =
£ 1 PCB+FEE absorber| I T piat e
el ' i
1.2 - 2.8mu A ot ) P

sl £lue: 75 pm 5dmm | = : ' '

H -h‘.. I- S - o ) —p— —— e — o i —— T

v IR |/ y = - Bl Ir:'- in. | = I 0

} ) scale

B Kapton® film: 100 pm / |
e H Reflector Fols, Central Interface Board-

e Bottors Patg \ 18 (17 tick)
Cassatia -]
SPM.SMD  gieel, 0.5mmthick) CIB sacket (~2.4mm)

Scintillator tiles/strips + SiPM
Typical segmentation: 3x3cm?

Active area: silicon PiN Diodes
Typical segmentation: 0.5x0.5 cm?
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Semi Digital HCAL

Readout pads

Mylar layer (S0p)

PCB interconnect {ilem x 1em)

Readout ASIC
(Hardroc2, 1.4mm}

PCB (1.2mm) |
[ca support (FR4 or polycarbonate) fl

Gas gap

\ Cathode glass (1 1mm:|

Ceramic ball spacer (1.2mm) + resistive coating
Anode glass (0.7mm)
resistive coating

I‘Mrlar (175p)
Glass fiber frame (1. 2mm)

Gas RPCs
Typical segmentation: 1x1cm?

Istituto Nazionale di Fisica Nucleare
Sezione di Pavia

Challenges:
Cooling despite challenging
environment (no power pulsing
possible)
Large area of silicon detectors

Timing for 5D particle flow?
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Calorimetry @ CLD
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CLD paradigm: calorimeter optimised for particle flow (emphasis on granularity rather than quality of

energy measurement)

ECAL (CDR numbers - see
Cell size 5x5 mm? with Si-W
40 layers - 5.05 mm thickness each
Total 20 cm, 22 Xo, ~ 1 A

for optimisation studies):

No power pulsing - cooling issue - part of optimisation process
HCAL:

Cell size 30x30 mm? scintillator-steel

44 layers - 26.5 thickness each

Total 117 cm, 5.5 A\

FCC-ee CLD FCC-ee CLD
|—°|8-.-|...|...|...|.... -—0-25_é--|---|---|---|---
o, i o barrel (6:50>-130 1 oY, [, o barrel (6: 60-120°) ]
Ta I ©  transition (0: 40°-50°) | A I 7 transition (: 45°-60°)
/\_\P- 6 | A endcap (6: 15°-40°) | Ll\J 20 - A endcap (6: 15°-45°) -
SN T
o | w

4 _ N R S S _ © 15 : g
. R
2 e . 10
@
: : ol . s ]
O L1 L1 L1 L1 L1 1 PR I I L7 Ly
0 20 40 60 80 100 0 20 40 60 80 100
Energy [GeV] Energy [GeV]
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FCC-ee CLD

5.05 mm

3.15 mm

]

——e—— no energy correction

ﬁ —=a&— with software compensation

-3

=0

50

PR I T S
100

P
150

]et [GeV]

B

ABSORBER (W) 11 9 mm. -

B 2ir (0.1 mm)

PCB (13mm)

: Air (0.25 mm)

ABSORBER ( 1 Bmitn

Connectl\nty (0.1 mm)

i

Insulator (0.15 mm)

Insulator (0.75 mm)



https://indico.cern.ch/event/838435/contributions/3635846/attachments/1968113/3273559/cld_detector_roloff_version6.pdf

Calorimetry @ ALLEGRO (AN
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EM Calorimeter:

* Noble liquid calorimeters: good energy resolution, long-term
stability, easy to calibrate e
* Ideas to achieve high granularity targeting particle flow £

-100 :

* Solution heavily inspired by ATLAS: LAr + copper - but different
geometry

Hadronic section with increased granularity scintillator tile + steel
(é Ia Tllecal) Energy Resolution CorrectedCaloClusters

