AICFA %EM'{NAR 5026

L

\by

- : - fE v
p ; AW R R e
A . ST = -
L :"‘.w“ ST @ —
‘ ——p ot o =g . E—
o R W P -
samcy - |

Semiconductor and Gaseous
Tracking Detectors

Petra Merkel

£#R U.S. DEPARTMENT

# Fermilab &) of ENERGY



Outline

Detector Requirements

(
-

~
J

Vertexing

-
-

(- )

Picosecond Timing

Other Technologies

Apologies if your
favorite project

Gaseous Trackers or technology
are not covered

2



LU RCNAR SRS NP NNEHTA R T IS

The CMS Tracker as of yesterday
TIME FOR SOMETHING NEW!




ePIC@EIC

Forwarc
(EM and ¥

Hadiron Difectin.
Tracking’

CMS@HL-LHC

Higgs Factory

nology to detect
angle of around 10°

ATLAS@HL-LHC

improved muon coverage new and upgraded forward
and luminosity detectors

trigger and DAQ
increased readout rates

ITk - the new all-Si tracker

new High-Granularity
Timing Detector (HGTD)




1 Transverse Momentum Resolution
pT reSOlUtlon wwnFCC wmmmCMS wmmmALEPH
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Detector Requirements informed by Physics Goals




Vertexing and Tracking Performance

engineering requirements derived from physics drivers

Key environmental Extreme pile-up (~ 200 Asymmetric kinematics, Precision Z-pole/Higgs
features vertices) & high radiation low event multiplicity, recoil statistics, ultra-
moderate occupancy low multiple scattering
needed
Hit/spatial resolution ~5 —25 pm (depending on ~5 um (MAPS innermost =3 pym (Inner vertex
layer/pixel size) layers) layers)
Momentum Resolution ~1-20 % (depending on py) ~0.5-4% (dependingon ~0.1-0.2 %
n) (depending on p)
Material Budget - vertex ~0.5-1% X/X, (ATLAS, CMS) ~0.05-0.1 % X/X, ~0.2-0.3 % X/X,
(per inner layer) 0.05-0.09 % X/X, (ALICE)
Material Budget - tracker ~30-50 % X/X, ~4 -7 % X/X, ~1.6-15 % X/X,
Time Resolution ~30-50 ps ~20-30 ps ~10-100 ps (for PID)

ignoring other collider options here for simplicity (e.g. LC, 10 TeV pCM)



Current Landscape of Sensor R&D

ECC-ee _re_la_te_d technologies _ _ _ _ _ _ _ _ _ _ _ e
':/, Monolithic devices Hybrid dewées iesalcclzozttnp
( WG1/WP1-CMOS ) (WG2/WP2-4D t[ackmg)
55-180 nm processes I The sensor

Small electrode devic Large electrode devi

cnarge

signal CMOS
I ctronics

lgml CMOS

Lttt |
B

i large area
passive
" e e devices

(strips)
trench
W|th galn 3D

7 I proof of concept ongoing
. : optlmlzed for hit rates, ] recentresearch (warking prototype)

optimized for power, material o
and position resolution radiation hardness and [ ] proven/demonstrat:ed
temporal resolution

DRD3, D. Pellegrini, PIXEL 2026
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MAPS

Monolithic Active Pixel Sensor

New kid on the block \

Co-designed CMOS sensor and readout in one chip
Today: ALICE ITS3 @ HL-LHC
Tomorrow: ePIC @ EIC
Next week: everywhere @ future colliders

Homogeneous and very light-weight

* large area, stitched sensors, ‘no gaps’
* thinned to 50 um and bent
* air cooling and ultra low-mass mechanical support

Worldwide R&D ongoing

sensor design, timing capabilities, power
consumption




ITS3 for ALICE r

state-of-the-art, spearheading new technology

* Only silicon and carbon fiber and foam
spacers

* Air cooling: 40 mW/cm?

