A detector for a Higgs factory and beyond: ILD-Workshop, CERN (Jan.15-17/2024)

Adapting the ILD vertex detector to
FCCee context and related R&D

FCCee requirements and needed changes
Comparison with other concepts
R&D within DRD3/7 framework

January 15-17th 2024 ILD-Workshop, A.Besson, Université de Strasbourg



Tracking/vertexing detectors in future e*e colliders

Bunch separation (ns) 330/550 20/990/3000 25/680
Power Pulsing yes yes no no
beamstrahlung high high low low
Detector concept SiD ILD CLICdet CLD IDEA Lar Baseline IDEA
B Field (T) 5 E 4 I 2 2 2 3 2
Vertex Si-Pixel Si-Pixel Si-Pixel Si-Pixel Si-Pixel Si-Pixel Si-Pixel Si-Pixel
Vertex Rmin (mm) 16 16 31 ~12 ~12 ~12 16 16
Tracker Si-strips TPC Si-Pixel Si-Pixel DC/Si- DC/Si- TPC or Strips DC/Si-
(+RICH ?) strips strips or Si- strips
Pixels
Tracker Rmax 1.25 1.5 2.2 2.0 2.0 1.8 2.1
(m)
Disks layers 4+4 2+5 6+7 3+7 3 2+6
(150 mrad)

(From D. Dannheim)

Large similarities between the concepts
but also significant differences

|
Noble I_./;\r/LCr FST
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ILD & CLD concepts (Poeschl)

= CLD

Detector concept & vertexing/tracking -
!DEA concept (Giacomelli) ALLEGRO concept (Aleksa )

Yoke/u chambers

& Yoke/Muon

5 )

Noble Lar
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l IDEA
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® Inspired from CLICdet
=« Full Silicon »
= Possibly + RICH

\" Calo. inside coil

1 £ Eg & &

= VTX3 layers

= Calo. outside coil
= Drift Chamber

ILD for circular

BeamCal LumiCal FTD/SIT

= VTX: 3 double layers
= (Calo. inside coil
= TPC?

=  Siwrapper
\

=  VTX = Silicon pixels (CMOS-MAPS)

Added dedicated timing layer ?
Shared concerns: MDI, beam background, integration, cooling, etc.

Physics program priorities

Defining the figure of merits lﬁ

v

Vertexing
Tagging capabilities (b,c, T, s)
Impact parameter resolution
Standalone tracking capabilities
Low pT tracking
Vertex charge determination
Hit/track separation
Displaced vertex (LLP, etc.)
Acceptance

January 15-1

Vs

Tracking

Tracking efficiency/fake'tracks Particle ID
Momentum resolution dEdx
Charge determination Timing measurement
Robustness/redundancy RICH
Association with calo. clusters

ILD-Weorrorropy—
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Vertex/inner tracker main differences between ILC and FCCee

Magnetic Fields

Beam time structure

BX time

Beam background

Beam pipe radius

L*
(IP-Quad magnet distance)

Crossing angle
Forward tracker
acceptance

Z pole running ?
# of detectors

January 15-17th 2024

35T
+anti-DID ?

2 ms between trains
~300 ns

e+e- pairs drive occupancy
Cryostat + Faraday cage

~15 mm
41 m

14 mrad

~ 90 mrad

Optimized for s = 250 GeV
and beyond

ILD-Workshop, A.Besson, Université de Strasbourg

(mandatory @\/s—9OGeV)

~ Continuous

20 ns (90GeV) / 1 pus (250 GeV)/ 3

us (350GeV)

Lower beamstrahlung rate
Higher Synchrotron radiation

~10 mm ?
2.2 m

30 mrad

150 mrad = ~ 100 mrad

Different possible s
optimizations

pT resolution
Min pT to reach layers
Level arm optimization ?

No Power Pulsing allowed

= Power management more challenging

Single bunch timing capabilities

depend on s

Time resolution not driven by beam
background

Allows beam pipe radius reduction
Cooled beam pipe + Gold coating
Remove Cryostat ?

Lower radius can compensate thicker
beam pipe

Forward tracker geometry

Former worse forward tracker acceptance
@FCCee now compensated by reduced
beam pipe radius

@ Z pole, Very small stat. Uncertainties

call for very small syst. Uncertainties

Large physics event rate (100 kHz)



D. Jeans
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R=15mm
16 sectors

screening
solenoid

3D view

Compensating

Lumical

hlain detector volume
1T

guiad

L'=22m

’ comparaating =

whraid

- -4 "

R=10mm
12 sectors

e Common
constraints for all
detecto concepts

e Forward tracker

048

acceptance fixed @
~100 mrad ?

[ww] snipey

Taop—
9.095 Mrag

0'Ge

e Disk geometry
é modified

e Barrel/disk border

;
t
Z[mml 1250

modified by beam
radius reduction




- Vs = 91.2 GeV

Beam related Background

|~
a

Usually one considers that occupancy ~< 10-2-10-3 is safe for tracking/vertexing 10’}
FCCee rate estimate
v" Gold coating + beam pipe cooling necessary to cope with synchrotron radiar o+ }-

v' e+e- pairs occupancy (with 1 us time resolution) ~< 10 (possibly higher at F
pole) o'
= Less severe for circular (==Rmin reduction ~10mm)) |

Experience from ILC studies over 20 years il
v" Any moadification in the Interaction region (beam scheme, beam pipe design
field) might bring surprises
v" One should not consider that a 104 occupancy estimation means that there b
iS no issue. ﬂ'dﬂz = ﬂz +
= The robustness is questionnable
= Large possible variations in some acceptance corners (asymmetries in ¢ or z)
= Safety factor absolutely mandatory ClN\/T'_O
= 2 independant simulation tools would be welcome (GuineaPig, Fluka, etc.)
*  Experience from Belle-2 b~r0\/material
v' Discrepancies observed between simulations and first collisions

» (cf. backup slides)
«  Direct beam background vs backscattered background m Be 400-600 pum

