ﬂ
wo

i

.
..
Y f‘\o-\.

. 25'™" - 29 August

~ XEE

)p onh Vertex Detectors
Ur lverSIty of Tennessee Knoxv:lle

.'.-". Ji‘

' 3;: 3 ;". /

P NATIONAL i |

1 AL ClEieraor | gii .
&P b ™N\a# | ACORATORY O e T ';"‘

Stanford

-z 5., U-S. DEPARTMENT OF
: e gy -7 5 Universic %%,.,j ENERG Y
. v 3 ann be ¥ - ‘: = ._:.J.-j:{}"i y )
3 | ! L 3
8% - 4 e .
. - p "‘ &- -. -l

PR 8


mailto:caterina@slac.stanford.edu
https://indico.phy.ornl.gov/event/677/contributions/2771/

. Collider roadmap (post P5)

(4, plasma, pp R&D) ~ 10TeVpCM
90-350 GeV CM _ (ILC/FCC)

HLLHC
LHC
T

2030 2040 2060
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Collider roadmap (post P5)

(1, plasma, pp R&D) 10 TeV pCM
90-350 GeV CM | Higgs Factory (ILC/FCC)
HL-LHC
LHC
e R A
2030 2040 2060
H couplings to: 0(5-10)% 0(0.1-1)%
H self-coupling to: 0(30)% O(1)%
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Collider roadmap (post P5)

(1, plasma, pp R&D) 10 TeV pCM
90-350 GeV CM | Higgs Factory (ILC/FCC)
HL-LHC
LHC
2030 2040 2047 2060
FCC-ee

\4

2025/6 European Strategy for Particle Physics Update
FCC feasibility study report
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From pp to ete-

Initial state well defined & polarization = High-precision measurements

Higgs bosons appear in 1 in 100 events = Clean experimental environment and trigger-less readout

SLAL Caterina Vernieri - Vertex - August 29, 2025 3



e+e-: Linear and Circular

- Linear ete- colliders: higher energies (~ TeV)
« (Can use polarized beams
»  Collisions in bunch trains (~0.5% duty cycle)
- Trigger-less readout

- Power pulsing — Significant power (& material)
saving for detectors

*  One interaction point
»  two detectors alternating with push-pull
+ Circular ete- colliders: highest luminosity at Z/WW/Zh
 Limited by synchrotron radiation above 350/400 GeV
- Beam continues to circulate after collision
- Detectors need active cooling (more material)
»  Multiple interaction points

Collider ring

Lots of work in the past decades into ILC/CLIC detectors designs
and more recently into first FCC detector concepts

SiLAL Caterina Vernieri - Vertex - August 29, 2025 4



arXiv:1604.07524

How physics drives detector requirements arx1v:2203.07622

Unprecedented precision unlocked with a well defined initial state

initial 4-momentum
* nominal CM energy +

* beam energy spread [ < 0.2%/beam | +

LL+
* beamstrahlung energy loss \

~|4- momentum measured by detector

U

smearing due to Z momentum ~ smearing due to beam energy spread
dpt /pt ~ few x 10-5 pt @ high momentum

SiLAL Caterina Vernieri - Vertex - August 29, 2025 5



https://arxiv.org/pdf/1604.07524
https://arxiv.org/pdf/2203.07622

Flavor tagging requirements :

/) D=
Higgs — bb/cc decays: Flavor tagging tagging at unprecedented level > /' Secondary Vertex
Drives requirement on charged track impact parameter resolution /'
— low mass trackers near IP 4

~1-3% Xo per Iayer / ‘ Impact Parameter
For reference, 0.5 Xo at n ~0 for CMS/ATLAS Phase 2

1306.6329
E " Y T Y ' Y T Y ' Y T Y l Y T Y l Y T
@@ b .E.- f Single
Gd — - @ op=1GeV
0 1 1/2 '00102 3 o = p=10 GeV
Prsin 9 5 9 4 p =100 GeV

Constant term depending on geometry
space point resolution and radii of the vertex detector
Multiple scattering term decreasing with pt~ 15um* GeV
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https://arxiv.org/pdf/1306.6329

A variety of Linac Proposals

CLIC 380/1000/3000 GeV

S e m P ] Jr e R iy
Wunum(mﬁ /‘//y’i

/ B 395 GeV- 104kmCLCHO
B 43 TV 290 bm (ICLC1500)

THE TOHOKU REGION OF JAPAN

AOMORI

B Ao o on ot Aon ot Aon s AR A s e T e e 0 8

3 oW By By B B U e I R R

ILC
250/
I 250/550 GeV
GeV
> TeV

Cryoplants & KCS }
\\~\G
(>\\~\C"‘?L
| \ |

Linear Collider Vision
o
g b~

2503.24049

Additional KCS
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https://arxiv.org/abs/2503.24049

