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The evolution of AA Facilities 
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2020 2030 2040 2050 2060 2070 2080 2090

SPPC: 39(*) TeV

FCC-hh:  39(*) TeV,  2.5 MHz 

RHIC 
200GeV 
~15 kHz

FCC-ee
AA FACILITIES CHART

CEPC(*) !!!	for Pb-Pb collisions 

HIAF: 1.8-2.7Gev, 50 kHz

SPS: 4.9-17.3Gev, 10,000 kHz

NICA: 2.7-11Gev, 6 kHz

FAIR: 2.7-5Gev, 10,000 kHz

JPARC-HI: 2-6.2Gev, 10,000 kHz

LHC/HL-LHC: 5.5TeV, ~50/100 kHz High energy collisions
• QGP properties and relation to the dynamics of 

its constituents;

• unified picture of QCD particle production from 
small to large systems; 

• emergence of collectivity and QGP-like 
signatures in small systems; 

High (B)density collisions
• Onset of deconfinement via energy scans;
• Direct observation of 1st order phase transition; 
• Search for the Critical Endpoint 

(lQCD: µB > 300, T < 140)

• QGP constituents at high µB g Neutron Star EOS

Label Format:
!!! , Interaction Rate



e-p/A colliders for precision studies of cold-QCD

Facility Years Ecm (GeV) Luminosity 
(1034 cm-2 s-1) Ions Polarization

EIC in US > 2033 20–100 g 140 0.2 – 3 p g U e, p, d, 3He, Li

EicC in China > 2032 16 – 34 0.1 -> 10 p g Pb e, p, light nuclei

LHeC > 2035 200 - 1300 1 p g Pb e

FCC-eh > 2070 3500 1.5 p g Pb e

EIC in the US is at an advanced stage of approval

Future e-A colliders

• Mass, spin and other emergent properties of nucleons from 
the dynamics of their constituents (quarks and gluons)

• Emergent properties of high-density gluon matter 

• Nuclear structure 

explore QCD landscape over a 
large range of resolution (Q2) 
and quark/gluon density (x-1)  

3Luciano Musa (CERN) | QM2023 | 9 September 2023

EicC in China: CDR in 2023 (aim at approval @ 15th 5-year plan – 2026 ->)



A Brief Timeline

DIS2023                                                                                                                      
Michigan State University 6

• EICUG Yellow Report (2020-21)

• Call for proposals issued jointly by BNL and JLab in March 2021

• Proposals due Dec. 1, 2021
• ATHENA, CORE and ECCE proposals submitted

• Public DPAP meetings Dec. 13-15, 2021

• Presentations from proto-collaborations
• Panel-assigned homework questions

• Second DPAP session Jan. 19-21, 2022

• DPAP closeout March 8th, 2022

• Final report available March 21st, 2022 
• ECCE proposal chosen as basis for first EIC detector reference design 

• Spring/Summer 2022 – ATHENA and ECCE form joint leadership team

• Joint WG’s formed and consolidation process undertaken
• Coordination with EIC project on development of technical design

• Collaboration formation process started July, 2022

• First IB Meeting July 18th

• Charter writing committee formed and active – DE&I built in from start!

• First ePIC Collaboration meeting July 26-29, 2022

• ePIC Charter approved Dec. 14th, 2022

• ePIC collaboration leadership elected Feb. 14, 2023

ePIC Detector
• To be sited at IP6 (25mr crossing angle)
• Addresses EIC science program as 

outlined in the EIC white paper and NAS 
report

• Must be ready for Day-1 EIC operations
• Working towards pre-TDR and CD-2/3A

Advancing boundaries with innovative detectors
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higher precision, faster and more intelligent

22

CBM experiment

MAGNET

FSD

a diameter of 20 m and a length of 50 m, comparable to the dimensions of the ATLAS detector but much
heavier. The central detector, with a pseudo-rapidity coverage of |⌘| < 2.5, houses the tracking, elec-
tromagnetic calorimetry and hadron calorimetry inside a 4 T solenoid with a free bore diameter of 10 m.
In order to reach the required performance for 2.5 < |⌘| < 6, the forward parts of the detector are
displaced along the beam axis by 10 m from the interaction point. Two forward magnet coils with an
inner bore of 5 m provide the required bending power. These forward magnets are also solenoids with a
4 T field, providing a total solenoid volume of 32 m length for high precision momentum spectroscopy
up to |⌘| ⇡ 4 and tracking up to |⌘| ⇡ 6. As an option, replacing the forward solenoids with two
forward dipoles is also being considered. The tracker cavity has a radius of 1.7 m with the outermost
layer at around 1.6 m from the beam in the central and forward regions, providing the full spectrometer
arm up to |⌘| = 3. The electromagnetic calorimeter (ECAL) has a thickness of around 30 radiation
lengths (X0). The overall calorimeter thickness, including the hadron calorimeter (HCAL), exceeds 10.5
nuclear interaction lengths (�), ensuring 98 % containment of high energy hadron showers and limiting
punch-through to the muon system. The ECAL is based on liquid argon (LAr) given its intrinsic radia-
tion hardness. The barrel HCAL is a scintillating tile calorimeter with steel and Pb absorbers that uses
wavelength shifting (WLS) fibres and silicon photomultipliers (SiPMs) for the readout. It is divided into
a central barrel and two extended barrels. The HCALs for the endcap and forward regions are also based
on LAr. The requirement of calorimetry acceptance up to |⌘| ⇡ 6 translates into an inner active radius
of only 8 cm at a z-distance of 16.6 m from the IP. The transverse and longitudinal segmentation of both
the electromagnetic and hadronic calorimeters is ⇠ 4 times finer than the present ATLAS calorimeters.

The muon system is placed outside the magnet coils. The barrel muon system provides muon
identification, standalone muon spectroscopy by measurement of the angle of the muon track as well as
precision muon spectroscopy by combining the tracker measurement with the measured space points in
the muon chambers. The forward muon system can only provide spectroscopy if forward dipoles are
used.

The reference detector does not assume any shielding of the magnetic field.

Fig. 1.2: The layout of the FCC-hh reference detector [3].

This document will review the individual detector components and their expected performance in
more detail, assessed through a combination of fast and full detector simulations. Chapter 2 will outline
the overall detector performance requirements, based on a set of benchmark processes that fully charac-
terise the FCC-hh physics programme. Chapter 3 will define the requirements arising from the radiation
environment. Chapter 4 introduces the software framework used for all studies. Chapter 5 discusses
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Letter of Intent: the NA60+ experiment

NA60+ Collaboration*

Abstract

We propose a new fixed-target experiment for the study of electromagnetic and hard probes of the

Quark-Gluon Plasma (QGP) in heavy-ion collisio
ns at the CERN SPS. The experiment aims at per-

forming measurements of the dimuon spectrum from threshold up to the charmonium region, and of

hadronic decays of charm and strange hadrons. It is based on a muon spectrometer, which includes a

toroidal magnet and six planes of tracking detectors, coupled to a vertex spectrometer, equipped with

Si MAPS immersed in a dipole field. High luminosity
is an essential requirement for the experiment,

with the goal of taking data with 106 incident ions/s,
at collisio

n energies ranging from
p sNN

= 6.3

GeV (E lab =
20 A GeV) to top SPS energy (

p sNN
= 17.3

GeV, E lab =
158 A GeV). This document

presents the physics motivation, the foreseen experimental set-up including integration and radiopro-

tection studies, the current detector choices together with the status of the corresponding R&D, and

the outcome of physics performance studies. A preliminary cost evaluation is also carried out.

