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https://indico.slac.stanford.edu/event/10213/

Requirements for charged particle detectionS

= Vertexing

» Combining position res. <3 um with hit rate 100 MHz/cm?
— Time resolution debatable: few 100 ns probably OK, few ns might be useful
— Radiation tolerance not

e Constraints:
— pixel size, inner layer radius,

— material budget ~0.2% X, /layer (incl. cooling) => average power 20 — 50 mW/cm?
— Beam pipe ~0.3 % X,

®= Tracking

* Prominent: material budget per layer 1-2 % X;
— Power <100 mW/cm? (the lower the better)
— Debate about sensor size: large (stitching) or small (reticule)

* Hit rate: ~MHz/cm?2 or lower " Questions
* Position res 5-10 um (r¢) * Triggerless?

T C o
- Large area coverage Time resolution similar for vertex and trackers

« Hit rate for vertex (safety factor / simulation)
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Requirements for charged particle detectionS
D

= P
* Main: 30-100 ps depending on radius, power budget
— Similar issue for integration: 1-2% / layer
— Positionres. ~10 um

* Secondary
— Hit rate <15 MHz/cm?

®= Flectromagnetic Calorimetry

* SIW digital ECAL
— MAPS based past/existing projects: FoCal & EPICAL

Essential: small pixel to count particles: 25-50 um pitch
Timing res. S ns

Hit rate: unclear to me (locally not small)

— Possibly dynamic range > 1 hit => multi-bits pixel read-out
Power 2 < 100 mW/cm?2

* Large area coverage
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Institut Pluridisciplinaire

Hubert CURIEN
STRASBOURG

DRD3 orgcmisc:’rion (120 institutions, 700+ scientists)

L7 TSR June 2025 5 DRD3 bodies ;

[/ Collaboration board N e E Secretariat/administration |
T S | 1

\ CB Chair: G. Pellegrini (CNM) / DRD3 management ‘‘‘‘‘ . ! '
\ . . i R | Resource coordinator /Budget |
o o Deputy‘ R. Arcidiacono (|NFN Toz < ,'/ G. Kramberger (JSI) - SP \‘- : HOlder (D. Muensterman, HRM/Lancaster) :
el " L M. Moll (CERN)-DSP / |
—————— l. Gregor (DESY)-DSP E Cross-DRD coordination X

Steering committee: | e S.Seidel (UNM)-DSP - ol 5 CPAD coordination s

DRD3 management + CB ... \ Speakers committee :

Chair + WG conveners R&D activities : (U. Parzefall - Freiburg) 1

( 1 s l """ \

WG 1 WG 2 WG3 WG 4 WG 5 WG 6 WG7 WGS8
Convener(s) Convener(s) Convener(s) Convener(s) Convener(s) Convener(s) Convener(s) Convener(s)
Monolithic silicon Hybrid silicon Radiation damage SrolEiene Characterization Wide band-gap and Interconnections and

technologies
H. Pernegger (CERN)
E. Vilella (Liverpool)
J. Baudot (Strasbourg)

technologies
A. Macchiolo (UZH)
M.v.Beuzekom (NIKHEF

A. Tricoli (BNL)

& extreme fluences
loana Pintilie (NIMP)
J. Schwandt (Uni. HH)

H. Wennloef (NIKHEF)
M. Mandurrino
(INFN-TO)

techniques and
facilities
1. Vila (IFCA)
B. Hiti (JS1)

innovative sensor
materials

A. Oh (Manchester)
X. Shi (IHEP),T. Yang (LBNL)

device fabrication
G. Calderini (LPNHE)
D. Dannheim (CERN)
F. Huegging (Bonn)

Dissemination &
outreach
C. Nellist (NIKHEF)
U. Parzefall (ex-officio)

|

|

| ———————
Lo

Y& w1 Y& w2 WP3 WP4
Leader(s) Leader(s) Leader(s) Leader(s)
e [ e Sehsorsior 4D Sehcarsfor * FCCee related
CMOS sensors tracking extreme 3D-integration&
fluences Interconnections
l J

Strategic/Targeted R&D projects => cherry-picking projects for this presentation!
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Sensor technology map

