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Introduction to MAPS
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Tracking and Vertexing

A Tracking and vertexing are indispensable for a typical collider experiment

A Excellent impact parameter resolution is mandatory for reconstruction of secondary
vertices

I Heavy flavor vertex (c and b vertex)
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https://cerncourier.com/a/tracking-the-rise-of-pixel-detectors/
https://cds.cern.ch/record/1505342

Silicon detectors

A Widely used in HEP experiments for vertexing/tracking

ilicon-Tungsten Tracker

BGO Calorimeter

I High signal-to-noise ratio
I Excellent spatial resolution (better than 10° m)
I Excellent timing resolution (better than 1ns)

I Compact, high-rate capability, readout speed, radiation hardness é s
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Silicon detectors

A Also used in direct Dark Matter searches and Neutrino experiments

CUTE Charge -Coupled Devices (CCD):
SuperCDMS used in CONNIE, DAMIC

coherent elastic scattering

Clean room

) \Cryogenics plant

Radon filter plant

SENSE|I @ SNOLAB Skipper CCD in SENSEI
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https://arxiv.org/abs/1906.02200
https://arxiv.org/abs/2312.13342
https://damicm.cnrs.fr/en/detector/
https://supercdms.slac.stanford.edu/

Common silicon detectors types

A Geometry

(a) . : 15;

I Planar: Pad, 1D (strip), 2D (pixel)
I 3D

A Signal internal amplification

I No gain ,
I With avalanche gain: LGAD, AP D ¢

A Readout architecture
I Hybrid

i Monolithic
/
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Silicon pixels: Hybrid vs Monolithic

Radiationhardness
Highhit-rate
O\

Hybrid pixels:
A Radiation hard
A Mature technologies, widely used in
e m—— ATLAS/CMS/LHCDb
bump s e " A Disadvantages

_ A Hybridization: complex, expensive
A Relatively large material budget

sensor
sensor pixel implant %

R/0 pixel
- readout chip

N charge charge Monolithic pixels:
signa CMOS signa CMOS . :

\  cectronic electronics A High granularity

T e A Low material budget

\ A Lower cost, based on commercial

o p - substrate p - substrate CMOS technologies

(a) Large fill factor (b) Small fill-factor A Disadvantages
N A Less radiation hardness

Granularity,Lowmass
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Evolution of silicon detectors in HEP
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https://ep-news.web.cern.ch/content/development-radiation-tolerant-silicon-detectors-lhc-and-hl-lhc
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The Challenges of a Vertex Detector

Spatial resolution

oweConsumption

193pnq [BLIdBIA
Radiation hardness

x"/

Fluence [n,,/cm?

lon. Dose [Mrad per

per lifetime] lifetime]
LHC (1034 cms") 2 x 10" 79
PP |{HL-LHC (103 cm2s™) 2 x 1016 >500
_ LHC HI (6 x 1027 cm2s") 1013 0.7
Heavy 1on 1o ic (8 x 1027 em2s) few 1012 0.2

[SUPErKEKB (T0% M2y | =3X 107 | 10—

ee ILC (1 034 cm'23'1) 1012

0.4

CEPC 2~6x1012

1~3 Mrad/year

A Conflict between physics performance driven parameters

Readout speed X S
5SS : i :
S and running condition constraints
& & A Ultimate performance on all specifications cannot be reached
Wwo o simultaneously
Run® o> . . . : :
o A There is no single technology best suited to all applications

A Motivation for continuous R&D
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https://indico.cern.ch/event/124393/contributions/1338434/attachments/74595/106991/edit_school_cern_mwinter.pdf
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CMOS Technology
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Why is it so popular?

A Reliable (industry-standard)

A Low-power consumption

A Low-cost

A Scalable (millions of transistors are integrated
into a single chip)

Mo o r e @ Ehe humber of transistors in a dense
integrated circuit (IC) doubles about every two
years
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https://www.techinsights.com/blog/sk-hynix-hi-5022q-128-format-50mp-resolution-064mm-pixel-pitch-stacked-back-illuminated-cmos?utm_source=&utm_medium=website&utm_campaign=&utm_term=&utm_content=

CMOS MAPS

A CMOS pixel sensors exploit the fabrication processes used in industry for mass
production of integrated circuits

A CMOS MAPS: sensor + FEE in the same die

I Integration of sensitive volume (epitaxial layer) and front-end read-out electronics(FEE) on the same

substrate Sensor CMOSFEE
D A
‘.
n-well transistors n-well
diode NMOS PMOS diode
1 = Vest
p-well | p-well | n-well p-well —
—= = VBB
deep p-well deep p-well
|"g h
T e A
l"‘\“ h h NG
\‘| :___ e —
2 diffusion
epitaxial layer P- w5 NA ~ 1013 cm™3

substrate P++
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https://cerncourier.com/a/alice-tracks-new-territory/

MAPS Process Evolution

Twin-well process: 0.6-0.35‘ m

Vi

A Use of PMOS in pixel array is not allowed :
any additional N-well used to host PMOS
would compete for charge collection with the
sensing N-well diode

