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Infroduction

e Overview of detectors:

e CLD and IDEA discussed in FCC-ee Conceptual Design Report
(CDR)

e Complementary choices for these benchmark detectors

e Focusing on what has been done so far (dedicated talks wiill
discuss opportunities as well)

e References:
e FCC-ee CDR

e CLD detector paper: https://arxiv.org/abs/19211.12230

e IDEA: Presentations at FCC-ee workshop 2020, ICHEP 2020

l. Vivarelli- FCC-UK - FCC-ee detectors - 11 September 2020


https://fcc-cdr.web.cern.ch/#FCCEE
https://arxiv.org/abs/1911.12230
https://indico.cern.ch/event/838435/contributions/3658345/attachments/1968063/3273038/Bedeschi_IDEA.pptx
https://indico.cern.ch/event/868940/contributions/3814086/attachments/2083111/3499116/Bedeschi_IDEA_ICHEP2020.pptx
https://fcc-cdr.web.cern.ch/#FCCEE
https://arxiv.org/abs/1911.12230
https://indico.cern.ch/event/838435/contributions/3658345/attachments/1968063/3273038/Bedeschi_IDEA.pptx
https://indico.cern.ch/event/868940/contributions/3814086/attachments/2083111/3499116/Bedeschi_IDEA_ICHEP2020.pptx

US

UNIVERSITY

What physicse

> —
- 2 neff . Ui gso.ssj— 0
e SIn~ 6, mainly from AFB e
80.37_—
« my; and width at o(1 MeV) w006
« My, and width at o(10 — 50 MeV) =< —recm o
L --- LHC (Future
80.34|~ --- LHC (Now)
oI 2 C Z pole (now) + m|,
.AUX”IGry meOSUremeﬂTS (aQED(mZ), 8033;' —— Standard Model
Z boson mass and width, ag(m3)) v e
. . = FCC-ce (EW) g %
videdel-independent ¥y, Wiggs " | — e
couplings and Higgs to invisible S -
'-:-c ------------------------------------------------------------------------------------ —550
eBSM models (ALPS, dark phOTOﬂ, —j ..................................................... _;40
light dark maitter, ....) = NI Y | T El

O¢o OW/ O¢B O¢W30¢D O%O(I)OV)B)O 0(1)0(3)0 0] O/«p OT¢ O% Ob¢ O]]

3

l. Vivarelli- FCC-UK - FCC-ee detectors - 11 September 2020



Machine plan
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e5x1012 Z, 108 WW pairs, 10¢ Higgs bosons and 10é¢ top pairs

expected.

 Different running conditions depending on beam energy

T

-
|D F Z (91.2 GeV) : 4.6 x 10°® cm2s™ *  FCC-ee (Baseline, 2 IPs)
= ILC (Baseline)
> B CLIC (Baseline) ]
5 1 02 : CEPC (Baseline, 2 IPs)
T W*'W (161 GeV): 5.6 x 10* cm2s™!
- C .
3 HZ (240 GeV) : 1.7 x 10 cm2s™
= 105
3 - ]
. tt (350 GeV) : 3.8 x 10¥ em?s' _— o

- (365 GeV) : 3.1 xj_(ﬁ)_ﬁ_,cmjs ) —

HZ (250 GeV) : 1.5 x 10™ cm2s'®
1 |

10 10° .
's [GeV]

* Synchrotron radiation losses kept at
50 MW /beam.

e High-current/low RF at the Z pole,
small-current/high RF voltage for tf

e Bunch spacing ranging from 20 ns
(Z) to 7 us (top)

eCrab-waist collision scheme
guarantees high luminosity.
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Collision point and machine requirements =
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ump R il bt NEG pum .
"EG“,:EM | Pl nZ iy o beams + low beam emittance =
5 E AR N detector magnetic field 2 T max
cm . 1 . .
.— *Machine-detector interface structure
0 (large angle + shielding + compensating
magnets + luminometer) limit detector
i acceptance to ¥150 mrad.
=5 =
Central 2
Qc1 / detector SA& 50-100 mrad  @C1
_ +-50mrad | from ediiag
el Fisis E Jtlsl| ......... L.
-10 ] -1 0 i 1 2 ; - FCCee 365 GeV <

pT (GeV)

eResidual synchrotron radiation 5
and incoherent pair creation .|
drive ID and VTX detectors :
occupancy.

