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Electron Ion Collider

2015 - US Nuclear Physics Long Range Plan: “a high-energy high-luminosity polarized EIC 
[is] the highest priority for new facility construction following the completion of FRIB.”

1. How does the mass of the nucleon arise?

The Science Mission

2. How does the spin of the nucleon arise?

3. What are the emergent properties of dense systems of gluons?

Jan 2020 – U.S. DOE gives EIC CD-0 (Mission 
Need) and selects BNL to host the EIC

2012

“The quantitative study of matter in 
this new regime [where abundant 
gluons dominate] requires a new 
experimental facility: an Electron Ion 
Collider.”

2018 – National Academy EIC Review: “The committee find 
that the science than can be addressed by the EIC is compelling, 
fundamental and timely.”

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

26-28 Jan 2021     
EIC CD-1 (Alternative 
and Cost Range)
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u Center of Mass Energies:    20 GeV – 140 GeV

u Maximum Luminosity: 1034 cm-2s-1

u e, p, A Beam Polarization: > 70%

u Ion Species Range: p to Uranium

Design using most of the existing RHIC facility

Utilize existing operational hadron collider:
Ep: 41, 100 … 275 GeV / Eion: 41 … 110 GeV/n
Add electron storage ring (Ee: 5 … 18 GeV), cooling in 
existing RHIC tunnel and electron injector. 
Two interaction regions

Electron Ion Collider 

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021
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EIC Project Planning

6

Aggressive Time Schedule: 
CD-1:    March 2021 

Alternative and Cost Range 
CD-2:    September 2022 

Performance baseline 
CD-3:    September 2023 

Start construction 
CD-4a:  September 2029 

Start operation 
CD-4b:  September 2031 

Full RF Power Installed

DOE’s outlines a series of 
staged project approvals, 
referred to as a “Critical 
Decision (CD)

CD-0: Mission Need CD-3: Start construction 
CD-1: Alternative and Cost Range CD-4a: Start operation
CD-2: Performance baseline CD-4b: Full RFPower Installed  

Worldwide Interest in EIC Program
http://www.eicug.org/

Electron Ion Collider 
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The EIC User Group 

Formed 2016 
• February 2021: 
• 1253 collaborators, 
• 33 countries, 
• 251 institutions

Setting the stage
Ongoing EIC User Group “Yellow Report” Effort (2020)
• Refine requirements and detector concept

EIC Project: EOI, May – November 2020
• EoI for potential cooperation on exp. equipment

Next (Mar – Dec 2021)
• Issue Call for Detector Proposals
• Start Selection of Detector(s)

http://www.eicug.org/web/
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Electron Ion Collider 
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• Large rapidity (-4 < h < 4) coverage; 
and far beyond in especially far-forward detector regions

• High precision low mass tracking
o small (µ-vertex) and large radius tracking 

• Electromagnetic and Hadronic Calorimetry
o equal coverage of tracking and EM-calorimetry

• High performance PID to separate p, K, p on track level
o also need good e/p separation for scattered electron

• Large acceptance for diffraction, tagging, neutrons from 
nuclear breakup: critical for physics program
o Many ancillary detector integrated in the beam line: low-Q2

tagger, Roman Pots, Zero-Degree Calorimeter, ….

• High control of systematics
o luminosity monitor, electron & hadron Polarimetry

Detector General Requirements 

Integration into Interaction Region is critical

Not further 
discussed 
here

Low pile-up, low multiplicity, data rate
~500kHz (full lumi)
Moderate radiation hardness

Main Challenges
• PID
• EMCal at < 2%/ √E 

8.7. INSTALLATION AND MAINTENANCE 115

Figure 8.36: CAD model of the EIC detector, with the artistic rendering of the calorimetry
subsystems.

Starting from the outer parts (the hadronic calorimeter, integrated into the solenoid flux
return) the central part of the detector will be assembled on its own support structure. The
inner barrel components (the solenoid cryostat, e/m calorimeter modules, PID detectors
and the central volume tracker) will be added to the assembly one by one, in sequence, as
is typically done for this type of detectors (e.g. BaBar and sPHENIX). Next the central piece
of the beam pipe, as well as the two pre-assembled halves of the vertex silicon tracker are
installed, with the latter ones connected to provide minimal clearance to the beam pipe.
The endcap tracker and PID detector modules will be installed afterwards, starting from
the inner modules.

Figure 8.37: Interaction Region vacuum chamber layout.

The installation sequence of the B0 magnet equipment and the pre-assembled main detec-
tor blocks can look like this:

Detector technologies still to be defined
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Electron Ion Collider 
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Detector requirements and design driven by EIC Physics program and defined by EIC Community

Physics Topics ➝ Processes ➝ Detector Requirements

Physics Working Group: 
Inclusive Reactions
Semi-Inclusive Reactions
Jets, Heavy Quarks
Exclusive Reactions
Diffractive Reactions & Tagging

Detector Working Group:
Tracking + Vertexing
Particle ID
Calorimetry
Far-Forward Detectors
DAQ/Electronics
Polarimetry/Ancillary Detectors
Central Detector: Integration & Magnet
Forward Detector: IR Integration

Provides critical input for detector proposals – handoff between Physics & Detector Working Groups in 
“interactive detector matrix”: Collects physics requirements “real time”, lists all technologies for a given region, 
and links to studies that established the numbers

EICUG: Yellow Report (YR) Initiative 
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EIC – Possible Detector Tehnologies

Source: EIC CDR Experimental Equipment, Nov 2020, Table 8.4
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Table 8.4: Possible detector technologies for the Main Detector fulfilling the Physics requirements.

system system components reference detectors detectors, alternative options considered by the community

tracking
vertex MAPS, 20 um pitch MAPS, 10 um pitch
barrel TPC TPC a MAPS, 20 um pitch MICROMEGAS b

forward & backward MAPS, 20 um pitch GEMs with Cr electrodes

ECal

barrel Pb/Sc Shashlyk SciGlass W powder/ScFi W/Sc Shashlyk
forward W powder/ScFi SciGlass Pb/Sc Shashlyk W/Sc Shashlyk
backward, inner PbWO4 SciGlass
backward, outer SciGlass PbWO4 W powder/ScFi W/Sc Shashlyk c

h-PID

barrel High performance DIRC & dE/dx (TPC) reuse of BABAR DIRC bars fine resolution TOF
forward, high p fluorocarbon gaseous RICH double RICH combining high pressure Ar RICH
forward, medium p aerogel aerogel and fluorocarbon
forward, low p TOF dE/dx
backward modular RICH (aerogel)

e/h separation forward TOF & areogel & gaseous RICH adding TRD
at low p backward modular RICH & TRD Hadron Blind Detector

HCal
barrel Fe/Sc RPC/DHCAL Pb/Sc
forward Fe/Sc RPC/DHCAL Pb/Sc
backward Fe/Sc RPC/DHCAL Pb/Sc

a TPC surrounded by a micro-RWELL tracker
b set of coaxial cylindrical MICROMEGAS
c also Pb/Sc Shashlyk

Possible detector technologies for the Main Detector fulfilling the physics requirements

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

Note: setup used for CD1 – many decisions still open a will be decided by the Collaboration
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EIC – performance of reference detector 
Source: EIC CDR Experimental Equipment, November 2020

Interactvie version of this matrix a Yellow Report Physics Working Group Wiki page: https://physdiv.jlab.org/DetectorMatrix/

14.02.21, 23:32

Page 1 of 1https://physdiv.jlab.org/cgi-bin/DetectorMatrix/view

η θ Nomenclature

Tracking Electrons and Photons π/K/p HCAL

Muons
Resolution Relative

Momentum
Allowed

X/X0
Minimum-pT Transverse

Pointing Res.
Longitudinal
Pointing Res.