«—— Cooling

v Generally the backscattered ones are more sensitive to any % Be 400-600 um [~ 0-4-0.6% X,

MDI change. T " Aucoating5um | ~|LC x 3-4
. What about timing information to reject background ?

v Need ~ 5 ns to reject backscattered particles rv10mm ~| C x 0.7

v' s it worth paying the price in terms of additionnal power ? Beam line

. What about cluster shape to reject background ?
v" Need very good sensitive thickness/pitch ratio (> 2)

e (T _ N2 30 o 9%r2  AQr3 904
Adolm.s. » 20130GeN /C'fro\/T T (R LAY (i) Adolres. = %\/u&_u 50 20, 2%
------- y - Bpr Xosind 2 \ Lo 4 \ Lo liversite ue ou N +5 Lo JECI LO LD




Material budget discussion

IDEA: Material vs. cos(8) CLD: Material vs. cos(0) ILD material

% Xo 30| HEl Beam pipe ' 30 [l Beam pipe ' R LI
B Vertex silicon B Vertex E—— ]
[ Drift chamber [ Inner tracker 0.5F — outside TPC g
25 [ Silicon wrapper 25 [ Outer tracker [ e ]
! ' 04 :— — SIT+FTD —:
20! m} [ —XT ]
IDEA - |cLD 0.3} :

ﬂ: 15! [
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Yoke/u chambers

Are these estimates conservative ? .
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Expected performances

Tracker requirements

Physics

p = Momentum resolution Level arm also plays a crucial
PT -5 -1 = Tracking efficiency role for the VTX
2 ~2x107°GeV = Track separation, low fake tracks
Pr =  Etc.
Level arm ! . o .
* Material budget vs intrinsic resolution

® Bo ! v' Typically o, ~5-10 um/layer ; material ~1-2% X,/layer ;
‘ Power ~< 100 mW/cm?
v' Low momentum vs high momentum < physics input
* 2 main options:
v"All silicon (CLD, CLICdet, SiD)
= Few high resolution layers
= Possibly timing capabilities
v Silicon + Gazeous detector
= TPC (ILD) / Drift Chamber (IDEA) / RICH (CLD ?)
dEdx/dNdx capabilities,

0.005¢ [Track angle 90 de F BedeSChi . .
: DEA = More hits, overall less materials
0.0045— IDEA MS only . . . .
- L sl - = TPC: lon back flow issue for circular colliders
: B CLD MS only ’ . . .
Eo tal « PID Strategy to be included (RICH, timing, dEdXx, etc.
000351 5(0T) / pT at 90° CLD toic gy ( g )
0.003F e
000253,, i il &2 i CLD\MS,,»* = Drasal, Riegler, https://doi.org/10.1016/j.nima.2018.08.078
Bl ' e :
0.002f- \Q\;E‘o diot /X0 = (N + 1)d/ Xo. d = layer thickness, N = # layers
0.0015] e ’ BES l;r-;-l _ 0.0136GeV/e [ dio —'\P'f'l _ 12006pr | 5
0001 P pr 033 BoLy V Xo sind pr o 0.3BglL? VN+5
00005 IDEAMS
ar &TmT Tl w @ W Ib-workshop,| M-S t€rm dominates for pT ~< 0(100) GeV/c o

pt (GeV)




CLD / IDEA

0.005
'E. s Sk 13?_:':“ . F. Bedeschi
= 00045 — — IDEA MS only
O oo0sf — QLD
el — — CLD MS only
0.0035 |-
0.003 -
0.0025 |~
ey 365 GeV
00015 |- am energy spread
- 91 GeV
0.001
0.0005 |-
o :-A | — l — o l A deed l A e A l . — A J A
0 20 40 60 80 100
EYall o pt (GeV)

Are these estimates comparable ?

January 15-17th 2024 ILD-Workshop, A.Besson, Université de Strasbourg



Feasibility studies @FCCee

Vertex detector: work ahead & preliminary conclusions

Work in progress: requirements from heavy-quark EW measurements

L. Rohrig,

S. Monteil

Preliminary conclusions

from having better vertex detector performances than the one provided by the
baseline detectors considered so far.

® FEngineering studies indicate that the material of the vertex detector layers, com-
pared to that of the baseline IDEA detector, can realistically be achieved. Special
care is taken in designing the beam-pipe and its cooling system, in order to min-
imise the amount of material in front of the vertex detector [164, 826]. Ongoing
R &D efforts to decrease the material budget are starting and will be ready for the
final report — for example, the ITS3 design [843] indicates that reducing further the
material is possible.

® |t should be noted that these requirements, tighter than the ones presented for a
linear collider detector, will have to be reached despite the additional constraints
set by the FCC-ee environment on the readout electronics of the detector: (1) its
power budget is tighter than for a detector operating at a linear collider (since
power-pulsing the electronics is not possible with collisions occurring every ~ 20 ns);
and (ii) it should be fast enough, better than about 1 ps, such that the integrated
background remains negligible [826].

2211.23 8

E.Perez

Preliminary conclusions
T'he performance of a gaseous tracker and of a full silicon tracker have been shown
ind quantified in several examples.

» Having a very large number of measurement points along the tracks, as offered by
a gaseous tracker, is crucial for an efficient reconstruction of Ky, A’s or other long-

lived particles that decay into charged particles, and will be a clear bonus for an
experiment with a stronger focus on flavour or BSM physics.

The momentum resolution offered by both designs looks adequate for Higgs measure-
ments. This statement probably holds as well for most electroweak measurements
with the notable exception of the 7 width measurement. For flavour physics at
the Z peak, where lower momenta tracks are involved, a low mass, gaseous tracker
is advantageous since the momentum resolution is minimally affected by multiple
scattering.

Optimisation studies are ongoing to further improve the momentum resolution of
the CLD tracker.