& 1.8mm Pb, LAr Readout
— Pele09% electrode

wm==  Absorber

101

& 1.8mm Pb, LKr Radius (mm)
— 0 eﬁ—-“?% @ 0.4%

& 1.35mm Pb, LKr
— %@@%e 1.1%
& 1.35mm W, LKr

— 000 o 75% o,
1Y el e0.2%

Resolution (%)

Material optimisation
example

1.0mm W, LKr
0.00 g 6.0%

100 -

T T T T T
0 20 40 60 a0 100
E (GeV)
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Calorimetry @ IDEA (AN
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* Simultaneously measure: Two options currently under study:
* Scintillation signal 2%

Cherenkov S|gna * Longitudinal unsegmented dual-readout fibre calorimeter

* Calibrate both signals with e (combined EM+HAD calorimeter)
« Unfold event by event f__ to | _
obtain corrected energy * Dual-readout crystal (EM calo) + dual-readout fibre calorimeter (HAD calo)

- boost flavour physics performance

—
=

—_—
—

S = E[fem + (h/e)S(l — fem)]

Magnet and iron return yoke

» Fim]
- 3

Yoke

C = Elfor + (h/€)c(1 = fom)] .s /
— _ ] Dual-Readout Calorimeter DR Calo
E = S XC with: ¥ = 1 (h/e)s 1
1—yx 1—(h/e)c ‘

Coil

DR Crystal Calo

“| Drift Chamber

«» Vertex Detector _——
— 1o0mad

nL"' -
o3 10 13 0 25

2 [m) *s 7 [m]
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IDEA: dual readout + PFA (NN
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+ ECAL ~20 cm PbWO, (" SCEPCal
+ 2 layers: 6+16 X,

+ DR with filters
+ 0.,=3%NE

Dual readout HCAD

Scintillating fibers
@ =1.05 mm

Cherenkov fibers
@ =1.05mm

Brass capillary
ID=1.10 mm,
OD = 2.00 mm

+ timing layer
+ LYSO:Ce crystals
+ 0,~20ps

Solenoid

+ HCAL layer
+ 0,,/E ~26%/VE

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

L1 1 1 1 V.
s F

A

T e
~1A, 0.16A, 8A,
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IDEA: dual readout + PFA (AN

Isolated photons

/

HCAL fiber owers

EM cnystal rear

EM crystal front

Tirring mear

Tirring front

Solenoid gap
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Geant4 simulation of Z - Jj events:
* magnetic field ON but NO tracker

* Gaussian smearings of MC tracks according
to expected IDEA tracker performance

for each track extrapolate impact point

remove and store tracks not reaching calo

29



IDEA: dual readout + PFA (AN

— 0.1F
E i i
= 0.0sF PR
. o,
'D [ L m
i s, IEL M"J
N I*»._-_fl ._J ol
—0.05— v/
0.1F ::
i ¥
- . -: - Crystal caladmetér fits
—0.15 B - i 4 Charged rack impast paint
- : E“: ——— Phatan hits resmayed
S N ) U W NN T N TN N T NN T T NN T A U T U WA AN A N A
0.6 0.65 0.7 0.75 0.8 0.85 0.9

B [rad]
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Geant4 simulation of Z - Jj events:

magnetic field ON but NO tracker

Gaussian smearings of MC tracks according
to expected IDEA tracker performance

for each track extrapolate impact point
remove and store tracks not reaching calo

identify EM neutral clusters (photons) by
cluster radius

R _ E.'-i-:';':':d
transverse — ZE Em“.{ﬂﬁr- < 'D'DIE}

remove and store photons (R<0.9)
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IDEA: dual readout + PFA (AN