* Bent silicon sensor contains ‘everything’, no
flex circuits

* Move to 300 mm wafers and 65 nm CMOS
Imaging technology: full-scale engineering

90%

0 50 100 150 200 250 300 350 10
Threshold (e™)

: £100% [ mosmpmeoom L*p —
wafers in hand (MOSAIX) 5 e,
. E 98% | YA
* Data moved off detector through high-speed ¢ | 2
flex 23 ot
WY 94% 4 flat june 2020 \
ﬁ o5 flat December 2019 -
5 92% } * R =30mm
5 B R=24mm
-§ 'R=18Imm :




MAPS R&D DIODE TRANSISTOR TRANSISTOR
going beyond ITS3 [ v

PWELL NWELL

L/ DEEP PWELL
h P

* The community has recognized the importance of . :
MAPS technology for future experiments RSP AN
 vertexing, timing, tracking, calorimetry Siidadindbakl R

* Main R&D directions being followed are
* reduced power consumption
* sub-20-ps timing resolution
* sub-3-um single point resolution
* sensor optimization via simulations, e.g. implants, E-field
* on-chip serial powering for large-scale trackers, e.g. EIC
Organized within

* critical: cost-effective access to process nodes, MWR,IP DRD3, DRD7 (CERN) and
. 5 an
sharing, etc. RDC3, RDC4 (CPAD/US)

* Just a few R&D examples in the following pages

11



B E LLE I I U pgl‘a d e Efficiency vs Threshold - Max bias

100.5

new vertex detector based on D-MAPS ..., .

99.5 *? ;"k‘.} 2 ':5‘0. o
= 8 4 ° ° o ®
. . % 99.0 2, o %y
* Stringent requirements on upgraded VTX S ons ° ol ol
detector: £ 98.0 0
&: 2 e DC pdrrad 1e14 neq/cm2 m
* higher hit rates: 120 MHz/cm?2max avg. il Bt it e il B
occupancy (up to 600 MHz/cm?2 during injection 97.0 o AC imad seténegn: e
(for 0.5 pus) sustainable) o5 | ©ACPimad Sold negim2
* lower material budget: < 3 % X/X, S . T B
Threshold [¢7]

 radiation hard up to 100 Mrad, 5x10'4 1MeV

Neg/CM? || OBELIX-1 ||

e power consumption < 200 mW/cm?2 - - |

e OBELIX D-MAPS sensor, based on TJ-
Monopix2 chip (ATLAS ITk) s %
* Towerlazz 180 nm modified CMOS process
 OBELIX-1in hand, characterization imminent
 OBELIX-2 (final) expected at end of 2028




ARCADIA

optimized for low power consumption

hit finding eff.
laser scan

)

* Fully depleted FD-MAPS: MD3

prototype

* LFoundry 110 nm CIS process
e 200 um active thickness, 25 um pixels

. . ?fficienc%
* Charge collection exclusively by —
. Cluster widt » row residuails
d I’Ift - l ----------- ‘_’_ h RS ie [ beam test ]
- enhanced collection efficiency £ T =k 18%
- enhanced radiation hardness 5] ‘ 2
e ~4.7 um residual distribution in R
B Beasitiic 13 uster width always

b e a I I l { PRELIMINARY | greater than 1.5 pixels
2

4.4~ T T T T T T 1.
37 39 41 43 45 47 49 51 53 55 57 59 61 63

Threshold [DAC]
2026 INST 21 C04040 K



https://cds.cern.ch/record/2954917/files/document.pdf

MALTA

B>
VNIVERSITAT
DFVALENCIA

geared towards high rates and radiation hardness

* Depleted DMAPS originally in 180 nm
Tower CMQOS, now ported to TPSCo 65

nm

* Epitaxial layer and Czochralski bulk

options with N-type implants
* 36.4 um pixels

* Rad-hard up to 100 Mrad, >10'> 1MeV

2
Ng,/CM

* >97.5% charge collection efficiency

* Move to 65 nm:
* achieve sub-ns timing

* expand to larger sensor matrix
* while maintaining radiation hardness

Average cluster size

Vb = reverse substrate voltage

—g— Not irradiated
--gF- 1x10"° 1MeV n,jem?
—a— V,,=-6V

6&[:]