CMOS strip

Trench
Isolated

LF ‘1'50
FBK ~ HPK  CNM  BNL  IME  SINTEF Monstera
(monolithic)
[ Hybridization to ] Monolithic
Read-Out Circuit
CMOS SOl

L Yclassic” pixel/strip hybrid not covered

<= Possibly less

relevant / FCCee

[

MAPS
Small —— Large
electrode With gain electrode
layer
TPSCo 65
MALTA LF 150 LF 150
CACTUS RadPi
MANTA adPix
OCTOPUS
NAPA TJ 180 LF 150
MightyPix
TPSCo 65 CASSIA
MOSAIX _ 55 nm
ALMIRA SiGe 130 nm COFFEE
MONOLITH
LF 110
ARCADIA LF 110: Hynix 90
TJ 180 MADPIX HCO0L
OBELIX
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LGAD for position resolution & timing

AC pads DC pads

= Resistive Silicon Det. (RSD) i— — — - —
e

» Excellent fill factor !

p silicon electrons p silicon electrons
 Multiple readout electrodes on single pad/strip AC-LGAD holes ~,  DC-LGAD o=,
* Position/Time resolution by interpolation

=> current reach: 5% of pitch / ~40 ps

* Need: establish high-yield production process
explore alternative route (ex: AC-DC-RSD)

= Monolithic (AC-RSD)
¢ BNL, FNAL, KEK, Osaka-U, UC-Santa-Cruz, U-Tsukuba, Z0rich-U .w ————

* Potential foundries b P 4
— CMOS: SkyWater 130nm - Gain region 5
= SOI: LAPIS 200 nm, XFAB 180 nm 2 |

L B il |
2 .y
* Need: proof of concept ; iy
£ B |-
Handle wafer < [ ‘
& o a g a o @
Koji Nakamura Electric field profile
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Common DRD3 LGAD production @ BNL

Institut Pluri
Hu

IPH

disciplinair
s P

e
ert CURIEN
STRASBOURG

* Full development cycle: Design, Simulation, Fabrication, Tests

* Currently collecting players & specifications
BNL, ZUrich, Bern, NCSR Demokritos, Uni. New Mexico, Syracuse Uni., Texas Tech Uni., Santa Cruz, Brown, Uni. Hawaii

LGAD Type Strip/Pixel

AC-LGAD
AC-LGAD

AC-LGAD
LGAD

lgads/ac-
lgads
AC-LGADs
Thick
LGADs/AC-
LGADs

AC-LGADs

Pixel
Pixel

Pixel
Pad

pad

strips

pixels

Electrode Pitch/Length
500x500 um2
100x100 um2, 55x55 um?2

100x100 um?2, 55x55 um?2
1.3x1.3 mm?2

3x3 mm?2

500x1-2cm
100x100 um2, 200x200,
500x500,55x55 um2 --
diamonds, squares

Matrix
32x32
32x32
32x33

2x2

32x32, 16x16,
8x8

Size
1.6x1.6 cm?2

3.2x3.2 mm?2, etc.
3.2x3.2 mm?2, etc.

1x1, 2x2cm

1x1

Notes

p-in-n for optical applications

continuation of the current study of
LGAD performance at coarser
granularity

500um Thick LGADs

Gabriele Giacomini
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AC_ RS D_ LGA D for C E PC IHEP, IME, JSI, U-Montenegro, U-Sao Paolo,

Shangai JTU , Zhengzhou U, Shandong U, Nankai U

* Development plan 2025-2030 Tesf W’ThIR {asler {7/ ndi= 1255775
350 :_ Constant 333.7+4.7
300 ‘ Mean  0.08861+0.10639
- SenSOr 2505— Sigma 9.38 + 0.08
» Breakdown voltage ~280 V for optimised N+ dose EE :
* Capacitance vs pad size: 25-75x100 um2 => 160 — 480 pF mof- -
* Position resolution: 2cm strip & pad 50-100um => 9.4 um sof- 4
* Plan for increasing area — 2029 556"40"50"-20""16"""0""16" 20 3040 5o

RecPos-TruePos [um]