Resolution
σE/E PID Min E Photon p-Range

(GeV/c) Separation
Resolution
σE/E Energy

< -4.6

↓ p/A

Far Backward
Detectors low-Q2 tagger

-4.6 to -4.0 Not Accessible

-4.0 to -3.5 Reduced Performance

Muons useful
for bkg,
improve

resolution

-3.5 to -3.0

Central
Detector

Backward
Detector

σp/p
~0.2%×p⊕5%

~5% or less X

70-150
MeV/c (B=1.5

T)

1%/E ⊕
2.5%/√E ⊕

1%

π
suppression
up to 1:1E-4

20 MeV

≤ 10 GeV/c

≥ 3 σ

50%/
√E⊕10%

~500MeV

-3.0 to -2.5

-2.5 to -2.0

σp/p~
0.04%×p⊕2%

-2.0 to -1.5 dca(xy) ~
40/pT µm ⊕

10 µm

dca(z) ~
100/pT µm ⊕

20 µm

2%/E ⊕(4-
8)%/√E ⊕

2%

π
suppression

up to 1:(1E-3 -
1E-2)

50 MeV
-1.5 to -1.0

-1.0 to -0.5

Barrel
σp/p

~0.04%×p⊕1%
200 MeV/c

dca(xy) ~
30/pT µm ⊕

5 µm

dca(z) ~
30/pT µm ⊕

5 µm

2%/E ⊕(12-
14)%/√E ⊕

(2-3)%

π
suppression
up to 1:1E-2

100 MeV ≤ 6 GeV/c 100%/
√E+10%

-0.5 to 0.0

0.0 to 0.5

0.5 to 1.0

1.0 to 1.5

Forward
Detectors

σp/p
~0.04%×p⊕2% 70 - 150

MeV/c (B = 1.5
T)

dca(xy) ~
40/pT µm ⊕

10 µm
dca(z) ~

100/pT µm ⊕
20 µm

2%/E ⊕
(4*-12)%/√E

⊕ 2%

3σ e/π up to
15 GeV/c 50 MeV ≤ 50 GeV/c 50%/

√E+10%

1.5 to 2.0

2.0 to 2.5

2.5 to 3.0 σp/p
~0.2%×p⊕5%3.0 to 3.5

3.5 to 4.0

↑ e

Instrumentation
to separate

charged
particles from

photons

Reduced Performance

4.0 to 4.5 Not Accessible

> 4.6 Far Forward
Detectors

Proton
Spectrometer

Zero Degree
Neutral

Detection

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

https://physdiv.jlab.org/DetectorMatrix/


IP6 hall doorway

IP6 hall center

• -4.5 /+5 m machine element free region for central detector
• 25 mrad crossing angle
• Individual detector component space allocations provided by the Yellow Report Working Groups 

hadrons electrons

9

Electron Ion Collider 

Reference Detector

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021
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EIC – Tracking 
Detector Requirements
• Vertex (central): sxyz∼ 20µm,  d0(z) ∼ d0(j) ∼ (20/pT GeV + 5) µm
• Resolution

• central: s(pT)/pT ∼ 0.05% ⋅pT ⨁ 0.5%
• fwd/bwd ( 1<|h| < 2.5): s(pT)/pT ∼ 0.05% ⋅pT ⨁ 1%
• fwd/bwd ( 2.5 <|h| < 3.5): s(pT)/pT ∼ 0.1% ⋅pT ⨁ 2%

• Material budget: X/X0 ≲ 5%
• Minimum pT: 100 MeV/c pions, 135 MeV/c Kaons

All-silicon option
6-layer barrel, 5+5 disks

Hybrid option
silicon vertex + TPC (barrel), 7 silicon disks for back/forward

EIC Detector Advisory Committee (DAC) Meeting, 28-29 September 2020 8

TRACKING CONCEPTUALLY, 3 COMPONENTS

• VERTEX, reference: 20 Pm pitch MAPS
• Extended BARREL, reference: TPC
• BACK/FORWARD TRACKERS, reference: 20 Pm pitch MAPS
Æ Vp/p = 0.05 * p ᄟ 0.5 % ;   Vx,y ~ 20 Pm 

NUMEROUS ALTERNATIVES CONSIDERED

HYBRID

• VERTEX: 20 Pm pitch MAPS
• BARREL: coaxial layers of PR-WELLs 
• BACK/FORWARD TRACKERS: 20 Pm pitch MAPS 

Si technology (for the 3 VERTEX layers)
20 Pm pitch MAPS Æ 10 Pm pitch MAPS

(ref. ALICE ITS3)
0.3 % X0/layer Æ 0.05% X0/layer

FULL SILICON 

• VERTEX: 20 Pm pitch MAPS
• BARREL & BACK/FORWARD TRACKERS:

further layers of 20 Pm pitch MAPS &
extended plane MAPS disks 

• Option: light (Cr) GEMs for the most external disks 

option: support tracking, 
time information  

Sensor: MAPS with ≤ 20µm pitch, …

Option: light (Cr) GEMs for the 
most external disks

Needs new sensor to meet EIC requirements 
a consortium of EIC groups joined the ongoing 
sensor development effort for ALICE ITS3 (CERN) 

EIC Detector Advisory Committee (DAC) Meeting, 28-29 September 2020 8

TRACKING CONCEPTUALLY, 3 COMPONENTS

• VERTEX, reference: 20 Pm pitch MAPS
• Extended BARREL, reference: TPC
• BACK/FORWARD TRACKERS, reference: 20 Pm pitch MAPS
Æ Vp/p = 0.05 * p ᄟ 0.5 % ;   Vx,y ~ 20 Pm 

NUMEROUS ALTERNATIVES CONSIDERED

HYBRID

• VERTEX: 20 Pm pitch MAPS
• BARREL: coaxial layers of PR-WELLs 
• BACK/FORWARD TRACKERS: 20 Pm pitch MAPS 

Si technology (for the 3 VERTEX layers)
20 Pm pitch MAPS Æ 10 Pm pitch MAPS

(ref. ALICE ITS3)
0.3 % X0/layer Æ 0.05% X0/layer

FULL SILICON 

• VERTEX: 20 Pm pitch MAPS
• BARREL & BACK/FORWARD TRACKERS:

further layers of 20 Pm pitch MAPS &
extended plane MAPS disks 

• Option: light (Cr) GEMs for the most external disks 

option: support tracking, 
time information  

option 1: TPC + external layer of MPGD, 
supports tracking + time
option 2: coaxial layers 
of µ-RWELLs

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

for back/forward regions

CLAS12
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EIC – hadron ID 
Requirements 
• p

±, K±, p± separation over a wide range |h| ≤ 3.5
• Resolution: p/K ∼ 3-4 s , K/p > 1 s
• Momentum-h correlation a different PID technology

• -5 < h < 2: 0.2 < p < 10 GeV/c
• 2 < h < 5: 0.2 < p < 50 GeV/c 

• Hadron cut-off: B=1T a pT > 200MeV, B=3T a pT > 500MeV 

Needs more than one technology to cover the entire kinematics

Major Challenge: PID
• E.g: Semi-inclusive Reactions in ep/

eA: 
‣ π±,K±,p± separation over a wide range 

|η|<~3.5 
‣ Excellent particle ID & momentum 

resolution at forward rapidities 
‣ Need to cover entire kinematic region 

in pT & z  
‣ need full -coverage around γ* 

• Excellent vertex resolution for Charm 
& Bottom tagging 

• momentum – η correlation ⇒ PID 
detector technology

φ

10

e-endcap

h-endcap

barrel

10x100 GeV
Q2 > 1 GeV2

p/Ae

rapidity

p 
(G

eV
/c

)

π±

Major Challenge for EIC Detectors: PID

19

• Physics Requirements 
‣ , ,  separation over a wide 

range  
‣Resolution 

‣π/K ~ 3-4 , 

‣K/p > 1  

• Momentum–  correlation ⇒ 
different PID detector technology 
‣ -5 < η < 2: 0.2 < p < 10 GeV/c 
‣ 2 < η < 5:  0.2 < p < 50 GeV/c

π± K± p±

|η | ≤ 3.5

σ
σ

η

π

• Hadron-cut off:  
‣ 1T-Magnet ⇒ pT > 200 MeV/c 
‣ 3T-Magnet ⇒ pT > 500 MeV/c

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

PID Techniques

• EIC will need for most of the 
physics 3-4 σ separation for π/
K and good K/p separation 

• Need more than one 
technology to cover the entire 
momentum ranges at different 
rapidities 

20

• Need absolute particle numbers at high purity and low contamination 
• EIC PID needs are more demanding then at most collider detector
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EIC – hadron ID 