10°
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Physics requirements

Physics Process ~ Measured Quantity Critical Detector Required Performance

ZH — (¢~ X  Higgs mass, cross section A(1/pr) ~2x107°

Tracker

H— pu~ BR(H — pup™) &1 x 1072 /(pr sin 6)

H — bb, cé. gqg BR(H — bb, ce. gg) Vertex ore ~ D& 10/(p sin?/? ) pm
H—q3, VV  BR(H —qq, VV) ECAL, HCAL o JE ~ 3 - 4%

H — 4 BR(H — v7) ECAL op ~ 16%/VE ® 1% (GeV)

e Very good momentum resolution.

e Very good vertex resolution.

e Excellent Hadronic calorimetry.

e Good, but not extreme, EM calorimetry

e Good tau identification capabilities and ability for polarisation
measurements, very good PID.
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The detectors

CLD IDEA
(CLIC-like detector) (International Detector for Ep Accelerators)

2 T thin solenoid within calo
Si vertex detector
Tracking with ultra light drift chamber
Dual Readout Calorimeter + pre-
shower
MPGD (uRwell) based Muon detector

2 T solenoid outside calo
Full silicon tracker
SIW high-granularity EM Calo
Sci-steel high-granularity HAD Calo
RPC-based Muon detector
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CLD - Vertexing and fracking

VTX:

- Pixel size 25x25 ym2- 50 um sensor thickness - aiming

at 3 um resolution

- Material and cooling benchmarked on ALICE ITS LS2
upgrade design (MAPS)

- Occupancy dominated by IPC - higher at the Z pole
and below 1% (Safety factor 5 - 10 pys readout window) 3
- Power dissipation: 40 mW/cm?2- water cooled )

ID:
- Single point resolution 7x20 um?2- 5x5 um?2in
Ist layer.
- Inner tracker: Barrel 3 layers, end-cap 7 discs.
- Outer tracker: Barrel 3 layers, end-cap 4
discs.

[%]
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FCC-ee CLD
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IDEA - Vertexing and tracking

¢ VTX similar to CLD

*Tracking with drift chamber (similar in concept to MEG |l

chamber)

* Minimising multiple scattering, adding only 2% Xo to material in front

of calorimeter

* Rin =35 cm, Rout =200 cm, L = 400 cm, drift time o(300 ns)
* 90% He - 10% iC4H10- max drift time 360 ns, Stereo angle 30°

e Cluster counting (12.5 cm! clusters) improves spacial resolution and

dE/dx measurement

* Single point precision (with cluster counting) better than ~ 100 um.

See here for more details

IDEA: Material vs. cos(0)

30/ Il Beam pipe
[ Vertex silicon
[ Drift chamber
25 i Silicon wrapper

% of Xo

20

15

10

0 01 02 03 04 05 06 07 08 09 1

*
stereo angle + X o X
TR
L
stereo angle - X
*
X-y View
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https://indico.cern.ch/event/868940/contributions/3814116/attachments/2082577/3498517/IDEA-DriftChamber.pdf
https://indico.cern.ch/event/868940/contributions/3814116/attachments/2082577/3498517/IDEA-DriftChamber.pdf

CLD - Calorimeters

e Calorimetry optimised for particle flow

ECAL (CDR numbers - See here for
optimisation studies):
- Cell size 5x5 mm?2 with Si-W
- 40 layers - 5.06 mm thickness
each
- Total20cm, 22 Xo, ~ 1 A
- No power pulsing - cooling is an

issue - part of the optimisation
Process.