December 24, 2022

* See Appendix for the list of collaboration members.
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High-E AA Colliders: RHIC, LHC, SppC/FCC-hh
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Facility RHIC LHC/HL-LHC SppC / FCC-hh

Timeline g 2025 g 2041 (Runs 3 to 6) > 2035 / > 2070

Collision system pp, d-Au, Au-Au pp, p-Pb and A-A 
(Pb-Pb, 16O, 129Xe, 84Kr, 40Ar, …) 

FCC: pp, p-A and A-A 
(Pb-Pb, 129Xe, 84Kr, 40Ar, …)

𝒔𝑵𝑵 (TeV) 0.2 5.5 ~39  

Int. rate (kHZ) ~15 (Au-Au) ≳50  (x 3-4 in Run5) for Pb-Pb ~2500 (FCC)

Experiments sPHENIX, STAR ALICE, ATLAS, CMS, LHCb
phase II of ATLAS and CMS
phase II-b of ALICE and LHCb

up to four experiments 

An Upgrade Proposal from the PHENIX Collaboration (arXiv:1501.06197)

Physics opportunities for high-density QCD at the LHC with HI and p beams in Runs 3-4 (arXiv: 1812.06772)

ALICE 3 – A next generation HI  experiment at the LHC (arXiv:2211.0249) 

FCC/SppC open new opportunities (CYRM-2022-002, CEPC-SPPC CDR)
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https://arxiv.org/pdf/1501.06197.pdf
https://arxiv.org/abs/1812.06772
https://arxiv.org/abs/2211.02491
https://doi.org/10.23731/CYRM-2022-002
http://cepc.ihep.ac.cn/preCDR/Progress%20Report.pdf


RHIC - sPHENIX
sPHENIX: new state-of-the-art jet detector
(arXiv1207.6378)
a focus on jets, quarkonia and other rare processes
• installation completed and commissioning in 2023
• first physics run in 2024

• 1.4 T superconducting solenoid
• Hermetic coverage |h|<1.1
• Excellent vertexing (CMOS pixels)
• High-precision tracking 
• Large-acceptance ECal + HCal
• High data rates: 15 KHz
• Trigger capability also with streaming readout

6Luciano Musa (CERN) | QM2023 | 9 September 2023

1.4
m

July 2023

Aug 2023June 2023

sPHENIX Detector

https://arxiv.org/pdf/1207.6378.pdf


LHC long-term programme
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Upgrades of the accelerator and the experiments planned for installation in 2026-2028
• HL-LHC (pp): x O(10) wrt to LHC design luminosity
• major upgrades of ATLAS and CMS
• small upgrades of ALICE and LHCb

Planned for 2033-2034: completely new ALICE (ALICE 3) and new LHCb (LHCb-II)

2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035 2036 2037 2038 2039 2040 2041

LHC
LS2

LHC
Run 3

LHC
LS3

LHC
Run 4

LHC
LS4

LHC
Run 5

LHC
LS5

LHC
Run 6

High lumi
for ions High luminosity for ionsToday

Higher luminosity for ions

LHC is starting the (HI) high-luminosity era (x6 luminosity) 
a start of first (long) Pb-Pb run imminent!



Run 3 g high luminosity for ions (7 x 1027 cm-2s-1) and OO
• improved collimation system

g lifted limitation in the LHC from bound-free pair production
g luminosity now limited by bunch intensities from injectors

Run 4 g HL-LHC 
pp luminosity up to 7.5 x 1034 cm-2s-1 

Run 5 g higher luminosity for ions 
• mitigate space charge effects (SPS & 

LEIR) e.g. with lighter ions

LHC programme
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LHC
Run1/2 -LS2

LHC
Run 3

LHC
LS3

LHC
Run 4

LHC
LS4

LHC
Run 5

LHC
LS5

LHC
Run 6

High lumi
for ions High luminosity for ionsToday Higher luminosity for ions

pp, p-Pb 
Xe-Xe, Pb-Pb pp, p-O, O-O, p-Pb, Pb-Pb pp, p-Pb, Pb-Pb, ? pp, p-A?, A-A pp, p-A?, A-A

J. Klein 2022



HL- LHC (pp): Lint up to 7.5x1034cm-2s-1

Extreme interaction and particle rates: PU ≈ 200 (8x109 event/s), particle rate up to 3GHz/cm2

aHigher granularity and resolution (especially in the silicon trackers) 

4-D Vertex Reconstruction 3

14

z (cm)
10− 5− 0 5 10

t (
ns

)
0.4−

0.2−

0

0.2

0.4

0.6

Simulated Vertices
3D Reconstructed Vertices
4D Reconstructed Vertices
4D Tracks

> = 200µCMS Simulation <

150 ps RMS

5 cm RMS

Merged Vertex Rate Reduction

15

The table describes the fraction of merged vertices for 3D and 4D vertex reconstruction in Run 1, 
50 pileup, as well as Phase 2, 200 pileup, scenarios. The vertexing performance of the Run 1 

detector in 50 pileup is recovered when using the 4D vertex reconstruction.

<µ> 4D Merged 
Vertex Fraction

3D Merged 
Vertex Fraction Ratio of 3D/4D

50 0.5% 3.3% 6.6

200 1.5% 13.4% 8.9

CMS Simulation

A merged vertex is defined by a 3D (4D) reconstructed vertex that is matched in space (and time) to 
more than one simulated vertex. The matching window defined to be 3σz up to a maximum of 1mm, 

and 3σt , when timing information available.

from Chris Tully, Princeton University, HCP Summer School 2016  

0.15ns

0.4ns

0ns
(define to be t=0)

0.11ns

-0.11ns
0.02ns

0.2ns-0.05ns

-0.12ns

LHC Bunch Crossing 1ns Clip

Raw SET~2 TeV
14 jets with ET>40
Estimated  PU~50

from Chris Tully, Princeton University, HCP Summer School 2016  

High-rate challenges

a Track or hit high-precision timestamping (“4D tracking”)

a extreme rad-hard (@ 30 mm, after 3000 fb-1): NIEL ≈ 2 × 1016 n / cm2 TID ≈ 12 MGy

aExtreme data throughput: unprecedented challenges for trigger and online data processing

9Luciano Musa (CERN) | QM2023 | 9 September 2023



HL-LHC a ATLAS and CMS upgrades

CMS BW for MB events:  2018: 6GB/s (8.8 kHz)    Run3: 17 GB/s (25 kHz)    Run4: 51GB/s (> 50kHz) 

• Larger tracker acceptance: from 𝜂 < 2.5 to 𝜂 < 4 

• Muon ID up to 𝜂 < 2.8 

• Endcap calorimeter higher granularity

• Timing detectors for pile-up rejection:
• 2.5 < 𝜂 < 5 for ATLAS  
• 𝜂 < 4 for CMS (TOF PID)

• HL-ZDC

MIP Timing Detector (MTD)
• barrel: LYSO + SiPMs
• endcaps: LGADs
• sTOF ≈ 30ps

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6
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• Trigger and DAQ improvements



LHCb Upgrade II

1

18th  November 2022, ECFA
Chris Parkes
On behalf of the LHCb Collaboration

Upgrade I

Original

Upgrade II

2009-2018

2022-2032

2033-

Upgrade II
• Lpeak = 1.5x1034 cm-2 s-1

• Lint ≈ 300fb-1 during Run 5 & 6
LHCb-PUB-2022-012 

General purpose flavour physics facility …  but also a general purpose heavy-ion experiment 
for pA and AA in forward rapidity

• no centrality limitations for AA
• excellent vertexing and PID

Targeting same performance as 
in Run 3, but with pile-up ~40!

LHCb Phase II Upgrade

Key ingredients: granularity, fast timing (few tens of ps), radiation hardness

4D Vertexing: Extra Dimension of Precision Timing
42 interactions

• 4D tracking
• Ensures similar 

performance to 
Upgrade I
– ~ 50ps, 50μm2

• Extreme lifetime 
fluence
– 6×10!"%#$/'(%

12

Testbeam
3D detectors, 15ps
LGAD & thin planar 
also studied

20ps time window

Chris Parkes,  LHCb Upgrade II TI
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ASIC designs in community

mm

4D Vertexing: Extra Dimension of Precision Timing
42 interactions

• 4D tracking
• Ensures similar 

performance to 
Upgrade I
– ~ 50ps, 50μm2

• Extreme lifetime 
fluence
– 6×10!"%#$/'(%

12

Testbeam
3D detectors, 15ps
LGAD & thin planar 
also studied

20ps time window

Chris Parkes,  LHCb Upgrade II TI
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First major 28nm 
ASIC designs in community

mm

Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

Fixed Target: possible extension with polarized gas target, solid target
11Luciano Musa (CERN) | QM2023 | 9 September 2023

https://inspirehep.net/files/5f76e74a7d29feb9ad582ffb038ef3ed


Major ALICE upgrade in LS2 (ALICE 2) for Run 3 & Run 4

Run 1 LS1 Run 2 LS2 Run 3 LS3 Run 4 LS4 Run 5 LS5 Run 6

2010-2012 2015-2018 2029-20322022-2025 2035-2037

phase I upgALICE 1 ALICE 2 ALICE 3Phase IIb Upg

Intermidiate (narrow scope) upgrades in LS3 (ALICE 2.1)   

• Letter of Intent for ALICE 3 (LoI Mar ’22) 