= RoC ASIC

’ TDC core é é
* 55 nm process YZ::::h Event-Driven | Fine data [29:0]x3 E § é ég
« LATRIC: vO+V1 2025, v2 — v4 2027 — 2030 R ] B e e A Q_Q T
* Increasing #channels/chip (v4: 128 channels) | s e e 8
« Channel pitch 100 um N E
e TDC Power: 1.2V x0.1-0.5 mA @ 0.5-2x10¢ ’rriggers/s TOT<360> | TOA<360> | CAL<360> | Header <160> é §|
* Sensor+LATRICT: time resolution with B: ~83 ps J L | >

3
CLK 1.28GHz 128-bit-Serializer Dout128<127:.0>

Courtesy: Mei Zhao & Jigjian Teoh
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DC— RS D— LGA D U.&INFN Torino, FBK, U.&INFN Perugia,
INFN Firenze, CERN

= Sensor

* Proof of concept with 2024 FBK prod, with charge containment done with isolating french
— Thickness 55 um, various shape, doses,
— Coupled to FAST3 ASIC board

* Position defined by (3)4 pixels and LUT
* Resolution varies on the pixel area: 10-50 um

* TOA interpolated with 4 pixels: 50 ps
— Independent of hit posifion

DESY test beam

g

100

" :

H

¥ [um]
Percent of signal

¥y [um]

2

-
=
Percent of signal

2 2 & 2 2

60
50
40
30
20

=
=

=
=

. ROC / \SlC -200 -150 -100 -50 0 50 100 150 200 -200 -150 -100 -50 0 50 100 150 200

X Jum] X Jum]

* ROCSTaRS: Space-Time Tracker with Resistive LGAD Sensors
— Pixel size 500 um

Electrode 3

¥ [um]
2 g

* target: 15-20 um, 35 ps
— Radiation tol. Up to 2.5 x 10> n,,/cm?

z
Percent of signal
Percent of signal

2

* Power expected: 0.5-1 W/cm?

60
50
40
30
20

-
=

-200 -150 -100 -50 0 50 100 150 200

Courtesy: R. Arcidiacono X fam} X [um]

=

-200 -150 -100 -50 0 50 100 150 200
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DC— RS D— LGA D U.&INFN Torino, FBK, U.&INFN Perugia,
INFN Firenze, CERN

= Sensor

* Proof of concept with 2024 FBK prod, with charge containment done with isolating french
— Thickness 55 um, various shape, doses,
— Coupled to FAST3 ASIC board

* Position defined by (3)4 pixels and LUT
* Resolution varies on the pixel area: 10-50 um

* TOA interpolated with 4 pixels: 50 ps
— Independent of hit posifion

DESY test beam

100

" :

¥y [um]

-
=
Percent of signal

Percent of signal

60
50
40
30
20

5

= ROC ASIC

« ROCSTaRS: Space-Tim| _, see G.BAC
— Pixel size 500 um

=

-200 -150 -100 -50 0 50 100 150 200

X Jum]

2

z
Percent of signal

* target: 15-20 um, 35 ps
— Radiation tol. Up to 2.5 x 10> n,,/cm?

2
Percent of signal

g 2 &8 2 2

* Power expected: 0.5-1 W/cm?

-
=

-200 -150 -100 -50 0 50 100 150 200
X Jum] X Jum]

=

-200 -150 -100 -50 0 50 100 150 200

Courtesy: R. Arcidiacono
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CMOS strip: concept =

monstera U-Bonn, DESY, TU-Dortmund, U-Freiburg
DC pad
* Use CMOS process with STITCHING => MONOLITHIC ACTIVE STRIPS A 1uf9.2;’.uT*;“ R—
F 31 = -
. . ' Pwell
= st step: passive sirip on CMOS (2022) Ll Nwel
. 7um — P+
* LFoundry 150 nm, n-in-p I [l _10um '! | M E:w_doseN
* Float-Zone Si 3-5kQ.cm, 150410 um thick ST —
DESY test beam (3.4-4.2 GeV e-)
g 1.25 |_l L 1 1 1 I L L I 1 1 Ll I ' 1 L L Ll ' -
R AT — - CMOS L13_unirrad :
o S— : : ; 1.00 F e ———
‘ : 4.1 ém V c>)'~ E E
c 075 ¥ lowdose30 -
% - - lowdose55 -
* No impact on charge collection & detection efficiency E 0.50 % regular -
=> https://doi.org/10.1016/j.nima.2022.167031 0.25 -
— Also tested after irradiation (not showed here) 0000 a1 1y .