Barrel
Reference: hpDIRC (high performance DIRC)
• Quartz bar radiator, light detection with MCP-PMTs
• Fully focused
• p/K separation ∼ 3 s @ 6 Gev/c
• Reuse of BaBar DIRC as alternative 

dE/dx from TPC, complementary
• expected resolution ∼ STAR, sPHENIX
TOF (∼ 1m lever arm)
• LGAD (Low Gain Avalanche Detector)

Forward

Reference: dRICH (dual RICH)
• Aerogel and C-F gas radiators
• Full momentum range
• Sensor: Si PMs (TBC)
• p/K separation ∼ 3 s @ 50 Gev/c

Windowless RICH
• Gaseous sensors (MPGDs), CF4 as radiator and sensor gas
• Low p complements required  (TOF with 2.5m lever arm/aerogel (mRICH)

HP-RICH (high-pressure RICH)
• Eco-friendly alternative to dRICH
• Ar @ 3.5 bar / 2 bar n C4F10 @ 1 bar / CF4 @ 1 bar

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

Requirements 
• p

±, K±, p± separation over a wide range |h| ≤ 3.5
• Resolution: p/K ∼ 3-4 s , K/p > 1 s
• Momentum-h correlation a different PID technology

• -5 < h < 2: 0.2 < p < 10 GeV/c
• 2 < h < 5: 0.2 < p < 50 GeV/c 

• Hadron cut-off: B=1T a pT > 200MeV, B=3T a pT > 500MeV 

R&D e.g.: add timing to the DIRC
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EIC – hadron ID 

Backward

Reference: mRICH
(Modular RICH)
• Aerogel Cherenkov 
• Focused by Fresnel lens
• e, p, K, p
• Sensor: SiPM / LAPPDs
• Adaptable to include TOF
• p/K separation 

∼ 3 s @ 10 Gev/c

HBD (Hadron Blind Detector) 
• Unfocussed CF4 Cherenkov det. 
• p-threshold ~ 4GeV
• New gain stage proposed to improve e/p separation

TOF with 2m lever arm, 2 options
• LAPPD (Large Area picos Photon Detector)

• MCP, Cherenkov in window, 5-10 psec

• LGAD (Low Gain Avalanche Detector)
• Silicon Avalanche, 25-35 ps
• Accurate space point for tracking 
• Relevant also for central barrel

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

Requirements 
• p

±, K±, p± separation over a wide range |h| ≤ 3.5
• Resolution: p/K ∼ 3-4 s , K/p > 1 s
• Momentum-h correlation a different PID technology

• -5 < h < 2: 0.2 < p < 10 GeV/c
• 2 < h < 5: 0.2 < p < 50 GeV/c 

• Hadron cut-off: B=1T a pT > 200MeV, B=3T a pT > 500MeV 
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ECal

REFERENCE
PbWO4 crystals (inner)
• compact, radiation 

hard, luminescence 
yield to achieve high 
energy resolution, 
including the lowest 
photon energies

• Sensor: SiPMs (TBC)
SciGlass (outer)
• EIC eRD1
• radiation hard, 

luminescence yield 
similar or better than 
crystals depending on 
longitudinal length

• Sensor: SiPMs (TBC)

Backward arm

Outer part, alternatives
• Pb/Sc, W/Sc Shashlik
• W powder/ScFi Sampling

High resolution important in 
region -3.5 < K < -2
• Determines electron 

kinematics
• Physics requires (1-ϮйͿͬя�
• Particle E: ~0.02 – 18 GeV

Year

Sc
al

e-
up

 S
ize

~7 X0

Particle Energy (GeV)

Feb. 2020Feb 2019

REFERENCE
W powder/ScFi
• Absorber: tungsten powder 

matrix with embedded 
scintillating fibers (0.5mm dia.)

• Modules can be made 2D 
projective

• Readout with light guides and 
SiPMs

Barrel

Forward arm

REFERENCE
Pb/Sc, W/Sc Shashlik
• Pb, W absorber ->  high density absorber 

can provide 8-ϭϱйͬя�͕�ĞŶĞƌŐǇ�ƌĞƐŽůƵƚŝŽŶ�
can be tuned by adjusting sampling 
fraction and frequency

Higher resolution
• PbWO4, SciGlass

W powder/ScFi
• Compact, resolution: 

(12-ϭϰͿйͬя�

In region -1 < K < 1 physics 
requires 10-ϭϮйͬя�
• Energies: 0.1 – 35 GeV

In region 1 < K < 3.5 physics 
ƌĞƋƵŝƌĞƐ�ϭϬйͬя�
• Particle energies: 0.5 – 100 GeV
• High Q2/high x

Pb/Shashlik, W/Sc Shashlik
SciGlass

Shashlik

W powder/ScFi
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EIC – ECal
Backward arm
High-resolution important in region -4 < h < -2
• Determines electron kinematics
• Physics requires ~2%/ /√ E
• Particle E: ~0.02 – 18 GeV
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ECal

REFERENCE
PbWO4 crystals (inner)
• compact, radiation 

hard, luminescence 
yield to achieve high 
energy resolution, 
including the lowest 
photon energies

• Sensor: SiPMs (TBC)
SciGlass (outer)
• EIC eRD1
• radiation hard, 

luminescence yield 
similar or better than 
crystals depending on 
longitudinal length

• Sensor: SiPMs (TBC)

Backward arm

Outer part, alternatives
• Pb/Sc, W/Sc Shashlik
• W powder/ScFi Sampling

High resolution important in 
region -3.5 < K < -2
• Determines electron 

kinematics
• Physics requires (1-ϮйͿͬя�
• Particle E: ~0.02 – 18 GeV

Year

Sc
al

e-
up

 S
ize

~7 X0

Particle Energy (GeV)

Feb. 2020Feb 2019

REFERENCE
W powder/ScFi
• Absorber: tungsten powder 

matrix with embedded 
scintillating fibers (0.5mm dia.)

• Modules can be made 2D 
projective

• Readout with light guides and 
SiPMs

Barrel

Forward arm

REFERENCE
Pb/Sc, W/Sc Shashlik
• Pb, W absorber ->  high density absorber 

can provide 8-ϭϱйͬя�͕�ĞŶĞƌŐǇ�ƌĞƐŽůƵƚŝŽŶ�
can be tuned by adjusting sampling 
fraction and frequency

Higher resolution
• PbWO4, SciGlass

W powder/ScFi
• Compact, resolution: 

(12-ϭϰͿйͬя�

In region -1 < K < 1 physics 
requires 10-ϭϮйͬя�
• Energies: 0.1 – 35 GeV

In region 1 < K < 3.5 physics 
ƌĞƋƵŝƌĞƐ�ϭϬйͬя�
• Particle energies: 0.5 – 100 GeV
• High Q2/high x

Pb/Shashlik, W/Sc Shashlik
SciGlass

Shashlik

W powder/ScFi

Outer part alternatives
• Pb/Sc, W/Sc Shashlik
• W poweder/ScFi Sampling

Barrel

REFERENCE
PbWO4 crystals (inner)
• Compact, radiation hard, luminiscence yield to achieve high 

energy resolution, including the lowest photon energies
SciGlass (Outer)
• EIC eRD51
• More cost efficient, easier manufacturing
• Potentially better optical properties
Sensor: SiPMs (TBC)

REFERENCE
Pb/Sc, W/Sc Shashlik
• Pb, W absorber g high density absorber can provide 8-15%/√ E, energy 

resolution can be tuned by adjusting sampling fraction and frequency

Physics requires  10-12%/√ E in region -1 < h < 1
• Particle E: ~0.1 – 35 GeV

W poweder/SciFi
• Compact, resolution 12-14%/ √ E
Higher resolution
• PbWO4, SciGlass
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ECal

REFERENCE
PbWO4 crystals (inner)
• compact, radiation 

hard, luminescence 
yield to achieve high 
energy resolution, 
including the lowest 
photon energies

• Sensor: SiPMs (TBC)
SciGlass (outer)
• EIC eRD1
• radiation hard, 

luminescence yield 
similar or better than 
crystals depending on 
longitudinal length

• Sensor: SiPMs (TBC)

Backward arm

Outer part, alternatives
• Pb/Sc, W/Sc Shashlik
• W powder/ScFi Sampling

High resolution important in 
region -3.5 < K < -2
• Determines electron 

kinematics
• Physics requires (1-ϮйͿͬя�
• Particle E: ~0.02 – 18 GeV

Year

Sc
al

e-
up

 S
ize

~7 X0

Particle Energy (GeV)

Feb. 2020Feb 2019

REFERENCE
W powder/ScFi
• Absorber: tungsten powder 

matrix with embedded 
scintillating fibers (0.5mm dia.)