2503.24049

Linac parameters “HO 180
Collider NLC | CLIC ILC oL C?
CM Energy [GeV] 500 | 380 | 250 (500) | 250 550
Luminosity [x103% 0.6 1.5 RE = 2.4
Gradient [MeV/m 37 72 31.5 70 120
Effective Gradient [MeV/m]| | 29 57 3| 63 108
Length [km| 23.8 | 11.4 | 20.5 (31) 8 8
Num. Bunches per Train 90 352 1312 133 75
Train Rep. Rate [Hz| 180 50 5 120 120
Bunch Spacing [ns 1.4 0.5 369 5.26 3.5
Bunch Charge [nC’ 1.36 | 0.83 8 1 1
Crossing Angle [rad| 0.020 | 0.0165 | 0.014 0.014 0.014
Site Power [MW]| 121 168 125 ~150 ~175
Design Maturity CDR | CDR TDR pre-CDR | pre-CDR

Linear Collider Vision
- : _ ad

SLAL Caterina Vernieri - Vertex - August 29, 2025 8



https://arxiv.org/abs/2110.15800
https://arxiv.org/abs/2503.24049

Beam Format and Detector Design Requirements 2003.01116

~1ms ~200ms
@ — [— +— — — ILCTrainsat5Hz, 1 train 1312 bunches
\ ________________ Bunches are 369 ns apart
~/700ns ~8Mms
Baseline @‘ - ——FF——————- C3 Trains at 120Hz, 1 train 133 bunches
e Bunches are 5 ns apart
~/700Nns ~16ms

Double-flat top
+ \ C3 Trains at 60Hz, 1 train 266 bunches

Halved bunch spacing Bunches are 2.65 ns apart
Constant luminosity

Very low duty cycle at LC (0.5% ILC, 0.03% C3) allows for trigger-less readout and power pulsing
- Factor of 100 power saving for front-end analog power and signal integration through the trains, then leisurely readout
- 0O(1-100) ns bunch identification capabilities

SLAL cCaterina Vernieri - Vertex - August 29, 2025 9


https://arxiv.org/abs/2003.01116

One thing about the IP 2503.20829

8723 -

Y s - s

C 878 100 i i 100 g 878 T
46Gev| - 1.200m = ™| 46 Gev
- 2836 R [ 1200 — 2836 e

— 20T 000 — 4.6 GeV %?

scale

3 GeV e" target _

O Reliquefiers ] & gun
e acc l eacc
] -

— € gun

Main linac: beam particles are accelerated from O(10) GeV up to a maximum of 275 GeV over few kms (4/15 for C3/ILC)
e, : 0(100nm) €, : O(10 nm)

Beam Delivery System (BDS): energy and betatron collimation, then the final-doublet quads achieve very high focusing:
gy 0(10mm) 7 0(0.1 mm)
Interaction Point (IP) the two beams collide with beam parameters

% . %
o . 0(100 nm) oy O(nm) Neznb f
dnoror

Y
SLLAL  Caterina Vernieri - Vertex - August 29, 2025 10
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https://arxiv.org/abs/2503.20829

Luminosity vs. Beam-Beam interactions

Machine parameters optimization can lead to luminosity increases but ...

- Beam-beam interactions are strictly dependent on the emittances, leading to enhanced background production
which can compromise detector performance

- It directly impacts the beam pipe radius and hence the first layer of the vertex detector position

- Beam-beam effects are simulated with Guinea-Pig, and more recently WarpX has been developed to include a
self-consistent treatment of the fields produced by the pairs

SLAL Caterina Vernieri - Vertex - August 29, 2025
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https://gitlab.cern.ch/clic-software/guinea-pig
https://warpx.readthedocs.io/en/latest/

Importance of beam-beam background PRAB 2024 27.061001

The effects of beam-beam interactions have to be careful simulated for physics and detector performance

Fraction of incoherent pairs produced from each process

Beamstrahlung photons are radiated at the IP and can produce: o
» |[ncoherent pair production
- Muon and Hadron photo-production
0.8 -
4 0
L 5
__.L\ E 0.6 -
Beamstrahlung widens the luminosity spectrum 0.2 -
- Enables collisions at lower /s
— important for physics observables (ZH) 0.

» High flux (occupancy) in vertex barrel and forward sub detectors NLC  CLIC-380 ILC-250  ILC-500  C°-250  C*-550

Colliders

— Impacts (vertex) detector design

beamstrahlung virtual beamstrahlung

virtual virtual beamstrahlung

(a) Bethe-Heitler (b) Landau-Lifshitz (c) Breit-Wheeler

SLLAL  Caterina Vernieri - Vertex - August 29, 2025 12


https://arxiv.org/abs/2403.07093

A |eSSOn fr()m the past Courtesy of Chris Damerell
SLD at the SLAC Linear Collider (SLC)

Incoherent pair production was not very well understood at that time (1980s)

SLD’s CCD readout sparsification used ~150 e thresholds, achieving 3.6 ym resolution
occupancy was very low (0.002%) and event reconstruction worked well

SLD vertex detector backgrounds dominated by low-energy x-rays (0.5—10 keV) ~ pixel clusters of ~150-800 e
Incoherent e*e” pairs at the IP producing diffuse photon fields (~500 keV — cascaded x-rays).