5 10 15 20
Courtesy: I.M. Gregor & L. Huth Seed Cut Value

Jerome Baudot -  DRD3:silicon trackers - US FCC meeting, SLAC, 2026/09/10 11


https://doi.org/10.1016/j.nima.2022.167031

—

CMOS strip: on-going —

monstera U-Bonn, DESY, TU-Dortmund, U-Freiburg

= 2nd step: embedding the electronics

* LFoundry 150 nm, DRD3 submission from Summer-2026
* No-stitching (already understood in 15t step)

= MONSTERA-]

e Strips: 2.8 mm x 75 um
* 42x2 strips per segment

* front-end included in strip,

— Reproduce Telepix?2 https://doi.org/10.1016/j.nima.2022.167947
— Targets: threshold ~1 ke, noise 100-300 e

= Expectations

* Input charge 6 ke / Noise ~180 e
* Digital logic outside

— Reproduce Mightypix hitps://doi.org/10.1016/i.nima.2026.171834 * Currentin amplifier 50-100 A + 100 mW for readout
=> Power 50-90 mW/cm2 (90% in FEE)

* Time jitter (thres 9x noise): 70 ps

Courtesy: I.M. Gregor & L. Huth
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MAPS: TPSCo 65 nm

~30 institutes

* Vertexing 30/ ® Tracking (8PID) <  MATA |
AR * Porfing design from 180 — 65 nm

OCTOPUS
Position res. <3 um
Time res ~5 ns
Hit rate O(100) MHz/cm?
Power budget < 50 mW/cm?
Fluence tol. 10 ngq/cm?
Sensor thickness ~50 um

https://doi.org/10.48550/arXiv.2301.03912
Positionres. 5- 10 um + improvements / in-pixel trimming
Time res. 30 ps - few ns

Hit rate 1- 100 MHz/cm?

Power budget 20 - 200 mW/cm?
Fluence tol. 0 — 3x10' ngg/cm?

* Large hit rates & Radiation tol.

| |
| |
.+ 25 um pixel pitch i
|

| * ~ns resolution |
i i
| |

=> Versality needed « =>reach in low in power?

» See Caterina’s talk
* Possible intermediate goal T T T T T

LHCb UP for LS4

=> staged approach
(power/timing adjustment)

" Timeline
* Chipletsin ALICE-ER3

* Intermediate goal ~2028
high resolution beam telescope

* Sepcs compatible with Calo.

sensor => sub. ~end 2026
N ~ S — - » cm? proto in DRD3-MPR2
Share front-end & matrix architecture for MPR2 => sub. Q3-Q4 2027
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(@,

ﬂh

OCTOPUS: optimising charge sharing

OCTOPUS

= Simulation work:

SYNOPSYS’

Silicon to Software

= New process modification
* Impossibility to fit within 15 um
=> charge sharing for pos. res.

_|N

Standard N-Gap

il
o

P
n

w
wn

g
o

Spatial Resolution (RMS 99.7) at 100e- thr [um]
¥ Y
o

Spatial Resolution (RMS 99.7) vs T99 by Pitch & Layout A- Velyka & G. Vignola

> H e

Pitch
15um
16um
17um
18um
19um
20um
21um

Layouts
Standard layout
NGap layout
Blanket layout

NCross

A=0.5,
A=1.0,
A=1.5,
A=0.5,
A=1.0,
A=1.5,
A=0.5,

B=high
B=high
B=high
B=medium
B=medium
B=medium
B=1.0
B=1.0

100 120 140 160 180 200 220 AR
Highest threshold value @ efficiency 99% [e-] S

-~ T G M mMODO >

Blanket

®" To be tested in ALICE-ER3 (end 2024)
* Chiplet APTS

N-Opt-Cross

=> Pixel shrink if intrinsic amplification available?
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Performance of Grouped Pixels

Comparison: Passive vs. Digital
Digital: 2x diodes with each lpas = 25nA - ENC ~15 e~

Passive: 2x diodes with once lyi.s = 50nA — ENC >15 e~

@iﬁm

Digital grouping has better performance for same power!