The tracker volume, that extends to a radius of about 2m, may have to be reduced a
little in order to free some space to accommodate a dedicated detector for charged-
hadron particle identification (see Section 8.4.6), in particular for the CLD tracker.
A _reduction by ((20) cm would have some impact on the momentum resolution,
which may be partly compensated by reducing the amount of material in the CLD
tracker layers.

2.11.23 13

E.Perez

expected Recommandation: focus on material budget

January 15-17th 2024

ILD-Workshop, A.Besson, Université de Strasbourg
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CEPC vertex detector optimization

c-tagging: Detector optimization for CEPC

:,_ﬂ.lﬁ
w 0.14
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M. Ruan, ECFA WG3: Topical workshop on tracking and vertexing

https://indico.cern.ch/event/1264807/contributions/5344222/attachments/265575

2/4599314/ECFA-2.pdf

January 15-17th 2024
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Timing & 4-D tracking

100 pus 10 ps 1us 100 ns 10 ns 1ns 100 ps 10 ps
n n n n 1 1
Time resolution
a0 a0 F 0 0 0 a0 a0
3 psttbar | 1 usZH 20nsz || Beam Backgr;gzcsl rejection ? Sarile 1D

« Time resolution At
v" Bunch separation (3 us/1 us/20ns @ FCCee)
v' Background rejection ? (1-10 ns range)
v Particle ID (10-100 ps)

« Usual drawbacks to go faster
v" Power consumption
v Active Cooling & geometrical acceptance due to services
v In pixel circuitry = larger pixels (or multipixels)
v" Fill factor, dead time
v" PID Restricted to low momentum particles (~< few GeV/c)
o Sitill
v" Forward region not covered by a central gazeous detector (TPC)
v" Added value for intermediate radii (e.g. LLPs ?)

» Specialized layers

v" Doesn’t compromise the other requirements (material budget and granularity)
» Probably not in the most inner layers

January 15-17th 2024 ILD-Workshop, A.Besson, Université de Strasbourg 12



PID Technologies

Particle ID and time resolution DRD4 & 1/3 [;:.*.,L ][ e J[ e ][m][mJ[m]

Nicolio® Cartighia
Leszek Ropelewsid legr Peter Krizan Roman Poeschi

More details here: https://indico.cern.ch/event/1202105/contributions/5402790/attachments/2662086/4612032/FCC-DRDA4.pdf

e Goal:

v K/r, n/le” separation, etc. = Interest to push beyond 10 ps resolution
v' Even more important for the physics program @ Z peak

Fast timing (<100 ps) dE/dx + dN/dx
Solid state (pixelated) detector (DRD3) Mainly gazeous detector, e.g. TPC, DC, RICH (DRD1)
1 Separation Power (significance) >eparation Power
: : Bedeschi et al Eur. Phys. J. C 82, 64¢
Time difference (ps A 4 : y :
(ps) 8 b |
@ F £ tirne of flight
Parile Separation (dEidsvs Nic) Analitic g \ dNidx

. 10‘*{\ | T ';:. calculatlons % r 'l-._ «+++ combined

- : proton/kagn s 1 [ £

Ny | b — o e  IDEA+ TOF=30ps

f Qs p'ﬁ%ﬁﬂ:: :\‘ K7 8k . K/ Piseparation

E P PN T, " — n [ [

8 - NN T T4 K/p sl e

@ s "'.-. - .

g 4 ‘: 4- .............................................
g 3 —|||' 2:_ L

£ 2 :

o R EEEIN, 1 obd e S
1 2 amoﬁ.lanm ,é:wg 0 3 ¥ °M Momentum [GeWc:Q]

Time of Flight dE/dx — dN/dx | Combined measurement
>

Momentum (GeV/c)
January 15-17th 2024 ILD-Workshop, A.Besson, Université de Strasbourg 13



https://indico.cern.ch/event/1202105/contributions/5402790/attachments/2662086/4612032/FCC-DRD4.pdf
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Particle ID and time resolution DRD4 & 1/3 [f“"’”‘ ][ J[

More details here:

e Goal:

HHEHEE-

https://indico.cern.ch/event/1202105/contributions/5402790/attachments/2662086/4612032/FCC-DRDA4.pdf

v K/r, n/le” separation, etc. = Interest to push beyond 10 ps resolution
v' Even more important for the physics program @ Z peak

Fast timing (<100 ps)

Solid state (pixelated) detector (DRD3)

dE/dx + dN/dx
Mainly gazeous detector, e.g. TPC, DC, RICH (DRD1)

A
Time difference (ps)

DL protonkaon =—
i Kaon/pion ==

td—  plonelection = ]
IR ponimyon ——

time difference over 2 m [ps] 5

1 2 3 45678910
momentum [GeV1

20 %

Time of Flight

Separation (N,)

Senaration Power

Preliminary! analytic calc., assumes focusing target achieved

Bedeschi et al Eur.Phys. J. C 82, 64¢

time of flight
dMidx
<« combined

. IDEA+ TOF=30ps
\ K / Pi separation

ST

""""

sansansabssnsanbossnasnalinsssssssassnsansansannanasnslynnnnnnen e

} I1 10 0°
Momentum [GeWc:Q]

;ARC aerogel gas — K-nt
I A\L /_\\\l( e p_K
e e

; I \
|
RICH
| i
10 ‘

“nbined measurement
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“ Particle ID has to be integrated in the VTX/TRK concept l)_> y


https://indico.cern.ch/event/1202105/contributions/5402790/attachments/2662086/4612032/FCC-DRD4.pdf
https://indico.cern.ch/event/1202105/contributions/5402790/attachments/2662086/4612032/FCC-DRD4.pdf
https://indico.cern.ch/event/1202105/contributions/5402790/attachments/2662086/4612032/FCC-DRD4.pdf
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s-tagging ?

FCC-ee Simulation (IDEA)
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jet tagging efficiency

s-tagging in ILD ?