FoCal-E

FoCal-H

ALICE Phase II Upgrade

12Luciano Musa (CERN) | QM2023 | 9 September 2023

continuous readout (all events @50kHz) + x3 improved vertexing 

ITS3FOCAL

https://cds.cern.ch/record/2803563?ln=it


a Vertexing precision:   10µm at pT = 200 MeV

a Acceptance:   |h| < 4 (with particle ID)

a A-A (pp) rates: up to 1 MHz (25 MHz)

a novel technologies: MAPS, CMOS LGAD, combined TOF+RICH 

Magnet
Absorber

Muon chambers
FCT

ECAL
RICH

Tracker
Vertex detector

TOF

1.5m

high-efficiency for reconstruction of (multi-)HF 
hadrons and of low-mass dielectrons

vertexing inside the beampipe with 
unprecedentedly low material budget

large acceptance with excellent coverage down to low pT

excellent particle ID (muons, electrons, photons, hadrons)

ALICE 3: an all-silicon detector Run 1 Run 2 Run 3 Run 4 Run 5 Run 6

13Luciano Musa (CERN) | QM2023 | 9 September 2023



High baryon density facilities
Systematic exploration of high µB region

Facilities: BNL-RHIC, CERN-SPS, FAIR-SIS100, JINR-NICA, J-PARC, HIAF

Experimental approach
• probe with highest precision different 

regions of the QCD matter phase diagram  

Observables 
• Flavour production (multi-strange, charm)
• Dileptons (emissivity of matter)
• e-by-e correlations and fluctuations
• collective effects 

2.5 < 𝑠!! < 8 Gev – key region for 1st order phase 
transition and Critical Point search [GeV]NNsCollision energy 
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Heavy ion collisions

T. Galatyuk, NPA 982 (2019), update Aug 2023 (GitHub link)
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https://github.com/tgalatyuk/interaction_rate_facilities


FAIR Facility
FAIR (Facility for Antiproton and Ion Research in Europe) Four Pillars

• CBM – Compressed Baryonic Matter
• NUSTAR – Nuclear Struc, Astroph., Reac.
• PANDA – Antiproton Annihilation
• APPA – Atomic, Plasma Physics and Appl.

FAIR GmbH | GSI GmbH

FAIR – The Facility

7

Ring accelerator
SIS100

Production of new
exotic nuclei

Production of
antiprotons

Collector
ring CR

Antiproton 
ring
HESR

Linear 
accelerator

Ring accelerator
SIS18

100 meters

Existing facility

Planned facility

Experiments

ESR

CRYRING

UNILAC

“Gain factors” rel. to GSI
• 100 – 1000 x intensity
• 10 x energy
• antiproton beams
• system of storage cooler rings

27 April 2018Inti Lehmann, FAIR, Heraeus, Bad Honnef

PANDA

NUSTAR

APPA

CBM

15Luciano Musa (CERN) | QM2023 | 9 September 2023

• Ion beams up 11 AGeV
a cme for Au-Au up to 4.9 AGeV

• Ion intensity up to 109/s

Modularized Start Version (MSV)

FAIR 2028: will feature a large part of the 
programe (First Sicence +), including CBM

CBM

NUSTAR LEB

NUSTAR HEB

S-FRS

SIS100

CRYO 2

APPA



CBM Experiment 

22

CBM experiment

MAGNET

FSD

CBM Building 

CBM Cavern

16Luciano Musa (CERN) | QM2023 | 9 September 2023

Hadrons, dielectrons and dimuons, charm
Interaction rates  up to 10MHz ( 𝑠"" :  2.7 – 5 GeV) 
dead-time free continuous readout, online event selection 

2028: commissioning with SIS100 beam
MVD: MIMOSIS
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Letter of Intent: the NA60+ experiment

NA60+ Collaboration*

Abstract

We propose a new fixed-target experiment for the study of electromagnetic and hard probes of the
Quark-Gluon Plasma (QGP) in heavy-ion collisions at the CERN SPS. The experiment aims at per-
forming measurements of the dimuon spectrum from threshold up to the charmonium region, and of
hadronic decays of charm and strange hadrons. It is based on a muon spectrometer, which includes a
toroidal magnet and six planes of tracking detectors, coupled to a vertex spectrometer, equipped with
Si MAPS immersed in a dipole field. High luminosity is an essential requirement for the experiment,
with the goal of taking data with 106 incident ions/s, at collision energies ranging from

p
sNN = 6.3

GeV (Elab = 20 A GeV) to top SPS energy (
p

sNN = 17.3 GeV, Elab = 158 A GeV). This document
presents the physics motivation, the foreseen experimental set-up including integration and radiopro-
tection studies, the current detector choices together with the status of the corresponding R&D, and
the outcome of physics performance studies. A preliminary cost evaluation is also carried out.

December 24, 2022

*See Appendix for the list of collaboration members.
E-mail contacts: enrico.scomparin@to.infn.it, gianluca.usai@ca.infn.it
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NA60+ Experiment
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Hadron absorber(*) 

(BeO + graphite)

Muon Wall (graphite)

follows design of NA60 but with better-performing detectors
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LoI: NA60+ NA60+ Collaboration

Fig. 12: GEANT4 drawing of the vertex region of the NA60+ setup. The vertex spectrometer immersed in the
dipole field of MEP48 is shown.

direction and to ⇠ 2.8 m in the vertical direction. The limitation in the vertical direction is due to height
of the beam line above the floor of the PPE138 experimental area (285 cm), currently foreseen for the
installation of the experiment.

A thick hadron absorber is positioned upstream of the muon spectrometer. It has to fulfil the contrasting
requirements of relatively high density and limited Z, the latter request being connected with the necessity
of limiting the multiple scattering of the muons, that would decrease the matching efficiency between
tracks in the muon and in the vertex spectrometers. The hadron absorber will include an upstream section
composed of BeO, followed by graphite. The thickness of the graphite section will be increased when
moving from low to high collision energies. At very forward rapidity a plug made of tungsten will dump
the non-interacting beam particles as well as their fragmentation products.

The set-up of the spectrometer includes six tracking stations. The first two stations (MS0, MS1) are
located after the hadron absorber and upstream of the toroidal magnet, while the following ones (MS2,
MS3) are installed downstream of it, providing in this way four space points. Following a design typical
of this kind of spectrometers (NA50/60, ALICE), a thick graphite wall allows further filtering of hadrons
that may have survived the hadron absorber, and is followed by two final tracking stations (MS4, MS5).
Preliminary detector studies, with GEM and/or MWPC as candidate technical solutions, are reported in
Sec. 5.5. Preliminary

3.1.5 Toroidal magnet
The magnetic field for the measurement of the momenta of the candidate muons in the spectrometer
will be provided by a magnet generating a toroidal field. The device used by NA60 (ACM) does not
possess an angular aperture covering the desired acceptance at low SPS energy and therefore does not
represent a viable choice. In the current design of the NA60+ experiment we foresee a warm magnet
with an angular aperture of 0.29 rad, composed of eight radial sectors, each one consisting of a number
of windings, in order to reach the desired current. The strength of the magnetic field is ⇠ 0.37 T at a
radial distance of 1 m, with a 1/r dependence of the field. The total length of the magnet is 335 cm.
The non-negligible technical challenges of such a project have led to the realization of a prototype in
scale 1:5, to be considered as a testing bench for the possible solutions for the full-scale object. The
technology choices, the prototype performance and the prospects for the final object will be described in

21

Target + Vertex detector 
(inside dipole magnet)

5-plane vertex detector based 
on MAPS (ALICE ITS3)
• Spatial resolution: 5µm
• X/X0: 0.1% /plane

Toroidal Magnet
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MWPC with 
double strip 
(stero angle) 

readout

~
5.

