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* requirements for tracking detectors:
» excellent spatial resolution Zx Zx Zx
* good signal to noise ratio —— — ——
* low X/X,

 silicon detectors can meet all of the requirements
* micro-structuring

* no excessive cooling required
 thin and radiation hard sensors and FE electronics

Guard-Ring Guard-Ring
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Advances in Silicon Detectors - Matthias Hamer - DPG 2025 4



v

UNIVERSITAT

* silicon detectorsin HEP — 2 examples
* NA11/NA32 - lifetime of D-mesons

Abstract. We have measured the lifetime of charged
and neutral D mesons using high resolution silicon
strip detectors in the NA1l spectrometer at the
CERN SPS. The D mesons were produced in
200 GeV n~-Be interactions. We obtain a value of

Tpe = (lﬁﬁtgg) -107'°s based on 28, and 7
+1.0 =
=(3.7 0.7 -1071°s based on 26 fully reconstruct-

ed decays for the lifetime of the charged and the
neutral D meson, respectively. For the ratio t,./1p0

+1.1
we find 287 'c.
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Bailey et al., Z. Phys. C - Particles and Fields 28, 357—363 (1985)
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* silicon detectorsin HEP — 2 examples
* NA11/NA32 - lifetime of D-mesons
* Tevatron experiments —discovery of the top quark
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CDF Collaboration., Phys.Rev.Lett.74:2632-2637,1995
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e trackingat the HL-LHC — ever increasing requirements

dense environments in dense events
high hit rates and high data rates
high overall power consumption
low material budget

ATLAS

EXPERIMENT

HL-LHC t event in ATLAS ITK

https://cds.cern.ch/record/2674770
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e HL-LHC era physics enabled by detector upgrades

Ratio ITk Pixel / ID Pixel
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* Particle Physics: ColliderRoadmap
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<2030 2030-2035 2035-2040 2040-2045 > 2045

* e'e collider for precision physics (Z, H)
* hadron-hadron collider at a later point
* many interesting “smaller accelerator” and “non-accelerator based” experiments along the way
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° |mpa ct pa rameter reSOIUtiOn Eur. Phys. J. Special Topics 228, §61-623 (2019)
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. addlngtlmmgtotrackreconstructlon 4D tracking

LHC Bunch Crossmg'

=10ps > o,=3mm | K& “Udns -7 ——
vertices are distributed | ZEEvi S \ o '\
in time and space! ol X 05ns 0. 2ns

TR JE 2 (TeV.
14 jet8 with 540
gstimated, FU~50

10.1088/1361-6633/2a94d3
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* addingtimingto track reconstruction - 4D tracking

at HL-LHC:

200 vertices
over Az=20cm

=10ps = 6,=3 mm

vertices are distributed
in time and space!

TR SE <21Te\
14 jetS with E540
gstimated, FU~50

10.1088/1361-6633/2a94d3
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Si based calorimetry systems for e*e colliders:

* highly granular sampling calorimeters

5x5 mm?2 ECAL cells

30x30 mm2HCAL cells

[ targeted JER: 3%-4% }
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Abada et al., Eur. Phys. J. Special Topics 228, 261-623 (2019)

ILC Reference Design Report Volume 4 - Detectors
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development of detectors for future accelerators

Ke e
roadmap presented for 9 task forces y Cont”butlons from

erm :
development aligned with collider timeline an Institytes Expecteq

(@ TF#1 TF#2 TF#3 TF#4 TF#5 TF#6 TF#7 TF#8 TF#9
Gaseous Liquid Solid State Photon Quantum & Calorimetry Electronics & On- Integration Training
Detectors Detectors Detectors Detectors & Emerging detector
PID Technologies Processing
Anna Colaleo Roxanne Guenette Nicolo' Cartighia Neville Harnew Marcel Demarteau Roberto Ferrari Dave Newbold Frank Hartmann Johann Collot
\ Leszek Ropelewski Jocelyn Monroe Giulio Pellegrini Peter Krizan Michael Doser Roman Poeschl Francois Vasey Werner Riegler Erika Garutti
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-

Consultation with the particle physics community & other disciplines with technology overlap

CERN-ESU-017
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development of detectors for future accelerators

* roadmap presented for 9 task forces
* development aligned with collider timeline

eKey Contributions from
Fman Institutes Expected

(" TRm TF#3 TF#7 TFH#8 TFH#9
Gaseous Solid State 8 Integration Training
Detectors Detectors De detector

: Processing
Anna Colaleo Nicolo' Cartighia Dave Newbold Frank Hartmann Johann Collot
\ Leszek Ropelewski Giulio Pellegrini Francois Vasey Werner Riegler Erika Garutti

!