HCAL:
- Cell size 30x30 mm? scintillator-steel
- 44 |layers - 26.5 thickness each
- Total 117 cm, 5.5 A

Connectivity (0.1 mm)
ABSORBER (W) 11.9 mmt Silicon (0.5 mm)
O — =Y |nsulator (0.15 mm)
5.05 mm Air (0.1 mm)
3.15 mm PCB (1.3 mm)
! © Air (0.25 mm)
Insulator (0.75 mm)

ABSORBER (W) 11,9 mm
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https://indico.cern.ch/event/838435/contributions/3635846/attachments/1968113/3273559/cld_detector_roloff_version6.pdf
https://indico.cern.ch/event/838435/contributions/3635846/attachments/1968113/3273559/cld_detector_roloff_version6.pdf
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IDEA - Calorimetry+preshower

1 Tower 1

e Preshower under optimisation, using -
RWELL - aim: provide one last tracking
point, help for 1o identification.

Tower 40

«Single calorimeter, with 1.5 mm fiber
pitch and Cherenkov/Scintillation dual-
readout.

2.5m

2.5m

e For details about dual-readout, see here

*No mechanical longitudinal
segmentation, ~ 7 A\ length.

e Good EM infrinsic energy resolution,
excellent hadronic resolution

@ e e e e
©Ue0 e ee e
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Magnet and muon system

CLD: IDEA:
- 2 T superconducting solenoid outside - Thin superconducting solenoid within the
calorimeters, | = 20-30 kA, 0.7 A calorimeter volume (0.46 Xo cold mass, 0.28 Xo

- Return yoke field barrel ~ 1 T cryostat)

- Muon spectrometer based on RPC - - Current design: NbTi/Cu conductor + high
performance based on a 30x30 mm?2 cell strength aluminum for cryostat - 8 ton total
size - Muon spectrometer using y-RWELL

C: Static Structural
Figure

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
23/11/2016 11:25

398.34 Max
145

124.58
104.15
83.729
63.306
42.882
22458
2.0349
0.23492 Min
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Tracking performance
FCC-ee CLD
= T T T e
% - A =L1L0deg
e IP resolution 0o(10 um) for CLD, similar for (5 1g-1 g~ : 3:§§§ZS .
— E ¢z 0= 3
IDEA ~ | .. o 0-83deg .,
§1 0_2 ; . A ----- a®b/(psin e)_=
*Very low amount of material in IDEA @ Eo.
minimising Multiple Scattering (MS). %"10—3 - T g
: ° O} S T ]
e Interesting range 20 GeV < p < 80 GeV 10 E S
(in, e.g., ZH production) F P
10—5 ] | Lol L
FCC-ee CLD 1 10 1 (%2 v
— "'I'in'e'_l"'l"'l"' e
g. 10°F o et gov E Pl ]
—_ F o p=10GeV 3 L
—~ C A p=100 GeV 0'005: Track angle 90 deg.
_OO 8 e p=1GeV, matBudget VTX + 50% /E 0.0045F — :BEQMS |
- = p=10GeV, matBudget VTX + 50% = o ony
% |2 .+ P=100GeV, matBudget VTX + 50% S < 00045 o DEANoStwrapper
E ° = Q) e -~ CLD MS only
; I o.oossi—
i . & s g s s 0.003?
10 £ ) _ 0.0025; T
; , - " a5 s m 0.002?
i Ao, . 0.0015]- '
1..,|...|...|...T.A.. o001
20 40 60 80 0.0005;#"
0 [deg] T R R
pt (GeV)
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Single particle (calo) response

CLD - Full detector simulation

FCC-ee CLD FCC-ee CLD
'—0'8"'|"'|"'|"'|III '—0'25_L"|"'|"'|"'|III
i -g o barrel (6: 50°-130°) E i o barrel (6: 60°-120°)
ur I ©  transition (6: 40°-50°) A [ ©  transition (0: 45°-60°)
= 6r s endcap (0: 15°-40°) W 20 s endcap (0: 15°-45°) =
w | S
° | w