1
W<W<W<W<
E E E E

MALTA2
Cz, XDPW, 100 um, H-dop
@ Threshold 350 e

et
4
% -t
L el et AU L A
m===ﬂ=========¢===4::=:m::::45::::@::::A:::::é-.--é --------- m
L. | I | L | |
0 10 20 30 40 50 60

Angle [ded]

2025.insT20C00051 R


https://iopscience.iop.org/article/10.1088/1748-0221/20/06/C06051/pdf

3D-Integration

Developments with SkyWater
LT

NATIONAL LABORATORY S

(E') K E K * l{f:tr;ersxty of Tukuba

{:Fermilab  BROSKHAMEN

r\l BERKELEY LAB

 MAPS in SkyWater commercial process

* Aiming for: 10 ps and 5 um resolution for
4D-tracking at Higgs factory
* Dedicated p- and n-wells within deep p-type well;
intrinsic gain
 3D-sensors: directly coupled CMOS electronicsin
an SOl stack

investigating feasibility with industry in US (SBIR)

Developments with Tower

JE : i Lawrence Livermore
aF Fermilab dl—l‘\\o‘ L.A National Laboratory

5
.-
(]
o
<~
S o
O
Ol &
L &
B o
-

A A

* Low power, high granularity (x, t) detectors
* implemented in TSMC 28 nm
* adopting 3D-integration for HEP detectors
e supported by DOE “Accelerated Innovation in
Emerging Technologies”

* Candidate for vertex detectors: high
granularity, low mass, high configurability

first AC-LGAD

on 12” wafer (65
nm) produced
.. with Tower

Semiconductor


https://indico.slac.stanford.edu/event/10213/contributions/15788/attachments/6835/17089/MAPS-USFCC-2026.pdf
https://indico.slac.stanford.edu/event/10213/contributions/15788/attachments/6835/17089/MAPS-USFCC-2026.pdf
https://indico.slac.stanford.edu/event/10213/contributions/15788/attachments/6835/17089/MAPS-USFCC-2026.pdf
https://indico.slac.stanford.edu/event/10213/contributions/15788/attachments/6835/17089/MAPS-USFCC-2026.pdf

03

Picosecond Timing



Silicon with gain: LGADs

Low Gain Avalanche Diodes -
. HAMAMATSU BROOKHAVEN -3< m )
e Switch from (DC-)LGADS @ HL-LHQC  rrorer s ovr svsimess NATONALLABORA o
to AC-LGADs (aka Resistive Silicon | = ~coect  weta N' Contact  Meta
Detectors) S /uf\ . Lt
* High-granularity AC-coupled LGAD: Cl n \ NZ Ofte I e g
top uard PStop s
« Finer pitch, avoid dead zones il s L R 3
Oum-level spatial resolution through 18
charge sharing low.p p:type CZ water 1%
* Reduced power dissipation J'
* Radiation hardness less crucial
* Exploiting synergies between HL-
17

LHC expertise for ePIC and FCC-ee



Position [um]

ePIC @ EIC

dedicated AC-LGAD-based timing layers

m
w
2

= .,%\mﬂwﬂcm‘wms

* 4D tracking necessity to reach ePIC
physics goals (PID with TOF)

Barrel TOF: 1 cm strips, 500 um pitch
Endcap TOF: 500x500 um pixels

far-forward tracking and lumi detector, too
ASICs: FCFD for strips, EICROC for pixels

HS' max h2d max_3
Entries 94500

9000 Mean x  1.386e+04 E 45 rrrr T T T 1]

Mean y 672 —200 3 r ]

8000 Std Dev x 7 - C -

S:: Dev y :iit g 40 - ; ‘ B

7000 e - 5 | .

> 35 | P : -

B C , 5—76i0.1|.1n"|‘ n

8000 3 5ol | s 3 ]

5000 = performance requirement

4000 = 250 i : 3 =

o ' .

3000 o 201 —

2000 15; ]

1000 .

