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III. What are the mechanisms of hadron formation in QCD? 

Key physics questions and drivers

IV. What are the mechanisms of chiral symmetry restoration in the QGP? 

a Systematic measurement of (multi-)charm and beauty hadrons 

I.   Nature of interactions with the QGP of highly energetic quarks and gluons

QGP temperature throughout its space-time evolution

a Precision measurements of dileptons 

• QCD chiral phase structure  (a fluctuations of conserved charges)
• Hadron interaction potential (a hadron-hadron correlations)
• ….

II. To what extent do quarks of different mass reach thermal equilibrium ? 
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A next-generation of the heavy-ion experiment 
for the LHC: 

ALICE 3
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Beyond Run 4 
Address fundamental questions will remain still open: 

 Fundamental QGP properties driving its constituents to equilibration 
 Hadronisation mechanisms of the QGP 
 Partonic equation of state and its temperature dependence 
 Underlying dynamics of chiral symmetry restoration

High luminosity for ions High luminosity LHC Higher luminosity for ions
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Beyond Run 4 
Address fundamental questions will remain still open: 
  

→ Next-generation heavy-ion experiment - First ideas at Heavy-Ion town meeting 2018 (arXiv:1902.01211)  
→ Letter of Intent for ALICE 3: 
Review concluded with very positive feedback by the LHCC in March 2022, recommendation to proceed 
with R&D (CERN-LHCC-2022-009)	

ALICE 3!

High luminosity for ions High luminosity LHC Higher luminosity for ions
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Systematic measurements of (multi-)heavy-flavoured hadrons down to low pT 
 Transport properties in the QGP down to thermal scale

 Mechanisms of hadronisation from the QGP


Hadron interaction and fluctuation measurements 
 Existence and nature of heavy-quark exotic bound states and interaction potential

 Search for super-nuclei (light nuclei with c) 
 Search for critical behaviour in event-by-event fluctuations of conserved charges 

Precision differential measurements of dileptons 
 Evolution of the quark-gluon plasma 
 Mechanisms of chiral symmetry restoration in the QGP 

Many more…

Goethe-University Frankfurt                                                                                                       Raphaelle Bailhache 5

pp p pPb Pb

Pb
O

Physics beyond Run 4

Relies on: 

•Precision differential measurements of dileptons 
•Evolution of the quark-gluon plasma

•Mechanisms of chiral symmetry restoration


•Systematic measurements of (multi-)heavy-flavoured hadrons down to low pT 
•Transport properties in the QGP down to thermal scale

•Mechanisms of hadronisation from the QGP


•Hadron interaction and fluctuation measurements 
•Existence and nature of heavy-quark exotic bound states 

•Search for super-nuclei (light nuclei with c)

•Search for critical behaviour in event-by-event fluctuations of conserved charges


Qualitative steps needed in detector performance and statistics

 next-generation heavy-ion experiment→

∿∿ γ*
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Physics beyond Run 4
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•Search for critical behaviour in event-by-event fluctuations of conserved charges


Qualitative steps needed in detector performance and statistics

 next-generation heavy-ion experiment→

∿∿ γ*

ALICE 3 | April 27th, 2022 | Jochen Klein 4

Physics for Run 5 & 6
Progress beyond Run 3 & 4 relies on

• Precision measurements of dileptons 
➟ evolution of the quark gluon plasma

➟ restoration of chiral symmetry  

(responsible for creation of hadron masses)


• Systematic measurements  
of (multi-)heavy-flavoured hadrons 
➟ interaction of partons and quark-gluon plasma

➟ mechanisms of hadronisation


• Study of hadron correlations 
➟ interaction potentials

➟ susceptibilty to conserved charges


• many more topics …
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Systematic measurements of (multi-)heavy-fl
 Transport properties in the QGP down to thermal scale
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Hadron interaction and fl
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 Search for critical behaviour in event-by-event fl

Precision diff
 Evolution of the quark-gluon plasma 
 Mechanisms of chiral symmetry restoration in the QGP 

Many more…
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2Charm quark transport 11

• For the first time in Pb-Pb at the LHC down to zero pT
• Low pT is dominated by charm diffusion in the medium (multiple elastic scatterings in 

QGP ”Brownian motion”)
• Charm meson nuclear modification factor and elliptic flow constrain the QGP 

diffusion coefficient. 
• 1.5<2!"# <4.5→ $charm ≃ 3−8fm/c 

ALICE, JHEP 01 (2022) 174 
ALICE, PLB 813 (2021) 136054 

Charm quark transport 11

• For the first time in Pb-Pb at the LHC down to zero pT
• Low pT is dominated by charm diffusion in the medium (multiple elastic scatterings in 

QGP ”Brownian motion”)
• Charm meson nuclear modification factor and elliptic flow constrain the QGP 

diffusion coefficient. 
• 1.5<2!"# <4.5→ $charm ≃ 3−8fm/c 

ALICE, JHEP 01 (2022) 174 
ALICE, PLB 813 (2021) 136054 

Charm quark transport 11

• For the first time in Pb-Pb at the LHC down to zero pT
• Low pT is dominated by charm diffusion in the medium (multiple elastic scatterings in 

QGP ”Brownian motion”)
• Charm meson nuclear modification factor and elliptic flow constrain the QGP 

diffusion coefficient. 
• 1.5<2!"# <4.5→ $charm ≃ 3−8fm/c 

ALICE, JHEP 01 (2022) 174 
ALICE, PLB 813 (2021) 136054 

Heavy quark propagating in the QGP interact with medium constituents 
Lose energy via elastic collisions and radiative processes  

Low pT heavy flavour interaction described by transport models in terms of diffusion coefficient (Ds) 
Multiple elastic scatterings in the QGP → “Brownian motion”


D0 measured down to zero pT (first time in Pb-Pb at the LHC) 
RAA and v2 measurements down to low pT → constrain diffusion coefficients Ds 

1.5 < 2𝛑DsTc < 4.5 → direct access to heavy flavour relaxation time: 𝝉charm ~ 3-8 fm/c

Run 1+2

LHCP2022 | May 18th, 2022 | 7

Heavy flavour transport

• Heavy quarks: access to quark transport at hadron level
• Expect beauty thermalisation slower than charm — smaller v2

• Need ALICE 3 performance (pointing resolution, acceptance) for precision 
measurement of e.g. Λc and Λb v2

Λc v2 performance Λb v2 performance

Lo
ng

 a
xi

s

Interactions with the plasma
generate azimuthal anisotropy v2:

!"
!# ∝ 1 + 2(!cos2(- − /)

Non-central 
collision

!" = ($"/&)(#
relaxation time

Jinjoo Seo - 2022 HIM02 JUL 2022 19

Heavy quark transport

Heavy quark diffusion

Collisional broadening
In low momentum region

Relaxation time

Depend on quark mass
Depend on diffusion coefficients

Semi-hard scattering

Radiative energy loss  
(i.e. gluon radiation)

In high momentum region 

< r2 > = 6 Ds t τQ = (mQ/T) Dŝq = < q2
⊥ > /λ

• Interactions - diffusion lead to thermalisation of heavy quarks
• Expect beauty thermalisation slower than charm → smaller v2

• Precise RAA and v2 measurements of charm and beauty hadrons down to low pT → diffusion coefficients Ds

➡ Precise measurement down to low pT with ALICE 3 thanks to unique pointing resolution and large acceptance

Data-to-model agreement: TAMU, MC@sHQ, 
LIDO, LGR, and Catania “selected”
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Determining transport coefficients: heavy flavour

20

ALI-SIMUL-308749
ALI-SIMUL-308763

New techniques being added to repertoire, e.g. event shape engineering

Elliptic flow v2

Measure RAA and v2 of charm to determine transport coefficients,

and test/validate models at the same time

Nuclear modification factor RAA

Run 3+4: high-precision beauty measurements; heavy flavor baryons

LHCP2022 | May 18th, 2022 | 7
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Upgrade week17

Extension to multicharm 
• Hadronisation mechanisms 

Extension to exotic states 
• χc1

RUN5 PROGRAM - FLOW STUDIES (2)
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J/ψ 2.5<y<4, 20%-40%
J/ψ 2.5<y<4, 20%-60%

Ξcc++ v2 performance

Extension to beauty Extension to multi-charm

Run 3+4 (w/ ITS2, 3): beauty measurements down to low pT including 
heavy flavor baryons 

Need ALICE 3 performance (pointing resolution, acceptance) for precision 
measurement of e.g. Λc, Λb , and multi-charm v2 

Determining transport properties with precision

Run 3+4 & Run 5
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Systematic measurements of (multi-)heavy-fl
 Transport properties in the QGP down to thermal scale

 Mechanisms of hadronisation from the QGP


Hadron interaction and fl
 Existence and nature of heavy-quark exotic bound states and interaction potential

 Search for super-nuclei (light nuclei with c) 
 Search for critical behaviour in event-by-event fl

Precision diff
 Evolution of the quark-gluon plasma 
 Mechanisms of chiral symmetry restoration in the QGP 

Many more…
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Physics beyond Run 4
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•Hadron interaction and fluctuation measurements 
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•Search for super-nuclei (light nuclei with c)

•Search for critical behaviour in event-by-event fluctuations of conserved charges


Qualitative steps needed in detector performance and statistics

 next-generation heavy-ion experiment→

∿∿ γ*
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Physics for Run 5 & 6
Progress beyond Run 3 & 4 relies on

• Precision measurements of dileptons 
➟ evolution of the quark gluon plasma

➟ restoration of chiral symmetry  

(responsible for creation of hadron masses)


• Systematic measurements  
of (multi-)heavy-flavoured hadrons 
➟ interaction of partons and quark-gluon plasma

➟ mechanisms of hadronisation


• Study of hadron correlations 
➟ interaction potentials

➟ susceptibilty to conserved charges


• many more topics …
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2Run 1+2Λ+
c production in Pb–Pb collisions at

√
sNN = 5.02 TeV ALICE Collaboration
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Figure 1: Left: pT-differential production yields of prompt Λ+
c in central (0–10%) and mid-central (30–50%)

Pb–Pb collisions at
√

sNN = 5.02 TeV. Right: Λ+
c /D0 ratio in central and mid-central Pb–Pb collisions at

√
sNN =

5.02 TeV compared with the results obtained from pp collisions [10, 11].

tion cross section was estimated with FONLL calculations [52, 53], the fraction of beauty quarks that
fragment into Λ0

b was estimated from the Λ0
b/(B

0 +B+) ratio measured by LHCb in pp collisions at√
s = 13 TeV [54], and the Λ0

b → Λ+
c +X decay kinematics taken from PYTHIA 8. Since no measure-

ments of beauty-baryon production in nucleus–nucleus collisions are available, the central hypothesis
of the ratio R

non−prompt
AA /R

prompt
AA was considered to be equal to 2 for Λ+

c as predicted by the “Catania”
theoretical calculation [6]. The resulting fprompt fraction was found to be about 0.97 at low pT and about
0.81 at high pT.

The systematic uncertainties of the Λ+
c corrected yields include contributions from the raw-yield extrac-

tion (from 7% to 15% depending on pT and centrality), the tracking efficiency (from 8% to 12%), the
Λ+

c selection efficiency (from 7% to 8%), the MC generated pT spectra (smaller than 8%), the statistical
uncertainty of the efficiency (1% at low pT and 4% at high pT), and the subtraction of feed-down Λ+

c
baryons from b-hadron decays which includes contributions from the theoretical beauty-quark cross sec-
tion (from 2% to 10%) and from the R

non−prompt
AA assumption (from 2% to 12%). As detailed in [46], all

uncertainties were estimated with similar procedures as those introduced in [10, 32, 39]. Furthermore, a
global systematic uncertainty due to the centrality interval definition (2% for mid-central, negligible for
central) [39] and the branching ratio (5.5%) [27] was assigned. For the RAA, the uncertainty of the pp
normalization uncertainty [10] and of the average nuclear overlap function [42] are included in the global
normalization uncertainty. The propagation of the systematic uncertainties to the Λ+

c /D0 ratio and to the
RAA are presented in the supplemental material [46].

The pT-differential production yields of prompt Λ+
c baryons are shown in Fig. 1 (left panel). The statis-

tical and total systematic uncertainties are shown as error bars and boxes, respectively, for all figures. In
the right panel of Fig. 1, the ratio between the production yields of Λ+

c baryons and D0 mesons, measured
in the same centrality intervals [39], are presented and compared with the pp measurement at the same
collision energy [10, 11]. The ratios increase from pp to mid-central and central Pb–Pb collisions for
4 < pT < 8 GeV/c with a significance of 2.0σ and 3.7σ , respectively. This enhancement is qualitatively
similar to what is observed for the p/π [55] and Λ/K0

S [56] ratios. The central and mid-central Λ+
c /D0

ratios in 12 < pT < 24 GeV/c are compatible with the measurement by CMS in 0–100% Pb–Pb collisions
in the similar pT > 10 GeV/c region [14]. For pT > 4 GeV/c, the ratio measured in central collisions re-
sembles in magnitude and pT trend the one reported by STAR in 2.5 < pT < 8 GeV/c in 10–80% Au–Au
collisions at

√
sNN = 200 GeV [33].