— 01 - —
T T 7 ,
E - .'r'I :_"t. % :
S .r AR R
'I:I.'EIE_— | 8 i
: :. ;"-._.:_i--'r
.D_
" -I:IE_— e ] ARECALmax — 005
| B LT ARI_ICALmax =0.30
o1 N
- -’ L :
N " __.-"_-r:__"‘,__;l - Available calarimetar Fits
_'EI'-IE__ -r.."-._ﬁ_j.j___,"- .-"-,.. < Charged rack impact paini
N : ' -+ .-: - --- Max ares ko tmck-hit masching
S | S ST S N T ST M U N W U AT SO M NN AN N A RN
0.6 0.65 0.7 0.75 0.8 0.85 0.9

B [rad]
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Geant4 simulation of Z - Jj events:

magnetic field ON but NO tracker

Gaussian smearings of MC tracks according
to expected IDEA tracker performance

for each track extrapolate impact point
remove and store tracks not reaching calo

identify EM neutral clusters (photons) by
cluster radius

R B E:-ie{'d
ransverse — ZE -E]'I.i.l,fl::ﬂRr- < 'D'DIS}

remove and store photons (R<0.9)
for each track, rank calo hits by distance
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IDEA: dual readout + PFA (AN

— 01 - —
T T 7 ,
E - .'r'I :_"t. % :
S .r AR R
'I:I.'EIE_— | 8 i
: :. ;"-._.:_i--'r
.D_
" -I:IE_— e ] ARECALmax — 005
| B LT ARI_ICALmax =0.30
o1 N
- -’ L :
N " __.-"_-r:__"‘,__;l - Available calarimetar Fits
_'EI'-IE__ -r.."-._ﬁ_j.j___,"- .-"-,.. < Charged rack impact paini
N : ' -+ .-: - --- Max ares ko tmck-hit masching
S | S ST S N T ST M U N W U AT SO M NN AN N A RN
0.6 0.65 0.7 0.75 0.8 0.85 0.9

B [rad]
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Geant4 simulation of Z - Jj events:

magnetic field ON but NO tracker

Gaussian smearings of MC tracks according
to expected IDEA tracker performance

for each track extrapolate impact point
remove and store tracks not reaching calo

identify EM neutral clusters (photons) by
cluster radius

R B E:-ie{'d
ransverse — ZE -E]'I.i.l,fl::ﬂRr- < 'D'DIS}

remove and store photons (R<0.9)
for each track, rank calo hits by distance
collect hits in cone
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IDEA: dual readout + PFA (AN

mean: -0.013

sigma: 0.015

s 0071

=

—

Ma
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

%3 D2 D31 0 0.1 . 0.3
(E iz

hits + tracki targeti’ © Sigroet
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Geant4 simulation of Z - Jj events:

magnetic field ON but NO tracker

Gaussian smearings of MC tracks according
to expected IDEA tracker performance

for each track extrapolate impact point
remove and store tracks not reaching calo

identify EM neutral clusters (photons) by
cluster radius

R B E:-i{':‘:d
ransverse — Zr' E]]_L“(ﬂﬁr- < 'D'DIS}

remove and store photons (R<0.9)

for each track, rank calo hits by distance
collect hits in cone

compare with Earget(track)
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IDEA: dual readout + PFA

mean: -0.013

sigma: 0.015

s 0071

=

—

Ma
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

%3 D2 D31 0 0.1 . 0.3
(E iz

hits + tracki targeti’ © Sigroet
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Geant4 simulation of Z - Jj events:

magnetic field ON but NO tracker

Gaussian smearings of MC tracks according

to expected IDEA tracker performance
for each track extrapolate impact point
remove and store tracks not reaching calo

identify EM neutral clusters (photons) by
cluster radius

R B E:-i{':‘:d
ransverse — Zr' E]]_L“(ﬂﬁr- < 'D'DIS}

remove and store photons (R<0.9)

for each track, rank calo hits by distance
collect hits in cone

compare with Earget(track)

If “good” agreement remove hits and track
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IDEA: dual readout + PFA (AN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavia

... continue
* apply k: algorithm (e.g. Durham) for two jets

] L]
B L it =
g | {DRD)T:-00124 £0.0005 g'e = Iy = | g | {DAO) T 0.0029 +0.0005 g'e = L'y = |
O ORO & 00408 000039 E - 90 GeV o LRt U 20 D = 250 GeV
Q — PFAIT 0.0037 +0.0004 M= — - PFAT: 00002 +£0.0004 Ecun =
E IFFA] a: 024 =0.0003 E IFFA] a 00219 00003
M M
o 107 o 107
= - = -
j f— | — -
o - o =
= o = R
107 10°
L B ,* |
| | | | |
||||||II'IIIIIIIIIIIIIIIIIIIIIIIIIIIIII |||||||||I|||I|IIIIIIIIIII*IIIIIIIIIIII
42 415 4H1 005 0O o0 01 015 0.2 L2 415 41 D05 0O o055 01 0415 02

{'Mrﬂﬂﬂ_mtmth} ,|'r MEI'LIH'I {Mrﬂﬂﬂ_mtruth} ,|'r M.FIJT"I
i ! i i i i
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finally ... (AN
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Jet resolution

0.14

‘;u_, . RN LY —e— w/o DRO, w/o pPFA
BB oo —e— w/ DRO, wio pPFA
it —e— w/ DRO, w/ pPFA
[:.1_ ..............................................................................................................................................
2 SBAW(E = 0.34/ \E @ 0.047
= oDRO/E = 0.32/ VE © 0.024
0.08 Ii ofFA/E = 0.29/ E @ 0.010

0.06

0.04

|||||||||||||||||||||||||||||
0.02" =% 20 60 80 100 120 140

(E_)[GeV,

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 36



Other ongoing R&D on calorimetry CNFN
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- Ultra-high granularity CMOS
Ecal
High-density digital CMOS readout - count

Scintillator grains and absorber suspended in liquid
Trapped light extracted with WLS fibres

High density EM calorimeter

Crystal calorimeter for FCC-ee?

: Traditionally achieve superb
E"”‘* ““"”“"’@’] EM resolution but w/ limited
N brinciimchie o o P granularity

h Lh._- 1.. 3
hE:I-Ee'-.-el rJ;':e within é
g # Crystal Clear Collaboration
Incident | Crysisl Ciner ColaDO
1ﬂ||||||[1||||

particles Recent R&D ShOWS pOtentiaI Crystal fiber_s f;JI' high granularity |
for particle flow



https://arxiv.org/abs/2312.07365
https://indico.slac.stanford.edu/event/7467/contributions/6121/attachments/2927/8139/lcws23_watson18may2023.pdf

" Roadmap Oversightand Detector Research and Development

"
o

Synergies: consortia and ECFA DRDs (AN
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i ECFA | [CERN Research Board ]— -=® CERN COUNCIL
Recommends
Community Approves
] interaction ] ‘

[ e oy nee ] sevons = * Lot of leverage done in past within consortia
and proto-collaborations

Community Interaction Committee (DRDC)

ECFA Detector Panel , Includes members from: ECFA Detector Panel,
Lol B { SEffaatee > 0 : :
| NUPECE and ICFAIID Pansi® | o gt s xpte o o 0 o | * Challenges connected with detector R&D find
— .,C,;;;ﬂmmgn_ﬁ?mm T - common framework (aimed at increasing
——— coherence and optimising resources) with
Detector RD (DRD) Collaborations
[DRD1] [DH:DE] [DRDS] ECFA DRDs

-~ RD51 Collaboration
EUR®-LABS — .