Two-photon interactions (1° decay, pion charge exchange — cascades). |
.. . s A
Quad synchrotron radiation from beam tails = P
T T S R R S 25 7, L e
, A P R !l u. FEY L;_.:‘L*H 7‘ h:”: RIS ‘I’_r;t ;:L
. : : : | PMAA U0 21 AT
25 [N, S— S— :g%ﬁ“ canmead et cmriay
£ ,| SLD’splanned beampipe 1996, Ry, =25 mm T
° radius vs time, 1985-1989 60 stitchedCCDs T S - =
B | ? 307 Mpixels P ]\
Q 15- ‘ o
< o
E --:':\2_—
i [ |
5
1985 1986 1987 1988 1989 - T
Year
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2110.09965

From physics to detector 2003.01116
Stringent detector requirements from ZH & flavor tagging

Strong magnetic field 4-5 T — '

(Ultra) low material budget & high granularity tracker close _ O S

to the interaction point for optimal b/c separation
<1% XO per layer for Si-tracker
At least 5 ym hit resolution (17-25um pitch)
High granularity calorimeter with resolution of

3-4% for Ejet 30-100 GeV for separation of W/Z/H—qq
peaks

SiD - Compact all silicon tracking systems with highly segmented calorimeters optimized for PFA
ILD - Larger detector with TPC tracker with PFA calorimeter

SiLLAL Caterina Vernieri - Vertex - August 29, 2025 14


https://arxiv.org/abs/2003.01116
https://arxiv.org/pdf/2110.09965

F. Palla ECFA 2024
ILC WG3 March 21

Importance of beam-beam background arXiv:2403.07093

The effects of beam-beam interactions have to be careful simulated for physics and detector performance

Beam-Induced Background Detector Hits SiD_02_v04@C3-250 (266 bunches) - Preliminary

6000 A

Hits

r [mm]

Pre-print in preparation o ;
L. Gray, D. Ntounis, CV 108

5000 A

4000 A

3000 -

2000

Co
1000 ;; ‘

4000 6000

Z [mm]

-6000 -4000

Detector Hits from beam-beam background pairs for an entire C3 bunch train
Full detector simulation in Key4hep using the SiD detector concept

N
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https://indico.in2p3.fr/event/32629/contributions/140474/attachments/87682/132370/ECFA%203rd%20workshop%20Paris%202024.pptx
https:/agenda.linearcollider.org/event/10257
https://arxiv.org/abs/2403.07093

BBB as a function of machine parameters Anne Schutz’s PhD thesis
Same tools and methodology between ILC & FCC within Key4HEP

ILC physics studies estimated a maximum occupancy of 0.03 hits/mm2/BX for a pixel occupancy of ~10% per bunch train
Time stamping - resolution of O(us) - to reduce occupancy to 104

ILC-250 ex =10 ym

| I I I ! ] l I I Ll | I I 1 1 I I 1 1 1 1 l 1 1

10*

r[mm]

1.2 cm beam pipe radius
— '

:. AT SR TR T TR ST SN SN NN TN Y SN T AN TN SN TN SN AN T TN T S N SO S
0 50 100 150 200 250 300
Z [mm]

Averaged for one bunch-crossing
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https://publikationen.bibliothek.kit.edu/1000083323

BBB as a function of machine parameters Anne Schutz's PhD thesis
Same tools and methodology between ILC & FCC within Key4HEP

ILC physics studies estimated a maximum occupancy of 0.03 hits/mm2/BX for a pixel occupancy of ~10% per bunch train
Time stamping - resolution of O(us) - to reduce occupancy to 104

ILC-250 ex = 10 ym

1 l I I I I I I I I | I I 1 1 I I 1 1 1 1 ] 1 1

EX =D um
llIllllll]llllllllll]l]‘ll

ks
-
o
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—
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—
- e—
—
—
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arXiv:2403.07093

BBB as a function of machine parameters Anne Schutz's PhD thesis

Compared to ILC, C3 shows an increase on level of background, as the transverse momentum of the secondary
particles increases due to reduced emittance ¢y (35 nm vs 20 nm)

Impact of beam induced backgrounds also increases with center of mass of energy

C3-250 C3-550
= 40 i - 107
= i ek Rehe 55 E Pre-print in-preparation — seoo
ay, U. NI E L. Gray, D. Ntounis, CV 4108 oo
— 99.99%
20 105 e
=
10 g
1O4§
1= — = ~
103
10
2 102
20 1% o
30 10! -30 10'
- 0
4850 2200 2100 0 100 200 300 10° oo -200 -100 0 100 200 300 1°
z [mm] z [mm]
Integrated per one bunch train
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arXiv:2403.07093

BBB as a function of machine parameters Anne Schutz's PhD thesis

Compared to ILC, C3 shows an increase on level of background, as the transverse momentum of the secondary
particles increases due to reduced emittance ¢y (35 nm vs 20 nm)

Impact of beam induced backgrounds also increases with center of mass of energy

C3-250 C3-550
40 —— . 110" — 40 - 2107
Pre-print in preparation § E Pre-print in-preparation : — soon
30 L. Gray, D. Ntounis, CV 30 L. Gray, D. Ntounis, CV H10° oo
20 20 : ng-agizc;pe boundary