4

arXiv:2112.08156

Additional dynamics in central Pb-Pb collisions: Λc/D0 
enhancement at intermediate pT 
Suggests hadronization by recombination + mass-
dependent pT shift from collective expansion

Enhancement at low pT w.r.t to e+e-, ep collisions 
Universality of charm fragmentation among different collision 
system broken?


Well described by SHM+RQM, Catania and QCM
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 measurements in pp collisionsΛ+
c , Σ0,++

c
• Enhancement at low pT w.r.t to e+e-, ep collisions
➡Universality of charm fragmentation among different collision system broken?

• Well described by SHM+RQM, Catania and QCM
• The feed-down from  partially explains the  enhancement in pp collisionsΣ0,++

c Λ+
c /D0

Λ+
c ( ← Σ0,+,++

c )/Λ+
c = 0.38 ± 0.06(stat.) ± 0.06(syst.)PRL 128 (2022) 012001

PYTHIA 8 Monash 
(EPJC 74 (2014) 3024) 
PYTHIA 8 CR-BLC 
(JHEP 08 (2015) 003) 
Catania 
(PLB 821 (2021) 136622) 
SHM 
(PLB 795 (2019) 117-121) 
RQM 
(PRD 84 (2011) 014025)e+e-, ep 
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2Heavy flavour hadronisation
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ALI-SIMUL-308740
ALI-SIMUL-308729

Input for:

- Total HF cross sections: charm balance, shadowing

- Interplay strangeness enhancement and heavy flavors

- Baryon formation — coalescence

Baryon/meson ratios: charm and beauty Heavy-strange hadrons: Ds and Bs
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ALICE Upgrade Projection
 = 5.5 TeVNNsPb, −10% Pb−0

-1 = 10 nbintL

ALI−SIMUL−344151

Extend heavy flavour measurements to beauty sector, Ds, Bs, and baryons
Extend heavy flavor measurements to beauty sector, Ds, and baryons 
Important input for 

Total heavy-flavor cross sections

Interplay strangeness enhancement and heavy flavors

Baryon formation - coalescence 

Baryon/meson ratios: beauty Heavy-strange hadrons: Ds, non-prompt Ds

Run 3+4



MinJung Kweon, Inha University APCTP Workshop on the Physics of Electron Ion Collider

S

11

Extend to multi-charm hadronsOutline

• Mission of the ALICE experiment
• ALICE experiment 
• Highlights of the recent results 
• Collective dynamics 
• Jet and heavy quark dynamics
• Photons and Dileptons 
• Small systems 
• Femtoscopy and hadron interactions

• ALICE Run3 and Prospects
• Summary 

2

Test how independently produced quarks form hadrons  
→ Measurement of multi-charm hadrons 


Contribution from single parton scattering is very small

Very large enhancement predicted by Statistical hadronization 
model in Pb-Pb collisions


Progress relies on the reconstruction of complex decay chains 


⇒ With ALICE 3, measure additional states to test physical picture Goethe-University Frankfurt                                                                                                       Raphaelle Bailhache

Hadron formation

13

Multi-charm baryons: unique probe of hadron formation


• Require production of multiple charm quarks

• Contribution from single parton scattering very small


Very large enhancement predicted by Statistical hadronisation model 
in Pb—Pb collisions  Test degree of thermalisation
→

1x charm
2x charm
3x charm

Run 5 & 6

Run 3 & 4

cd

ct

Λc

Ωc J/ψ
Ξcc

Ωccc

Hadron yields in statistical hadronisation model 

c

c

c
c

c ̅

c

c ̅

c ̅

c ̅

Ωccc ALICE 2(.1): 

(Anti-)hypernuclei up to A = 4

Single-charm states (c = 1)


ALICE 3:

(Hyper-)nuclei with A > 4

Multi-charm states (c > 1)

Scaling with  for -charm statesgn
c n

A. Andronic, P. Braun-Munzinger, M. K. Koehler, A. Mazeliauskas,
K. Redlich, J. Stachel, V. Vislavicius, JHEP 07 (2021) 035

With ALICE 3 measure additional states to test physical picture 
Large  acceptance  Probe charm density dependence η →Jinjoo Seo - 2022 HIM02 JUL 2022 26

Multi-charm baryons

“Pure”  
coalescence  

particles

• Multi-charm baryons 
• Multi-charm baryons are produced via purely coalescence process.
• Multi-charm baryons are expected to show a large enhancement in AA collisions.

• Investigate microscopic thermalisation in the QCD medium.
➡ALICE 3 can give access to the multi-charm baryons thanks to unique pointing resolution and large acceptance

These measurements are very sensitive to the approach to chemical equilibrium!

Ex) ⌦++
ccc ! ⌅+

c +D+

⌅+
c ! p+K� + ⇡+

D+ ! K� + ⇡+ + ⇡+

<latexit sha1_base64="LZBxASY3JF7VdS3Yd9cphIbYZu8="></latexit>

Run 5
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Goethe-University Frankfurt                                                                                                       Raphaelle Bailhache

Multi-charm baryon reconstruction

14

First ALICE 3 tracking layer at 5 mm: 
• Track strange baryon ( ) before it decays

• High selectivity thanks to pointing resolution of  baryon 


 Unique experimental access with ALICE 3 in Pb—Pb collisions 
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Reconstruction of

Ξcc++ decay in the ALICE 3 trackerFirst ALICE 3 tracking layer at 5 mm


Track (non-prompt) strange baryon (Ξ-) before it decays 

High selectivity thanks to pointing resolution of Ξ- baryon 


⇒ Unique access with ALICE 3 in Pb-Pb collisions 
Same for Ωcc+ using non-prompt Ω- ! 
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ITS 3 as a strangeness tracker

• Many charged strange-particles have 𝒄𝝉 ∼ some cm, larger than ITS 3 inner barrel radius

… ITS 3 as a “MHz bubble chamber”!
• Charged strange-particle mini tracks might help to improve the secondary vertex reconstruction

Potentially useful for kink-
topology reconstruction

Ω− → 𝐾−Λ → 𝐾−𝑝𝜋−

Σ− → 𝑛𝜋− with ITS 2

Strangeness tracking, 
Like a bubble chamber

78 ALICE Collaboration

reach for daughter PID with the RICH detector provides a large reduction of the background
with respect to the ALICE 2 case. This provides a substantial advantage to ALICE 3 in the study
of mass-dependent effects for quenching with respect to both CMS and ATLAS.