ILD-Workshop, A.Besson, Université de Strasbourg

15



e Fast sim
 Different scenarios

IDEA

Particle gun muons

Name Beam pipe | VTX layer; | Thickness of first Thickness of 8
radius [cm] | radius [cm] | 3 VTX layers [pm]| VTX disc layers [pm]

standard IDEA | 1.5 L7 280 280

+R1.3 1 1.3 280 280

+w100 1 1.3 100 280

+wb0 1 1.3 50 280

+w30 1 1.3 30 280
+w100_DSK 1 1.3 100 100

+w50 DSK 1 1.3 50 50
+w30_DSK 1 1.3 30 30

+L1_w30 1 1.3 layer; = 30, layers 3 = 280 | 280

IDEA Delphes simulation

g- — e 1GeV, Standard IDEA: R(Layer1)=1.7 cm, w(VTX layers) = 280 um
(S m 1GeV, + R(Layer ) =1.3cm
D-cc’ 10° — A 1GeV, +w(firslS1VTX layers) = 30 um —
— * 10GeV, Standard IDEA: R(Layer ) = 1.7 cm, w(VTX layers) = 280 um -
o = 10GeV, + R(Layer )=1.3cm ]
I 1OGeV,+w(first31VTX layers) = 30 um _
RN ¢ 100GeV, Standard IDEA: H(Layer1) =1.7 cm, w(VTX layers) = 280 um _|
VAL . m 1OOGeV,+H(Layer1)=1.3 cm

102 = NN \‘\\o A 100GeV, + w(first 3 VTX layers) = 30 um —
- AL R fit function = a @ b/(p sin®?(6)) -
= AR . —
. N .
RN Sllvval el ]

R "n-.‘ --m. T e -
Lo B N ot T S
. \\\ Sl “'-E-____'_._‘.: """""" H-- oo I R - --
0 =~ " ETTTees R Ammmmmey A =]
= Ca e .
ﬁ_\‘\\. Sal TR TTeeel -
= TtelaL TR TT-e ° -
— \i‘;:“_‘c=ﬁ Iﬁh“‘=--&_ ‘-‘-::i -----m CTIIIIZ@TIzz---: el el
s . @l llIRIIIIIIIfIIIIIig:=
1IIIIIIIIIIIIIIII|IIII|IIII|IIII|IIIII\IIIII
10 20 30 40 50 60 70 80 90
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0 [degrees]
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Progress on IDEA vertex detector in
full simulation ...

Armin llg, University of Ziirich

... and performance of an ALICE ITS3-

like vertex detector for FCC-ee

Leila Freitag, University of Ziirich

6th FCC physics workshop
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https://indico.cern.ch/event/1176398/contributions/5226882/attachments/2579873/4452684/IDEA_Vertex_Armin_Ilg_Leila_Freitag.pdf
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_ J. Andrea,_G. Sadowski (PhD), Z El Bitar
An example of Full sim performances in CLD

« CLD _01 v04 = former geometry

« CLD_02 v05 = new beam pipe radius & material budget
v 5umAu+ 2 x 350 um layers of BeAl + liquid parafin ~ 0.6 % X, = mat. Budget +33%
v"Inner radius: 15 mm = 10mm

« CLD_03 v01 =Adding a RICH '
v' + Array of RICH Cells (ARC)

L

6m

2llm
FCC-ee CLD -
2
rr 10 El ] | P26 R ) ] TTrTT [ P LT | TTTT | TTTT | | IR O B ) l TTIrTrT TTTT i’::
> E Single W B CLD detector ' -
() B O p=1GeV, 02 v05 " . . -
O, 10¢ O p=10GeV, 02 v05 E DO resolution — single u~ — CLD ol v04
gy F A p=100GeV, 02 v05 ]
3 1= e p=1GeV, 03 v01 . T E e Er e
o I:' F ® p=10GeV, 03 v01 3 = K i ? up:lGeV,VDx res 3 pm
B ol ® A p=100GeV, 03 v01 ] - s pm1scowuDXre3pm
= 10 E S 3 3 10 = 2 "= e p=1Ge\, VDX res5pm
2— E (L] B S . ro%r eS E =] — . = v’e‘lgé VDX res 5 pm
- — - . r ( )g =100GeV, VDX res 5 pm
\b’ 10—2 =_! \Nork \n p | :! L) ° r\( \n @ . :=1Ge\.r_vox r:s?ur:
E ® § L \N O Y . N ] p = 10GeV, VDX res 7 pm
F L] . e L] e . bd p = 100GeV, VDX res 7 pm
= A “ ] 10— 2l ] -]
107 D E 3 O
E A B o "L 4 3 N O B R —
. A = — A A A A A A A
10_4 E A A 3 ~ - s & & A a7
g A A A AT .
: : 1—l—Ll| L1 I L1l Jl L1l |l\ L |||l\l|l| L | 111 Il L1l l—l—i—
_5 1 l [ 50 ) I | ] 1111 I | O l 1111 I 1111 I | B i B2 | I | - l | o A | l 1 10 20 30 40 50 60 70 80 90
10
10 20 30 40 50 60 70 80 90 © [deg]
0 [deg] Figure: DO resolution (10k events)

* Need to reassess the performances plots optimization for FCCee with respect to ILC context.
* Comparing resolutions between detector concepts has to be taken with caution (Different level of realism

and conservatism on the technologie future performances)
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Classical single
sided layers

(e.g. ALICE ITS-2)

Material budget: starting from the layers

Double sided
layers

PLUME

(Bristol, DESY, IPHC)

Double sided ladders with

o sratianl resplulion

Pseudo stitching

+ bent sensors
(superALPIDE)

« 1 silicon piece cut from one
ALPIDE wafer
(9x2 dies, ~1/2 of layer 0)

minimized material budget
0.35% X, reached = ~0.3 X,
doable (with air flow cooling)

Integration |

Layers 2+1

Self supported o —

silicon

(Belle-2 upgrade)

January 15-17th 2024

=
—— L ermmran
= s

7.1x1.5 cm?