Remark: Digital grouping adds minimal power for summing
Passive grouping needs shielding - Increase Ci,

40 [ § Single diode 40 1 % Single diode
} Dual diode . Dual diode
35 . I } Dual diode reduced Ci, > 35 I } Dual diode reduced Cin
Disclaimer: MOSAIX L Disclaimer: MOSAIX extracted
30 1 ¥ extracted simulation; typical S 30- si’Tu{Ztioq, typilcal dcomer,
e corner,Schmidt trigger load, » Schmidt trigger load, Monte
o 25 ] ] Transient noise simulation, . . 21;)_ 51 1 Carlo simulation, 200 iterations
P =1 Fmax 40 MHz, 200 iterations Passive Passive 2
2 11}
“aotiE (0] E—a E—a 3 201
L
¥ 0 ¥
LR s 3 - £15] 2
s 3 it Single Two Two = —
10 * x i diode diodes diodes i * i " i
, . , . . i i Split 4 Split 4 Split 5 . i i . , : .
0 50 100 150 200 250 300 0 50 100 150 200 250 300
Ipias (NA) Ipias (NA)

MANTA Meeting | 16 September 2025 | Johannes Hensler 12



£% W Matrix architecture

OCTOPUS

Layout including FastOR for MANTA

=  Asynchronous Priority Arbiters (APA) el Pielr  Pels  Pixeld

* hitps://doi.org/10.1016/j.nima.2024.169663

A

=> allows both

Analogue Front End: DPTS by ALICE/CERN EP Tlme Of ArriV(Jl ﬁ

Pikel col. APA readout by IPHC & Time over Threshold =M 1= g = B ]
\ FIT N _F| & [+]
5 o e B EE[E E
o Coarse TDC s h = _I—'—I Y . [
E Position [—] } h h , [<]

| +~10 ns time iy 1 L i
' 5-10 Gbps — external optical link [ ‘ [+] [+] Y []
fezit"lllr?rg ;;‘isl’l'a:;rgtr w. EOC logic — AI: 3x 1 Gbps — copper link l?] IT] h m m
| 1 i [~ § & =

Enable Enable | B
. DESY test beam July 2026 H = I ]

—#— ToT disable = 0 ixel - -
&~ ToT disable = 1 = |'T'| [T] ]T'l m
" SPARC g & E & &
* Chiplet (IPHC-IRFU) in ALICE-ER2 £ el I M= o

E
* First implementation of APA o |

« Test on-going & positive so far Coll  Colz Col3  Cold

Ono Feyens

350 300 250 200 150 100 50
Veasy [MV]
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MAPS: deeper submicron technologies

DESY fest beom Mc:y 2026

1';, . CIR0 @ 70V
1]

!

!

= CQFFEE: 55 nm CMQOS

* HVCMOS concept

— IHEP, Central South U., Dalian U., Hunan U., KIT, Nanjing U.,
Northwestern Polytechnical U., Shandong U., Zhejiang U.

e Started in 2022, now COFFEE 3
— 36x130 um?
— 2 matrix: TDC in pixel “CMOS matrix” / 3-well process “NMOS matrix”

e High resistivity: 1st MPW in 2026, next expected in 2027 O 30 a0 50
— Pixel: 38 x175 um?2 CSA pulse height (mV)

- 1to4kQ.cm 31.4 mm

h mask /Téticle planning envelope

TOA (us)
N

Yiming LI

: PLL + clock
] jitter test
|

= SK Hynix 20 nm CIS

* Target vertexing with best position resolution

* Process investigation

— 2 ER planned 2026-2029
— Thin sensitive layer (up to 8.5 um), low res. for now

1
1
1
1
1
: active matrix
: 10.2 mm x 16 mm
1
1

24 mm
(/)
®
3,
=
=
®
=

]
: bias / DAC
\_ _ monitor blocks |

* |HEP, Shandong U., CCNU, Nanchang U.,

|
I
|
|
: test structures
Northwestern Polytechnical U., Nanjing U., Nankai U. ! 5mm x 16 mm

=> Open for more collaborators | mm=m———————————o————
rad-hard

Test structure
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MAPS: Intrinsic amplification