As shown in the right panel of Fig. 29, ALICE 3 will also provide a much larger signal effi-
ciency. The excellent tracking and PID capabilities of ALICE 3 provide an excellent separation
between background and signal candidates without the need of applying very tight selections,
which results in an increase of the efficiency by about a factor 2–5 with respect to ALICE 2 (right
panel of Fig. 29), in addition to a much reduced background contamination. The larger efficiency
is especially critical for the measurements of higher-order cumulants of charmed-hadron multi-
plicity distributions (see Section 3.3.4 for more details).

Comparison to CMS and LHCb performance The CMS detector in Run 4 will be equipped
with a timing detector (MTD), which will provide hadron-PID capabilities at low-pT [277] at
midrapidity. The expected S/B for D0 ! K�p+ candidates in the interval 5< pT <6 GeV/c was
estimated to be approximately 0.03–0.1. These estimations were based on results presented in
the MTD Technical Design Report [277] and on an extrapolation that relies on a Run 2 CMS
measurement [278]. These values are significantly lower than those extracted in the same pT in-
terval with ALICE 3. A direct comparison with the performance expected for LHCb is currently
unavailable, since the LHCb Collaboration is still assessing its capabilities in central Pb–Pb
collisions. In p–Pb collisions, the estimated S/B ratio [279] is about 2.7 and 6.1 for D0 with
2 < pT < 3 GeV/c in the rapidity interval -4< y <-3.5 and 2.5< y <3.0, respectively. This
value is similar to the ALICE 3 one obtained in very high-multiplicity Pb–Pb collisions in the
same rapidity interval. In addition, this estimate is lower than the one obtained by ALICE 3
in central Pb–Pb collisions at central rapidity, where the ALICE 3 PID selection is much more
effective.

3.3.1.2 Multi-charm baryons: X++
cc and W+

cc
Measurements of the multi-charm baryons are a central part of the ALICE 3 physics program

(see Sec. 2.1.3). In the following, we demonstrate the physics performance for the X++
cc and W+

cc
baryons. ALICE 3, which is specifically designed for these studies, can effectively reconstruct
these rare hadrons in proton-proton and nucleus-nucleus collisions using strangeness tracking,
described in Section 3.2.1.3. The performance of the standard approach based on the recon-
struction of the decay daughters in pp collisions is presented for comparison.

X++
cc and W+

cc reconstruction using strangeness tracking
The ALICE 3 apparatus is ideally suited to perform the direct tracking of multi-strange hyperons,
which are the decay products of multi-charm baryons in the channels:

X++
cc ! X+

c +p+ ! X�+3p+ and W+
cc ! W0

c +p+ ! W�+2p+
. (10)

The properties of the charm and multi-charm baryons considered in these studies are reported in
Table 6.

82 ALICE Collaboration
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Figure 31: X++
cc and W+

cc efficiency as a function of pT with a 2.0 T magnetic field, in the strangeness-
tracking channel. Branching ratios of the various channels are given in Table 5 and are not taken
into account here.
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Figure 32: X++
cc and W+

cc significance in 0-10% central Pb-Pb collisions at
p

sNN = 5.52 TeV as a
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Expected significance in Pb-Pb

Run 5Int
ern

al

dra
ft

78 ALICE Collaboration

reach for daughter PID with the RICH detector provides a large reduction of the background
with respect to the ALICE 2 case. This provides a substantial advantage to ALICE 3 in the study
of mass-dependent effects for quenching with respect to both CMS and ATLAS.

As shown in the right panel of Fig. 29, ALICE 3 will also provide a much larger signal effi-
ciency. The excellent tracking and PID capabilities of ALICE 3 provide an excellent separation
between background and signal candidates without the need of applying very tight selections,
which results in an increase of the efficiency by about a factor 2–5 with respect to ALICE 2 (right
panel of Fig. 29), in addition to a much reduced background contamination. The larger efficiency
is especially critical for the measurements of higher-order cumulants of charmed-hadron multi-
plicity distributions (see Section 3.3.5 for more details).

Comparison to CMS and LHCb performance The CMS detector in Run 4 will be equipped
with a timing detector (MTD), which will provide hadron-PID capabilities at low-pT [278] at
midrapidity. The expected S/B for D0 ! K�p+ candidates in the interval 5< pT <6 GeV/c was
estimated to be approximately 0.03–0.1. These estimations were based on results presented in
the MTD Technical Design Report [278] and on an extrapolation that relies on a Run 2 CMS
measurement [279]. These values are significantly lower than those extracted in the same pT in-
terval with ALICE 3. A direct comparison with the performance expected for LHCb is currently
unavailable, since the LHCb Collaboration is still assessing its capabilities in central Pb–Pb
collisions. In p–Pb collisions, the estimated S/B ratio [280] is about 2.7 and 6.1 for D0 with
2 < pT < 3 GeV/c in the rapidity interval -4< y <-3.5 and 2.5< y <3.0, respectively. This
value is similar to the ALICE 3 one obtained in very high-multiplicity Pb–Pb collisions in the
same rapidity interval. In addition, this estimate is lower than the one obtained by ALICE 3
in central Pb–Pb collisions at central rapidity, where the ALICE 3 PID selection is much more
effective.

3.3.1.2 Multi-charm baryons: X++
cc and W+

cc
Measurements of the multi-charm baryons are a central part of the ALICE 3 physics program

(see Sec. 2.1.3). In the following, we demonstrate the physics performance for the X++
cc and W+

cc
baryons. ALICE 3, which is specifically designed for these studies, can effectively reconstruct
these rare hadrons in proton-proton and nucleus-nucleus collisions using strangeness tracking,
described in Section 3.2.1.3. The performance of the standard approach based on the recon-
struction of the decay daughters in pp collisions is presented for comparison.

X++
cc and W+

cc reconstruction using strangeness tracking
The ALICE 3 apparatus is ideally suited to perform the direct tracking of multi-strange hyperons,
which are the decay products of multi-charm baryons in the channels:

X++
cc ! X+

c +p+ ! X�+3p+ and W+
cc ! W0

c +p+ ! W�+2p+
. (10)

The properties of the charm and multi-charm baryons considered in these studies are reported in
Table 6.