Thickness (edge/center)
430/90 um

Planarity ~17 pm

e ——

-
[
4

Stitching
+ bent sensors
ALICE-ITS3

Inputs for engineering studies

ILD-Workshop, A.Besson, Université de Strasbourg
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ALICE ITS-3 (Run4)

ALICE ITS2

0.8 7
Material budget Other Ol _,
0.7 - s Water
H Carbon
~ 064 Aluminum Half Barrels ~
v o mm Kapton
= . Glue
£ 0.51 Silicon
2 mean = 0.35 % ﬁ'\\
£ 04+ 7\:@\‘@2 \
é Carbon foam spacers
= 03
= \ J
fa
= 0.2
0.1 Data
& Z—-/ Sl
0.0 = — Power |
’ [I) 1|0 zlo 3‘[} 4.0 5'0 5|g CMOS sensal  CMOS sensor CMOS sersor  CMOS sensor

Azimuthal angle [°]

ITS3:

* 4 outer layers of ITS2
* 3 new fully cylindrical
inner layers
* Sensor size up to 27x9 cm
* Thickness 30-40 um
* No FPCs
* Air cooling in active area
* 0.05 % X, / inner layer

ITS2:

* 7 layers of MAPS

TJ 180 nm CMOS

12.5 Giga pixels

* Pixel size: 27x29 um?
* Water cooling

* 0.3 % X, / inner layer

= ALICE ITS-3 paves the road for the stitched sensor approach
Cf. M. Winter presentation: CMOS technology Overview

Novembre 2023 FCC France, A.Besson, Université de Strasbourg 19



How to adapt ITS-3 approach to FCCee ?

ALICE-ITS3/CERN drives the R&D on stitching + bent sensors:
v’ Sensor part ~15% of total material budget

v" Sensors thinned down to 50 um or less ?
= Tests performed by ALICE (to be shown in the ITS3-TDR)

v" Minimizing overlapping regions,

Figure 4.42: Setup for the bending strength measurements.

v" minimizing minimal radius around the beam pipe
Challenges and caveats (for e*e” colliders)

v Mechanics ? Bonding ? Air cooling only ?

v Power dissipation map could be a challenge

v’ Design: Minimizing peripheral circuits (Fill factor ~90%)

v Bent sensor performances ? Yield ? Radiation hardness ?

= design rules constraints the minimal pitch (~22 um)

v ITS-3 do not have disk (chip periphery adds Z position constraint)

v' Approach validated in a limited radius range (R> 18mm) ?
= Trials performed by ALICE down to R = 10mm (thickness 30-50 um)

Endcap L Repeated sensor unit Endcap R
Pads 1 Peripheral circuits 2 Pads N~ 10 Pads
S HALEUNITTO
2 m L 1.5mm
Novembre 2023 FCC France, A. “— 25.5mm — peripheral circuits Pads



CMOS technology: moving from 180 nm to 65 nm

Technology TowerJazz 180 nm TPSCo 65 nm

Available since 2013 2020
( mature technology) (access through CERN)
Large * ALPIDE for ALICE ITS-2 *  MOSAIX for ALICE ITS-3
surface *  MIMOSIS for CBM-MVD * DRD3/7R&D?
projects *  OBELIX for Belle-ll upgrade
Price affordable More expensive
Wafer * 8inches (20 cm) * Llarger: 12 inches (30cm)
= stitching + bent sensors
Epitaxial layer thickness * 18/25/30/40/50 um « 10
Process options * «standard » * «standard »
e« modified », « gap » * «modified », « gap »
Technology *  Feature size (180 nm) * Feature size (65nm)
e V(1.8V) * LowerV(1.2V)
* 6 Metal Layers * 7 Metal layers
= Pitch reduction, power
saving,

more functionnalites, etc.

= Strong motivations to switch to a smaller feature size to increase the performances space

Novembre 2023 FCC France, A.Besson, Université de Strasbourg
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TPSCo 65

-
(o (TTTIONT] (o]

i

> MOSS/MOST (CERN) |

> CE65_v2 (IPHC)
> Etc.

nm Submissions

10
[ [T
g

L| > MOSAIX (CERN)
> SPARCS ? (IPHC)
> Etc.

> CE65_v1 (IPHC)
> DPTS (CERN)
> APTS (CERN)
> TANGERINE (DESY)

» Ring oscillators (CPPM)
» Etc.

ER1
(2022)

(2024)
2024 | 2025 | 2026 | 2027 | 2028 | 2029 |

ER3
(20257?)

ER2

MPR2 MPR3

(2025) [ (20277)

> Fin

e pitch demonstrator » Fine pitch telescope

» Architectures exploration || > Fast timing ?

Ring oscillators
(9 T2 e L e
s LLLLTLIT = WG r

- S\ TE7775
b NS g,
-
-

-

» Power optimization ?

Generic R&D via DRD3/7 |

9 APTS (CERN)

ce

, A.Besson, Université de Strasbourg 22



Transistor tgzst !
= = = 1

TPSCo 65nm Submissions

(5 .'—134

[ N Illlmilillllllilﬂ

> MOSS/MOST (CERN) |
> CE65_v2 (IPHC)
> Etc.

(IO G [0

T f THEoforoTols W [T

OO

W > MOSAIX (CERN)
> SPARCS ? (IPHC)
> Etc.

ER1
(2022)

DRD project: Fine-pitch CMOS pixel sensors with

precision timing for vertex detectors at future
Lepton-Collider experiments

DRD technology area

DRDT 3.1 - Achieve full integration of sensing and microelectronics in monolithic
CMOS pixel sensors.

Proposing participants

Institute Contact Foreseen main areas of contribution
APC Paris M. Bomben Simulations, testing

CERN D. Dannheim Testing, DAQ, ASIC design support
DESY 5. Spannagel ASIC design. testing, DAQ, simulations
IPHC Strasbourg A. Besson ASIC design, testing

Ouford University D. Hynds Testing, simulations

Zurich University A. Macchiolo Testing, DAQ, simulations

Novembre 2023

ER2 ER3
(2024) |7 (20257?)

| 2025 | 2026 | 2027 | 2028 | 2029

MPR2 MPR3
(2025) » (20277?)

|ne pitch demonstrator » Fine pitch telescope
rchitectures exploration || » Fast timing ?
» Power optimization ?