10 =

2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 ;............. L g 1 (T P SRR 7 ...........E

Position [um)] 5 3

Laser TCT scan of the red area, Pulse Max vs position 05 N T T e
06 04 02 0 02 04 06

IR laser spot 20um, time width 30ps
Reference hit position [um]

1.7T Superconducting Solenoid

Forward Calorimetry

many more prototyping
results and designs :

S. Mazza, CPAD 2026


https://indico.bnl.gov/event/34992/contributions/131742/attachments/73436/125572/131026_CPAD_ACLGADs.pdf

R&D directions towards FCC-ee/CePC

* AC-LGAD resistive layer and readout optimization = lower noise

* Minimizing material budget = thinned sensors @ sufficient S/N
and sub-50 ps temporal resolution = advanced wafer processing
and integration

* Ultra-low power ASICs and dense integration

* Specialized geometries (e.g. 3D-trench LGADs) to force uniform E
fields

19
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~ . P
4H-SiC Sensors O Fbpitiabet

(and other wide bandgap materials)

@ High Doping LGAD . High Doping LGAD

o 10%E : Il;tl}: Doping LGAD (a) 103% -4~ Low Doping LGAD (b)
* Advantages over Silicon: lower noise, £ ¢ ol
Improved timing resolution, more rad-hard, g0} I
reduced need for cooling, BUT: lowersignal £ '« ] w7
yleld o :.:::I I-I-III---'._ ‘___‘..‘.1..‘. ‘._.g..‘._‘..‘..‘...‘.‘-.,‘--‘
9|nClUde ga|n layer 0 100 Biigt)vo“sgg [v]400 500 0 100 Biigo\!mt:gg v 400 500
— ] 100 ——— ]
* Fabricated 4H-SiC LGADs with different =% @ ¢ tighcai | © - Hih ooy
doping levels S sl Y
. . . s ] @ i “
* Characterization with laser and beta-source 3= ““ﬁ S ‘l\
C . o N . | © 20} A
* |rradiation campaign 3 15 e ”x," _______ et
* 25% higher doping leads to two orders of T
magnitude higher gain LS N N 00 o i
Collected charge [e] Collected charge [e]

21



https://arxiv.org/pdf/2610.00824

1Y OF -
4 /\l A
5) I
= rreeeee
y? v BERKELEY LAB
" A\«‘\

Thin Film Detectors

e Motivation:

* low material budget

* large scale manufacturing Sinale Crestal
ingle Crysta

» avoid hybridization S ~A g i Rolttorol
* access to different semiconductor materials e S
. . Physical Deposition
* Some of the materials studied: T 200 [ :
« Indium Phosphide < B0 7 cwehv '
. S 160 o A 0C, pos. HV
* Amorphous Selenium N vV -20C,neg. HV
- ™ 140 - A -20C, pos. HV ]
» Amorphous Silicon S 120f E
. . 5 F ]
* Currently handling single/few pad 100F & :
. 80 =
samples; working on wafer-level of 4 E
_p - X :
deposition a0} % BHESE S S
%0 100 200 300 400 500

Bias Voltage [V]


https://indico.global/event/17230/contributions/170173/attachments/77895/151724/JOtt_thinfilms_CPAD2026.pdf

i “a ﬁg{}gﬁal
InAs/GaAs Quantum Dots £ Fermilab i, () S,

proof of principle

* Islands of InAs formed on GaAs surface during
growth; each dot is a potential well

Inherently fast scintillation in semiconductor e

* similar number of charge carriers as in Si

* high initial current with short risetime; short pulse ; & Eerscred PE
. = opened PD

Jitter measured with a particles: <10 ps

RN
o
ad

* Current performance at room temp:

* signal collection efficiency: ~15%
* dueto optical losses in waveguide and through backside
* low barrier around quantum dots in current devices,
affects radiation hardness as well 1 oF
. vvj'gh increased confinement potentially more rad-hard than 0 T 10 T 20 T 30 o 40
Silicon
Charge, fC

Time Resolution, ps

23


https://indico.global/event/17230/contributions/169742/attachments/77768/151439/myakimov_cpad_QDscint.pdf