Strangeness tracking:  
tracking directly non-prompt Ξ-  

decaying from Ξcc+
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Systematic measurements of (multi-)heavy-fl
 Transport properties in the QGP down to thermal scale

 Mechanisms of hadronisation from the QGP


Hadron interaction and fl
 Existence and nature of heavy-quark exotic bound states and interaction potential

 Search for super-nuclei (light nuclei with c) 
 Search for critical behaviour in event-by-event fl

Precision diff
 Evolution of the quark-gluon plasma 
 Mechanisms of chiral symmetry restoration in the QGP 

Many more…

Goethe-University Frankfurt                                                                                                       Raphaelle Bailhache 5

pp p pPb Pb

Pb
O

Physics beyond Run 4

Relies on: 

•Precision differential measurements of dileptons 
•Evolution of the quark-gluon plasma

•Mechanisms of chiral symmetry restoration


•Systematic measurements of (multi-)heavy-flavoured hadrons down to low pT 
•Transport properties in the QGP down to thermal scale

•Mechanisms of hadronisation from the QGP


•Hadron interaction and fluctuation measurements 
•Existence and nature of heavy-quark exotic bound states 

•Search for super-nuclei (light nuclei with c)

•Search for critical behaviour in event-by-event fluctuations of conserved charges


Qualitative steps needed in detector performance and statistics

 next-generation heavy-ion experiment→

∿∿ γ*

Goethe-University Frankfurt                                                                                                       Raphaelle Bailhache 5

pp p pPb Pb

Pb
O

Physics beyond Run 4

Relies on: 

•Precision differential measurements of dileptons 
•Evolution of the quark-gluon plasma

•Mechanisms of chiral symmetry restoration


•Systematic measurements of (multi-)heavy-flavoured hadrons down to low pT 
•Transport properties in the QGP down to thermal scale

•Mechanisms of hadronisation from the QGP


•Hadron interaction and fluctuation measurements 
•Existence and nature of heavy-quark exotic bound states 

•Search for super-nuclei (light nuclei with c)

•Search for critical behaviour in event-by-event fluctuations of conserved charges


Qualitative steps needed in detector performance and statistics

 next-generation heavy-ion experiment→

∿∿ γ*

ALICE 3 | April 27th, 2022 | Jochen Klein 4

Physics for Run 5 & 6
Progress beyond Run 3 & 4 relies on

• Precision measurements of dileptons 
➟ evolution of the quark gluon plasma

➟ restoration of chiral symmetry  

(responsible for creation of hadron masses)


• Systematic measurements  
of (multi-)heavy-flavoured hadrons 
➟ interaction of partons and quark-gluon plasma

➟ mechanisms of hadronisation


• Study of hadron correlations 
➟ interaction potentials

➟ susceptibilty to conserved charges


• many more topics …

c/b

c/̅b̅

c

c

c
c

c ̅

c

c ̅

c ̅

c ̅

Ωccc

e+e-

Hadron-hadron interaction
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Nature | Vol 588 | 10 December 2020 | 233

Y–N or Y–Y bound state. Although numerous theoretical predictions 
exist13,26–30, so far no clear evidence for any such bound states has been 
found, despite many experimental searches31–35.

Additionally, a precise knowledge of the Y–N and Y–Y interactions 
has important consequences for the physics of neutron stars. Indeed, 
the structure of the innermost core of neutron stars is still completely 
unknown and hyperons could appear in such environments depending 
on the Y–N and Y–Y interactions36. Real progress in this area calls for 
new experimental methods.

Studies of the Y–N interaction via correlations have been pioneered 
by the HADES collaboration37. Recently, the ALICE Collaboration has 
demonstrated that p–p and p–Pb collisions at the LHC are best suited 
to study the N–N and several Y–N, Y–Y interactions precisely8–12. Indeed, 
the collision energy and rate available at the LHC opens the phase 
space for an abundant production of any strange hadron38, and the 
capabilities of the ALICE detector for particle identification and the 
momentum resolution—with values below 1% for transverse momentum  
pT < 1 GeV/c—facilitate the investigation of correlations in momen-
tum space. These correlations reflect the properties of the interaction 
and hence can be used to test theoretical predictions by solving the 
Schrödinger equation for proton–hyperon collisions39. A fundamen-
tal advantage of p–p and p–Pb collisions at LHC energies is the fact 
that all hadrons originate from very small space-time volumes, with 
typical inter-hadron distances of about 1 fm. These small distances 
are linked through the uncertainty principle to a large range of the 
relative momentum (up to 200 MeV/c) for the baryon pair and enable 
us to test short-range interactions. Additionally, detailed modelling 
of a common source for all produced baryons15 allow us to determine 
accurately the source parameters.

Similar studies were carried out in ultrarelativistic Au–Au colli-
sions at a centre-of-mass energy of 200 GeV per nucleon pair by the 
STAR collaboration for Λ–Λ40,41 and p–Ω−42 interactions. This collision 
system leads to comparatively large particle emitting sources of 
3–5 fm. The resulting relative momentum range is below 40 MeV/c, 
implying reduced sensitivity to interactions at distances shorter 
than 1 fm.

In this work, we present a precision study of the most exotic among 
the proton–hyperon interactions, obtained via the p–Ω− correlation 
function in p–p collisions at a centre-of-mass energy s = 13 TeV at the 
LHC. The comparison of the measured correlation function with 
first-principle calculations13 and with a new precision measurement 
of the p–Ξ− correlation in the same collision system provides the first 
observation of the effect of the strong interaction for the p–Ω− pair. 
The implications of the measured correlations for a possible p–Ω− 
bound state are also discussed. These experimental results challenge 
the interpretation of the data in terms of lattice QCD as the precision 
of the data improves.

Our measurement opens a new chapter for experimental methods 
in hadron physics with the potential to pin down the strong interaction 
for all known proton–hyperon pairs.