• Modules can be made 2D 
projective

• Readout with light guides and 
SiPMs

Barrel

Forward arm

REFERENCE
Pb/Sc, W/Sc Shashlik
• Pb, W absorber ->  high density absorber 

can provide 8-ϭϱйͬя�͕�ĞŶĞƌŐǇ�ƌĞƐŽůƵƚŝŽŶ�
can be tuned by adjusting sampling 
fraction and frequency

Higher resolution
• PbWO4, SciGlass

W powder/ScFi
• Compact, resolution: 

(12-ϭϰͿйͬя�

In region -1 < K < 1 physics 
requires 10-ϭϮйͬя�
• Energies: 0.1 – 35 GeV

In region 1 < K < 3.5 physics 
ƌĞƋƵŝƌĞƐ�ϭϬйͬя�
• Particle energies: 0.5 – 100 GeV
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EIC – Photon Detection Technologies

Photon Detection Technology critical for many PID devices

Possible solution driven by detector performance and operational parameters, with cost optimizaton in mind

• High-gain: 105 - 106

• Small pixels with individual readout:   O(1mm pitch) 
• Good timing (even with small signals): ≲100ps (DIRC),    ≲ 800ps (mRICH, dRICH)
• Tolerance to magnetic field (1.5 - 3 T) and radiation (up to 1011 neq/cm2)

Viable candidates for EIC applications
• Multi-anode PMTs (MaPMTs)
• Commercial Microchannel-Plate PMTs (MCP-PMTs)

LAPPDs: very promising, but not yet suitable for EIC
a need pixelization 
a Reduce sensitivity to B field  

SiPM/SPAD: promising, quickly improving (driven mostly 
by automotive sector), cheap technology
a can be operated up to 3T 
a Reduce sensitivity to neutron damage 
a Reduce DCR (presently too high for DIRC applications)
a Increase fill factor  

R&D needs

GEM-based photosensors (low-cost, radiation hard)
• Improve performance in the UV useful for gas-only RICH
• develop of photocathode sensitive in the visible region

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

• Large-Area Picosecond Photodetectors (LAPPDs)
• Gaseous Electron Multipliers (GEMs) a for gas-only RICH
• Silicon PMs (SiPMs)
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Commissioning

Physics run

Run 3
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2012
1. What are the mechanisms of hadron formation in QCD? 
The Science Mission

2. Can we prove the realization of chiral symmetry restoration
(fundamental property of QCD)? 

3. Are there violations of fundamental properties of quantum field theories?

Developing the Science Case
• Idea for new dedicated heavy-ion experiment at the LHC developped within ALICE in the course of 2018
• Presented at the heavy-ion town meeting (CERN, Oct 2018) 
• Expression of Interest submitted as input to the EPPSU:

• Expression of Interest, Physics Briefing Book, Presentation Granada, Summary Granada
• Plans presented at several conferences in 2019, 2020   
• Physics and detector working groups formed (Sep 2020) to host physics discussion and detector studies
• Letter of Intent in preparation for submission to LHCC by end of 2021

ALICE 3: a next generation HI detector for Run 5+

Initiative supported 
in ESPPU

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

https://indico.cern.ch/event/746182/
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2012
Fast and ultra-thin detector with precise tracking and timing
• Ultra-lightweight silicon tracker with excellent vertexing
• Fast to profit from higher luminosity (also with nuclei lighter than Pb): 50-100x Run 3/4 
• Large acceptance a barrel + end caps Δη = 8
• Particle Identification: TOF determination (≲20 ps time resolution), Cherenkov, pre-shower/calorimetry 
• Kinematic range down to very low pT: ≲ 50 MeV/c (central barrel), ≈ 10 MeV/c forward (dedicated detector) 

Setup with B = 0.5 T

~12 tracking barrel layers + disks based on CMOS Active Pixel Sensors
Particle identification based on TOF, Cherenkov, em. shower
Dedicated forward detector for soft photons (conversion + Si tracker)

Further detectors under 
study (e.g. muon ID)

ALICE 3: a next generation HI detector for Run 5+

17Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021
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System System component Reference detector Alternative options Physics channel

Tracking

Central - Inner Tracker MAPS, < 10µm pitch - Multi-charmed baryons, dielectrons (HF 
rejection) 

Central - Outer Tracker MAPS,  ~ 20µm pitch - Multi-charmed baryons

Forward & Backward MAPS, ~ 20µm pitch - HF correlations, low-momentum dileptons 
and photons

h-PID
Central TOF + RICH (aerogel) TOF + DIRC fine resolution 

TOF (5ps) Multi-charmed baryons

Forward & Backward RICH (aerogel) + TOF RICH (gas) + TOF? fine resolution 
TOF (5 ps) Low pT pions: chiral production

e-h separation
Central TOF + RICH (aerogel) TOF + preshower/ECAL Di-electrons, quarkonia, X(3872)

Forward & Backward RICH (aerogel) + TOF Preshower/ECAL + TOF? Very low mass di-electrons

low-energy photons Forward Converter + Si-tracker High-resolution ECal Soft theorems

Ecal
Barrel

Sci-Crystal + Sci-
Glass (long. 
segmentation)

metal-scint
Photons, jets

Forward & backward Sci-Glass metal-scint

Muons Barrel Iron absorber + chambers New quarkonia, X(3872)

Possible detector technologies 

ALICE 3: a next generation HI detector for Run 5+
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2012Inner Tracker
• DCA resolution < 25 um at pT = 100 MeV/c

(first layer close to IP)

• X/X0 < 0.1 % / layer

• ultra-thin cylindrical CMOS sensors (MAPS)
with pixel pitch ≲ 10 um

• ~1014 1 MeV neq/cm2 @ R = 1 cm (1 month Ar-Ar)

Outer Tracker 
• relative pT resolution 

• central: ~2 % (η < 1.75)
• forward: ~10% (η = 3)

• overall material budget < 10 % X0

to maintain pT resolution in moderate B field (0.5 T)

• thin CMOS sensors (MAPS) with pixel pitch ~20 um

• ~1012 1 MeV n / cm2 @ R = 20 cm (1 month Ar-Ar)

ALICE 3: a next generation HI detector for Run 5+

Pixel timing resolution (resolve buch structure) < 25ns

19Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021
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Electron identification
• Low-mass di-electron spectra: 50 MeV/c < pT < 3 GeV/c

need hadron rejection > 1000x with electron efficiency > 80 %
• Electrical conductivity: 10 MeV/c < pT < 100 MeV/c 

electron ID in forward region (p boosted by x10 at η ~3)

Hadron identification
• HF decay chains: 50 MeV/c < pT < 5 GeV/c

> 3 sigma separation of π/K/p

Photon detection
• Very low-energy photons for soft theorems: 10 MeV/c < pT < 100 MeV/c

clean identification, energy measurement
• Pointing to primary vertex for background rejection O(mm)

Muon identification
• Quarkonia & exotica: extend muon identification to lower pT (~1 GeV/c )

Particle identification

forward conversion tracker

TOF with σTOF = 20 ps

ALICE 3: a next generation HI detector for Run 5+

20Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021



• Inner tracker
• minimal distance from IP requires retractable detector
• ultra-thin layout: flexible wafer-scale sensors (MAPS)
• position resolution O(1 um) requires small pixel pitch a small feature-size technologies

• Outer tracker
• large areas to instrument: develop cost-effective sensors & modules
• low material budget requires lightweight mechanics, cooling and services

• Time of Flight
• large areas to instrument: develop cost-effective sensors
• TOF resolution < 20 ps needed on the system level 

requires advances both on sensors and microelectronics

• Cherenkov
• aerogel RICH: large area of single photon efficient sensors (visible light)

(SiPM/SPAD, MAPS, LAPPD, …)
• or develop other geometries, e.g. DIRC, for large occupancy?