1 Silicon Vertex Barrel

yjoed |

10
C3 can still assume same detector performance as an ILC detector,

As bunch trains are shorter, lower occupancy per train

_45800 -200 -100 0 100 200 300 -

Zz [mm]

_— | ||
()
o1
Wwiwi/syoed |

-10

-20

-30

Integrated per one bunch train
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D. Ntounis (2023)

Time structure also matters

The secondary peak at ~20-25 ns is due to backscattering from the BeamCal
Time distribution of hits per unit time and area on 1st layer ~ 4.4-10-3 hits/(ns-mmz2) = 0.03 hits/mm?2 /BX within the

limits set for SiD from previous studies for ILC

Hits from pair background in vertex barrel - 1 bunch train Hits from pair background in vertex barrel - 1 bunch train

>
)

N
5..
¢

100 200 300

Time (ns)

500 600 700 800

Caterina Vernieri - Vertex - August 29, 2025

2 900
medn = 93.58 = 3.86 hits/ns [ SiVertexBarrelHits mean = 92.78 + 2.11 hits/ns [ SiVertexBarrelHits
115 {medn = 74.97 = 3.29 hits/ns [ SiTrackerBarrelHits 800 {mean = 74.21 + 0.70 hits/ns [ SiTrackerBarrelHits
medn = 65.00 = 2.42 hits/ns 1 SiTrackerEndcapHits mean = 64.27 + 0.54 hits/ns [ SiTrackerEndcapHits
medn = 57.44 = 2.19 hits/ns [1 SiTrackerForwardHits 700 41 mean = 56.76 = 0.48 hits/ns [ SiTrackerForwardHits
” 130 - SiVertexEndcapHits " SiVertexEndcapHits
c C
S J.- 600 -
ol ~N
= =~
3 w 500
= =
o - ° 400
o | H i o
N ER IS sl s T e 1 S ey A
= = e X o S S B T oS Bt SR S e L Hefp == ==+ 5 300
= == QE:;;—_TglﬁﬁtEa e ﬂEEE-:— = .qm..aé.—:iﬁ_::- _EEE_— —=H===== =
1r 200
I; )
] W 100 -
= O -



https://agenda.infn.it/event/34841/contributions/207749/

D. Ntounis (2023)

Time structure also matters

The secondary peak at ~20-25 ns is due to backscattering from the BeamCal
Time distribution of hits per unit time and area on 1st layer ~ 4.4-10-3 hits/(ns-mmz2) = 0.03 hits/mm?2 /BX within the

limits set for SiD from previous studies for ILC

, Hits from pair background in vertex barrel - 1 bunch train 900 Hits from pair background in vertex barrel - 1 bunch train
medn = 93.58 + 3.86 hits/ns [—1 SiVertexBarrelHits mean = 92.78 + 2.11 hits/ns [—1 SiVertexBarrelHits
115 4 meqdn = 74.97 + 3.29 hits/ns 1 SiTrackerBarrelHits 800 { mean = 74.21 + 0.70 hits/ns [ SiTrackerBarrelHits
medn = 65.00 + 2.42 hits/ns [1 SiTrackerEndcapHits mean = 64.27 + 0.54 hits/ns [ SiTrackerEndcapHits
medn = 57.44 = 2.19 hits/ns [1 SiTrackerForwardHits 700 41 mean = 56.76 = 0.48 hits/ns [ SiTrackerForwardHits
. 130 - SiVertexEndcapHits " _ SiVertexEndcapHits
c C
600 -
o LN
S 154 . _ 1 i J’j ]
7 gl J_ il | 1 I S 500
n - _ v .
E 1@0 af ] ] B=0NslZ Elu|: -L [ [H— -| ] f
(@] [ [ i —— - T = T T ———==- o
£ . © 400
o —| LT - | [T [ |— ] 1| ! _ | O] )
g 5 'jd:: == _:_ an "?‘ E' "I:I Edml .-_] ’_tj_E i == = I — 2| g
5 B (FRRE e oo SRl Sl 8 o o N AV 5 300
= EFE- QE_—;—_—_—EHEJEE.I_ ___igr__.:;ii_ EB_:.-_EEIE_—_ S D — — =
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I_‘
0 = 0 -
0

100 200 300 400 500 600 700 800
Time (ns)

Impact of beam-induced background to be mitigated through MDI and detector design

O(1-10) ns for beam background rejection and/or trigger decision before reading out the
detector
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arXiv:2403.0709

Occupancy per bunch train

For ILC detectors, an occupancy upper limit of 10-4 and buffer depth of 4 has been proposed.
Studies have been recently repeated for C3 and found the level of the backgrounds to be compatible with an ILC like-detector

SiD_02 v04 - SiVertexBarrel C3 550 - s.u. (150 bunches) - Preliminary
REEES . | E
Pre-print in preparation | £
L. Gray, D. Ntounis, CV )

pi"™[MeV] = 0.3 - B[T] - ~[mm] = 10 MeV

Note that at low momentum incoherent pairs deflected by B field
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arXiv:2403.0709

Occupancy per bunch train

For ILC detectors, an occupancy upper limit of 10-4 and buffer depth of 4 has been proposed.
Studies have been recently repeated for C3 and found the level of the backgrounds to be compatible with an ILC like-detector