6m

Muon Spectrometer (6 stations) on rails to adjust position depending on energy

Muon tracking stations: MPGD (GEM, MicroMeagas) or MWPC (baseline) with total active 
area 100𝑚!,  spatial resolution (radial direction) ~200𝜇𝑚, max plarticle flux ⁄~kHz 𝑐𝑚!

rapidity (high-E)  
2.35 ≤ 𝑦 ≤ 3.74

Beam energy scan ( 𝑠"" :  6.3 – 17.3 GeV)  for precision studies of: hard processes, electromagnetic

Roadmap 
• Technical proposal: 2024-2025
• Constr. & Installation: 2026-2028
• Data taking: 2029 - 2037 

EoI in 2019 https://cds.cern.ch/record/2673280
LoI in 2022 CERN-SPSC-2022-036 ; SPSC-I-259

https://cds.cern.ch/record/2845241


J-PARC-HI Project
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J-PARC-HI 
fixed target A+A experiment with 
high intensity HI beam 

Phase1: 12 AGeV Au beam, ~108 Hz,
dielectrons

Phase2
• 12 AGeV Au beam, ~1011Hz(!)
• multiple probes

Phase 0: ~1010 Hz 30GeV p beam
vetor meson via dielectron decay
current status: commissioning

Pending funding approval by KEK and 
JAEA, Phase 1 could start in 2031/2032

proton

HI-Injector(plan)

30GeV proton(current)
12AGeV Au (plan)

Tokai, Ibaraki, Japan

New (planned) area
Phase2 (A+A)

Current area
Phase0 (p+A)
Phase1 (A+A)



Electron Ion Collider Scope 

The Electron Ion Collider (EIC)

• High Luminosity: 1033 – 1034 cm-2 sec-1, 10 – 100 fb-1/year

• Large Center of Mass Energy Range: Ecm = 29 – 140 GeV

• Highly Polarized Beams:  70%
• Large Ion Species Range:  protons – Uranium

Similar but more challenging than the FCC-ee (2x e- current)

Accelerator system
Construction phase (*) : 2026 – 2030      Science Phase: 2035

Detector #1 (Project Detector)
Construction phase: 2024 – 2031 

Detector #2
Construction phase: 2028 – 2034 

(*) Construction: procurement, fabrication, installation, test

e: 5 GeV to 18 GeVp: 41 GeV, 100 to 275 GeV
p/A beam e beam
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EPIC - EIC First Detector
• 2020 – 2021: EICUG Yellow Report

• Mar 2021: call for proposals  

• Large rapidity (-4 < h < 4) coverage 

• High precision low mass tracking
o new 1.7T magnet, MAPS + MPGD

• Electromagnetic and Hadronic Calorimetry
o e-side: PbWO4 EMCal h-side: finely segmented
o barrel: imaging EMCal outer barrel HCal

• High performance PID to separate p, K, p on track level
o also need good e/p separation for scattered electron
o AC-LGAD TOF, pfRICH, hpDIRC, dRICH

• Many other ancillary detectors integrated in the beam line: 
low-Q2 tagger, Roman Pots, Zero-Degree Calorimeter

Integration into Interaction Region (±40m) is criticalFigure 1: Side view of the full ECCE detector system, oriented with the hadron beam arriving from the left and the electron beam arriving from the right.

hpDIRC The high-performance DIRC provides particle
identification with three standard deviations separa-
tion for ⇡/K up to 6 GeV/c, e/⇡ up to 1.2 GeV/c, and
K/p up to 12 GeV/c.

BECAL The barrel ECAL (BECAL) is a homogeneous
projective electromagnetic calorimeter built out of
8960 clear scintillating glass (SciGlass) towers, ar-
ranged in 70 rings in the ⌘ direction, with 128 towers
per ring along �. The SciGlass towers have a front
face of 4 cm⇥4 cm and are 55 cm deep including
⇠10cm readout, providing 16 radiation lengths and
better than 4%/

p
(E) + (1–2)% energy resolution.

This resolution surpasses the EIC YR requirement
to complement the tracking system and ease electron
identification and ⇡/e rejection, with an eye to the
future high-luminosity EIC science needs. The tow-
ers are slightly tapered to be nearly projective to the
interaction point.

IHCAL/OHCAL The ECCE outer barrel hadronic
calorimeter (oHCAL) is integrated into the barrel
flux return for the ECCE solenoid magnet and has
been built and will be optimized by the sPHENIX
experiment. It consists of 32 sectors of 1020 mag-
net steel, with an inner and outer radius of 1.9 m and
2.6 m respectively. Each sector is 6.3 m long and
weighs 14 tons. The barrel inner HCAL (iHCAL) is
a hadronic calorimeter that is integrated into the BE-

CAL support frame. Its design consists of 32 sectors
of stainless steel, with an inner radius of 135 cm and
an outer radius of 138.5 cm.

Electron endcap The ECCE electron endcap region comprises
four subsystems:

Tracker The silicon electron endcap detector consists
of four disks which provide precise measurements
of charged tracks (especially electron tracks) in the
backward pseudorapidity region. The technology
for the silicon disks is the ITS-3 silicon sensor with
pixel pitch at 10 µm. The detector mechanical struc-
ture design will be informed by the EIC eRD111
studies. In addition, the AC-LGAD TOF detec-
tors described below will provide an additional high-
precision tracking point after the disks at a large dis-
tance from the interaction point.

mRICH The design goal of the modular RICH (mRICH)
is to achieve 3� K/pi separation in the momentum
range from 2 to 10 GeV/c. Excellent e/pi separa-
tion for momenta below 2 GeV/c is expected. In ad-
dition, the RICH detectors contribute to e/⇡ identi-
fication. When combined with an EM calorimeter,
the mRICH and hpDIRC will provide excellent sup-
pression of the low-momentum charged-pion back-
grounds, which limits the ability to measure the scat-
tered electron in kinematics where it loses most of its

5

5.
34

m
5.0 m3.2 m

Hadrons Electrons

𝜂 = 0

ePIC   

TDR preparations ongoing 

• Mar 2022: ECCE chosen as reference design for detector 1

• July 2022: ePIC Collaboration
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The Future Circular Collider (FCC)
A new 91 km tunnel to host multiple colliders

Mont Blanc

1st stage collider, FCC-ee: electron-positron collisions 90-360 GeV
Construction: 2033-2045 à Physics operation: 2048-2063

2nd stage collider, FCC-hh: proton-proton collisions at ≥ 100 TeV
Construction: 2058-2070 à Physics operation: ~ 2070-2095



FCC-hh reference detector 

50m long, 20m diameter

Silicon Tracker (400 m2) covering |h| < 6

Solenoid magnets: B = 4T

a diameter of 20 m and a length of 50 m, comparable to the dimensions of the ATLAS detector but much
heavier. The central detector, with a pseudo-rapidity coverage of |⌘| < 2.5, houses the tracking, elec-
tromagnetic calorimetry and hadron calorimetry inside a 4 T solenoid with a free bore diameter of 10 m.
In order to reach the required performance for 2.5 < |⌘| < 6, the forward parts of the detector are
displaced along the beam axis by 10 m from the interaction point. Two forward magnet coils with an
inner bore of 5 m provide the required bending power. These forward magnets are also solenoids with a
4 T field, providing a total solenoid volume of 32 m length for high precision momentum spectroscopy
up to |⌘| ⇡ 4 and tracking up to |⌘| ⇡ 6. As an option, replacing the forward solenoids with two
forward dipoles is also being considered. The tracker cavity has a radius of 1.7 m with the outermost
layer at around 1.6 m from the beam in the central and forward regions, providing the full spectrometer
arm up to |⌘| = 3. The electromagnetic calorimeter (ECAL) has a thickness of around 30 radiation
lengths (X0). The overall calorimeter thickness, including the hadron calorimeter (HCAL), exceeds 10.5
nuclear interaction lengths (�), ensuring 98 % containment of high energy hadron showers and limiting
punch-through to the muon system. The ECAL is based on liquid argon (LAr) given its intrinsic radia-
tion hardness. The barrel HCAL is a scintillating tile calorimeter with steel and Pb absorbers that uses
wavelength shifting (WLS) fibres and silicon photomultipliers (SiPMs) for the readout. It is divided into
a central barrel and two extended barrels. The HCALs for the endcap and forward regions are also based
on LAr. The requirement of calorimetry acceptance up to |⌘| ⇡ 6 translates into an inner active radius
of only 8 cm at a z-distance of 16.6 m from the IP. The transverse and longitudinal segmentation of both
the electromagnetic and hadronic calorimeters is ⇠ 4 times finer than the present ATLAS calorimeters.

The muon system is placed outside the magnet coils. The barrel muon system provides muon
identification, standalone muon spectroscopy by measurement of the angle of the muon track as well as
precision muon spectroscopy by combining the tracker measurement with the measured space points in
the muon chambers. The forward muon system can only provide spectroscopy if forward dipoles are
used.

The reference detector does not assume any shielding of the magnetic field.

Fig. 1.2: The layout of the FCC-hh reference detector [3].

This document will review the individual detector components and their expected performance in
more detail, assessed through a combination of fast and full detector simulations. Chapter 2 will outline
the overall detector performance requirements, based on a set of benchmark processes that fully charac-
terise the FCC-hh physics programme. Chapter 3 will define the requirements arising from the radiation
environment. Chapter 4 introduces the software framework used for all studies. Chapter 5 discusses

4
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2 3

4 3

5

5

6

6

3
5

6

1. Silicon tracker
2. Barrel ECAL Lar
3. Endap and forward HCAL/ECAL Lar
4. Barrel HCAL Fe/Sci
5. Central Solenoid (>10m diameter) 

+ two forward solenoids
6. Muon system
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STAR HFT – 2014
ULTIMATE 

ALICE ITS2 – 2021
ALPIDE 

sPHENIX MVTX - 2023
ALPIDE

CBM MVTX – 2027
MIMOSIS 

NA61 prototype 
ALPIDE 

ALICE ITS3 – 2028
“Wafer-scale MOS”

NA60+ - 2028
(based on ALICE ITS3)

Tracking

DIS2023                                                                                                               
Michigan State University 13

planar µRWell MPGD

(behind hpDIRC)

AC-LGAD TOF
services 

cone

Barrel tracking 

layers

Backward/Forward 

tracking discs (5 layers)

Inner two vertex layers optimized for beam 

pipe bakeout and ITS3 sensor size.