4 © 15}
- o) i
L [ 5 Kaons
2 ; 10§
[ Photons [ ¢ 0
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 5 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 | 1
0 20 40 60 80 100 0 20 40 60 80 100
Energy [GeV] Energy [GeV]
0.1¢ 2?0 1?0 ﬁo %O 10 ‘? < Energy (GeV) 150 100 70 50 30 EEnergro(GeV)
0.09; S % Elfciv) +0.6% E E .
T s Plons
0.07; c: 4 \/m+().l% 02;
o.oei— ' -
o.osi— 045
0.04F- E
o.osi— 0'1;
002 ? Combined : g _ 13% +0.2% 0.08 }
0.01- Electrons £ VEGY) F
00: ‘o‘.1‘ - ‘o.‘z‘ - ‘o‘.s‘ - ‘oﬁ4‘ - ‘0‘5‘ — > A ‘01“?‘,5(‘6;\,)

Y.

(EGov)

IDEA - Calo only simulation
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e Calo response to neutral
particles (relevant for PF)
compared to that of
electrons and pions

Entries / sum of entries

0.07

0.06

0.05

0.04

0.03

0.02

0.01
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e However, dual-readout
response is hadron-
independent

= 100 GeV ;%%5

~  pions ‘;? j

- protons I

- neutrons | !

c kaons {o

160
Reconstructed energy (GeV)
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Performance (jets)
< 5_FC.CI'?9.C“?..,....,....
o~ | 1 no energy correction
.CLD: pOfTiC'G flOW (non OpTimised) + @—‘ : %l ——&— with software compensation i
dedicated software compensation ™5 }
corrections (on or off) 2
*|DEA: pure calorimetric measurement My : T
compared with a “track aided” calibration g’ [ ; ‘
: ;
o o D: L | ! ! L L | L ! L L | L 1 L L
* Full collision events used  e*e™ — ZH — jjg) 7} 5750 100 150 Gev
e
jet

ete™ > WW - jjuv

+,—- N A
e e — ZH — I/l/bb HJAO-OS__ # 7 = 0.3 calo+ch no mat. i
w [ ® 3 =0.3calo+ch 1x0 ]
5 L — Calo+Charged 1x0 material £ 0.07F ® x=03calo1x0 -
<800 125 GeV bosons, 400 ns no BG 7 2 L O 1 ]
VLC11 Jets S 0.08F 1 B ..F
i } - s E 0.06 ]
600 |- — Z bosons ) - £ 0.07; E
[ — W bosons g 0.06¢ = 0.05L b
100 J ) 0.05¢ - ]
[ } t ] 0.04¢ T 0.04f i
ool b : 0.03 - ]
- A : 0.02} 1 0.03f * 3
‘N:- 4+t +~0-++H++++ +++ - 001: _: PRI R T T PR S R SR N TR R S N
O50 '”'”Z”o' 2080 00 1 640:11 10 of i o1 015 02 02
60 80 100 120 140 —nom /2
di-jet mass [GeV] M, [GeV] 45 GeV  1/\E" " [GeV ']
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Silicon sensor R I I I - T | Segmented Crystal ECAL
Demonstrator CLICpix Cracov  CLIPS (CLIC) ALICE investigator CLICTD Malta/Monopix ATLASpix(Mu3eP

Sensor planar planar planar HR-CMOS standard HR-CMOS modified process HV-¢

Connection to readout electronics bump bonding Sol Sol momolithic monolthitic monolithic monolitic E1+E2 = 24X

ASIC technology (nm) 65 200 200 180(T)) 180 (T))  180(TJ)/150(LF) 180(AMS)/150(LF 0

Thickness (um) 50 / 200 300 /500 100 /500 100 50 /100 100 60 E1

Pitch/cell size (um x um) 25x 25 30x30 20x 20 28 x 28 30 x 300 36 x 36 40 x 130

Hit resolution (um) 9/3.5 5/2 4 4 12

Time resolution (ns) 6 <10 5

Max NIEL (1 MeV neq/cm2)/TID (Mrad)  0(10'%)/Grad 0(10"°)/300 0(10%)/100

E2
18X, I

| Size: 1 cm?
t/Rear Xtals

DRIFT CHAMBER " AMPLIFIER ADC FPGA PC
+

=

AD9625-2.0EBZ
Evaluation Board
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Summary

eFCC-ee CDR discusses in some detail two benchmark
detectors using different philosophies:

e CLD: all silicon ID, PF-optimised calo. IDEA: drift chamber + dual
readout calo.

e Status of sub-detectors R&D varies a lot across the board - in some
case profiting from previous  work on linear colliders or other
experiments (e.g. MEG)

e Satisfactory performance achieved on simulation and test beam
e ...and full simulation available for physics studies.