=

Consultation with the particle physics community & other disciplines with technology overlap

CERN-ESU-017
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Si-D Consortium

WP1: Position-Sensitive Monolithic Detectors

Dingfelder, Weber

WP 1.1
CMOS tracking detectors

Bonn, DESY, TU Dortmund, FH Dortmund, Frankfurt,
Freiburg, Heidelberg, KIT, Siegen, Gottingen,

WP2: Fast Timing

Garutti, Galatyuk

WP 2.1

LGAD sensors

Darmstadt, DESY, Frankfurt, Gottingen, Hamburg, KIT,
Mainz, GSI, HLL-MPG, MPP-MPG

GSI, HLL-MPG

WP 1.2

CMOS detectors for particle identi
and energy measurement
HU Berlin, Heidelberg, KIT, DESY

ification

WP 2.2

3D sensors
Bonn, DESY, Freiburg, MPP-MPG

WP 23

CMOS sensors with gain layers

Freiburg, Heidelberg

WP3: System Integration and Simulation

WP 3.1
Power management
Aachen, FH Dortmund

WP3.4

Al strips on pCVD diamond carrier
Frankfurt, GSI, Mainz

Dierlamm, Karagounis, Masciocchi, Stroth

WP3.2

Optical data transmission
Wouppertal, FH Dortmund, KIT

WP3.5

Reusability by on-detector intelligence
FH Dortmund

WP3.3
2.5D/3D integration
FH Dortmund, KIT, HLL-MPG

WP3.6
Radiation hardness and simulation
Frankurt, GSI, Hamburg, Heidelberg, KIT
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CMOS detectors

integrate active sensors and readout on a single die

cost efficient, fast turnaround

lower material budget

b4
Readout
electronics
N : x \ ANMOS
E o J =
‘-_l_ _____ 1._0 ______ _\\ p- epi p-well
v \ n-well
Eg::i‘i)ng Particle track
4 Pl Bump-Depeosition p++ substrate
E sensor
I Ilp EI'Ip Process ; particle track
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10.1016/j.nima.2024.169428

EO-OG = 1 :) 999 g
* TJ Monopix2 .
0.05 :
CMOS detectors “T 5x10%n,/cm? oser
. . A . ’ 0.996
* integrateactive sensors and readout on a single die
* cost efficient, fast turnaround -
* lower material budget ol
O ~g01 002 003 004 005 006
* many designs with good performance already exist
A4
gtead
N x \ ANMOS
‘--l--E----{-‘:é ------ -\\ p- epi [p-well
1 B n-well

Bump

bonding Particle track

A
E

Pixel
sensor

p++ substrate

; particle track
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* small feature size — 65 nm process
* ultrathin devices possible: 20 um under study
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S. Ruiz Daza, https://doi.org/10.48550/arXiv.2502.06573 and Pixel 2024
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* all-silicon modules

B sensor

Bl roc

B Glue

B= Support & Cooling
B Services

single module material
budget contributions

illustrative example!

Hyp,.
yb”d Mad
e
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all-silicon modules
» significant reduction in X/X, possible

* depends strongly on the requirements
for the active part

* requires high yield on wafer level
* industry and in-house production possible

M. Vogt et al. CMOS Verbund Meeting 2024

Wafer with tested
CMOS chips

+

Dicing + fabrication MM A m

of support Gluing and wire-bonding
to support

All-silicon ladder approach

\‘ Dicing: 4-chip-ladders
and single chips

Post-processing of
ladder candidates

TO0 pm waler Thinned to 400 pm Thinned to -40 pm

»l ]
ROL metal (Cu) Polymer ]
post-processing
Vias . Patymar
tal pads (Al bulk sdicon
Flex cable Passive components metal pais (Al
\ / Support structure =1 mm
\_/—ﬁ__[llljﬂl ‘
v v v —_1 ||

B sensor

Hl RroC

B Glue

B= Support & Cooling
B Services

single module material
budget contributions

illustrative example!

Hyb N
Figt Mﬂd(tfe
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A. Kluge, VCI2025

ALICE ITS3

* bent wafer-scale tracker with all-silicon
modules

Approximate radius (mm)
30.08 15.15 10.22 7.8 6.38 5.45

n 1

600 A

500 A

400 A

300 A

% Breaking Point
~4— 40 um 65 nm processed
= 50 um 65 nm processed

200 A

Force normalized to 50 um (mN)

100 - ~4— 30 um SuperALPIDE
~4— 40 um SuperALPIDE
0 ~4— 50 um SuperALPIDE

0 1 2 3 4 5
Displacement (mm)
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* ALICEITS3
* bent wafer-scale tracker with all-silicon modules
*  MAPS produced in TPSCo 65nm
A. Kluge,
e good performance after bending & irradiation VCI2025
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A LARGE SNCALE SILICON

A
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e cost efficient instrumentation of large areas

* passive CMOS strip sensors as a first step
* prototypes produced using stitching

* good performance up to 10%° n.,/cm? e
* no visible impact of stitching
Neutron, 3 - 105 neq/cm?, Reg
500V; S=4, N=1.5
. - 1.0
E -
L r )
s aF 0.8 S Reticle A Reticle B Reticle B Reticle B Reticle C
= o ks
§ 06 E
> 5 1 0.4
L7 e &
U. Parzefall, Si-D 05 b %
ConsortiumWorkshop, | L 3 PP
March 2025 = 8 A :
s x Position [um] B
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temporal resolution of a silicon detector, neglecting subleading terms

D
O' .
2 noise ) 9 .
0y = | 775777 | 1 Tionisation T Oshape T correlations
dV /dt N N
/ \ N

/ ‘

y fum]

J.