Third layer dual-purpose (vertex + sagitta) 

Cylindrical µMega/TOF provide pattern 

recognition redundancy

µRWell behind hpDIRC provides ring seed 

direction, space point for pattern 

recognition 

cylindrical µMega layer

EPIC
(based on ALICE ITS3)

ALICE3
next generation
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CMOS sensors in the realm of HI experiments

NA60+ at SPS

☐ Muon measurement with tracking in front of 
and behind hadron absorber
☐ Vertex spectrometer: 5 layers of MAPS

(synergy with ALICE, R&D funded by Italian 
Research ministry)

☐ m spectrometer: large area tracker based on 
GEMs (expertise within ALICE GEM TPC)

☐ Toroid magnet (*+ = 0.2 – 0.5 !0)

☐ Beam intensities of 107 Pb ions/ 20 s spill

☐ Installation foreseen at the SPS,
EHN1 hall, H8 beam line

☐ EOI submitted to SPSC May’19

☐ LoI under preparation  

☐ Start data taking with LHC run 4, in 2027 

13 Tetyana Galatyuk | Rare probes for high muB | Padova | 25 - 26 Nov 2021

Toroid magnet GEM µ tracking 
stations

!!, "!, "" program (beam energy scan) with focus on dileptons and charm

Longitudinally scalable setup
for running at different energies

Dipole magnet
MAPS with stitching 
technology 5µm 
spatial resolution



State-of-the-art CMOS Active Pixel Sensors

Cin ≈ 5 fF

2 x 2 pixel 
volume 

Qin (MIP)/C ≈ 50mV 

collection electrode
28 mm

N
A ~ 10 18

N
A ~ 10 13

ALPIDE Sensors for ALICE ITS and MFT

e e

e
e

h

h

h

h

PWELL PWELL NWELL

DEEP PWELL

NWELL
DIODE

NMOS
TRANSISTOR

PMOS
TRANSISTOR

Epitaxial Layer P-

Substrate  P++ NA ~ 1018

NA ~ 1016

NA ~ 1013

▶ Detection layer: high-resistivity (> 1kW cm) epi layer (25µm)

▶ Very small collection diodes (2 µm diameter) a low capacitance (~fF)

▶ Reverse bias voltage to substrate (contact from the top)

▶ CMOS circuitry within active area

CERNCOURIER
July/August 2021  cerncourier.com Reporting on international high-energy physics

PIXEL  
PERFECT 
Exploring the Hubble tension

A CERN for climate change 

Medical technologies 

Based on CMOS technology 180nm

• 10 m2 active silicon area 

• 12.5 G-pixels

• 50 𝝁𝒎 thin sensor 

• Spatial resolution ~5µm 

• Max particle rate ~ 100 MHz /cm2
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(a) Sensor irradiated to a dose of 10 kGy and 1013 1MeV neq cm�2 at different Vsub = Vpwell.

(b) Sensors irradiated to different levels.

Figure 16: Detection efficiency (filled symbols, solid lines) and fake-hit rate (open symbols,
dashed lines) as a function of average threshold, measured with 10GeV/c positive hadrons.

trends are consistent with the expectation that the largest effect of the non-
ionising and ionising radiation damage is on the charge collection and the noise
(front-end) performance, respectively. For the 100 kGy irradiated sensor, a sig-
nificant increase in the fake-hit rate can be noticed, with onset at a much higher
threshold than in the other cases. Finally, although the 1015 1MeV neq cm

�2 ir-
radiated sensor shows notable performance deterioration, it can still be operated
at 99% efficiency at the temperature of +20

�
C.

The origin of the detection efficiency loss was investigated by studying its
dependency on the particle hit position within a pixel. Figure 17 shows the
detection efficiency of a 10

15
1MeV neq cm

�2 irradiated sensor as a function of
reconstructed track position relative to the nearest pixel centre. As expected,
the detection efficiency decreases when the particle track is further away from
the collection diode. A similar result was obtained for a non-irradiated sensor,
with the same magnitude of efficiency loss observed at higher thresholds.

18

Operated at room temperature!

doi:10.48550/arXiv.2212.08621

(a) Sensor irradiated to a dose of 10 kGy and 1013 1MeV neq cm�2 at different Vsub = Vpwell.

(b) Sensors irradiated to different levels.

Figure 16: Detection efficiency (filled symbols, solid lines) and fake-hit rate (open symbols,
dashed lines) as a function of average threshold, measured with 10GeV/c positive hadrons.

trends are consistent with the expectation that the largest effect of the non-
ionising and ionising radiation damage is on the charge collection and the noise
(front-end) performance, respectively. For the 100 kGy irradiated sensor, a sig-
nificant increase in the fake-hit rate can be noticed, with onset at a much higher
threshold than in the other cases. Finally, although the 1015 1MeV neq cm

�2 ir-
radiated sensor shows notable performance deterioration, it can still be operated
at 99% efficiency at the temperature of +20

�
C.

The origin of the detection efficiency loss was investigated by studying its
dependency on the particle hit position within a pixel. Figure 17 shows the
detection efficiency of a 10

15
1MeV neq cm

�2 irradiated sensor as a function of
reconstructed track position relative to the nearest pixel centre. As expected,
the detection efficiency decreases when the particle track is further away from
the collection diode. A similar result was obtained for a non-irradiated sensor,
with the same magnitude of efficiency loss observed at higher thresholds.
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Evolution of CMOS APS for HEP 

p+ substrate 

nwell collection 
electrode 

pwell 
deep pwell 

nwell pwell nwell 
deep pwell 

PMOS NMOS 

p- epitaxial layer 

depletion boundary 

depleted zone 

low dose n-type implant 

full depletion of the sensitive layer combined with a low capacitance electrode 

Fully depleted sensor
• charge collection time ≪ 1𝑛𝑠
• capacitance ≈ 1fF 
• operational up to 1015 neq /cm2

• Time res.: 67 ps (w/o corrections) 
6 September 2023L. Musa | TGS Europe | Amsterdam 2023
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First studied with 180nm

an even better performance with 65nm

Nuclear Inst. and Methods in Physics Research, A 871 (2017) 90–96

Contents lists available at ScienceDirect

Nuclear Inst. and Methods in Physics Research, A

journal homepage: www.elsevier.com/locate/nima

A process modification for CMOS monolithic active pixel sensors for
enhanced depletion, timing performance and radiation tolerance
W. Snoeys a,*, G. Aglieri Rinella a, H. Hillemanns a, T. Kugathasan a, M. Mager a, L. Musa a,
P. Riedler a, F. Reidt a, J. Van Hoorne a, A. Fenigstein b, T. Leitner b
a CERN, CH-1211 Geneva 23, Switzerland
b TowerJazz Semiconductor, Migdal Haemek, 23105, Israel

a r t i c l e i n f o
Keywords:
Monolithic active pixel detectors (MAPS)
CMOS detectors
Radiation tolerance
Pixel detectors

a b s t r a c t
For the upgrade of its Inner Tracking System, the ALICE experiment plans to install a new tracker fully
constructed with monolithic active pixel sensors implemented in a standard 180 nm CMOS imaging sensor
process, with a deep pwell allowing full CMOS within the pixel. Reverse substrate bias increases the tolerance
to non-ionizing energy loss (NIEL) well beyond 1013 1 MeV neq_cm2, but does not allow full depletion of the
sensitive layer and hence full charge collection by drift, mandatory for more extreme radiation tolerance. This
paper describes a process modification to fully deplete the epitaxial layer even with a small charge collection
electrode. It uses a low dose blanket deep high energy n-type implant in the pixel array and does not require
significant circuit or layout changes so that the same design can be fabricated both in the standard and modified
process. When exposed to a 55Fe source at a reverse substrate bias of *6 V, pixels implemented in the standard
and the modified process in a low and high dose variant for the deep n-type implant respectively yield a signal
of about 115 mV, 110 mV and 90 mV at the output of a follower circuit. Signal rise times heavily affected by the
speed of this circuit are 27.8+_*5 ns, 23.2+_*4.2 ns, and 22.2+_*3.7 ns rms, respectively. In a different setup,
the single pixel signal from a 90Sr source only degrades by less than 20% for the modified process after a 1015
1 MeVneq_cm2 irradiation, while the signal rise time only degrades by about 16+_*2 ns to 19+_*2.8 ns rms. From
sensors implemented in the standard process no useful signal could be extracted after the same exposure. These
first results indicate the process modification maintains low sensor capacitance, improves timing performance
and increases NIEL tolerance by at least an order of magnitude.