A Limits choice of readout architecture strategy

A Already demonstrate excellent performances

Quadruple-well process (deep P-well ): 0.18 * m

A N-well used to host PMOS transistors is shielded by
deep P-well

A Both types of transistors can be used

A Widens choice of readout architecture strategies

6/5/2025
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STAR Heavy Flavour Tracker (HFT) at RHIC

A Installed in 2013, the first MAPS based vertex tracker at a collider
experiment

I MIMOSA family developed by IPHC Strasbourg

I 0.35° mtwin-well CMOS technology (N-well, P-well)
A With only NMOS transistors, not fully CMOS
I Charge collection mostly by diffusion

A Pixel size 20.7 * m x 20.7 * m (hit res. 6 * m)
A Rolling shutter architecture (185.6 ps)
A Chips thinned to 50 ‘ m
A 356 M pixels ~0.16 m2
A Material budget: 0.37 % X, per layer
A Radiation environment:
A 20~90 kRad / year
A 2x101~1012 1MeV ng,/cm?
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https://arxiv.org/abs/1710.02176

ALICE ITS2 Upgrade
A ITS2: an all-pixel version based on MAPS

#54 Outer Barrel layers (OB)

Technolo Hybrid, drift, stri MAPS
8Y Y P 1% X,
Layers 6 7 /
Spatial resolution 12 pm x 100 pm 5umx5pm
Radius 39-430 mm 22 mm =400 mm
Pseudorapidity -1<n<1 -14<n<14 Resn pipe
Material budget ~1.14% X, ~0.3% X, (inner barrel),
~ 1% X, (outer barrel)
Readout capability 1 kHz >100 kHz (Pb-Pb), 3 Inner Barrel
>1 MHz (pp) 10 m2 sensitive area layers (1B)
24120 CMOS Pixel Sensors 0.35;/3 0
~12.5 Gpixels é?“ﬁﬁ
vl cm
< 1 ©20cm
# STAVES: 48 42 30 24 20 16 12
# CHIPS: 9408 8232 3360 2688 432

Fully installed and operational since May 2021
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ALICE ITS2 Upgrade: ALPIDE

ALPIDE(ALIice PIxel DEtector) technology Parameter Value

A quer‘Ja_ZZ_C_MOS 0.18'm o Chip dimensions 15mm X 30 mm (re X z)

A High-resistivity (> 1kmcm) p-type epitaxial layer (=25 * m) Spatial resolution 5um
on p-type substrate Detection efficiency >99 %

A Deep p-well allows to have PMOS and NMOS inside the Fake-hit rate «1x 106 /event /pixel
pixel cell Power density <40 mW/cm?

A Pixel pitch ~ 30 ‘m TID radiation hardness >270krad

A Small n-well diode (2 um diameter) A low capacitance A NIEL radiation hardness >1.7 x 10'* 1 MeV n,,/cm?
large S/N

NWELL NMOS PMOS
DIODE TRANSISTOR TRANSISTOR

L PWELL

NWELL

DEEP PWELL

Epitaxial Layer P-

2 2 pixelarray ¢ ALPIDEhip:1.5cm 3cm .
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ALICE ITS2 Upgrade: ALPIDE

ALPIDE development: large investment of efforts and time

Inner-most Iayer: - [ | J 20um x 20um and 30um x 30um pixels (analogue readout)
: 2012 Explorer ixel geometry, starting material, sensitivity to radiation
A Power density PIXEL BT, SHEng ; Y
< 40 mW/cm? Matrix with 64 columns x 512 rows
22 um x 22 um pixels
. 0)
A ></XO 0.35% 2013 | pALPIDEss-0 ] In-pixel discrimination and buffering
Zero suppression within pixel matrix
First full-scale prototype
2014 [ pALPIDE-1 } Pixel pitch: 28 um x 28 um
Other 4 sectors with pixel variants
0.7 il . . N
B Carbon 1 register/pixel, no final interface
~ 064 Aluminum
Al : gif':on 4 sectors with pixel variants
c 05 Silicon Apr 2015 | pALPIDE-2 J Optimization of circuits
*E mean = 0.35 % Allowing integration in ITS modules
z %41 No high-speed serial output
T 03
= )| 8 sectors with pixels variant
< 02 Oct 2015 | pALPIDE-3 | || communication Features
o1 (no ADC, no Temp Sens)
00 — Aug2016 | ALPIDE E'I“:”;& Plxel v “fm e L o
Azimuthal angle [ ] iy All features and optimization A B w @f‘fl’"‘f A
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MAPS development for CEPC

A Detector key specifications and Ref-TDR
Technologies E
System o e ) ““j: |
Baseline aciBIAC MBSOl 2504 L ‘I.*--.f,'_‘,‘.'.'.'.‘. SRS o
Beam plpe (D20 mm om et DR .
0 500 1000 1500 szoo 2500 3000