SiD_02 v04 - SiVertexBarrel C3 550 - s.u. (150 bunches) - Preliminary
REEES . | E
Pre-print in preparation | £
L. Gray, D. Ntounis, CV )

N

SiD/ILD @ILC vertex first layer at 14mm

-60 CLIC vertex first layer at 31mm

[T . “" -
CLICdet _pamil

\/,
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ILC Technical Design Report 2013
CLIC-det post-CRD design 2017

Evolution of detector concepts 1812.07337
From ILC to CLIC to account for higher energy collisions (1 — 3 TeV)

x ] CILIlep I ] | | 1 I ] ] | ] I ] ] | |
m 104k 380 GeV N
qh) - —— Incoherent e*e’ — Y
o ‘—-___ —— vy — hadrons =2 .|
L 102 ‘
. T (b)
1 —_—-—_,_,_.___* tﬂ tube ECAL
- +++ C BPM on outgoing beam
B —- + BeamCal
_— L - Steel - HCAL Steel - HCAL
107
e - LumiCal ECAL
1 0—6 | 1 1 1 1 | 1 1

0 50 100 150 Si - Tracker |

Energy [GeV]
The hit density and rates from beam induced background particles increases with COM
To keep occupancies below 3% per bunch train, including safety factors of 5 for incoherent pairs, and 2 for yy — hadron events
First vertex layer at 31 mm (beam pipe radius 29.4mm)
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https://linearcollider.org/files/images/pdf/Detectors.pdf
https://cds.cern.ch/record/2254048/files/CLICdp-Note-2017-001.pdf
https://cds.cern.ch/record/2649437/files/1812.07337.pdf

Sensors technology requirements for Vertex Detector

Services cables + cooling + support make up most of the detector mass

Physics driven requirements Running constraints Sensor specifications
g - _f_ 3_1/!_717@ ----- b-}-q")-(- }l- --------------------------------------- > Small Pixel Dlg ]Oﬂm or AI/ZCZZOg ]5-20]11%
Material budget -=-- P RCEEEFEEFPED ToTmmmmmmsmmmsmmmmsssssomseseses > Thinning to 50 um
"""""""" ]"2"]'4'('7"1";’/;"""'9 Cooling --=-=--neemmmmencncannnnanaad> [ ow Power 20-50 mW/cm?
r of the Inner most layer ~==""""""7"""77"" > BeaI.n—.baCkground """"""""" > Fast Readout ~1-10 ps
""""""""""""""""""" > Radiation damage -----=--==--=---=-> Radiation Tolerance 10 MRad, 10/ ny, / /cm?
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Sensors technology requirements for Vertex Detector

Services cables + cooling + support make up most of the detector mass

CERN-LHCC-2019-018

0.8
Alice/ITS2 Other
0.7 . Water
Hl Carbon
— Aluminum
v i B Kapton
IS Bl Glue
Serial Powering and Optical powering < °° Silicon
. 4 _ o
could further reduce the impact of the g dle] mean = 0.35 %
services 5
< 0.3
>\<O
< 0.2

O
—

Azimuthal angle [ °]
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Sensors technology requirements for Vertex Detector

Services cables + cooling + support make up most of the detector mass

ded&qa;te d sensor designs

Serial Powering and Optical powering
could further reduce the impact of the
services

SiLAL Caterina Vernieri - Vertex - August 29, 2025
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2025

APS

Academy

Monolithic Active Pixel Sensors - MAPS

A suitable technology for high precision tracker and high granularity calorimetry

i

Significantly lower material budget: sensors and readout electronics are integrated on the same chip
o Eliminate the need for bump bonding : thinned to less to 50um
o Smaller pixel size, not limited by bump bonding (<25um)
o Lower costs : implemented in standard commercial CMOS processes technologies
o Target big sensors (up to wafer size) through use of “stitching” (step-and-repeat of reticles) to reduce further
the overall material budget

New SiD layout update features MAPS for both tracking and calorimeter systems 2110. O°°§;Iectlon

-6V node -6V

M. Winter, 2024

o1 AN Backside voltage
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https://arxiv.org/pdf/2110.09965
https://indico.cern.ch/event/1389303/contributions/5845781/attachments/2817133/4918544/FCCee-CMOS-11mar24-talk-MWinter.pdf

Recent results with Digital Pixel Test Structures

Synergies with DPTS characterization at CERN test beam facility within ALICE Collaboration

Detection efficiency (%)
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Digital pixel test structures implemented in a 65 nm CMQOS process

A Compact Front-End Circuit for a Monolithic Sensor in a 65-nm CMOS Imaging Technology
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https://doi.org/10.1016/j.nima.2023.168589
https://ieeexplore.ieee.org/document/10196055