• Photon detection at low pT

• develop system for very low pT photons with pointing resolution

R&D needs and Challenges 

ALICE 3: a next generation HI detector for Run 5+
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Innermost layers with ultra-
thin, minimal material 
budget MAPS layers 
• Replace ALICE ITS 

innemorst layers in LS3
• Vertex layers for ALICE 3

R&D running full steam for ITS3

Tests on bent silicon devices
• Mechanical integration of 300mm wafer-scale 

dummy chips 
• Lab and beam tests of curved ALPIDEs
• Interconnection studies
Key role and drive in 65nm CIS process evaluation
• Test chips and systems under design

ITS3
overview

‣ R&D running at full steam

- 5 very active working groups


‣ Tests of bent silicon devices progress on all fonts:

- mechanical integration of 300 mm wafer-scale dummy 

chips

- lab and beam tests of ALPIDEs

- interconnection studies


‣ Key role and drive in 65 nm CMOS process evaluation:

- test chips and systems under design

- first submission imminent

28Magnus Mager (CERN) | ALICE status report | 144th LHCC open session | 18.11.2020 |

R&D kick-off (Dec 2019) after LHCC endorsement (Sep 2019)

R&D with bent 50 μm-thick ALPIDEs: they are flexible!open-cell carbon 

foam spacers

LoI/EoI: 3 layers of bent MAPS

Replacing the inner-most 
tracking layers with ultra-

thin, minimal material 
budget MAPS layers  in LS3

R&D LHCC-endorsed 
in Sep 2019

Submission in 65 nm process Bending of wafer-scale chips

ITS3
Testbeams with bent silicon detectors

‣ Two successful beams campaigns (Jun/Aug 
2020 at DESY)


‣ ALPIDEs bent in two different directions


‣ Paper on Jun results under internal review 




‣ Excellent performance is retained after bending!

29Magnus Mager (CERN) | ALICE status report | 144th LHCC open session | 18.11.2020 |

Jun 2020

ALPIDE testbeam telescope

Aug 2020

– preliminary –

ITS3
Testbeams with bent silicon detectors

‣ Two successful beams campaigns (Jun/Aug 
2020 at DESY)


‣ ALPIDEs bent in two different directions


‣ Paper on Jun results under internal review 




‣ Excellent performance is retained after bending!

29Magnus Mager (CERN) | ALICE status report | 144th LHCC open session | 18.11.2020 |

Jun 2020

ALPIDE testbeam telescope

Aug 2020

– preliminary –

R&D on cylindrical vertex layers

ALICE 3: a next generation HI detector for Run 5+
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Future: extend R&D to smaller feature-size technology (e.g. 28nm)



ALICE 3: a next generation HI detector for Run 5+
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Ultra-lightweight vertex and tracking detectors 

Positioning first layers as close to IP as possible

A (futuristic) rectractable Vertex Detector 

Need large R&D effort on advanced 
materials, mechanics and cooling

An example of ongoing studies for ALICE 3

Primary vacuum

Smooth transition to 
minimize impedance  

Secondary vacuum

5

25

35

16

[mm]
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Hadron-Electron Collisions at the LHC and FCCLHeC, PERLE and FCC-eh

50 x 7000 GeV2: 1.2 TeV ep collider

Operation: 2035+, Cost: O(1) BCHF

CDR: 1206.2913 J.Phys.G (550 citations)

Upgrade to 1034 cm-2s-1, for Higgs, BSM

CERN-ACC-Note-2018-0084 (ESSP)

arXiv:2007.14491, subm J.Phys.G

Powerful ERL for Experiments @ Orsay

CDR: 1705.08783 J.Phys.G

CERN-ACC-Note-2018-0086 (ESSP)

Operation: 2025+, Cost: O(20) MEuro

LHeC ERL Parameters and Configuration

Ie=20mA, 802 MHz SRF, 3 turns à

Ee=500 MeV à first 10 MW ERL facility

BINP, CERN, Daresbury, Jlab, Liverpool, Orsay (IJC), +

60 x 50000 GeV2: 3.5 TeV ep collider

Operation: 2050+, Cost (of ep) O(1-2) BCHF

Concurrent Operation with FCC-hh

FCC CDR: 

Eur.Phys.J.ST 228 (2019) 6, 474 Physics

Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+
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Ee=500 MeV à first 10 MW ERL facility
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FCC CDR: 

Eur.Phys.J.ST 228 (2019) 6, 474 Physics

Eur.Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

Future CERN Colliders: 1810.13022 Bordry+

50 x 7000 GeV2: 1.2 TeV ep collider
Operation: 2035+, Cost O(1) BCHF
CDR (2012): 1206.2913 J.Phys.G
Upgrade to 1034 cm-2s-1, for Higgs, BSM
CERN-ACC-Note-2018-0084 (ESSP)
Update CDR published in 2020
arXiv:2007.14491, subm J.Phys.G

Powerful ERL for Experiments @ Orsay
CDR: 1705.08783 J. Phys.G
CERN-ACC-Note-2018-0084 (ESSP)

Operation: 2025+, Cost: O(20) Meuro

LHeC ERL Parameters and Configuration
Ie = 20mA, 802 MHz SRF, 3 turns a
Ee=500 MeV a first 10 MW ERL facility

60 x 50000 GeV2: 3.5 TeV ep collider
Operation: 2050+ 
Cost(of ep) O(1-2) BCHF
Concurrent operation with FCC-hh
FCC CDR:
Eur.Phys.J.ST 228 (2019) 6, 474 Physics
Eur. Phys.J.ST 228 (2019) 4, 755 FCC-hh/eh

LHeC, PERLE and FCC-eh

Courtesy of M. Klein (HK Conference, 19.01.2021) 



Physics Targets throughout Kinematic Plane

3

- Standalone 
Higgs programme

- Revolutionary 
proton PDF precision 
enhances LHC new 
physics sensitivity 

- Elucidates low x
dynamics in ep & eA

- 4 orders of mag. in 
kinematic range of 
nuclear structure 

- No polarised targets 
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2012Published in 2020
CERN-ACC-Note-2020-0002
Geneva, July 28, 2020

���e

The Large Hadron-Electron Collider at the HL-LHC

LHeC and FCC-he Study Group

To be submitted to J. Phys. G

arXiv:2007:14491

5 page summary: ECFA Newsletter Nr. 5, Aug 20

Raison(s) d’être of ep/eA at the 
energy frontier

Cleanest High Resolution 
Microscope: QCD discovery

Empowering theLHC/FCC 
Search Programme

Trasnformation of LHCC/FCChh 
into high precision Higgs facility

Discovery (top, H, heavy v’s )

A unique Nuclear Physics 
Facility

Physics with Energy Frontier DIS

Courtesy of M. Klein (HK Conference, 19.01.2021), slides 3-4 
Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

Hadron-Electron Collisions at the LHC and FCC

https://arxiv.org/abs/2007.14491
https://cds.cern.ch/record/2729018/files/ECFA-Newsletter-5-Summer2020.pdf
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Figure 12.1: Side view of the updated baseline LHeC detector concept, providing an overview of the
main detector components and their locations. The detector dimensions are about 13m length and 9m
diameter. The central detector is complemented with forward (p, n) and backward (e, �) spectrometers
mainly for di↵ractive physics and for photo-production and luminosity measurements, respectively. See
text for details.

Figure 12.2: Side projection of the central part of the LHeC detector, illustrating also the solenoid and
electron-beam-steering dipoles. See text for further details.

12.3 Inner Tracking

12.3.1 Overview and Performance

A schematic view of the updated tracking region is shown in Fig. 12.5. The layouts in the
central, forward and backward directions have been separately optimised using the tkLayout
performance estimation tool for silicon trackers [893]. The result is seven concentric barrel
layers with the innermost layer approximately 3 cm from the beam line at its closest distance
and with approximately equal radial spacing thereafter. The tracker barrel is supplemented by
seven forward wheels and five backward wheels of which three in each direction comprise the
central tracker end-cap and, respectively, four and two, respectively, are mounted beyond the
central tracker enclosure.