Smartpixels

physics-informed data reduction on-chip

n ’f 2 ‘)Uk; ?
— R i 0 5 i
&/III Time Slice: 4000 p ing
é,"' | Sensor | — | 2 —
79 1 information | PixelAv |4 £°
' 8
1 y,g _ from TCAD ) %10
e/’ 12
. Incident
/ | particle Induced charge vs time in a pixel array
V<0 tracks - - Neural network
106 4

* On-ASIC ML for data reduction 10
* Applications: pixel hit selection for
trigger, displaced track trigger (CMS), '
beam background reduction (lepton 10|
colliders) o]
* Filter out low-pT tracks and regress
track parameters on chip o =

* deduct properties of incident particle

"y : I ~40 -20 0 20 40
(position, angle, p;, impact parameter) R, L] R, fum]



https://arxiv.org/pdf/2602.15946
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Developments driven by DRD1

Gaseous Detector Technologies
CPAD 2026

DRD1: Gaseous Detector Technologies

R&D on new technologies, architectures, resistive materials, stability, upscalmg,
Tubes Straws WPC

- - ¢
\‘\ \ w ~
oo. o I -
“$ AN
GEM 50um GEM | GLASS GEM wPIC : '3
®
‘e 'mi ol é. o
O C——

Micromeqgas Bulk Micro bulk InGrid

.............

Wire Chambers

* Ultra-thin (< 15um) fim tubes for lowest X/X0 ~ 0.02%

CSC/TGC
MHSP THCOBRA * Ultra-long (~ 5m) and thin (~ 30um) film tubes :
" P‘R" VELL + “Smart" designs: sell-stabiized straw modules, flex. mountings * Low X040 TGC leyers for cenirsl racking feglons?
i | Sl - compensate relaxation Wi
l — E ‘ + Smal straw diameer (~ 5mm) for faster timing, less occupancy -
st * PID by dE/dx with "standard" time readout and time-ovr-thresh. - New :"' - ROWESR et ibec oWy
— . -~ el + 4D-measuroment: 30-space and (ofline) track time SRl fopk: ¥ couelon, Coano QU
Y Drift Chamber TRD
) T P "’ _____ =
- - Radiator r’
Resistive Parallel ®[; & <
! Padticle | R | = = z |1
! Plates . - - -
L T 3

11 d - | c
- ! ‘ Drift Chambers
‘ ‘ h TPC (w/ GEM foils) & TPC ;

Q) =In(1 + e?V-%)) Vs ¢ L 1

Q(x) = In(1 + e%%) g / e oy N
Integrcl Iog|shc growfh 1 ) % X
G. Alelli et al NIM A 508 (200 e 1 & AR A

2024 - 2026: Seamless mtegratlon of ALL gaseous detector technologies
into single collaborative effort

H. Natal da Luz, CPAD 2026



R&D Challenges

* Gaseous detectors are primary choice for large-area coverage
with low material budget, dE/dx (PID) and TOF functionality

* Planned for several Higgs factory detector concepts

* Current R&D challenges:
* high rates: reduce ion back drift
* reduce ageing and increase radiation hardness
* fast timing: can achieve 25-60 ps (Micromegas, multi-gap RPCs)
* minimal material budget: new materials
* eco-friendly gas mixtures

27



Eco-friendly Gases

* Eco-gases: widespread interest in
the study of new environmentally-
friendly gas mixtures, their
chemical characterization,
efficiency and contribution to the

detector ageing

* Ageing and outgassing: huge
cross-technology interest, in view
of next long-term experiments,
even in combination with high-rate

environments

* Recuperation: re-use/re-cycle

Charge distribution @ w.p.