Gain=1

0 100 200 300 400 500
X fum)

10.1016/j.nima.2016.05.078
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10DAEIT.LAS HGTD Preliminary Test Beam
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o - ]
) - ) e Ran g B0 ps @ Ofb?
* moderate gain through multiplication layer o 70F * 50 ps @ 4000 b1 | |
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Nuclear Inst. and Methods in Physics Research, A987(2021) 164840
p-stop Metal pads

e LGADs for future detectors?
* increase fill factor for better efficiency

é"substrate
O. Perrin, EPJ Web Conf. Volume 288, 2023 d) rominal
ATLAS HGTD Test Beam Preliminary no-gain region
T g_ 1 > Max G Max G
E | 5 ® Effective inter-pad
5 e:— OQE g \ width
F - 5 G=50%
- G=1
7:_ 0.7 >
6:_ 0.6 Position
E 0.5
£ - goal for LGAD developments:
4:_ 0.3 . . e
: N - increase efficiency
3:__ ' . . . . .
éALTIROCZ+UFSDA_211-ATLAS-W11a-DEV_15x15 o1 _ malntaln/lmprove spatlal resolution
X - maintain/improve temporal resolution
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0

* etched trenches are filled with SiO,, SizN,,
Polysilicon, ... N
* isolation of pixels = better efficiency
* successfull testbeam at DESY in 2024 Lsoor-Scan(gnat va leseq position)
7 2501 1.2
TP *CFD0.85 _
| S «CFD 0.55 31 b
© 2001 . % """" TELGAD (o™ | ae=mT
: - S STD-LGAD\‘\\ ya
‘5“:— e Y _:_f (UFSD 3 safe) J/
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[ N R ¥ R T N T T
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ALV h, Si-D ti kst March 2025 Position (um)
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" Pad A Response to Laser
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+ trench-isolated LGADs F—
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* etched trenches are filled with SiO,, SisN,, w Eptaiicon ) b
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Polysilicon, ... =
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» isolation of pixels = better efficiency
0, = 1.0 x 10 em™?
* successfull testbeam at DESY in 2024 01 S R oo
. . . P, =6.0x 10" em—?
* resistive AC coupledsilicon sensors 05 — = 10X 0 e ?
a — $,=18x10"cm*
* continuous gain layer 8 | ki
= T=-20°C
* spatial resolution thanks to charge sharing 3 B. Regnery, Si-D
.. —_ g 049 consortium
e radiation effects on resistive layer under study D
e signal propagation in resistive layer not v
affected by radiation damage 00
(I.El[] l).‘25 (l.:";{l [).ITFJ LE)(] 1.125 1.:'3[) l.:?ﬁ
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https://indico.hiskp.uni-bonn.de/event/890/contributions/2017/attachments/1248/2245/Regnery_TerascaleDetector2025%20(2).pdf
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e 3D sensors

* temporal resolution competitive with LGADs
* low depletion voltage
* possibleissues

e readout ASIC power

e production (cost, yield)

R. Koppenhofer,

Si-D Consortium Workshop March 2025
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https://indico.hiskp.uni-bonn.de/event/890/contributions/2019/attachments/1246/2241/Freiburg-3DSensors.pdf
https://indico.hiskp.uni-bonn.de/event/890/contributions/2019/attachments/1246/2241/Freiburg-3DSensors.pdf
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* 3D sensors 7 S0F - —
% - Reference method . 1-1016 I MeVn,,/em”
O 3 ang R C —e— 5107 1 MeVn, /cm”
;cemzore:l resolut:on competitive with LGADs | £ 43t Nt irradieed 3090 data
* low depletion volta e
] p ) ge &J 40—
* possibleissues s
* readout ASIC power E 3sp
* production (cost, yield) %05_ isoum
* alternative electrode designs being studied “E
* trench-like electrodes tested up to FCC-hh like 305
fluences :
. . . 15 - Bm'ns;mm“ Collecting electrode
* good timing resolution up to 107 n,,/cm? - . 2
T . 10— - .
* setup limitations have impacted : Adriano Lai, VCI 2025
H H Ao v v v by v b v b o Ly g 1y
evaluation of samples at highest fluences 55 T T T e e o S
Reverse Bias [V]
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https://indico.cern.ch/event/1386009/contributions/6279107/attachments/3018194/5324038/3D10e18_VCI2025_ALai.pdf
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use scintillators with silicon photon detectors: SiPM
p-n junction operatedin Geiger regime
self-sustained avalanche due to strong electric field