317

LHeC Detector Design 7/2020

• High-resolution tracking system
o primary and secondary vertex 

resolution down to small angles
o precise pT measurement and matching 

to calorimeter

• Full coverage calorimetry
• Electron energy 10%/√E calibr. 0.1%
• Hadronic energy 10%/√E calibr. 1%
• Tagging of backward scattered electrons

and photons
• Tagging of forward scattered photons, 

neutrons and deuterons

• Full coverage muon system
• Tagging and combination with tracking, 

no independent p measurement

General detector requirements

Current design leans heavily on HL-LHC technologies
But they are over-spec’ed for radiation hardness

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

Hadron-Electron Collisions at the LHC and FCC
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LHeC Detector Design 7/2020

• LHeC will run simultaneously with the 
LHC a 3 beam IR with compatible optics

• Modular for assembly above ground and 
rapid installation

• No pileup

• Low radiation wrt pp

• Tracker radius: 60 cm

• Magnetic field: B = 3.5T

• Length x Diameter = 13 x 9 m2

Key elements to the detector design

Chalanging technology aspects related to the design of the interaction region

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

Hadron-Electron Collisions at the LHC and FCC
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3-beam ep/eA Interaction Region

Synchronous ep/pp operation! Non-interacting p beam to freely pass: aperture
Matching e and p beam sizes (experience from HERA, also for magnet placement)

Head-on collisions à
Dipole magnet before
Hadron Calorimeter

Head-on collisions: large synchrotron radiation fan from outgoing e-
beam a Eliptical beampipe accomodates synchrotron fan

Complex magnet configuration
• Solenoid Detector Magnet (3.5T)

• Dual dipole magnets (0.15 – 0.3 T) throughout 
detector region (|z| < 14m)
• to guide e-beam in and out 

• bend e-beam into head-on collision with p-beam
• Safely extract the distorted e-beam

• 3.5T superconducting NbTi/Cu solenoid in 4.6K liquid 
helium cryostat 

12

LHeC (CDR) Solenoid 3.5 T, 2.24 m OD, 7.1 m L

It will look like͙͙͙a stretched and squeezed ATLAS solenoid, 
2 T scaled up to 3.5T (2 layer coil, slightly less free bore but a bit longer)

Relatively small bore but long, and efficient coil with 1.8 m free bore, 7.1 m long
• у ϭϭ km Al stabilized NbTi/Cu superconductor for 10 kA 
• у ϴϬ MJ ƐƚŽƌed eneƌgǇ and у 24 t mass including cryostat.
No specific R&D needed, except detailed analysis of the dipole load case

³SWreWched and VqXee]ed ATLAS Volenoid´

2T scaled up to 3.5T

Synchronous ep/pp operation 

Baseline design concept relies on present technology for detector magnets

Solenoid and dipoles have a common support cylinder in a single cryostat; 
free bore of 1.8m; extending along the detector with a length of 10m

New ideas on thin magnets (cf. E. Perez at FCC workshop) and R&D programe for FCC relevant for LHeC 

H. Ten Kate (1st CERN EP-R&D Workshop)

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021

Hadron-Electron Collisions at the LHC and FCC



29

2012 • Complete coverage: -5 < h < +5.5
• Forward Region: dense, high density jets of few TeV

• Backward Region: in DIS only deposit of E < Ee

• Calorimeter depth
• ECAL: 30 X0 barrel & backward, ~ 50X0 forward
• HCAL: 7.1-9.3 LI barrel & backward; 9.2-9.6 LI forward

• Detector technologies (ala ATLAS): 
• ECal: Pb/LAr with accordeon geometry 
• HCAL: Pb/Scintillating tiles 
• Alternative: ECAL: Pb/Scintillator a eliminate cryogenics

Figure 12.11: Three-dimensional view of the arrangement of Hadronic-Calorimeter, experimental mag-
nets (solenoid and dipoles), the electromagnetic calorimeter and tracking detector layers.

Figure 12.12: The coil arrangement of the solenoid and dipoles system housing in a common cryostat.
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Barrel and the Hadronic-Calorimeter. The HCAL-Barrel sampling calorimeter using steel and
scintillating tiles as absorber and active material, respectively, provides the mechanical stability
for the Magnet/Dipole cryostat and the tracking system Fig. 12.11. How the solenoid/dipoles-
system would look like has been discussed in more detail in [1] and is illustrated by Fig. 12.12.
(and the LAr cryostat in a cold EMC version) along with the iron required for the return flux of
the solenoidal field. The main features of the new calorimeter layout are summarised in Tab. 12.3
and 12.4. The pseudorapidity coverage of the electromagnetic barrel is �1.4 < ⌘ < 2.4, whilst
the hadronic barrel and its end cap cover �1.5 < ⌘ < 1.9. Also including the forward and
backward plug modules, the total coverage is very close to hermetic, spanning �5.0 < ⌘ < 5.5.
The total depth of the electromagnetic section is 30 radiation lengths in the barrel and backward
regions, increasing to almost 50X0 in the forward direction where particle and energy densities
are highest. The hadronic calorimeter has a depth of between 7.1 and 9.6 interaction lengths,
with the largest values in the forward plug region.

Calo (LHeC) EMC HCAL

Barrel Ecap Fwd Barrel Ecap Bwd

Readout, Absorber Sci,Pb Sci,Fe Sci,Fe Sci,Fe
Layers 38 58 45 50
Integral Absorber Thickness [cm] 16.7 134.0 119.0 115.5
⌘max, ⌘min 2.4, �1.9 1.9, 1.0 1.6, �1.1 �1.5, �0.6
�E/E = a/

p
E � b [%] 12.4/1.9 46.5/3.8 48.23/5.6 51.7/4.3

⇤I / X0 X0 = 30.2 ⇤I = 8.2 ⇤I = 8.3 ⇤I = 7.1
Total area Sci [m2] 1174 1403 3853 1209

Table 12.3: Basic properties and simulated resolutions of barrel calorimeter modules in the new LHeC
detector configuration. For each of the modules, the rows indicate the absorber and sensitive materials,
the number of layers and total absorber thickness, the pseudorapidity coverage, the contributions to the
simulated resolution from the sampling (a) and material (b) terms in the form a/b, the depth in terms
or radiation or interaction lengths and the total area covered by the sensitive material. GEANT4 [892]
simulation based fits using crystal ball function [899–901].

Calo (LHeC) FHC FEC BEC BHC
Plug Fwd Plug Fwd Plug Bwd Plug Bwd

Readout, Absorber Si,W Si,W Si,Pb Si,Cu
Layers 300 49 49 165
Integral Absorber Thickness [cm] 156.0 17.0 17.1 137.5
⌘max, ⌘min 5.5, 1.9 5.1, 2.0 �1.4, �4.5 �1.4, �5.0
�E/E = a/

p
E � b [%] 51.8/5.4 17.8/1.4 14.4/2.8 49.5/7.9

⇤I / X0 ⇤I = 9.6 X0 = 48.8 X0 = 30.9 ⇤I = 9.2
Total area Si [m2] 1354 187 187 745

Table 12.4: Basic properties and simulated resolutions of forward and backward plug calorimeter mod-
ules in the new LHeC detector configuration. For each of the modules, the rows indicate the absorber
and sensitive materials, the number of layers and total absorber thickness, the pseudorapidity coverage,
the contributions to the simulated resolution from the sampling (a) and material (b) terms in the form
a/b, the depth in terms or radiation or interaction lengths and the total area covered by the sensitive
material. GEANT4 [892] simulation based fits using crystal ball function [899–901].

The performance of the new calorimeter layout has been simulated by evaluating the mean sim-
ulated response to electromagnetic (electron) and hadronic (pion) objects with various specific
energies using GEANT4 [892] and interpreting the results as a function of energy in terms of
sampling (a) and material / leakage (b) terms in the usual form �E/E = a/

p
E � b. Example
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Barrel Calorimeters 

Barrel and the Hadronic-Calorimeter. The HCAL-Barrel sampling calorimeter using steel and
scintillating tiles as absorber and active material, respectively, provides the mechanical stability
for the Magnet/Dipole cryostat and the tracking system Fig. 12.11. How the solenoid/dipoles-
system would look like has been discussed in more detail in [1] and is illustrated by Fig. 12.12.
(and the LAr cryostat in a cold EMC version) along with the iron required for the return flux of
the solenoidal field. The main features of the new calorimeter layout are summarised in Tab. 12.3
and 12.4. The pseudorapidity coverage of the electromagnetic barrel is �1.4 < ⌘ < 2.4, whilst
the hadronic barrel and its end cap cover �1.5 < ⌘ < 1.9. Also including the forward and
backward plug modules, the total coverage is very close to hermetic, spanning �5.0 < ⌘ < 5.5.
The total depth of the electromagnetic section is 30 radiation lengths in the barrel and backward
regions, increasing to almost 50X0 in the forward direction where particle and energy densities
are highest. The hadronic calorimeter has a depth of between 7.1 and 9.6 interaction lengths,
with the largest values in the forward plug region.