Analysis of the correlation function
Figure 1 shows a schematic representation of the correlation method 
used in this analysis. The correlation function can be expressed theo-
retically43,44 as C(k*) = ∫d3r*S(r*) × |ψ(k*, r*)|2, where k* and r* are the 
relative momentum and relative distance of the pair of interest. S(r*) 
is the distribution of the distance r* = |r*| at which particles are emitted 
(defining the source size), ψ(k*, r*) represents the wavefunction of the 
relative motion for the pair of interest and k* = |k*| is the reduced rela-
tive momentum of the pair ( p pk = | − |/2% % %

2 1 ). Given an interaction poten-
tial between two hadrons as a function of their relative distance, a 
non-relativistic Schrödinger equation can be used39 to obtain the  
corresponding wavefunction and hence also predict the expected 
correlation function. The choice of a non-relativistic Schrödinger  
equation is motivated by the fact that the typical relative momenta 
relevant for the strong final-state interaction have a maximal value of 
200 MeV/c. Experimentally, this correlation function is computed as 
C(k*) = ξ(k*)[Nsame(k*)/Nmixed(k*)], where ξ(k*) denotes the corrections 
for experimental effects, Nsame(k*) is the number of pairs with a given 
k* obtained by combining particles produced in the same collision 
(event), which constitute a sample of correlated pairs, and Nmixed(k*) is 

Emission source S(r*)

Interaction

(k*, r*)

(k*, r*) 2

Schrödinger equation

Two-particle wavefunction

V(
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Fig. 1 | Schematic representation of the correlation method. a, A collision of 
two protons generates a particle source S(r*) from which a hadron–hadron pair 
with momenta p1 and p2 emerges at a relative distance r* and can undergo a 
final-state interaction before being detected. Consequently, the relative 
momentum k* is either reduced or increased via an attractive or a repulsive 
interaction, respectively. b, Example of attractive (green) and repulsive 
(dotted red) interaction potentials, V(r*), between two hadrons, as a function 
of their relative distance. Given a certain potential, a non-relativistic 
Schrödinger equation is used to obtain the corresponding two-particle 

wavefunction, ψ(k*, r*). c, The equation of the calculated (second term) and 
measured (third term) correlation function C(k*), where Nsame(k*) and Nmixed(k*) 
represent the k* distributions of hadron–hadron pairs produced in the same 
and in different collisions, respectively, and ξ(k*) denotes the corrections for 
experimental effects. d, Sketch of the resulting shape of C(k*). The value of the 
correlation function is proportional to the interaction strength. It is above 
unity for an attractive (green) potential, and between zero and unity for a 
repulsive (dotted red) potential.
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Search for possible DD bound states  
using two particle momentum correlation 

connected to source function/size and two-particle wave function

Behaviour of   Get information on interaction potential


Possible with ALICE 3 thanks to pointing resolution + large acceptance 
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Y–N or Y–Y bound state. Although numerous theoretical predictions 
exist13,26–30, so far no clear evidence for any such bound states has been 
found, despite many experimental searches31–35.

Additionally, a precise knowledge of the Y–N and Y–Y interactions 
has important consequences for the physics of neutron stars. Indeed, 
the structure of the innermost core of neutron stars is still completely 
unknown and hyperons could appear in such environments depending 
on the Y–N and Y–Y interactions36. Real progress in this area calls for 
new experimental methods.

Studies of the Y–N interaction via correlations have been pioneered 
by the HADES collaboration37. Recently, the ALICE Collaboration has 
demonstrated that p–p and p–Pb collisions at the LHC are best suited 
to study the N–N and several Y–N, Y–Y interactions precisely8–12. Indeed, 
the collision energy and rate available at the LHC opens the phase 
space for an abundant production of any strange hadron38, and the 
capabilities of the ALICE detector for particle identification and the 
momentum resolution—with values below 1% for transverse momentum  
pT < 1 GeV/c—facilitate the investigation of correlations in momen-
tum space. These correlations reflect the properties of the interaction 
and hence can be used to test theoretical predictions by solving the 
Schrödinger equation for proton–hyperon collisions39. A fundamen-
tal advantage of p–p and p–Pb collisions at LHC energies is the fact 
that all hadrons originate from very small space-time volumes, with 
typical inter-hadron distances of about 1 fm. These small distances 
are linked through the uncertainty principle to a large range of the 
relative momentum (up to 200 MeV/c) for the baryon pair and enable 
us to test short-range interactions. Additionally, detailed modelling 
of a common source for all produced baryons15 allow us to determine 
accurately the source parameters.

Similar studies were carried out in ultrarelativistic Au–Au colli-
sions at a centre-of-mass energy of 200 GeV per nucleon pair by the 
STAR collaboration for Λ–Λ40,41 and p–Ω−42 interactions. This collision 
system leads to comparatively large particle emitting sources of 
3–5 fm. The resulting relative momentum range is below 40 MeV/c, 
implying reduced sensitivity to interactions at distances shorter 
than 1 fm.

In this work, we present a precision study of the most exotic among 
the proton–hyperon interactions, obtained via the p–Ω− correlation 
function in p–p collisions at a centre-of-mass energy s = 13 TeV at the 
LHC. The comparison of the measured correlation function with 
first-principle calculations13 and with a new precision measurement 
of the p–Ξ− correlation in the same collision system provides the first 
observation of the effect of the strong interaction for the p–Ω− pair. 
The implications of the measured correlations for a possible p–Ω− 
bound state are also discussed. These experimental results challenge 
the interpretation of the data in terms of lattice QCD as the precision 
of the data improves.

Our measurement opens a new chapter for experimental methods 
in hadron physics with the potential to pin down the strong interaction 
for all known proton–hyperon pairs.

Analysis of the correlation function
Figure 1 shows a schematic representation of the correlation method 
used in this analysis. The correlation function can be expressed theo-
retically43,44 as C(k*) = ∫d3r*S(r*) × |ψ(k*, r*)|2, where k* and r* are the 
relative momentum and relative distance of the pair of interest. S(r*) 
is the distribution of the distance r* = |r*| at which particles are emitted 
(defining the source size), ψ(k*, r*) represents the wavefunction of the 
relative motion for the pair of interest and k* = |k*| is the reduced rela-
tive momentum of the pair ( p pk = | − |/2% % %