CERN-LHCC-2019-018

ALICE: Bent MAPS for ITS3 ALICE-PUBLIC-2018-013

Cylindrical
Structural Shell

Half Barrels

Bending Si wafers + circuits is possible

For ITS3: Industrial stitching & curved structures with TJ 65 nm process:
Sensor thickness of 20-40 um - 0.02-0.04% Xo
Sensors arranged with a perfectly cylindrical shape
a sensors thinned to ~30um can be curved to a radius of 10-20mm
Pitch 18-22um — R&D needs for the resolution requirement at e+e-
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https://indico.phy.ornl.gov/event/677/contributions/2704/attachments/2097/4679/ALICE_Inner_Tracking_System_3_overview_from_MOSS_and_MOST_to_the_full-size_MOSAIX_sensor_prototype.pdf

CERN-LHCC-2019-018

ALICE: Bent MAPS for ITS3 ALICE-PUBLIC-2018-013

Forced air flow at 8 m/s

Cylindrical
Structural Shell

Half Barrels

Synergies with every detector concepts at ete- colliders
Including EIC

e

For ITS3: Industrial stitching & curved structures with TJ 65 nm process:
Sensor thickness of 20-40 um - 0.02-0.04% Xo
Sensors arranged with a perfectly cylindrical shape
a sensors thinned to ~30pum can be curved to a radius of 10-20mm
Pitch 18-22um — R&D needs for the resolution requirement at e+e-

1l A
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https://indico.phy.ornl.gov/event/677/contributions/2704/attachments/2097/4679/ALICE_Inner_Tracking_System_3_overview_from_MOSS_and_MOST_to_the_full-size_MOSAIX_sensor_prototype.pdf

Time resolution vs. power

O(ns) time resolution for beam-background suppression requires dedicated optimizations
Current designs that can achieve ns or sub-ns time resolutions compensate with higher power consumption
- Target power consumption is less than 20 mW/cm?

Chip name Experiment Subsystem Technology Pixel pitch [um] Time resolution [ns] Power Density [mMW/cm2]
ALPIDE ALICE-ITS2 Vix, Trk Tower 180 nm 28 < 2000 5
Mosaic ALICE-ITS3 Vix Tower 65 nm 25x100 100-2000 <40
FastPix HL-LHC Tower 180 nm 10 - 20 0.122 - 0.135 >1500
DPTS ALICE-ITSS3 Tower 65 nm 15 6.3 112
NAPA HF Trk, Calo Tower 65 nm 25x100 <1 <20
Cactus -CCI/EIC Timing LF 150 nm 1000 0.1-0.5 145
MiniCactus -CCI/EIC Timing LF 150 nm 1000 0.088 300
Monolith ~CC/Idea Trk IHP SiGe 130 nm 100 0.077 — 0.02 40 - 2700
Malta _HC, .. Trk Tower 180 nm 36 25 > 100
Arcadia -CC/ldea Trk LF 110 nm 25 - 30

Dedicated ongoing effort to target O(ns) resolution with MAPS
First prototype (Napa-p1) produced in TJ 65 nm process 5x5 mmz2, 25 ym pitch
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Conclusions & outlook

- Future linear lepton colliders have the potential to develop high precision silicon detectors to help reach
unprecedented physics goals

- Requires excellent momentum and impact parameter resolution while keeping power consume
- Bunch time structure allows high precision trackers with very low Xo at linear lepton colliders

- CLIC, ILC, but also C2 share similar features but careful simulation of the beam backgrounds is needed
(besides GuineaPig, WarpX as an additional tool for high lumi scenarios)

- Different beam backgrounds at LC energies require an upgradable Vertex Detector, enabling optimal
performance at each energy

- Pixel detectors with very fine pixel pitch, excellent single point resolution, while maintaining a very low Xo
- Favors technologies which allow to focus on resolution and material budget
- Reaching the specifications all together is the real challenge

- Vertex Detector will be installed last, so technology choices can be deferred and benefit from the latest
advances.

Accelerator parameters and detector specifications are intertwined
and simulation tools are key to guide the detector design to
maximize the physics potential of a future e+e- machine
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Averaged per bunch crossing.

C2 250 PS1 (1 bunch) - Simulation SiD_o02_v04 (B=5.0T)
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arXiv:2003.01116

From physics to detector ArXiv:2003.01116
- = UL B B | N
>< 05 __ outside TPC —: —
- | e '
0.4 :_-VTX M —:
03F ILD : N
N _ /[ —
0.1 ; LD SID
: Vertex Inner Radius (cm) 1.6 1.4
0 80 60 40 20 _() Tracker technology TPC+Silicon Silicon
6 / degrees Outer Tracker Radius (m) 1.77 1.22
< of SiD ECal thickness 24 Xo 26 Xo
0] —— Vertex Detector HCal thickness 5.9 Ao 4.5 Ao
o HCal Outer Radius (m) 3.3 2.5
N3 Solenoid field (T) 3.5 5
” """""""" MR =" Solenoid length (m) 7.9 6.1
_ P Solenoid Radius (m) 3.4 2.6
SLAT Caterii.. ._9_ 8 70 60 50 40 _ 30 __20 10 0 29