Calo (LHeC) EMC HCAL

Barrel Ecap Fwd Barrel Ecap Bwd

Readout, Absorber Sci,Pb Sci,Fe Sci,Fe Sci,Fe
Layers 38 58 45 50
Integral Absorber Thickness [cm] 16.7 134.0 119.0 115.5
⌘max, ⌘min 2.4, �1.9 1.9, 1.0 1.6, �1.1 �1.5, �0.6
�E/E = a/

p
E � b [%] 12.4/1.9 46.5/3.8 48.23/5.6 51.7/4.3

⇤I / X0 X0 = 30.2 ⇤I = 8.2 ⇤I = 8.3 ⇤I = 7.1
Total area Sci [m2] 1174 1403 3853 1209

Table 12.3: Basic properties and simulated resolutions of barrel calorimeter modules in the new LHeC
detector configuration. For each of the modules, the rows indicate the absorber and sensitive materials,
the number of layers and total absorber thickness, the pseudorapidity coverage, the contributions to the
simulated resolution from the sampling (a) and material (b) terms in the form a/b, the depth in terms
or radiation or interaction lengths and the total area covered by the sensitive material. GEANT4 [892]
simulation based fits using crystal ball function [899–901].

Calo (LHeC) FHC FEC BEC BHC
Plug Fwd Plug Fwd Plug Bwd Plug Bwd

Readout, Absorber Si,W Si,W Si,Pb Si,Cu
Layers 300 49 49 165
Integral Absorber Thickness [cm] 156.0 17.0 17.1 137.5
⌘max, ⌘min 5.5, 1.9 5.1, 2.0 �1.4, �4.5 �1.4, �5.0
�E/E = a/

p
E � b [%] 51.8/5.4 17.8/1.4 14.4/2.8 49.5/7.9

⇤I / X0 ⇤I = 9.6 X0 = 48.8 X0 = 30.9 ⇤I = 9.2
Total area Si [m2] 1354 187 187 745

Table 12.4: Basic properties and simulated resolutions of forward and backward plug calorimeter mod-
ules in the new LHeC detector configuration. For each of the modules, the rows indicate the absorber
and sensitive materials, the number of layers and total absorber thickness, the pseudorapidity coverage,
the contributions to the simulated resolution from the sampling (a) and material (b) terms in the form
a/b, the depth in terms or radiation or interaction lengths and the total area covered by the sensitive
material. GEANT4 [892] simulation based fits using crystal ball function [899–901].

The performance of the new calorimeter layout has been simulated by evaluating the mean sim-
ulated response to electromagnetic (electron) and hadronic (pion) objects with various specific
energies using GEANT4 [892] and interpreting the results as a function of energy in terms of
sampling (a) and material / leakage (b) terms in the usual form �E/E = a/

p
E � b. Example
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Forward/Backward Calorimeters 

CDR-2020 (arXiv:2007:14491), tables 12.3 and 12.4

LHeC – The Large Hadron-Electron Collider at the HL-LHC
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Figure 12.1: Side view of the updated baseline LHeC detector concept, providing an overview of the
main detector components and their locations. The detector dimensions are about 13m length and 9m
diameter. The central detector is complemented with forward (p, n) and backward (e, �) spectrometers
mainly for di↵ractive physics and for photo-production and luminosity measurements, respectively. See
text for details.

Figure 12.2: Side projection of the central part of the LHeC detector, illustrating also the solenoid and
electron-beam-steering dipoles. See text for further details.

12.3 Inner Tracking

12.3.1 Overview and Performance

A schematic view of the updated tracking region is shown in Fig. 12.5. The layouts in the
central, forward and backward directions have been separately optimised using the tkLayout
performance estimation tool for silicon trackers [893]. The result is seven concentric barrel
layers with the innermost layer approximately 3 cm from the beam line at its closest distance
and with approximately equal radial spacing thereafter. The tracker barrel is supplemented by
seven forward wheels and five backward wheels of which three in each direction comprise the
central tracker end-cap and, respectively, four and two, respectively, are mounted beyond the
central tracker enclosure.
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For reasons described in Sect. 12.3.2, HV-CMOS MAPS sensors can be employed, restricting
material associated with the pixel sensors to just 0.1 mm per layer. The strip detector sensors
have a larger thickness of 0.2 mm. The preferred active silicon solutions vary with radial distance
from the interaction point, so as to provide the highest spatial resolution in the layers closest
to the the interaction point. The barrel is formed from one layer of pixel-wafers, with three
layers of macro-pixels between 10 cm and 30 cm radius and a further three layers of strip-sensors
beyond 30 cm. The end-cap wheels and the forward tracker also contain combinations of the
three types of sensor, whilst the backward tracker consists of macro-pixels and strips only.

Figure 12.5: Schematic side-view of the tracker, subdivided into forward and backward parts and
including disks as well as barrel components. The layers/wheels forming the barrel part are enclosed
by the red-dotted box. The innermost pixel layers are coloured red, the macro-pixel layers are shown
in black and the strip detectors in blue. For the forward and backward wheels, possibly formed with
separate rings, (outside the dashed red box), the pixels, macro-pixels and strip detectors are shown in
light green, dark green and blue, respectively.

Tabs. 12.1 and 12.2 summarise the overall basic properties of the tracker modules, including
total numbers of channels and total area of silicon coverage, as well as spatial resolutions and
material budgets. The inner barrel has a pseudorapidity coverage |⌘| < 3.3 for hits in at least
one layer, increasing to |⌘| < 4.1 when the endcaps are also taken into account. The additional
disks beyond the central tracker enclosure extend the coverage to ⌘ = 5.3 and ⌘ = �4.6 in the
forward and backward directions, respectively. Fig. 12.6 illustrates the coverage in more detail,
displaying the numbers of layers that provide acceptance as a function of pseudorapidity in both
the forward and backward directions, also broken down into di↵erent sensor types. Charged
particles are sampled in between 5 and 8 layers throughout the entire range �3.5 < ⌘ < 4, with
sampling in at least two layers provided for �4.2 < ⌘ < 5.

Spatial resolutions in the r � � plane, driven by the sensor pitches, reach 7.5 µm for the pixel
layers. The resolutions are propagated using tkLayout to produce simulated charged particle
transverse momentum resolutions, as shown in Fig. 12.7. Both active and passive material
contributions are included, with a 2.5 mm Be beam pipe thickness. An excellent resolution
(�pT /pT ) at the level of 1� 2% is achieved over a wide range of pseudorapidity and momentum.
The precision degrades slowly in the forward direction, remaining at the sub 10% level up to
very forward pseudorapidities ⌘ ⇠ 4.5. Central tracks with transverse momenta up to 1 TeV are
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• 7 concentric layers + 7/5 forw/backw disks 

• Coverage: |h| ≲ 5;  Rout ≈60cm, Rin ≈ 3cm
• Total active Si surface: ≈ 41 m2

• Impact resolution: 5-10µm
• Technologies: MAPS, Si-strips 

Tracker (LHeC) Inner Barrel ECAP

pix pixmacro strip pix pixmacro strip

⌘max,⌘min 3.3, �3.3 2.1, �2.1 1.4, �1.4 ±[4.1, 1.8] ±[2.4, 1.5] ±[2.0, 0.9]
Layers (Barrel) 1 3 3
Wheels (ECAP) 2 1 1-3
Modules/Sensors 320 4420 3352 192 192 552
Total Si area [m2] 0.3 4.6 17.6 0.8 5.6 3.3
Read-out-Channels [106] 224.5 1738 20.6 322.4 73.3 17.0
pitchr�� [µm] 25 100 100 25 100 100
pitchz [µm] 50 400 50k 2) 50 400 10k 1)

Average X0/⇤I [%] 7.2 / 2.2 2.2 / 0.7
1) Reaching pitchr�� when using two wafer layers rotated by 20mrad is achievable.