Vertex CMOS + Stitching CMOS Si Pixel Silicon Inner Tracker (ITK)

CMOS Si Pixel ITK | SSD + RO Chip, CMOS SSD - Silicon Outer Tracker
Pixelated TPC PID Drift Chamber —

SSD / SPD OTK
LGAD ToF

Tracker

AC-LGAD OTK

Vertex
detector Tpc
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https://indico.ihep.ac.cn/event/22089/contributions/167862/attachments/83554/106028/241026_CEPCWS_RefTDR.pdf
https://indico.ihep.ac.cn/event/22089/contributions/167862/attachments/83554/106028/241026_CEPCWS_RefTDR.pdf
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MAPS development for CEPC.: vertex detector

Key SpeCiﬁcatiO nS: Oy~ 3-4 um, c;~1 ps, ~0.1 W/cm? 1024512 array of 25x25 um? TaiChuPix3

A Single point resolution 3~5 ‘ m s g ——— 41
A Low material (0.15% X, / layer) JadePix4 '

A Low power (< 50 mW/cm? )
A Radiation hard (1 Mrad/year)

2015 2017 2019 2020 2021

«

JadePlx-l

Based on TowerJazz
180nm CIS process

JadePlx -2/MIC4 JadePix-4/MIC5
TTTTTTATe T Testbeam measurements:
spatial resolution ~5 * m,

180nm CIS process at
efficiency > 99%

= 200nm SOI process o

CRY=1
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MAPS development for CEPC: inner tracker

CEPC Ref-detector Inner Tracker, key challenges e

A ~15 m2 A cost-effectiveness crucial ;“:,gfomcs
A < 10* m spatial resolution required by momentum resolution -
A A few ns timing resolution to tag 23ns bunches at Z-pole

A Low material budget (<1% X, per layer)

{ § ; o p - substrate
Team: wg
IHEP, CAS /KIT / COFFEE 2
, F Cmos sensOR IN
Zhejiang U/ Hunan U/ FIrSt HVCMOS Ssnm | — = FIFTY-F(:\SIE m: PROCESS
Shandong U/ NPU / prototype chip i | ==
Dalian Minzu U -+ - Breakdown at -70V
- Responsive to laser, X-ray Goal: Fullsize full Based on SMIC 55nm
and beta-ray sources ILHES DT SRk HV-CMOS process
chip ~2027
COFFEET1 _ COFFEE3
- Prototype in LL - Two pixel arrays with
process data-driven readout |
- Validation of deep g - Designed for good timing
N-well structure resolution and moderate [
- Breakdown at -9V power consumption
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STCF and the tracking requirements
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Super Tau Charm Facility (STCF)

sC ECal

A next-generation high-
Linear acaelerator Damp ring Storage fing luminosity Q Q- collider

operatinginthe ¥ w Q|
energy region

A Energy range: E., = 2-7 GeV
A Peak luminosity >0.5% 1035 cm2 sl at 4 GeV
A Potential for an upgrade to increase lumi. and realize polarized beam

A 1 ab! data expected per year .
A Generate an unprecedentedly large number of 1 leptons, particles made of wquarks
A Important playground for study of QCD, exotic hadrons, flavor and search for new physics

6/5/2025 Lailin Xu 22



Conceptual design

e | Solid angle coverage: 93%@p (polar angle: ¢ B~p@rd)
= Inner tracker(ITK) Particle identification(PID)
. A <0.35%X/layer A p/K (K/p) 3~4s sepa. up to 2 GeVic
Hgem T . . Electromagnetic calorimeter(EMC
IW/////WU Main drift chamber(MDC) A J ( )
em—» b ‘ E range : 0.025~3.5 GeV
::scm ; ] e - oge A Sxy< 130 m g
g | A s /p~05% @ 1GeV A s @1GeV: Barrel 2.5%; Endcap 4.0%
S A dE/dx ~ 6% A Pos.res. ;5 mm
Joem e . Muon detector(MUD)
ﬁ‘ A 0.4~2.0GeV
3 3 3
A p suppression > 30
FRONTIERS OF PHYSICS ‘ . P Volume 19/Issue?lE14P701olF2‘0.:.4
STCF COﬂCprUOl dGSign report (V0|un Process Physics Interest Optimized Requirements
W Physics & detector Sub-detector
T — Kmv,, CPV in T sector, acceptance: 93% of 4r; trk. effi.:
JIy — AA, CPV in hyperon sector, Tracker > 99% at pr > 0.3 GeV/c; > 90% at pr = 0.1 GeV/c
Front. Phys. 19, 14701 (2024) Dy tag Charm physics op/p =0.5%, 0y = 130 um at 1 (-}eV/c
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https://doi.org/10.1007/s11467-023-1333-z

Detector considerations

A Tracking challenges at low p-

I Momentum resolution: Multiple Coulomb scattering

I Track reconstruction efficiency
A Low material budget is essential

BESIII tracking efficiency

ALICE ITS2 Upgrade Tracking Performance
1.14%X, A 0.3%X, (inner layers)
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