https://arxiv.org/abs/2003.01116
https://arxiv.org/abs/2003.01116

Machine parameters

JINST 18 PO7053

Cad I ¥~
L | NNy g \ W4

Collider NLC [16] | CLIC [10] | ILC [19] C’ C3
CM Energy [GeV] 500 380 250 (500) 250 550
o, [um] 150 70 300 100 100
Bx [mm] 10 8.0 8.0 12 12
By [mm 0.2 0.1 0.41 0.12 0.12
€, [nm-rad] 4000 900 500 900 900
€y [nm-rad] 110 20 35 20 20
Num. Bunches per Train 90 352 1312 133 75
Train Rep. Rate [Hz] 180 50 5 120 120
Bunch Spacing [ns] 1.4 0.5 369 5.26 3.5
Bunch Charge [nC] 1.36 0.83 3.2 1 1
Beam Power [MW] 5.5 2.8 2.63 2 2.45
Crossing Angle [rad] 0.020 0.0165 0.014 0.014 0.014
Crab Angle 0.020/2 0.0165/2 0.014/2 | 0.014/2 | 0.014/2
Luminosity [x10°*/cm?s] 0.6 1.5 1.35 1.3 2.4
(w/IP dil.) | (max 1s 4)
Gradient [MeV/m] 37 72 31.5 70 120
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https://iopscience.iop.org/article/10.1088/1748-0221/18/07/P07053/pdf

Machine parameters

C3-250 C>-550
Scenario Baseline s.u. high-¥ Baseline s.u. high-Z
Gradient [MeV/m] 70 70 70 120 120 120
Eff. gradient [MeV/m] 63 63 63 108 108 108
Bunches / train 133 266 532 75 150 300
Rep. rate [Hz] 120 60 120 120 60 60
Bunch spacing [ns] 5.26 2.63 2.63 3.50 1.75 1.75
Luminosity [10** cm™2s™!] 1.3 1.3 7.6 2.4 2.4 4.8
Site power [MW] ~150 ~110 ~180 ~175 ~125 ~180
Beam parameter set [20] PS1 PS2 PS2

Table 2: Main parameters at the IP for the two C> beam-dynamics working points.

Beam Parameter Symbol Unit PS1  PS2
RMS bunch length o, pm 100
: : : Horizontal beta function B mm 12
Pre_prl ntin preparatlon Vertical beta function ; mm 0.12
Vertical waist shift Wy pm 0 80
Norm. horiz. emittance € nm 900 1000
Norm. vert. emittance £y nm 20 12

>
)

(.
5..
(
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Linear Collider Vision

LCF parameters »-

o
o m <4

2503.24049

Beam backgrounds in the detectors will increase for smaller 3x and need to be assessed

N

Quantity Symbol Unit Initial-250 Upgrades Initial-550 Upgrade
Name LCF 250 LP 250FP 550FP | 550LP 550 FP
Centre-of-mass energy NG GeV 250 250 550 550 550
Inst. luminosity £ (10%%em™?s™) 2.7 5.4 7.7 3.9 7.7
Polarisation |P(e7)|/ |P(e")| (%) 80/30 80/30 80/60 80/ 30 80/ 60
Repetition frequency frep Hz 10 10 10 10 10
Bunches per pulse Nbunch 1 1312 2625 2625 1312 2625
Bunch population N, 1010 2 2 2 2 2
Linac bunch interval Aty ns 554 366 366 554 366
Beam current in pulse Ioulse mA 5.8 8.8 8.8 5.8 8.8
Beam pulse duration toulse Us 727 897 897 727 897
Average beam power Peove MW 10.5 21 46 23 46
Norm. hor. emitt. at IP YEy um 5 5 10 10 10
Norm. vert. emitt. at IP ye! nm 35 35 35 35 35
RMS hor. beam size at IP Oy nm 516 516 452 452 452
RMS vert. beam size at IP o, nm 7.7 7.7 5.6 5.6 5.6
Lumi frac. in top 1% Z501/Z %o 73 73 58 58 58
Lumi in top 1% Zo.01 (10%%em™2s) 2.0 4.0 4.5 2.2 4.5
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https://arxiv.org/pdf/2503.24049

Hadron Photonproduction L. Gray (ECFA 2024)

B gg -> hadrons
B pairs

SiD vertex barrel

101 3

1 BX averaged

109 -

gg—hadrons much more central, pairs mostly
forward (outside acceptance)
o: yy—hadrons ~0.3 yb, pairs = 16 mb

0 10 20 30 40 50
time [ns]

Hadron photoproduction has ~0.1-1% effect compared to pairs when in-time with that background
But ~50% effect out of time with the two major components
This corresponds to ~5e-6 occupancy effects at C3
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https://indico.in2p3.fr/event/32629/contributions/142209/attachments/87571/132184/C3ECFA3_LindseyGray_10102024.pdf

_ _ arXiv:2003.01116
Beam Format and Detector Design Requirements FCCMidTerm Report

~TIms. ~200ms
— -_— = = - ILC Trains at 5Hz, 1 train 1312 bunches
\ ________________ Bunches are 369 ns apart

FCC@ZH Bunches 1 us apart

.................................................. FCC@Z Bunches 20 ns apart

Beam-background suppression :
LC - evolve time stamping towards O(1-100) ns (bunch-tagging)