EUROPEAN LABORATORIES
FOR ACCELERATOR
BASED SCIENCES
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ynhergies: common tools INFN
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* Nice sub-products of these collaborations already widely used

Key4HEP EUDAQ

Common software framework used for FCC Common data acquisition and online

and for many of other future collider projects monitoring software, often used Iin

conjunction with common hardware for beam

Includes common event data model, tools for monitor (EUDET), and data quality tools

easy and portable detector geometry
handling, consistent set of tags of most used

HEP software packages irentstabenunaing. [

(Camimosaze Eniries 520
Control (EConelatons Mean 2600
Init: | fopt/eudaq1/conf/telescope.init Init (EComelations Vs Time Meany 4.137
(E3Monitor Performance | Std Dev 1501

Config: |/opt/eudaq1/conf/telescope.conf

Config (3 EUDAQ Monitar Std Devy 2.05

I Mumber of Planes

R Hits vs. Plane }
I Hits vs. Event } |
L i

= Phoenix Menu Log: [
-l EveniN vs TimeStamp

FCC-ce CLD

|
J
Run: | | tarl stop
J
J

Run/Event: 0/0 ® © petector GeolD: |0 Terminate ([EPlanes

® & EventData Status }

Run Number: 1 Events Built: 5221 }
P rracks Rate: 30.3502 (29.8211) Hz Triggers: 5221 } I
® File Bytes: 1169 kB Parti: 5242

TLU status: 00,~~~~~(0,1)  Scalers: 0,0,0,0 [
Connections . |
® caloClusters type = state connection L1

DataCollector Running 192.168.22.1:53018
LogCollector Running 192.168.22.1:53012 ol b b b a1 1Y
Monitor OnlineMon 192.168.22.1:53034 1000 2000 3000 4000 5000 6000 7000
Producer TLU : 192.168.22.1:53028

® i Lobels Producer MimosaNI Running: Started ~ 192.168.22.1:53022

® Hits

® vertices

® wissingenergy

[ Cur: event: 5190 [ Analysed evenis: 520

Level: Search:
|[4INFO 1| 2|

Received Level Text From File Function
2 4-INFO Connection from LogCollector (192.168.22.1:41798) LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfos)
4-INFO Connection from DataCollector (192.168.22.1:41802) LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfos)
4-INFO Connection from Producer.MimosaNI (192.168.22.1:418... LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
4-INFO Connection from Producer.MimosaNI (192.168.22.1:551... DataCollec... DatacCollec... OnConnect(const eudaq::Connectioninfo&)
4-INFO Connection from Producer.TLU (192.168.22.1:41812) LogCollector euLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
4-INFO Connection from Producer.TLU (192.168.22.1:55194) Datacollec... DataCollec... OnConnect(const eudaq::Connectioninfo&)
4INFO Connection from Monitor.OnlineMon (192.168.22.1:418... LogCollector eulLog.hh:106 OnConnect(const eudaq::Connectioninfo&)
4-INFO Initialising (fopt/eudaq1/conf/telescope.init) RunControl  RunControl... Init(const string&)
4-INFO  Configuring (fopt/eudaq1/conf/telescope.conf) RunControl  RunControl... Configure(const string&, int)
4-INFO Configured (fopt/eudaq1/conf/telescope.conf) ProducerTLU TLUProduc... OnConfigure(const eudaq:Configuration&)
4-INFO Configured (fopt/eudaq1/conf/telescope.conf) Producer.M... NiProducer... OnConfigure(const eudaq:Configuration&)
4-INFO Starting Run 1: RunControl  RunControl... StartRun(const string&)
= 4-INFO Preparing for run 1 DatacCollec... DataCollec... OnPrepareRun(unsigned int)
14:28:00.612 4-INFO Starting run 1 Monitor.On... Monitor.cc:95 OnStartRun(unsigned int)

Event0.

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 39



Lost and found (AN
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1. Timing
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Timing

All detectors developments address timing issues:
* Trackers and muon chambers
* PID and ToF detectors
* Calorimeters

with sensitivities that cover quite different time domains — see table below for calorimeters (!)