A ILICON_PHOTO

MULTIPLIERS

current (log scale)

quenching mechanism required holes
reverse bias voltage
electrons
Geiger-mode
avalanche
photodioderange :  APDrange SiPM range
//
VAPD vhrul:ﬁum

P’ -epitaxial layer

300um

Phys.Med.Biol.65(2020)17TR01

Advances in Silicon Detectors - Matthias Hamer - DPG 2025

38



https://iopscience.iop.org/article/10.1088/1361-6560/ab7b2d
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e CALICE AHCAL prototype and beamtests
» 38 layers with 72x72 cm? active area each
* 3x3 cm? cells, each 3mm thick

» steel as absorber (1.7cm)

o .
power pU|S|ng Capable A. Laudrain rnal of Physics: Conferen ries 2374

- 25 0.04 (2022) 012017
o - —— :{m 1 ] - Pion Beam
= - Stochastic: (57.70 + 1.06)7 0.035— f 10GeV
é 20 F c - (4.5+0.16) ] E
] C %‘fﬁ;ﬁiﬁtﬁ ] 0.03|— CALICE work in progress
= » i Stochastic: (51.70 + 0.97)] -
B 15 ___ Comne ks Somm oczsf-
2 C \- Yindf: 161~ ] F ) . 40GeV
o N Stochastic: (54.29 + 0.96)] 0.02f— 1
G>-> 10 [« (53010 4 . I\ p—
B N \i\gﬂ__: e 0015~ e
D sE T-Qﬁi ] -
o n ] 0-01? 100GeV

R C ] 0.00sf
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ok W B,
3000 3500
Energy Sum [MIP]

M. Roblez Manzano, 8th Beam Telescope and Test Beam Workshop

Beam energy (GeV) 2500
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https://www.researchgate.net/publication/367574705_The_CALICE_AHCAL_a_highly_granular_SiPM-on-tile_hadron_calorimeter_prototype
https://indico.cern.ch/event/813822/contributions/3648374/attachments/1977274/3291432/BTTB8_RoblesM_AHCAL_calorimeter_012019_v4.pdf
https://nbn-resolving.org/urn:nbn:de:bvb:91-diss-20221124-1683863-1-0
https://ediss.sub.uni-hamburg.de/handle/ediss/9855
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 example for high rates: Lohengrin @ ELSA _
arXiv:2410.10956v2

e dark photon search in a fixed target setup
100 MHz single electron tracking

* low energy electrons in final state Tag Tracker  Recoil Tracker
* high occupancy in single pixels Torget

E_J T T T T T
; " gy =0.16m.d ., =27m —:
—— Ty = 024m d_ =35m
——— Teca =0.32m,d__, =53m
10 MeV _ Electron Beam ®
My = e 1 Magnetic Field
€=2x10"° - R
1 . telescope like detector
0M——706 200 600 800 1000 1200 1400 1600 . . o .
cu [MeV] high rate capable CMOS detector with minimal local services
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https://arxiv.org/abs/2410.10956v2
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material sciences: muon spin rotation

UNIVERSITAT

measurement of material properties
HV-MAPS as positron detectors
* increase in muon rate

provide better spatial resolution

y(mm)

Marius Képpel,

VCI 2025

Right

Right

Forward
Veto

Backward Veto

I ]
x(mmj) Left Leﬂ
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https://indico.cern.ch/event/1386009/contributions/6279097/attachments/3016811/5321273/MuSR-VCI.pdf
https://indico.cern.ch/event/1386009/contributions/6279097/attachments/3016811/5321273/MuSR-VCI.pdf
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TOF-PET

* TOF-PET scanners using SiPMs since 2014

* 210 ps time resolution achievable

e push for 10-30 ps

e attractive candidate: digital SiPMs

httgs:ééthe10gs-cha|len§e.or§4
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https://jnm.snmjournals.org/content/49/3/462
https://the10ps-challenge.org/
https://iopscience.iop.org/article/10.1088/1361-6560/aafd52
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e challengingdetector R&D ahead in order to enable the full physics potential of future
experiments

e future collider experiments:

material budget
granularity
radiation hardness
power management
data transmission

» other applications:

* non-collider experiments
* medical applications

solutions meeting individual requirements already
exist in many cases

no single solution that meets all requirements for a
given experiment yet

many topics not covered in this presentation:
» efficient power regulation on modules
(DC/DC, Serial Powering)
in-silicon optical transceivers
CMOS LGADs
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