FCC, continuous r/o integrated over ~10us with O(1) ns timing resolution for beam background
suppression
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https://new-cds.cern.ch/records/zh1gz-52t41

Evaluating tracker design parameters

Fast calculation of tracking resolution package has been developed at SLAC (Feng Chen)

- Based on the Gluckstern Formula assuming hit resolution, material, and position of each layer

SiD (B=5T) sigma(pT)/pT sigma(d)
pt =10 GeV 100 GeV |10 GeV |[100 GeV

5um res. for VTX 0.179% 0.293% |4.083 |2.567
0.3%Xo

3um res. for VTX 0.177% 0.287% 3.088 1.654
0.3%Xo

5um res. for VTX 0.178% 0.293% 3.434 |2.552
0.1%Xo

Note on Timing that can potentially help to separate lower momentum particles - although tracks in jets from
Higgs can have significant momentum

— Need sub-ps timing resolution at the price of more material

SiLAL Caterina Vernieri - Vertex - August 29, 2025 35


https://github.com/slaclab/TrackingResolution

SIiD

Arxiv: 1306.6329

. I L 11—
Compact, cost constrained detector ——
T | ﬂ\r
e (Compact, cost constrained detector
o 5T solenoid B-field with with Reca =1.27 m — = -
o All silicon pixel + strips tracking system Layer 1 14 63
. . - Layer 2 22 63
o  Highly granular calorimeter optimized for PFLOW . . . Layer 3 s 63
20x20 ym pixels in the central region Layer 4 5 6
. ayer 5 0 3
e Pixel Vertex detector 50x50 pym for the forward tracker disks gt 1 Ri:;ler Ro;lter o
o 1kGy and 10" ng,/cm? per year Disk 2 5 7 9
] ] ] _ Disk 3 18 71 123
o Pixel hit resolution better then 5 ym in barrel Disk 4 20 7117
= Better if charge sharing is used rorward Disk Rinner  Router  Zeenter
. D!sk 1 28 166 207
o Less than 0.3% X, per pixel layer Disk 2 o 186 s
= air cooling = low-mass sensor —
o  Single bunch time resolution [, |
= Low capacitance and high S/N allows for acceptable power dissipation for single-crossing l , L “’ \
f |
: — T T | \« -
e Strip Tracker: e — -
o  Silicon micro-strips, double metal layers \ L - /
o 0.1-0.15% X, in the central region “ [
—
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IDEA: tagging performance vs detector configurations

Evaluating impact of different silicon and particle-identification detector configurations

- Current IDEA pixel/tracking system:

+ beam pipe at 1cm and 3 innermost silicon barrel layers: 1.2cm,
2cm, 3.15cm

* PID: cluster-counting (dN/dx) + 30ps ToF system

- Number of pixel layers and various configurations have been
tested

- Hit resolution & position first layer
- PID capabilities: timing, energy loss (gas/silicon) 07 o’ 08 o085 08 '®ﬁi;ie'nc;

-

o
o
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—— |DEA baseline

—— VXD r+0.5cm
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https://indico.in2p3.fr/event/32629/contributions/142638/attachments/87407/131939/Sciandra_ECFA2024_10_09_24.pdf

1710.0/7621
RU N PlanS FCC Mid Term Report

ILC and FCC
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https://arxiv.org/abs/1710.07621
https://new-cds.cern.ch/records/zh1gz-52t41

NEW - SiD detector studies

Using FCC/IDEA results as a benchmark

SiLLAL Caterina Vernieri - Vertex - August 29, 2025

ILD SID IDEA CLD ALLEGRO
Vertex Inner Radius (cm) 1.6 1.4 1.2 1.2 1.2
Tracker technology TPC+Silicon Silicon Si+Drift Chamber Si Si+Drift Chamber
Outer Tracker Radius (m) 1.77 1.22 2 3.3 2
ECal thickness 24 Xo 26 Xo Dual RO 22 Xo 22 Xo
HCal thickness 5.9 Ao 4.5 Ao 7 Ao 6.5 Ao 9.5 Ao
HCal Outer Radius (m) 3.3 2.5 4.5 3.5 4.5
Solenoid field (T) 3.5 5 2 2 2
Solenoid length (m) 7.9 6.1 7.4 6
Solenoid Radius (m) 3.4 2.6 4 2.7
o(E)
£ ILC TDR
ECAL ® 0.5%
E 2008.00338
HCAL 55'2% 1%
39



https://linearcollider.org/technical-design-report/
https://arxiv.org/abs/2008.00338

Impact Parameter resolution

x/sin® detector . .
N\ material Uncertainty on the transverse impact parameter, do, depends

on the radii and space point precision:

*
*
*
*
*
*

> 2, 2.2
52 - 1507 1105

do (r; —ri)?

This suggests: small r1, large rp, small error but precision is
degraded by multiple scattering (r—=r/sin 8, x—=x/sin 8)

r / X
Gdo‘MS — ;136M€V X—O

Constant term describing resolution

Gd() — d @  1/2 Multiple scattering term decreasing with pr
pTSln 9 Best precision with small radius, r, and minimum thickness x

SiLAL Caterina Vernieri - Vertex - August 29, 2025 40