& & & & >
¥ & 2 §Foe S
§ & & A ¥ L& ¢ =
AR SN F & FEE od
Y @5 7 Sy &g ’g}" g € & S
&
oﬁ'ﬁggﬂ’ LE‘-‘:‘@S‘F‘@ 4 E@Efé"(?
L SIS ESESS
F T I T ISy CCFINICLLEFS
o 2035-
< 2030 2030-2035 2040 2040-2045 >2045
100-1000 ps 6.2 &% @ @ &
Timing 10-100 ps 616263 @ @ ® O o0
<10 ps 6.1,6.2,63 & &

. Must happen or main physics goals cannot be met

. Important to meet several physics goals
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Desirable to enhance physics reach

@ RED needs being met
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Sezi i Pavi

41



Solid state detectors

“Technical” Start Date of Facility (This means, where the 2035
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Impact of timing ... e/Tt discrimination

RD52 fibre-Pb dual-readout
calorimeter

(60 GeV) e vs. 1T

g(e) > 99%
R(mt) ~ 500

NIM A 735 (2014) 120

Istituto Nazionale di Fisica Nucleare
Sezione di Pavia

Methods to distinguish e/t in longitudinally unsegmented calorimeter
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Impact of timing ... energy reconstruction (AN
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142 GeV Electron
250 GeV Positron & |, Eciron Enegy = 142Gt 1508 | Boton By = 142G, 6 200 e 10/ ;S . ) OSSO S A 22 54 1 50
2 brem. photons &5 B & "I Esum 30GeV ]
= A = 40 - -
%2 335: ‘E-__Eg-;. O e e i e e e e e o o I
r 2w g = E"_' EMcorr 30GeV 1
: g, e = [ Simulated hlgh-gran. caln 1
: " i “H: E 8-  Cu-Si(2x2x2em3) -
5 g F o5 am ~ s 1 | : CNN 3“%? :
= | ® e TR 1 1 Mol SURTRSPNRNEINI -
gy SRR 4 30 D T araor  Caarommnsn 7T
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Timing precision [ps]

Lnrg:tu-:hnal Position, z [om) Langitudinal Position, z [cm]

Highly granular Cu-Si calorimeter

CMS HGCAL measurements 30 & 100 GeV pion simulations
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Impact of timing ... longitudinal segmentation INFN
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Fibers

front particle back

Table 1. The energy resolution of the 3D GINNIN reconstruction with various timing resolutions for
longitudinal segmentation.

Timing Resolution Position Resolution Energy Resolution
A(t), ps A(z), cm o1E, % @ 100 GeV
0 0.0 3.6
100 5.0 3.9 .
150 7.5 10 w/ Cherenkov fibres only
200 10.0 4.2
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Impact of timing ... TOA measurements (simulations)

Full SIPM signal sampled at 10 GHz

FFT used to mitigate exponential talil

Unlocks full longitudinal information about energy

deposit

Combined with DR information allows in-shower
cluster identification
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Waveform digitisation (AN
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Results with SensL (MicroFC-30020SMT):
SiIPM with both fast and standard output

NALU Scientific
AARDVARC v3

e Sampling rate 10-14 GS/s

Fstott TRl T et e
' : _L_ S  °© Z-8 ps timing resolution

» System-on-Chip (CPU)

T P e © 32 k sampling buffer
Stndardoutpu S AN B - 2 GHz bandwidth

One-photon event Two-photon event Two-photon event
(simultaneous) (5 ns apart)

Corfu2024 Workshop on Future Accelerators — Corfu, 21.05.2024 47



Lost and found (AN

Istituto Nazionale di Fisica Nucleare

2. DNNs
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DNNSs (AN

Istituto Nazionale di Fisica Nucleare
Sezione di Pavia

Significant performance improvements expected in many domains:
* Triggering (whenever needed)

Data reduction (feature extraction)

Final state identification

Event reconstruction
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DNNs at work — T decay tagging

IDEA layout

- Information: fibre signal output (# p.e.)