* Lots of opportunities - see next talks.

e ...especially if more than 2 interaction points are considered

l. Vivarelli- FCC-UK - FCC-ee detectors - 11 September 2020
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DCH - Cluster Counting

T T 1 T T

acquired signal identified
peaks
+ rl'.
A“ » '*v.
: \ Y\
i i H i \_.;\::‘L AL
' ¢ ' tin\; [s] ’
dE/dx dN_/dx
Particle Separation (dE/dx vs dN/dx)
KimdN/dx | * He-based gas mixtures + fast electronics

-> Access to the number of ionisation
clusters produced. Can measure dN/dx
(better than dE/dx for fruncated mean)

* Need fast electronics (1 GHz sampling)

* Impact on readout strategy in terms of
bandwidth required.

p [GeVic]

l. Vivarelli - Dual Readout Calorimetry - Seminar - Cambridge - 2 June 2020
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Performance (flavour fagging)

e Performance evaluated at Z pole and top pair production threshold.
Results using fruth fracking and reconstruction to decouple detector
effects from algorithmic effects.

l. Vivarelli- FCC-UK - FCC-ee detectors - 11 September 2020

FCC-ee CLD FCC-ee CLD FCC-ee CLD
. 1 [ = gL ™TTT AL T . = L B TTETTY T = . = L e R S fa T | e L =
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c [: Charm contamination ] c E m-«'""j c E £
o SRR Truth tracking 1 o E 1 o E
= _1 —— Conformal tracking Pl - K 1 - K
c 10 F < E © ©
S 7] O oil— O
= E g ~ = 107 E 3 = 100 e 3
e B . = - et = = L ]
S o2 ] 8 b 1 E B _
T 107 E E ke, 1 O - / 1
() E - 0 E E () L 1
S - B ﬁ Beauty contamination 5 Beauty contamination
i ] 1072 [ oo Truth tracking — 1072 s ceeee Truth tracking —
g : —— Conformal tracking 3 . —— Conformal tracking E
10° E 3 i ] - ]
E LF contamination E : LF contamination : : LF contamination :
L e Truth tracking B - o Truthtracking | |+ P e Truth tracking
107 Conformal tracking ] 10‘3 = Conformal tracking — 10‘3 = Conformal tracking —
— g i — H = — : N TP N B
© 12F - © 14 F - © 14 F Beauty contamination ;
g E E g ’ ;-/\ E g . E —— LF contamination E
e TET— ————‘;:;a/—;-; L 12p \\ = L 12F .
S 08~ - S e s : S b :
£ 06F E < - ; < i — T
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= 04 E' —— LF contamination —: = K ——— LF contamination N = E T
N z : 3 0.6 : : E 0.6 &
05 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1 0.5 0.6 0.7 0.8 0.9 1
Beauty eff. Charm eff. Charm eff.
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Readout

7 pole: Z produced at ~100 kHz rate + 30 kHz yy — hadrons.

e VIX (IDEA and CLD similar): bandwidth dominated by IPC (750 hits
assuming 1 us integration time) - 6 GB/s (13 bit encoding)

e« CLD fracking: similar bandwidth to VIX expected (1 us intfegration
time - 10 GB/s)

e IDEA drift chamber - full pulse shape ~ 1T1B/s, dominated by IPC,
reduced to 30 GB/s (dominated by Z) after FPGA feature extraction
for cluster counting.

e Total IDEA throughput ~ 100 GB/s.

e Assuming current technology, numbers need to be reduced
by a factor 5-10 for permanent storage.