E :_'u Ifi[ T ':Ii'i |' T T T 8 T 10T '|__
5 200 "_ Gas mixture E
8 175 F + S
E - " HFO/R134a + CO2 509
N 1.50 £ 4 Only HFO + CO2 69% (ECO3) | =
m = - -
£ 125 | ¥ Only HFO + CO2 50% (ECOT)
Z 1.00 & -
075 3
050 — =
0,25 _
UDU j_! II.'_J._-: - .I. Ll !II.I 'l A Ll I...I: . :"_I._i_'J.EJ.E..._...:I.._._._: LL.|_
10 10° 10 102 108
Charge [pC]
L ]
Eco-gas studies for RPC
z 1 —_ . S0 e © .
% 0:.\9 o o ....
] % CI-HFO e *,°
8 0% ¢
a 0.8 el ‘ ?
[+V] ® 2% °
£ -
T Sh ,
% -
2 o6
@ 04
>
O |
5  t
(%)
E 02 o r 9 P, I
. e » . l

284 . ® Dl ocran @, [ n.%)y
9500 8000 8500 9000 9500 1000010500110001150012000

HV (V)
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Drift Chambers

for tracking at future lepton colliders

* Precise tracking at low p; and
excellent particle ID via cluster
counting

* Key R&D challenges involve
* mechanics, electronics, and gas
mixture

* Consolidation of new wire
materials/coating

* Tungsten and molybdenum, gold-
coated, carbon-monofilaments, ...

IDEA drift chamber

New wiring procedures and new
endplate concepts (carbon foam)

Spacers (yellow) and
PCBs (green) are
inserted between the
spokes. The spacers
have holes for the
distribution of the gas

P The edge of the PCB
“ acts as a stop on the
spoke, providing a
reference.

The supporting cables are anchored to some spacers

appropriately shaped
IDEA DCH

Carbon foam core 6x lighter than aluminum — FOAM
ROHACELL® 35 HTC

see talk by P. Krizan on PID 29



Straw Tracker
for tracking at future lepton colliders

* Advantages over drift chamber:
* better single-hit resolution (by ~10%)

* more robust against single channel
breaking

* could operate with different gases in
different layers

e operation at higher pressure can
improve spatial resolution

* could add intermediate silicon layer

* R&D challenges:
* ultra-thin straw walls (12-19 um)
* straw diameter and rates (~5 mm)
* noise reduction and connectivity




NIM A 1081 (2026) 170849

Large-area Pixel TPC ___ .
developed for LC

distance between hits
- energy loss

n
S
- 3
[=]
o

1051

* e.g. GridPix TPC: complete detector
based on integrated Micromegas
structure on top of pixel chip (e.g.
Timepix3/4, GEMPix4), including
cathode, gas volume, etc. o= Rt el

* R&D challenges: 23
* space charge effects & distortion

10 20 30 40 50
distance (pixels)

96.0

96

9
8
7
imizati idPi i : . B 95
* optimization of GridPixes, gas mixture, ”
4
etc. ) -
* synchrotron radiation at Tera-Z 2 3‘?
* collimation, shielding, beampipe coating 1 - : - e o]

test bench setup with TEPIX chip = good uniformity

31


https://www.sciencedirect.com/science/article/abs/pii/S0168900225001986
https://indico.global/event/17230/contributions/169690/attachments/77773/151448/TPC_RD_CPAD_Huirong_20261022.pdf

Many groups worldwide involved in R&D for future vertexing and tracking detectors
Funding for R&D is very limited everywhere

The HEP community is collaborating well through CERN’s DRDs and RDCs in the US

It is highly important to maintain strong and
consistent support from the institutes and funding
agencies, or the detectors will not be ready to deliver

the full physics potential. This includes maintaining
worldwide testbeam and irradiation facilities,
technical workforce, and links to industry partners

32



Summary

-~

High-precision tracking at future
colliders is paramount to their
scientific success

~

Ultra-low mass requirements

cause for comeback of gaseous
trackers (drift, straw, TPC)

&

/
N

4 N

Traditional silicon hybridized pixel and
strip detectors complemented or even
surpassed by new developments (MAPS,
LGADs, 3D), fewer constraints from rad-
hardness at Higgs factories

)

\_ )

Lots of room for completely new

ideas (SiC, Thin Film, Al-on-det).
Worldwide R&D ongoing

33
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