Generic R&D via DRD3/7 |

% : ::(CE'“” [ H ‘ "TRce, A.Besson, Université de Strasbourg 23



Vertex detector proposal @ ILD for FCCee

CLD and IDEA Vertex Detectors designs (superimposed)

« Technology: CMOS pixel sensor as a baseline

MAPS with o,, = 3 um and X/X, = 0.3% / layer of Si

v (probably the generation after TPSCo 65nm) ¢ CLO concep;doubl ayrsnBare/Endcap confguration
» MDI constraints (implemented by D. Jeans in the simulation)
v Inner layer as close as possible to the beam pipe: Rmin ~12 mm Figure made by D.Contardo

 Geometry partly determined by the main tracker
v' Adaptable to any detector concept
* Requirements
v" Minimized material budget (~< 0.15% X, per layer)
= Beam pipe radius/mat. budget fixes the requirement | TR T wa |
Spatial resolution ~3 um / layer
Time resolution: ~ 500 ns
Moderate Power dissipation (~< 50 mW/cm?) allowing for air flow cooling
5-6 layers in the inner radius (~< 6-10 cm)
= Robustness / standalone tracking (= IDEA choice)
Double sided option still considered but not easily compatible with a stitched approach
« long barrel » preferable = minimize the distance between IP and the first hit ILD_15_vi1
Low momentum tracking capabilities j: I'
Track seeding @ different radii : e.g. FIPs, highly ionizining particles, LLPs, etc. °F E
v «merge » VTX and SIT ? B altgi'ré?er
= Same technology ? = Power dissipation optimization oF | FCCee MDI
v Other pixel layers close to the main tracker I

v’ Stitched sensor: very promising approach by ALICE ITS-3 .
= Atleastin the z dimension : = &
= Bent sensor considered (caveat: acceptance) A T

[ Aucamrge = 15 mm X%, = 0.3%
"
k]
3
5
L]

AN NN

X [om]

« Timing measurement capabilities (< 100 ps)
= Either in a specialized/dedicated layer
=  Or preferably included in the same technology if R&D allows it

D.Jeans

January 15-17th 2024 ILD-Workshop, A.Besson, Université de Strasbourg 24
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Vertex barrel

Fogen Lo

s 0.0475F8 B

% 004

o 0.035f .

E 003~

Lo.025;

E0.025
002 -
0.015¢

Beamstrahlung
0.01

0.005|

CLD and IDEA Vertex Detectors designs (superimposed)

Physics e* , 1
Vertex detector requirements z f'avouTr ttaggking M
ow pT tracks . ‘
(ILC/Fccee) = Vertex/Jet charge /
determination
Physics O(Hz/cm?) = Track seeding

Beam background 0(10-50 MHz/cm?)

Vertex reconstruction
granularity

Beam background

rf

Radiation hardness
O(100kRad/yr) & O(10')n,./yr

Rad.Tol. devices

Time resolution
-> 0O(100ns-1 pus)

O(10ns)@CLIC s

Power consumption
~< 50mW/cm?

"

Fast read-out & low Power
Architectures (~ 20-50 mW/cm?)

Pitch ~17-20 pm
(o4, ~3-4 um)

4438

MAPS with g,; = 3 i

+  CLD concept: double layers
« IDEA concept: single closer

nd X/X, = 0.3% / layer of Si

arrel/Endcap configuration
rs in Long Barrel configuration

Material Budget
= ~0.15% X, / layer
= < 1% X, for the whole VTX

rAd0| T 3o ) N 8ro  28r§  40rg  20rg | +~0.4-0.6 % X, for the beam pipe
' Tes. ) ~ N+ 5 5 Lo Lg Lg Lé o
é ‘ : HE— 31200 mm
C0.0136GeV /e d 1/ro\ N (r)°
Adolm.s. | = o/ _ “(ro) 2 (o
‘ C(']l ' . BPT "o X[)Sill(‘)\/l+ 2 (L(]) - 4 (LO)
(Figure: D. Contardo) )
Low material detectors &
supports structures
I © :
i gy = AD — 75—
tirrness Ignment
& a~dum b~10 — 15 um.GeV

No Power pulsing @FCCee

. Design:
R&D: Keep excellent

Ja

consumption and push towards better time resolution

5 single layers or 3 double layers ? Inner and outer radius ? Etc.

spatial resolution, low material budget, moderate Power

(BX)




Spatial resolution in Higgs factories

« Typical targets:

v' o,~3 um for the vertex layers g _ _ Sy
V' 64,~5-10 um for the outer tracker layers § simulation oo
« Resolution in each layer depends on :

v" Pitch => Few bits ADC

= In conflict with the functionnalities inside the pixel . M'gl-::t b; @ Efﬂod
» Favored by small feature size technology . \ - rade o
v' Charge deposition —— T - .
= Sensitive layer thickness ~——
v' Charge sharing (SNR vs resolution) N T S R S S T
. i 2 d [} [] 10 12
= Depletion: _ N bits ADC
» Staggered pixels
v' Charge encoding
. R , : :
» Binary output/ADC/Tot/etc. @ B CMOS pixel resolution vs pitch
E L TR Vimos is e (2o
~ —#—— Mimosa 16 binary {1bit)
g —— Mimosa 22AHR binary (1bit) b 0%
.g 12 —a— m::gzz Sz)sbA\:al?yb(TSirtyrgs:gcessed) ®C>\
2 ?Cr’; Mlimosa 18 bir}ary (1b‘it, reprocessed) ‘_,. e . (\
5 5 b \"| 0 e ‘ O
— Mimosa 34 anglog (1 ?bils)
Tao” = A"+ | 3 = KD
p g

Levelarm ! | 4

AdjO |T€5. ~ 30—7“.5 \/1 87‘0 98? 0 -10?"0 907 D

4
P A P R 7 +L4
2 .__,,Jl””/l
Ad(]lms ~ OOJ_?,EJGO\/C _'—;\ ?—0 I\‘\\I\.‘\\Ill\\\Il\\\\‘\\\\lll\\‘ll\\‘\\\\‘\III
Bpr Xosm(i 4 \ Lo % o 15 20 25 30 3 40 45 50
pitch (um)
d = layer thickness, N = # layers @ Oy ~ 3 pm &9 pitch ~ 15-20 pm

(assuming binary output, ~20 pum epi.thickness

January 15-17th 2024 ILD-Workshop, A.Bess & large depletion in 180nm tech.)