. CACT U S . ‘ ‘ Timtla resolytion CZ[A(:TUSI GL EFI’I . . o
* Target time resolution ~30 ps | ==l §
— U.Liverpool, U.Bonn, CSIC, IFAE, IRFU el 135V ©
* R&D since 2017 without amplification in LF 150 nm: ~45 ps reached G 1e0 36 ps
— Pixel 0.5x0.5 mmZ2 over 175 um thickness sl
* Infroduction of amplification (MiNICACTUS-GL) since 2024, next 2026 T e e Tl P

— Various thickness (30-200 um) and implant doses
— Promising resolution 35 ps with 30 um epi thickness

= CASSIA o EEET
» Target either time resolution or small pixel power-friendly L J %EAEI»EAEZ«"\VYEE% L
* CERN, TU. Athens, U. Bern, U.Bonn, CPPM, U.Glasgow, GSI, IPHC, IIT Madras,

KEK, U. Kyushu, U. Zagreb, U.Tsukuba, U. ZUrich

* Tower 180 nm modified process, both LGAD or SPAD modes N l—————— )
— Various pixel size, thickness GA'”I;‘:ER J GA':’I;"YER L

e Current results: gain up to x80, time res. ~100 ps

Same Gain Layer
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Conclusion

* Trend for all types of technologies

— monolithicity & hybridization co-exist

— Intrinsic amplification in Si plays a critical role

* This was a biased & non-exhaustive presentation (interest of FCChh ignored)

Hybridization (ACF, ...) , Simulation tools (Allpix2, Garfield++), Serial powering,
Testing tools (CARIBOU), Outreach (MAPSacademy, TCT school, ...)

* Many developments on-going within DR3

* Key aspect for coming years: connecting with other R&D needed for a detector
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DRD3 General meetings

= Available material from General meetings
e 2024 June, CERN
* 2024 December, CERN
e 2025 June, Amsterdam
* 2025 November, CERN

e 2026 June, Bucarest
2026 December, CERN
» 2027 Spring,

* Main site: https://drd3.web.cern.ch/
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Tower 180 nm: OBELIX (Beam Telescope for DRD3)

OBELIX-1

2x2 pixels
pitch 33x33 uym?

matrix: 896x464 pixels
overall size 30.2x18.8 mm?

OBELIX " From TJ-Monopix2
* TJ 180 nm CIS process
Pitch 33 um * Bonn, CERN, CPPM, CEA-IRFU
DOI: 10.1016/}.nima.2020.164403
. i * Modified process for depletion
Signal ToT 7 ot => radiation tolerance
* Column-drain read-out
Integration time 50 To 100 ns inherited from ATLAS FE-I3
~5 ns P&

Time stamping

for hit rate < 10 MHz/cm2 ®  To Optimised Belle plXel senso

Hit rate max
for 100% eff.

* Extension of pixel matrix
* New peripheral digital logic

120 MHz/cm?

Trigger handling

— Triggered read-out
— Fast time stamping for hit-rate < 10 MHz/cm?2

30 KHz
with 10 us delay

Trigger output

— Coarse granularity (8 stripsels) for track-trigger

~30 ns resolution * Add LDO regulator

with low granularity

Power
(with hit rate)

120 to 200 mMW/cm?

(1 to 120 MHz/cm2) * From OBELIX v1 to v2

Bandwidth

— corrections & option choice driven by tests

1 output 320 MHz — Addition of SEU protection

Contributors:
« Matrix block:

Bonn, IFIC, IPHC, CPPM,

Bergamo/Pavia, KEK
» Regulator: Dortmund, KEK
 Digital periphery:

CPPM, HEPHY, IPHC
 Integration

IPHC

=> V1 Expected from TOWER
In October 2026

Jerome Baudot

DRDa3: silicon trackers US FCC meeting, SLAC, 2026/09/10
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MAPS: LF 150 nm IPHC

= Common submission Summer 20246 ‘ p— ‘

— Organised by E.Vilella (U.Liverpool)

* RadPix1
— Inherit RD50-MPW developments (HVCMOS)

— Target high rate & radiation tolerance
- LHCb trackers upgrade for LS4

26.1 mm

(24.2 mm x5 mm)

-
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