2 1 ). Given an interaction poten-
tial between two hadrons as a function of their relative distance, a 
non-relativistic Schrödinger equation can be used39 to obtain the  
corresponding wavefunction and hence also predict the expected 
correlation function. The choice of a non-relativistic Schrödinger  
equation is motivated by the fact that the typical relative momenta 
relevant for the strong final-state interaction have a maximal value of 
200 MeV/c. Experimentally, this correlation function is computed as 
C(k*) = ξ(k*)[Nsame(k*)/Nmixed(k*)], where ξ(k*) denotes the corrections 
for experimental effects, Nsame(k*) is the number of pairs with a given 
k* obtained by combining particles produced in the same collision 
(event), which constitute a sample of correlated pairs, and Nmixed(k*) is 
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Fig. 1 | Schematic representation of the correlation method. a, A collision of 
two protons generates a particle source S(r*) from which a hadron–hadron pair 
with momenta p1 and p2 emerges at a relative distance r* and can undergo a 
final-state interaction before being detected. Consequently, the relative 
momentum k* is either reduced or increased via an attractive or a repulsive 
interaction, respectively. b, Example of attractive (green) and repulsive 
(dotted red) interaction potentials, V(r*), between two hadrons, as a function 
of their relative distance. Given a certain potential, a non-relativistic 
Schrödinger equation is used to obtain the corresponding two-particle 

wavefunction, ψ(k*, r*). c, The equation of the calculated (second term) and 
measured (third term) correlation function C(k*), where Nsame(k*) and Nmixed(k*) 
represent the k* distributions of hadron–hadron pairs produced in the same 
and in different collisions, respectively, and ξ(k*) denotes the corrections for 
experimental effects. d, Sketch of the resulting shape of C(k*). The value of the 
correlation function is proportional to the interaction strength. It is above 
unity for an attractive (green) potential, and between zero and unity for a 
repulsive (dotted red) potential.
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Y–N or Y–Y bound state. Although numerous theoretical predictions 
exist13,26–30, so far no clear evidence for any such bound states has been 
found, despite many experimental searches31–35.

Additionally, a precise knowledge of the Y–N and Y–Y interactions 
has important consequences for the physics of neutron stars. Indeed, 
the structure of the innermost core of neutron stars is still completely 
unknown and hyperons could appear in such environments depending 
on the Y–N and Y–Y interactions36. Real progress in this area calls for 
new experimental methods.

Studies of the Y–N interaction via correlations have been pioneered 
by the HADES collaboration37. Recently, the ALICE Collaboration has 
demonstrated that p–p and p–Pb collisions at the LHC are best suited 
to study the N–N and several Y–N, Y–Y interactions precisely8–12. Indeed, 
the collision energy and rate available at the LHC opens the phase 
space for an abundant production of any strange hadron38, and the 
capabilities of the ALICE detector for particle identification and the 
momentum resolution—with values below 1% for transverse momentum  
pT < 1 GeV/c—facilitate the investigation of correlations in momen-
tum space. These correlations reflect the properties of the interaction 
and hence can be used to test theoretical predictions by solving the 
Schrödinger equation for proton–hyperon collisions39. A fundamen-
tal advantage of p–p and p–Pb collisions at LHC energies is the fact 
that all hadrons originate from very small space-time volumes, with 
typical inter-hadron distances of about 1 fm. These small distances 
are linked through the uncertainty principle to a large range of the 
relative momentum (up to 200 MeV/c) for the baryon pair and enable 
us to test short-range interactions. Additionally, detailed modelling 
of a common source for all produced baryons15 allow us to determine 
accurately the source parameters.

Similar studies were carried out in ultrarelativistic Au–Au colli-
sions at a centre-of-mass energy of 200 GeV per nucleon pair by the 
STAR collaboration for Λ–Λ40,41 and p–Ω−42 interactions. This collision 
system leads to comparatively large particle emitting sources of 
3–5 fm. The resulting relative momentum range is below 40 MeV/c, 
implying reduced sensitivity to interactions at distances shorter 
than 1 fm.

In this work, we present a precision study of the most exotic among 
the proton–hyperon interactions, obtained via the p–Ω− correlation 
function in p–p collisions at a centre-of-mass energy s = 13 TeV at the 
LHC. The comparison of the measured correlation function with 
first-principle calculations13 and with a new precision measurement 
of the p–Ξ− correlation in the same collision system provides the first 
observation of the effect of the strong interaction for the p–Ω− pair. 
The implications of the measured correlations for a possible p–Ω− 
bound state are also discussed. These experimental results challenge 
the interpretation of the data in terms of lattice QCD as the precision 
of the data improves.

Our measurement opens a new chapter for experimental methods 
in hadron physics with the potential to pin down the strong interaction 
for all known proton–hyperon pairs.

Analysis of the correlation function
Figure 1 shows a schematic representation of the correlation method 
used in this analysis. The correlation function can be expressed theo-
retically43,44 as C(k*) = ∫d3r*S(r*) × |ψ(k*, r*)|2, where k* and r* are the 
relative momentum and relative distance of the pair of interest. S(r*) 
is the distribution of the distance r* = |r*| at which particles are emitted 
(defining the source size), ψ(k*, r*) represents the wavefunction of the 
relative motion for the pair of interest and k* = |k*| is the reduced rela-
tive momentum of the pair ( p pk = | − |/2% % %

2 1 ). Given an interaction poten-
tial between two hadrons as a function of their relative distance, a 
non-relativistic Schrödinger equation can be used39 to obtain the  
corresponding wavefunction and hence also predict the expected 
correlation function. The choice of a non-relativistic Schrödinger  
equation is motivated by the fact that the typical relative momenta 
relevant for the strong final-state interaction have a maximal value of 
200 MeV/c. Experimentally, this correlation function is computed as 
C(k*) = ξ(k*)[Nsame(k*)/Nmixed(k*)], where ξ(k*) denotes the corrections 
for experimental effects, Nsame(k*) is the number of pairs with a given 
k* obtained by combining particles produced in the same collision 
(event), which constitute a sample of correlated pairs, and Nmixed(k*) is 

Emission source S(r*)

Interaction

(k*, r*)

(k*, r*) 2

Schrödinger equation

Two-particle wavefunction

V(
r*

) (
M

eV
)

k* (MeV/c)

r* (fm)

C
(k

*)

r*
p2

p1

C(k*) = ∫ d3r* = [(k*)
Nsame(k*)

Nmixed(k*)
S(r*)