Plxel detectors Iandscape for FCCee detectors

ECFA

European Committee for

Also for tracking

Solid state detectors for future (4D) trackers

[Wi’rh avalanche goin] [ avcl‘cllv:\tgf?:tgain ]
/\ / Also for vertexing
Low-gai d High and Gei d . A
[ N e] [ 'gh and Geiger mo ] [ Hybrid J Monolithic /
/K / 3
— ~ DEPFET,
[ ][ ][Bicmos] [ Planar ][ 3D ] [BiCMOS l[ s ] FPCCD,
coupled coupled (SiGe) Si/Diamond Si/Diamond i

(SIGe) SOI
! T T

— I i
Fast timing, radiation hardness Granularity, low power, low material budget

Si-Strips

Passive
CMOS

« VTX hierarchy of the driving parameters
v' Granularity & material budget > Power > time resolution > Radiation hardness
«  Outer tracker
v' Material budget still a must. Relaxed granularity = possible focus on Power, time resolution
» Specialized timing layers
v' Timing layer = Price to pay: granularity and/or Power
« R&D needed to improve the parameter space

January 15-17th 2024 ILD-Workshop, A.Besson, Université de Strasbourg 28



Power vs fast timing vs pixel size

Brief considerations about electronics: power
TRy
ETROC LGAD 1.3x 1.3 mm? -
ALTIROC LGAD 130 1.3x 1.3 mm? ~ 40 0.4
&
S . . . 0.45 (mairix) +
2 TDCpic PN 130 300 x 300 pm2 120 By
O TIMEPIX4 PIN, 3D 65 55 x 55 pm? ~ 200 0.8
g TimeSpotl 3D 28 55 x 55 pm? -~ 30 ps 5-10
- FASTPIX monolithic 180 20 x 20 pm? ~130 40
z
S miniCACTUS ronolithic 150 0.5x 1 mm? ~90 0.15-0.3
5 MonPicoAD ;202 LiTs 130 SiGe 25 x 25 pm? - 34 40
g . LGAD .
Z: Monolith e 130 SiGe 25 x 25 pm? =25 40
“4o

m Nicolo Cartiglia, INFN, Torno, VCI2022, 25/02/22

Price to pay: additionnal cooling

[ o gai ] [ o gain ] system (addtionnal material)

DC- Resistive Si Det. o 3D BICMOS BICMOS
coupled (AC & DC) cady Si/Diamond (siGe) (5iGe) SIS

16 Jniversité de Strasbourg 29

Low-gain
(LGADs)

o
o
0
z
&
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=)
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From M. Dam

Compact RICH detector for FCC-ee

Compoasite vessel wall

« Design goal: Compact design, max 20 cm depth, few % X,
« Use spherical focussing mirrows, r = 30 cm, for radiator thickness of 15 cm ______._/_/\_______

+ Two radiators

0 Aerogel
o Gas Radiator gas
+ Unpressurised C4F;ygives good momentum range for K-t separation, with Asrogel _ Photosensor array
acceptable photon yield e —— Coolng plate
+ Pressurised Xenon may provide similar performance if fluorocarbons —_— -_—
unacceptable ARC detector (one cell)
Zoom on tracker K-mt separation
. N A quarter of CLD
A 2.2m — . " _~—Gas
N 20 Barrel ) — r ot ¥ _/_/ Aerogel
B Sy
N . ,,;:/ :
oo c 10 I
2.1 & - .
4 M 8| Proposed ARC
| detector
PR : ._ :
T T | . . E E 1 10 Momentum (G JJ
e : R.Forty, 9th FCC Week, 2023 lomentum (G}
Mogens Dam / NBI Copenhagen CERN EP Seminar on Future Colliders 20.06.2023 19
30
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« CE_65v1 (MLR1 submission)

v prototype designed @IPHC C E65 Vl

= 2L - o
v' Analog output, various designs (pitch, PICSEL C4PI-Platform CPPM
amplification)
. eurl7an AIDA
« CE_65v2 (ER1 submission) IRH& innova
‘/ 18/22 Hm pItCh, hex deSIgn PRE-AMPLIFIER SOURCE

VDD33 FOLLOWER
v' Test beam next week @ DESY = . ¥ \op3
v More results: PSD13, Oxford, El Bitar Hv_geseT ¢ N S
. s * ¥ Capr _%
| Variant | Process | Pitch | Matrix Sub-matrix - L&y 2
CEG>-A | std [Toum] 64x32 | AC/21, DC/2L, SF/22 N
CE65-B | mod gap | 15um | 64x32 | AC/21, DC/21, SF/22 .
_ /4% [o L L g .5 PIXEL MATRIX 2y
CE65-C | mod | 1oum | 64x32 | AC/21, DC/21, SF/22 22 20 & smuo iea - ¢
: : . = E &g — 6x32 632 0: 16x32 <o
CE65-D std 2opum | 48x32 | AC/16, DC/16, SF/16 & Qﬁy §7§7
! ! )(64(48)
©  COLUMN SELECTOR
Prevent circuitry’s nwells from s \d/ANALOG_OUT
collecting charge To obtain a full depletion To overcome the weak electric field
near the edges
NWELL mwell collection nwell collection
NMOS PMOS COLLECTION NMOS PMOS electrode NMOS PMOS electrode
= - ELECTRODE = — et —_— "N ] s e T S N .
m uwqu: L:m pwel el ! - | pwe m puel | el | = | puel ‘ el
DEEP PWELL DEEF PWELL . Geepel R deeppuel o Cocopwel " L desppwt
\ low dose n-type implant low dose n-type implant
AorD (sﬁd) E C (mod) depletion boundzry B (mod_gap) depletion boundary
Standard . ¢ Modified Gap
' depleted zone depleted zone
X DEPLETION BOUNDARY
P= EPITAXIAL LAYER ‘\\ ’,‘! P epitaxial layer - epitaxial layer