Table 12.1: Summary of the main properties of the Barrel and Endcap tracker modules based on
calculations performed using tkLayout [893]. For each module, the rows correspond to the pseudorapidity
coverage, numbers of barrel and disk layers, numbers of sensors, total area covered by silicon sensors,
numbers of readout channels, the hardware pitches a↵ecting the (r��) and the z resolution, respectively,
and the average material budget in terms of radiation lengths and interaction lengths. Where appropriate,
the numbers are broken down into separate contributions from pixels, macro-pixels and strips. See
Tab. 12.2 for a sum of all tracker components.

Tracker (LHeC) Fwd Tracker Bwd Tracker Total

pix pixmacro strip pixmacro strip (incl. Tab. 12.1)

⌘max,⌘min 5.3,2.6 3.5,2.2 3.1,1.6 �4.6, �2.5 �2.9, �1.6 5.3,�4.6
Wheels 2 1 3 2 4
Modules/Sensors 180 180 860 72 416 10736
Total Si area [m2] 0.8 0.9 4.6 0.4 1.8 40.7
Read-out-Channels [106] 404.9 68.9 26.4 27.6 10.6 2934.2
pitchr�� [µm] 25 100 100 100 100
pitchz [µm] 50 400 50k 2) 400 10k 1)

Average X0/⇤I [%] 6.7 / 2.1 6.1 / 1.9
incl. beam pipe [%] 40 / 25

1) Reaching pitchr�� when using two wafer layers rotated by 20mrad is achievable.

Table 12.2: Summary of the main properties of the forward and backward tracker modules in the revised
LHeC detector configuration based on calculations performed using tkLayout [893]. For each module,
the rows correspond to the pseudorapidity coverage, numbers of disk layers, numbers of sensors, total
area covered by silicon sensors, numbers of readout channels, the hardware pitches a↵ecting the (r � �)
and the z resolution, respectively, and the average material budget in terms of radiation lengths and
interaction lengths. The polar angle dependence and decomposition of X0 and ⇤I are shown in Fig. 12.9.
Where appropriate, the numbers are broken down into separate contributions from pixels, macro-pixels
and strips. The column Total contains the sum of corresponding values in tables 12.1 and 12.2.
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Barrel & ECAP Layers/Wheels
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FCC-eh – The Large Hadron-Electron Collider at the FCC

Similar schemes in collision with protons of 7 TeV (LHeC), 
13 TeV (HE-LHeC) and 50 TeV (FCC-eh)

Detector for ep at a 
Future Circular Collider 

- Detector 
scales in 
size by up to 
ln(50/7)~ 2

- Double solenoid + Dipole

- Even longer track region 
to retain 1o performance

Detector scales in size by up to ln (50/7) ~2

Double Solenoid + Dipole

Even larger tracking region to retain 10 performance 

R&D Needs for LHeC and FCC-eh

• Current (baseline) proposal based on detecor technologies for HL-LHC and FCC-hh a no (need for) dedicated R&D
• Detector performance/cost optimization will benefit singificantly from R&D in several areas:

• High-resolution, low-power MAPS for vertex and inner tracking layers (low radiation envinronment)

• Low-power & low(er) cost silicon sensors and module assembly for (large surface) outer tracker 
• Progress on ECal technologies, in particular remove need for cryogenics

• R&D on thin magnet technologies

FCC-eh – The Large Hadron-Electron Collider at the FCC

Luciano Musa (CERN) – ECFA R&D Roadmap Input Session – 19th February 2021
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The challanging detector requirements for the EIC, ALICE 3 and LHeC/FCC-eh call for a broad R&D program
Trackers

• CMOS Active Pixel Sensors for vertex and tracking layers: small pitch pixels, low-power, fast timing 
• Low-cost, highly automated, module assembly, integration and test for large area trackers
• Advanced materials, mechanics and cooling
• Improved and novel micropattern gaseous detectors

Hadron and electon ID detectors
• TOF determination 
• Many different applications of RICH technologies  
a All critically depend on R&D on photon sensors a key to ultimate performance and cost 

High-precision calorimetry
• High-resolution ECal typically requires Lead Tungstate (PbWO4) crystals
• Crystals are expensive, few vendors a QA issues, moderate production capacity, raw material shortage 
a R&D on scintillating glasses and other materials

Others: microelectronics, free-streaming readout, magnets, … 



BACKUP
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EIC – radiation environment 

Source: EIC CDR Experimental Equipment, Nov 2020, Figures 8.6 and 8.7

Ionization Radiation dose and neutron fluency
20 GeV e-beam on 250 GeV p-beam

60 CHAPTER 8. THE EIC EXPERIMENTAL EQUIPMENT

detectors. This may be an important source of neutrons that thermalize within the detec-
tor hall. The large synchrotron radiation load could heat the beam pipe and residual gas
particles from the beam pipe walls could be released, which would lead to a degradation
of the vacuum. A crossing angle and short section of shared beam pipe in the EIC design
minimize the beam-gas problem.

A model of the interaction region-1 (IR1), ± 30 m, including all magnets, the tunnel walls,
the detector cavern, and a simplified representation of the detector have been created in
FLUKA. This is illustrated in Fig. 8.12. A more detailed view of the detector model is
presented in Fig. 8.14.

The studies of the dynamic vacuum in the IR are directly linked to the synchrotron ra-
diation flux impacting the beam pipe. Figure 8.13 illustrates the static vacuum (without
synchrotron radiation) in IR1, based on nominal out-gassing rates, the molecular flow con-
ductance of the beam pipe, and the pumping speed of the NEG pumps at ±4.5 m.

In order to efficiently simulate the interactions of the ion beam with the residual gas in the
beam-line vacuum, we artificially create a thin “pencil” (diameter 3mm) of air at pressure
PF = 100 mbar along the beam-line. A global view of the neutron fluence is presented in
the top panel of Figure 8.15. The simulation includes the full cascading and thermalization
of secondaries from the primary beam-gas interactions. The figure illustrates the fact that
the detector itself, especially the iron flux return, serves as both a neutron sink and neutron
source.

The energy spectrum of beam-gas induced neutron at the central Si Vertex Tracker (SiVT)

Figure 8.7: Neutron flux from the e+p collision at psep = 140 GeV studied using the BeAST
detector concept placed in the RHIC IP6 experimental hall.
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Figure 8.6: Ionizing radiation energy deposition from the e+p collision at psep = 140 GeV
studied using the BeAST detector concept.

broad tail distribution, has been generated. Figure 8.8 shows a view of the upstream elec-
tron beamline and IP, with synchrotron radiation generated by the last upstream dipole
and FFQ quadrupoles. Electrons enter from the lower left on the figure, at the location
of the last dipole, ⇡ 40 m from the IP. In the background, the IP itself is obscured by the
hourglass shape of the central region of the beam pipe.

The energy deposition in the Be beam pipe and Si Vertex Tracker layers is illustrated in
Figure 8.10. The dose (energy per mass) in the Si layers is plotted in the right panel of Fig-
ure 8.10. The photon flux in these figures is integrated over 0.465 µs of an 18 GeV electron
beam at the design current of 0.26 A, including a beam tail.

Furthermore, a GEANT4-based tool-set is being prepared to examine the hit rate that orig-
inates from the synchrotron radiation background in the full experiment apparatus. The
SynRad synchrotron radiation simulation [50] as prior discussed is interfaced with the de-
tector response as modeled in full detector GEANT4 simulations and the digitization model
of an EIC detector concept based on sPHENIX [48, 49], as illustrated in Figure 8.11. The
detector hit rate results are pending updated with the July-2020 beam chamber and optics
adjustment.

Beam gas interactions

Beam-gas interactions might occur when proton or ion beam particles collide with resid-
ual beam gas. Ion beam interactions with gas cause beam loss and halo which may reach

Max ionizing radiation dose: 2.5 kRad / year

Max fluency: ≲ 1010 neutrons/cm2 per year   
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