JIMTE . | | |
(no time information) :L___Q____J:____Q____J: _____ T __—:_HY_Y____J:

3-class classification: 0 1 1 toew ]
Tiep, Thad, QCD Jet i 1 i 2 i T — TV i
13 T oy

8-class classification: S U JU — 1 :’_FE_Y_____:
To, T1, T2, T3, Ta, T5, Ts, QCD jet IL 1 4I 4 JI T — Ty |

L T G |

| I I |

[ T from Z 1t decays ] :k____1____ﬁ:_____5____ﬂ:_____T_:’_T_[FﬂY____ﬂ:

1 6 | tommv |

2 7 | Z-qqjets |
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Truth BR

T —8vy
T —TITV 2 57
T —TTTT% =10

T — Ty 0.74
T —TTTTITV Q.11

T —TITIT oy 0.11

T — VY 2.30

Z —qq jets 0.08

-~ - -~ - -~ - R o
T WL . L T T
L e Py %z% %‘)7_% \b%
Predicted BR
Input: fibre coordinates only

DGCNN w/ geometrical information only

DGCNN optimised but w/o #pe as input feature
B field a_nd material in

407 221 002 0.00
539 025 3.59
2.76 1.97
33.04 0.84
9.88 6.22 0.46
1.49 9930 2.90

0o./0 0O0.17F7 0.00 0.03

0.33 0.63 094 2.92

avg accuracy: 7/3.7%

0.00
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1.01

2.81

.00
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3.34

1.57F

0.27

0.05

0. 0E

0.00

0.22

0.30

0.54
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0.14

0.25

0.06 g

M “

&

iInput: fibre coordinates + type
avg accuracy: 88.3% (w/ #p.e. 90.8%)
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Where are we? (NN
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* Lot of work done, but way more ahead - not exhaustive list:

* Detector concepts are nice frameworks - fresh ideas and redesign are more than welcome
... and at FCC-ee there are 3 detector concepts and 4 IPs....

* New technologies (timing for optimal particle flow? UV/digital light sensors for crystals/fibres?)

* Software is in development (starting from detector simulations) - better software means more opportunities for
Improved physics requirements

* “Detector communities” fairly compact (0(20) people) - a lot of room for new collaborators)

* Opportunities for younger colleagues (maybe while spending most of their time on LHC experiments):
* Doing “core” HEP detector/software work after highly optimised LHC detectors
* Talks and proceedings

* Fundamental for “knowledge transfer” (forming future detector experts) — detector R&D need to be better
“recognised” ... we form and loose people w/ quite impressive rate (my two cents)
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Summary CNFN
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Work for definition of detectors for next high-energy collider is in full swing

FCC-ee is gaining momentum also at international level (e.g. P5 endorsement and signing of Sol from US)

Game of ideas (already at play for most, if not all, e+e- collider options):

* Full-silicon or ultra-low material tracking? Calorimeter with high granularity or high energy
resolution? Or both? Lot of room for improvements!

International collaboration in detector R&D being shaped by ECFA DRD initiative

Long time before first collisions

* ...but big push happening now! FCC-ee feasibility study + European Strategy update key
Ingredients for next steps
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Beam energy (GeV)

FCC-ee In pills

Top pair pole

Beam current (mA) 1270 137 26.7 4.9

Number of bunches 11200 1780 440 60
inosi - 1034
Luminosity _(pe_r IP-10 140 20 5 105
cm=2 s)
Integrated Iu!'mnosﬁy (per 17 54 0.6 015
IP - ab-1/year)

Planned running time 4 2 3 )

5% 10127

Which translates in

(LEP X 10°)

~ 10 ww
(LEP x 10%

2% 10°H

unprecedented

at e"'
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Number of surface sites
Ju-fm Surface requirements

“ LSS@IP (PA, PD, PG, PJ) 1400 m
> m--" . LSS@TECH (PB, PF, PH, PL) 2032 m

Rt Arc length 9.6 km

1

Sl A

P.J expenment
e = “0y e Sum of arc lengths 76.9m

Total length

rrrrr

> N
L Vovray-en-Bomes

: LPG experlment

wiul
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