© 2017 CERN. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. The standard process for the ALPIDE sensor in the ITS upgrade

Monolithic active pixel sensors (MAPS) integrating sensor matrix and
readout in one piece of silicon revolutionized imaging for consumer ap-
plications, and now start making their way into high energy physics. For
its upgrade of the Inner Tracking System (ITS), the ALICE experiment
plans to install a new tracker [1] (Fig. 1) consisting of 7 barrel layers
fully constructed with MAPS, covering a 10 m2 area with about 12.5
billion pixels. This new detector should reduce the material budget or
the radiation length per layer X/X0 from 1.14% to 0.3% for the inner
layers, the pixel size from 425 ù 50 to about 28 ù 28 �m2, and the radius
of the first layer from 39 to 22 mm. This has lead to a significant effort
to develop the ALPIDE monolithic active pixel sensor [2], of which now
the final prototype has returned from foundry [3].

* Corresponding author.
E-mail address: walter.snoeys@cern.ch (W. Snoeys).

The TowerJazz 180 nm CMOS imaging sensor process [4] has been
chosen for the ALPIDE sensor due to the offering of a deep pwell (Fig. 2)
and the possibility to use different starting materials. Only the nwell
collection electrode is not shielded from the epitaxial layer by the
deep pwell and is allowed to collect signal charge from the epitaxial
layer. The deep pwell prevents all other nwells, which contain circuitry
(PMOS transistors), from collecting signal charge from the epitaxial
layer and therefore allows the use of full CMOS and therefore more
complex readout circuitry in the pixel. ALICE is the first experiment
where this has been used to implement a Monolithic Active Pixel
Sensor (MAPS) with pixel front end (amplifier and discriminator) and
a sparsified readout within the pixel matrix similar to hybrid sensors.
The low capacitance of the small collection electrode (about 2 ù 2 �m2)
made it possible to only consume 40 nW in the front end which was
then combined with a zero suppressed readout for low overall power

http://dx.doi.org/10.1016/j.nima.2017.07.046
Received 10 March 2017; Received in revised form 26 June 2017; Accepted 21 July 2017
Available online 31 July 2017
0168-9002/© 2017 CERN. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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For the upgrade of its Inner Tracking System, the ALICE experiment plans to install a new tracker fully
constructed with monolithic active pixel sensors implemented in a standard 180 nm CMOS imaging sensor
process, with a deep pwell allowing full CMOS within the pixel. Reverse substrate bias increases the tolerance
to non-ionizing energy loss (NIEL) well beyond 1013 1 MeV neq_cm2, but does not allow full depletion of the
sensitive layer and hence full charge collection by drift, mandatory for more extreme radiation tolerance. This
paper describes a process modification to fully deplete the epitaxial layer even with a small charge collection
electrode. It uses a low dose blanket deep high energy n-type implant in the pixel array and does not require
significant circuit or layout changes so that the same design can be fabricated both in the standard and modified
process. When exposed to a 55Fe source at a reverse substrate bias of *6 V, pixels implemented in the standard
and the modified process in a low and high dose variant for the deep n-type implant respectively yield a signal
of about 115 mV, 110 mV and 90 mV at the output of a follower circuit. Signal rise times heavily affected by the
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and increases NIEL tolerance by at least an order of magnitude.
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1. The standard process for the ALPIDE sensor in the ITS upgrade

Monolithic active pixel sensors (MAPS) integrating sensor matrix and
readout in one piece of silicon revolutionized imaging for consumer ap-
plications, and now start making their way into high energy physics. For
its upgrade of the Inner Tracking System (ITS), the ALICE experiment
plans to install a new tracker [1] (Fig. 1) consisting of 7 barrel layers
fully constructed with MAPS, covering a 10 m2 area with about 12.5
billion pixels. This new detector should reduce the material budget or
the radiation length per layer X/X0 from 1.14% to 0.3% for the inner
layers, the pixel size from 425 ù 50 to about 28 ù 28 �m2, and the radius
of the first layer from 39 to 22 mm. This has lead to a significant effort
to develop the ALPIDE monolithic active pixel sensor [2], of which now
the final prototype has returned from foundry [3].

* Corresponding author.
E-mail address: walter.snoeys@cern.ch (W. Snoeys).

The TowerJazz 180 nm CMOS imaging sensor process [4] has been
chosen for the ALPIDE sensor due to the offering of a deep pwell (Fig. 2)
and the possibility to use different starting materials. Only the nwell
collection electrode is not shielded from the epitaxial layer by the
deep pwell and is allowed to collect signal charge from the epitaxial
layer. The deep pwell prevents all other nwells, which contain circuitry
(PMOS transistors), from collecting signal charge from the epitaxial
layer and therefore allows the use of full CMOS and therefore more
complex readout circuitry in the pixel. ALICE is the first experiment
where this has been used to implement a Monolithic Active Pixel
Sensor (MAPS) with pixel front end (amplifier and discriminator) and
a sparsified readout within the pixel matrix similar to hybrid sensors.
The low capacitance of the small collection electrode (about 2 ù 2 �m2)
made it possible to only consume 40 nW in the front end which was
then combined with a zero suppressed readout for low overall power
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Wafer-size curved sensors  

Currently being developed 
for ALICE (ITS3) 
Baseline option also for: 
• EPIC
• HIAF 
• ALICE 3 (++ improv.)

from reticle-size to wafer-size

24

● ALPIDE: ALICE PIxel DEtector 
used in ITS2

● 40 μm thick sensors
● Bent to a radius of 18 mm

First bending with superALPIDEs

Magnus Mager (CERN) on behalf of the ALICE collaboration 
18.05.2023

ALICE ITS3 
A next generation vertex detector based on bent, 
wafer-scale CMOS sensors

3cm

1.5cm

524 288 pixels

thin (<50µm CMOS can be curled)

services outside

only 1/7th of 
the material

TPSCo ISC 65nm CMOS Imaging 
300mm wafers + stitching

Nearly massless truly 
cylindrical detectors

3d printing

TPSCo ISC 65nm 
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Retractable vertex detector inside beampipe

pointing resolution:~ few μm at 1 GeV/c,   30 μm at 100 MeV

ALICE 3 vertex detector

first layer @5mm from IP

AIP Conference Proceedings 132, 390 (1985)

rotary petals in secondary vacuum

(Run 3)
(Run 4)

(Run 5)

https://aip.scitation.org/doi/abs/10.1063/1.35379
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CMOS Pixel Sensors for imaging calorimeters
Shower separation in FoCal-E pixels Longitudinal shower profile in FoCal-E
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GEANT4 sim.

150 GeV

120 GeV

100 GeV

80 GeV

60 GeV

20 GeV

ALICE FoCal-E Prototype
CERN SPS H2, electrons, May 2023

ALI−PERF−550414

FoCal prototype & test beam results

7 / 15 F lorian Jonas FoCal: Physics program and performance

General:
� very forward calorimeter consisting of two parts

( FoCal-E and FoCal-H ) located � 7 m from IP of A LIC E

FoCal-E (electromagnetic):
� high-granularity Si-W sampling calorimeter combining two

readout granularities:
� 18 pad layers with silicon pads (1 ⇥ 1 cm2 )
� two pixel layers with digital readout (30 ⇥ 30 �m2 )

� ability to “ track” longitudinal component of shower!
� used to measure photons and � 0 (40 �m position res.)

FoCal-H (hadronic):
� conventional metal-scintilator hadronic calorimeter behind

FoCal-E
� design using scintillation fibres embeded in Cu tubes
� used to measure photon isolation, jet energy etc.