Novembre 2023 hitps://doiorg/10.1016/Lnima 2017.07.046 " FCC France, A.Besson, Université de Strasbourg  nupssiopscence.op.org/artcle/iooss/izasoniajosscosons 31
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Challenge: understand beam related backgrounds

° Sources Brreit-Wheeler Bisthe-Heitler

v Incoherent pairs (« beamstrahlung ») R A e

v" Synchrotron
v Beam loss (circular machines) A A
v" Radiative bhabha

v’ Beam gas, etc.

e

Landau-Lifshitz

i

« Usually one considers that occupancy ~< 102-10-2 is safe for tracking/vertexing purposes

+ Experience from ILC studies over 20 years

v" Any modification in the Interaction region (beam scheme, beam pipe design, B field) might bring surprises
v" One should not consider that a 10 occupancy estimation means that there is no issue.

= The robustness is questionnable
= Large possible variations in some acceptance corners (asymmetries in ¢ or z)
= Safety factor absolutely mandatory
= 2 independant simulation tools would be welcome (GuineaPig, Fluka, etc.)
* Experience from Belle-2
v Discrepancies observed between simulations and first collisions

» Direct beam background vs backscattered background Y
v Generally the backscattered ones are more sensitive to 3.04 I
photon
any MDI change. 2sl l Belle =SVD | wum paa
«  What about timing information to reject background ? o LA
v Need ~ 5 ns to reject backscattered particles 1 . e HER Brems x3
| mm HER Coulomb x3

v lIs it worth paying the price in terms of additionnal power ?
« What about cluster shape to reject background ?

v" Need very good sensitive thickness/pitch ratio (> 2).

v' Charge information helps.

v' (you actually reject very low pT particles)

SVD occupancy [%]
(= =]
o wn

=
n

o
o

HER Touschek x0.2
LER Brems x5

LER Coulomb x5
LER Touschek x4

May 30th 2023 A.Besson, Université de Strasbourg




simulation model of ILD @ ILC

X [em]

May 30th 2023

Example of background study: ILD, from linear to circular

y [em]
o

[ ILD_I5 v0O5 energy sum = 29043

D. Jeans LCWS2023

£
. nominally 3.5 T field 10 3
5 5F §
K
40 Of 7“}
-5F o § 50:7 ——ID_I5 v03
30 £ F |—ILDI5v05
-10f 102 2 || bk ve
20 _1sf. ILc-250 £ 401~ | —ILD_s5 v03
L L s L L L L 102 = [ |—ILD_s5_v05
10 P | 45-10 -5 0 5 10x [;a] s0f- | 1LD_s5 w0
el o o mstrahlung core «——, 1 i
o..'.oooo.o.ooooo-o.ooooooooo--t:‘t:_j} 51_akiya_s5_250A_VTX_time '
-10 “F time of vertex St 17
detector hits from

BS

III|||IIIIIII[III

0 50 100 150 200 250 300 350 400 107

Adapt MDI, B = 2T,

15 20 25 30 35 40 45 S0

Hit Time [ns]

Sensitive to precise B-field map
Adapt Beam structure 0
Effect in TPC also being studied °

at FCCee, -30
guasi-continuous ion cloud from ~14M bunch crossings 40

P L Rl | ) 05 i I
50 100 150 200 250 300 350 400 450

- at FCCee, MDI extends to ~1m from IP
- 6 times more beamstrahlung background hits in TPC

A.Besson, Université de Strasbourg
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https://indico.slac.stanford.edu/event/7467/contributions/6057/attachments/2921/8092/lcws23-backgrounds.pdf
https://indico.slac.stanford.edu/event/7467/contributions/6057/attachments/2921/8092/lcws23-backgrounds.pdf

Example of study in CLD

- wWw ZH TOp Maximum Occupancy per subdetector/BX
Bunch spacing [ns] 30 345 1225 7598 | gy O T TR R
Max VXD occ. 1us 2.33e-3 0.81e-3 0.047e-3f 0.18e-3 p—
Max VXD occ.10us| 23 3e-3 8.12e-3 3.34e-3 1.51e-3 pp—
Max TRK occ. 1us| 3.66e-3 0.43e-3 0.1 2e-3: 0.13e-3 —

Max TRK occ.10us| 36.6e-3 4.35e-3 1.88e-3 0.38e-6 0.026%

US FCC workshop 25/04/2023 Ciarma ST Ww ZH i
[ vos | Incoherent Pairs Creation (IPC) BX rate might be an

fau]
g

Timing information might be used to suppress this background.

issue at the Z-pole

| Non negligible contribution from backscattering - in particular for
. the Inner Tracker (IT).

VXDE

DI During reconstruction this signal could be rejected offiine, further

roducnng the (already low) effect of this background.

4 » S 00 ‘ ‘ | | | I
(1 ! 1 1 Tm|"*" Artival time at
» J ' Layer 1 00 _— detectof, consistent
. | 40 with sxpectations:
» .l I * 20 vXDB L1: 0.05~0.9
4 ,-,-,-,.1‘-,-.’.‘\;‘51- u:‘."fi':.---un : ,:" .‘( - I|l“|n]
E ITE Tos ITB L1: 0.,3~1.7 nw
e okt | K, “I | H_” I “I Timing resolution
/ range to reject
0 8 i 82w S background ~ 1 ns
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