21
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Simulation status

eCLD - full detector simulation exists
(geometry in DD4Hep and used for
performance studies in https://

arxiv.org/abs/19211.12230)

I DEA - G4 implementation of sub
detector geometries exist - but not a
combined one

» Geometry of Calo and preshower being
migrated to DD4Hep for use within
FCCee framework.

* Most performance studies based on
standalone G4 simulation

eDelphes parameterisations of
detector response exist for both
detectors.

— 22
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CLICDet Vs CLD PTG

Concept CLICdet CLD
Vertex inner radius [mm)] 31 17.5
Vertex outer radius [mm)] 60 58
Tracker technology Silicon Silicon
Tracker half length [m] 2.2 2.2
Tracker inner radius [m] 0.127 0.127
°® % Tracker outer radius [m] 1.5 2.1
M ain C h an g ©S TO C Ll C D = T i Inner tracker support cylinder radius [m] 0.575 0.675
. . ECAL absorber w Y
e Magnetic field from 4 1o 2 T to ECAL X, 22 22
. . ECAL barrel r;, [m] 1.5 2.15
avoid blowing up the beam ECAL barrel Ar [mm] 202 202
ECAL endcap z,,;, [m] 2.31 2.31
ECAL endcap Az [mm] 202 202
* As a consequence, ID oufer  HcALabsorver Fe Fe
. . HCAL A 7.5 55
radius increased HCAL barrel r,y, [m] 174 240
HCAL barrel Ar [mm] 1590 1166
. . HCAL endcap z,,;, [m] 2.54 2.54
e Change Iin the maximum CM HCAL endcap z,,,, [m] 4.13 371
HCAL endcap ry,;, [mm] 250 340
energy HCAL endcap r,,,, [m] 3.25 3.57
HCAL ring z,,;, [m] 2.36 2.35
HCAL ring z,,,x [m] 2.54 2.54
. ShOrTel’ HCAL (7.5 )\l — 5.5 )\l) HCAL ring r,;, [m] 1.73 248
HCAL ring rp,, [m] 3.25 3.57
Solenoid field [T] 4 2
Solenoid bore radius [m] 3.5 3.7
Solenoid length [m] 8.3 7.4
Overall height [m] 12.9 12.0
Overall length [m] 11.4 10.6

23
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CLD - Magnet and muon system

e 2 T superconducting solenoid outside calorimeters, | = 20-30 kA, 0.7 A

e Return yoke field barrel ~ 1T

* Muon spectrometer based on RPC - performance based on a 30x30
mm? cell size

4439

24
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IDEA - Magnet and muon system

Thin superconducting solenoid

2.0
within the calorimeter volume (0.46
Xo cold mass, 0.28 Xo cryostat) is
e Current design: NbTi/Cu conductor + (10
high strength aluminum for cryostat - .
8 ton total

e Muon spectrometer using u-RWELL

C: Static Structural
Figure

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1
23/11/2016 11:25

398.34 Max
145
124.58

Copper 5um 10415
EE H Cathode PCB 83.729

70 ym
63.306
Pitch 140 ym 50 ym 42.882

DLC layer (<0.1 pm) 22458

p~10+100 MQ/OI 2.0349
0.23492 Min

kapton

A

Pre-preg /
Rigid PCB | »I
I

electrode

25
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Miscellanead

e CLD VIX and ID detector assumes 40 mW/cm?2 and water
cooling (no power-pulsing like CLICDet)

eCLD ECAL (based on ILD/CALICE design). with no power
pulsing 200-400 kW expected.

e CLD: Occupancy of VIX dominated by IPC and similar at
the different energy points. Expected at the permille level
(10 us fime readout - safety factor §), even lower in the inner

tracker.

e I DEA: Occupancy of drift chamber expected o(1%), not
considered to be a problem.

26
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Costs

[MCHF]
0O 50 100 150 200 250 300 350

Vertex W
Tracker N
E.m. Calorimeter I
Had. Calorimeter 1N
Muon System
Coil and Yoke NG

Other 1|

CLD

From CLD presentation at FCC workshop January 2020

e IDEA: total cost dominated by DR calorimeter (currently
estimated ~ 150 Meuro

27
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