ALI-SIMUL-558864 1 mm

1 
cm

LG cells

absorber LG layer HG layer

Longitudinal segmenta�on

HG cells
Transverse segmenta�on

1 HG cell

3.2< � <5.8

FoCal-E

FoCal-H

FoCal-E

Further info: FoCal-LoIOperational in Run 4 (2029)

T he Forward Calorimeter (FoCal)

3 / 15 F lorian Jonas FoCal: Physics program and performance

ALICE FoCal

Pixel layers (ALPIDE) 
interleaved with Si PAD

Similar approach is also 
considered for the EPIC BECAL

Calorimetry

9/23/2022 2022 Hot/Cold QCD Town Hall 10

Backwards EMCal
PbW04 crystals

High granularity shashlik 
W/SciFi EMCal

Longitudinally separated 
HCAL with high- insert

Complementary 
options for BECAL:
SciGlass or 
Imaging Calorimeter

PbSc Layer

Imaging Layer

Barrel HCAL 
(sPHENIX re-use)



29Luciano Musa (CERN) | QM2023 | 9 September 2023

Particle Identification 

EIC EPICPID continues to be a trademark of HI facilities
• FAIR / CBM: RICH, TOF, TRD, Muon ID

• LHC / ALICE 3: RICH, TOF, Muon ID
• EIC / EPIC: DIRC, RICH, TOF, Calorimetry

a important also for future e+e- facilities

Time of Flight: AC-LGAD, CMOS with gain layer, SiPM

Novel developments & trends 

RICH: 
• “biomimetic” approach to arrange optical elements to focus light into sensors
• photon sensors: 2.5 and 3D SiPM, LAPPD

Cherenkov Angle and ToF measurement with one detector
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Cherenkov light detectors 

ALICE 3 - proximity focused (aerogel) 
RICH with projective geometry

5

compact and cost-effective solution for broad momentum coverage at forward rapidity

● radiators: aerogel (n ~ 1.02) and C2F6 (n ~ 1.0008)

● mirrors: large outward-reflecting, 6 open sectors

● sensors: 3x3 mm2 pixel, 0.5 m2 / sector
○ single-photon detection inside high B field (~ 1 T)
○ outside of acceptance, reduced constraints
○ best candidate for SiPM option

spherical mirrors

photosensors

aerogel
4 cm gas volume

120 cm

IP

h

example event (accumulated hits)

The dual-radiator (dRICH) for forward PID at EIC

Cherenkov-PID
pfRICH mRICH hpDIRC dRICH

Review 20.-21.3.
decision anticipated soon

[ECCE prop][ATHENA prop]

F. Bock (ORNL) ePIC detector March 30, 2023 9 / 25

EPIC dual radiator 
(d-RICH)

CBM RICH

RICH cellular layout

Roger Forty A compact RICH for a Higgs Factory 4

• Challenge to arrange optical elements so that Cherenkov light focused 
onto a single sensor plane, as the detector radial thickness is reduced

• Concept inspired by the compound-eye of an insect:  tile the plane 
with many separate cells, each with its own mirror and sensor array

• Use spherical focusing mirrors:  focal length = radius-of-curvature/2 
→ select radius-of-curvature R ≈ 30 cm for radiator thickness of 15 cm

Simulate tracks 
from IP crossing 
detector uniformly 
over acceptance 
and ray trace 
Cherenkov photons 
to sensor plane:

Ring radii = R∙C /2
 1 cm (3.6 cm)
for gas (aerogel)

Choose 8 x 8 cm2 sensor plane

Detected photons from:
aerogel + gas at high p / 10 / 5 GeV

ARC detector (one cell)

https://www.findlight.net/blog/2019/01/23/artificial-compound-eyes/

ARC performance
• Resolution optimized, now using 

~ 1300 similar hexagonal cells

• Optical layout has been optimized 
via a standalone ray-tracing study:  
adjusting the position, curvature 
and tilt of mirrors and sensors for 
each of the 39 unique cells 

• Geometry has been described in 
Key4hep in collaboration with the 
FCC software group 

• Details will be presented by 
Alvaro Tolosa Delgado in the 
PED: Software and Computing
session this afternoon

Roger Forty PID and photodetector R&D for FCC 17

Alvaro Tolosa Delgado

Endcap Barrel
Martin Tat

K-π separation

From standalone simulation, 
including 2T B-field

(to be followed up with the 
full Geant4 simulation)

Gerardo Ganis et. al

Martin Tat

Optimized mirror layout

→ Excellent K-π separation predicted 
over momentum range 2–50 GeV/c

LHCb & FCC-ee) (“biomimetic” approach) - tile the plane 
with separate cells, each with its own mirror, sensor array  

advanced optics

CO2 radiator, spherical mirrors, MAPMT
EPIC DIRC

5

compact and cost-effective solution for broad momentum coverage at forward rapidity

● radiators: aerogel (n ~ 1.02) and C2F6 (n ~ 1.0008)

● mirrors: large outward-reflecting, 6 open sectors

● sensors: 3x3 mm2 pixel, 0.5 m2 / sector
○ single-photon detection inside high B field (~ 1 T)
○ outside of acceptance, reduced constraints
○ best candidate for SiPM option

spherical mirrors

photosensors

aerogel
4 cm gas volume

120 cm

IP

h

example event (accumulated hits)

The dual-radiator (dRICH) for forward PID at EIC

better quality image 



Cherenkov Angle and ToF with one detector 

L=2cm
proxim

ity gap (~20cm
)

aerogel

coating 
SiPM array

charged particle

C
herenkov light

charged particle

Cluster ReflectedReflected

SiPM coating 
(e.g. silicone/epoxy)

gas
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Cherenkov light for TOF measurement in a thin radiator

Single SPAD dark counts can be filtered out from signal clusters

Time resolution improves
• Single SiPM 𝜎, improves (signal over several SPADs)
• Weighted average of signals from several SiPMs
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Bianca Sabiu, Alice Upgrade Week, 05/2023 FBK NUV-HD-RH SiPM
(1x1 mm2, 20 μm SPADs, 
72% Fill Factor)

More on TOF Resolution Simulation

Protection Layers:
SR1 – 1 mm silicone resin (n=1.5)
SR15 – 1.5 mm silicone resin (n=1.5)
ER1 – 1 mm epoxy resin (n=1.53)
WR – without protection layer

F. Carnesecchi, et al., Understanding the direct 
detection of charged particles with SiPMs
https://dx.doi.org/10.1088/1748-0221/17/06/P06007
https://doi.org/10.48550/arXiv.2210.13244

Talk by P. Antonioli tomorrow

Simulation for 5 GeV/c pions

for single SiPM 𝜎#= 60 ps

Springer Nature 2021 LATEX template

10

Fig. 7: Measured time resolution as a function of the number n of firing SPADs
for the sensors described in Section 2 at 4 V OV. The last value of WR is
intended to be for signals with �3 SPADs firing.

Table 1: Time resolution with respect to a selected number n of firing SPADs
of di↵erent types of SiPMs at 4 V OV. The percentage Fn is the rounded mean
fraction of events with a signal corresponding to n SPADs with respect to the
total. The last value of WR is intended to be for signals with �3 SPADs firing.

SR15 SR1 ER1 WR

n � (ps) Fn(%) � (ps) Fn(%) � (ps) Fn(%) � (ps) Fn(%)
SPADs

1 - ⇠0 43± 15 ⇠0 53± 11 .1 56± 4 ⇠81
2 37± 5 ⇠0 35± 4 .1 43± 6 ⇠1 78± 6 ⇠16
3 30± 4 .1 31± 4 ⇠1 41± 6 .3 84± 10 ⇠3
4 23± 4 .2 22± 3 .3 31± 3 ⇠5 - -
5 18± 4 .4 19± 4 .5 25± 3 ⇠8 - -
6 17± 4 ⇠5 17± 4 .7 20± 3 .12 - -
7 14± 5 .8 14± 3 .10 18± 3 .13 - -
8 13± 4 ⇠9 12± 4 ⇠11 18± 4 ⇠10 - -
�9 14± 4 ⇠71 13± 3 ⇠63 17± 3 ⇠48 - -

Time resolutions better than 20 ps are obtained for n SPADs � 6. The
results indicate that the number of SPADs is the main contributor to the
improvement of the time resolution. Moreover, for the sensors with protection
layers, the fraction of events with a small number of SPADs is low (see Table
1). As a consequence, such detectors would have a huge noise rejection, when
compared to the standard use of SiPMs in detecting photons: indeed a thresh-
old above 3 SPADs would keep an e�ciency higher than 99% making rid of the
noise due to DCR and correlated CT. Note that the limitations of the present
Front End electronic jitter contribution to the timing resolution may imply a

Tests at the CERN PS (prelim.)
mainly p and 𝜋 @ 12 Gev /c

Time resolution 10-20 ps
for number of fired pixels ≥ 6 (> 90% of events!)

simulation for 5 GeV/c pions 
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Conclusions

• Landscape of AA and eA facilities in the short and long-term, will span a wide energy 
spectrum and at increasingly higher intensities

• These advancements call for higher precision, faster, and more sophisticated detector 
technologies

• The new facilities and detectors offer remarkable opportunities for conducting 
comprehensive investigations into hot and dense quark matter as well as cold QCD matter. 

• Detector technology innovation will remain a driving force behind the advancement of our 
research 

• Close collaboration with industrial partners essential to access and effectively leverage the 
most advanced technologies 



S. Ruan NIM A 892 (2018)   J.C. Yang et al., NIM B 317 (2013)

CSR External-targe Experiment

Hadron spectrometer
• acceptance: 2o – 90o

• interaction rates: > 100 kHz
• free- streaming DAQ

Focus on event-by-event fluctuations and 
correlations hadron production and flow 

New campus in Huizhou (Guangdong)
under construction (2018 – 2025) 

Day-one physics in 2025

CEE @ the High Intensity Accelerator Facility (HIAF)

High-intensity synchrotron Booster Ring (569 m)
• Extraction energy: 0.2-0.8 GeV / u
• Operation period: 3-10 s, Intensity (238U) ~1011/pulse
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Status of the HIAF Accelerator Facility in China

Lijun Mao
on behalf of the HIAF project team

RuPAC – 2021, 28th, Sept



Fig. 3.7: Charged particle flux for an instantaneous luminosity of 30 ·1034 cm�2s�1. Values are averaged
over the azimuthal angle �. The origin of the coordinate system corresponds to the nominal collision
point.

two in the barrel tracker at 2.5 and 4.8 m and three in the forward tracker at 7.5, 12, and 16 m. Figure 3.8,
in the right plot, also shows the flux distribution in the second forward muon chamber at z = 21 m.

The values in the barrel tracker range from 2 · 10
10 cm�2s�1 in the first pixel layer at r = 2.5 cm to

10
6 cm�2s�1 at larger radii. The peak structure, visible in the distributions at z = 2.5 and 4.8 m, reflects

the position of the cylindrical tracking stations. The flux rises above 7 · 10
6 cm�2s�1 at the entrance of

the ECAL, while it is reduced to 1.5 · 10
5 cm�2s�1 at the entrance of the barrel HCAL.

Values are significantly higher in the endcap calorimeters, up to 10
8 cm�2s�1 in the ECAL and

up to 10
7 cm�2s�1 in the HCAL. Particles produced in these subdetectors impact on the nearby tracking

stations, as can be seen in Fig. 3.8. The fluence distribution in the forward tracking station at z = 7.5 m
shows a bump at a radial distance of about 90 cm, due to particles coming from the hot spot in the endcap
ECAL. The second bump, followed by a rapid flux decrease, is due to the entrance into the endcap HCAL.

In the forward calorimeters the flux rises to 10
11 cm�2s�1 in the ECAL and 4 · 10

10 cm�2s�1 in
the HCAL. From there, particles populate the nearby tracking stations. Beyond a radius of 40 m, the flux
values at z = 12 and 16 m, presented in the right plot of Fig. 3.8, are a factor of two to three higher than
those in the tracker barrel, shown on the left plot.

Thanks to the presence of the shielding around the forward calorimeter, the charged particle rate in
the barrel and in the outer endcap muon chambers does not exceed 500 cm�2s�1. The charged particle
rate is dominated by electrons, created from high energy photons in the MeV range. These photons
are created by processes related to thermalisation and capture of neutrons that are produced in hadron
showers, mainly in the forward region. These processes immerse the muon system and the cavern in a
‘gas’ of high energy photons that convert to electrons in the muon chamber material. Because of their
relatively low energy, these electrons curl around the magnetic field lines and reveal the B-field, as seen
in Fig. 3.7. The rate in the inner endcap muon system goes up to 104 cm�2s�1 due to the leakage coming
from the gap between barrel and endcap calorimeters. These rates are comparable to those in the ATLAS,
CMS and LHCb muon systems and the gaseous detectors employed in these experiments can therefore
be adopted in these regions. The values in the forward muon system are, instead, significantly higher, as
shown by the orange curve in plot (b) of Fig. 3.8. The rate decreases by two orders of magnitude between
5 and 10 cm, thanks to the presence of the shielding between the beampipe and the muon chambers, but
is still of the order of 108 cm�2s�1 for z > 20 m, almost 8 · 10

8 cm�2s�1 in the first muon chamber
downstream the forward calorimeter. It is only at a radial distance of 1 m from the beampipe that the rate
decreases to 500 · 10

3 cm�2s�1, comparable to the rates in the LHCb muon system.
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First tracker layer (R = 2.5 cm)

• Particle flux:  20 GHz cm-2

• Data throughput: 0.3 Tbit s-1 cm-2

Assuming 𝐿 = 30 * 10"# 𝑐𝑚"$𝑠"% and 30 𝑎𝑏"%

Present technologies cannot sustain these values up to R = 40cm  a novel detectors needed! 

• Fluency: 5.5 x 1017 1Mev Neq cm-2

Meeting Tomorrow’s Demands: Innovations Needed
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FCC-hh nominal average pile-up: 
O(1000) =  5-7 x HL-LHC  =   33 x LHC 

up versus ⌘ for pT = 1GeV/c tracks. The individual curves demonstrate that increasing the bunch size
in z from 75mm to 150mm leads to a positive effect similar to the relaxation of the requirement on track
timing resolution from 5 ps to 25 ps per track.
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Fig. 6.24: Effective pile-up for tracker in tilted layout, nominal FCC-hh environment with hµi = 1000

and pT = 1GeV/c. The effective pile-up is expressed as a function of time resolution per track: �t =

25 ps (red), �t = 5 ps (blue), 1D vertexing – no timing (black), and two bunch sizes in z: nominal
�
bunch

z = 75 mm (solid lines) and increased �
bunch

z = 150mm (dashed lines).

In order to cover the full FCC-hh detector acceptance |⌘| < 6.0, the combination of both ap-
proaches is suggested as beneficial for the future detector layout, i.e. the tracking system with timing
measurement capabilities and the FCC-hh accelerator system providing a larger luminous region. In ad-
dition, the �t improves as 1/

p
N with N being the number of timing measurements, hence there is no

direct requirement implied by this study to have technology with an extreme 5 ps resolution; the track-
ing system with several layers/rings providing timing information can compensate for an extreme single
measurement time resolution. The value of 5 ps is chosen in the study as an overall ‘hard’ limit arising
from the limit on clock distribution. Finally, in comparison to the current ATLAS [96] or CMS [97] ex-
periments, the FCC-hh tracking system is significantly larger in length. Therefore, an enlarged luminous
region is not expected to have a significant negative impact on the overall detector hermeticity.

6.4.4 Flavour tagging performance
Tagging heavy flavour jets will be extremely relevant in various aspects of the FCC-hh physics pro-
gramme such as Higgs and top physics. In particular, tagging multi-TeV jets will be crucial for BSM
searches such as Z 0

! tt̄ or bb̄, see Chapter 10, Section 10.3. Flavour tagging performance represents
one of the main key drivers for the vertex detector design. In this section, two approaches to flavour
tagging are studied: a traditional track-based tagger and a novel hit-based approach.

In the track-based approach the identification of heavy flavour jets is based on the impact parame-
ters of the tracks in the jet, and on the identification of displaced secondary vertices compatible with the
decay of a heavy flavour long-lived hadron. This approach requires the full event reconstruction: track
reconstruction, calorimeter clustering, particle flow object reconstruction and identification, primary and
secondary vertex reconstruction, etc. In this study the well understood CLIC_SiD detector concept and
software reconstruction chain (introduced in Section 6.2.2), which was used in the linear collider stud-
ies [98], is used to estimate the flavour tagging performance of the FCC-hh detector. The details on this
study are documented in Ref. [107].

105

• 4D vertexing with additional track 
time-stamp is essential! 

• Yet, very challenging beyond 𝜂 > 4
even for 𝛿𝑡 = 5 − 10𝑝𝑠



Advanced on-chip signal processing (“edge processing”) 

Modern 3D hybrid stacking technology with multiple layers 
(Imager, DRAM, logic processor) 

In recent years, attempts to integrate AI in imagers
Despite of a low-performance eye-lens and limited bandwidth to the brain, the human visual system generates 
stunning images with a low-power, sparse and asynchronous stream of digital spike events
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integrate sophisticated digital processing, 
including AI (the pixel sensor as first layer of AI)

several layers for measurement of space (small pixels, 
no time) and time coordinates (larger pixels, fast timing)

Image sensor equipped with AI processing functionality
SONY – IMX500, May 2020

12 M pixel, 1.55µm pitch, 5.6 x 5.6 mm2

Pixel Chip

Logic Chip 

AI
Imager Sensor with AI

3D stacking
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