Attractive
Repulsive 

Attractive
Repulsive 0

10

50 100 150 200

0.5 1.0 1.5 2.0

b

c

da

Correlation function

\

\

Fig. 1 | Schematic representation of the correlation method. a, A collision of 
two protons generates a particle source S(r*) from which a hadron–hadron pair 
with momenta p1 and p2 emerges at a relative distance r* and can undergo a 
final-state interaction before being detected. Consequently, the relative 
momentum k* is either reduced or increased via an attractive or a repulsive 
interaction, respectively. b, Example of attractive (green) and repulsive 
(dotted red) interaction potentials, V(r*), between two hadrons, as a function 
of their relative distance. Given a certain potential, a non-relativistic 
Schrödinger equation is used to obtain the corresponding two-particle 

wavefunction, ψ(k*, r*). c, The equation of the calculated (second term) and 
measured (third term) correlation function C(k*), where Nsame(k*) and Nmixed(k*) 
represent the k* distributions of hadron–hadron pairs produced in the same 
and in different collisions, respectively, and ξ(k*) denotes the corrections for 
experimental effects. d, Sketch of the resulting shape of C(k*). The value of the 
correlation function is proportional to the interaction strength. It is above 
unity for an attractive (green) potential, and between zero and unity for a 
repulsive (dotted red) potential.
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the number of uncorrelated pairs with the same k*, obtained by com-
bining particles produced in different collisions (the so-called 
mixed-event technique). Figure 1d shows how an attractive or repulsive 
interaction is mapped into the correlation function. For an attractive 
interaction the magnitude of the correlation function will be above 
unity for small values of k*, whereas for a repulsive interaction it will 
be between zero and unity. In the former case, the presence of a bound 
state would create a depletion of the correlation function with a depth 
increasing with increasing binding energy.

Correlations can occur in nature from quantum mechanical inter-
ference, resonances, conservation laws or final-state interactions. 
Here, it is the final-state interactions that contribute predominantly 
at low relative momentum; in this work we focus on the strong and 
Coulomb interactions in pairs composed of a proton and either a Ξ− or 
a Ω− hyperon.

Protons do not decay and can hence be directly identified within the 
ALICE detector, but Ξ− and Ω− baryons are detected through their weak 
decays, Ξ− → Λ + π− and Ω− → Λ + Κ−. The identification and momentum 
measurement of protons, Ξ−, Ω− and their respective antiparticles are 
described in Methods. Figure 2 shows a sketch of the Ω− decay and the 
invariant mass distribution of the ΛΚ− and ΛK¯ + pairs. The clear peak 
corresponding to the rare Ω− and Ω̄+

 baryons demonstrates the excel-
lent identification capability, which is the key ingredient for this meas-
urement. The contamination from misidentification is ≤5%. For the 
Ξ− (Ξ̄+

) baryon the misidentification amounts to 8%11.
Once the p, Ω− and Ξ− candidates and charge conjugates are selected 

and their 3-momenta measured, the correlation functions can be built. 
Since we assume that the same interaction governs baryon–baryon 
and antibaryon–antibaryon pairs8, we consider in the following the 
direct sum (⊕) of particles and antiparticles (p Ξ p Ξ p Ξ– ⊕ ¯ – ¯ ≡ –− + −  
and p Ω p Ω p Ω– ⊕ ¯ – ¯ ≡ –− + −). The determination of the correction ξ(k*) 
and the evaluation of the systematic uncertainties are described in 
Methods.

Comparison of the p–Ξ− and p–Ω− interactions
The obtained correlation functions are shown in Fig. 3a, b for the p–Ξ− 
and p–Ω− pairs, respectively, along with the statistical and systematic 
uncertainties. The fact that both correlations are well above unity 
implies the presence of an attractive interaction for both systems. For 
opposite-charge pairs, as considered here, the Coulomb interaction 

is attractive and its effect on the correlation function is illustrated 
by the green curves in both panels of Fig. 3. These curves have been 
obtained by solving the Schrödinger equation for p–Ξ− and p–Ω− pairs 
using the Correlation Analysis Tool using the Schrödinger equation 
(CATS) equation solver39, considering only the Coulomb interaction and 
assuming that the shape of the source follows a Gaussian distribution 
with a width equal to 1.02 ± 0.05 fm for the p–Ξ− system and to 0.95 ± 
0.06 fm for the p–Ω− system, respectively. The source-size values have 
been determined via an independent analysis of p–p correlations15, 
where modifications of the source distribution due to strong decays 
of short-lived resonances are taken into account, and the source size 
is determined as a function of the transverse mass mT of the pair, as 
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Y–N or Y–Y bound state. Although numerous theoretical predictions 
exist13,26–30, so far no clear evidence for any such bound states has been 
found, despite many experimental searches31–35.

Additionally, a precise knowledge of the Y–N and Y–Y interactions 
has important consequences for the physics of neutron stars. Indeed, 
the structure of the innermost core of neutron stars is still completely 
unknown and hyperons could appear in such environments depending 
on the Y–N and Y–Y interactions36. Real progress in this area calls for 
new experimental methods.

Studies of the Y–N interaction via correlations have been pioneered 
by the HADES collaboration37. Recently, the ALICE Collaboration has 
demonstrated that p–p and p–Pb collisions at the LHC are best suited 
to study the N–N and several Y–N, Y–Y interactions precisely8–12. Indeed, 
the collision energy and rate available at the LHC opens the phase 
space for an abundant production of any strange hadron38, and the 
capabilities of the ALICE detector for particle identification and the 
momentum resolution—with values below 1% for transverse momentum  
pT < 1 GeV/c—facilitate the investigation of correlations in momen-
tum space. These correlations reflect the properties of the interaction 
and hence can be used to test theoretical predictions by solving the 
Schrödinger equation for proton–hyperon collisions39. A fundamen-
tal advantage of p–p and p–Pb collisions at LHC energies is the fact 
that all hadrons originate from very small space-time volumes, with 
typical inter-hadron distances of about 1 fm. These small distances 
are linked through the uncertainty principle to a large range of the 
relative momentum (up to 200 MeV/c) for the baryon pair and enable 
us to test short-range interactions. Additionally, detailed modelling 
of a common source for all produced baryons15 allow us to determine 
accurately the source parameters.

Similar studies were carried out in ultrarelativistic Au–Au colli-
sions at a centre-of-mass energy of 200 GeV per nucleon pair by the 
STAR collaboration for Λ–Λ40,41 and p–Ω−42 interactions. This collision 
system leads to comparatively large particle emitting sources of 
3–5 fm. The resulting relative momentum range is below 40 MeV/c, 
implying reduced sensitivity to interactions at distances shorter 
than 1 fm.

In this work, we present a precision study of the most exotic among 
the proton–hyperon interactions, obtained via the p–Ω− correlation 
function in p–p collisions at a centre-of-mass energy s = 13 TeV at the 
LHC. The comparison of the measured correlation function with 
first-principle calculations13 and with a new precision measurement 
of the p–Ξ− correlation in the same collision system provides the first 
observation of the effect of the strong interaction for the p–Ω− pair. 
The implications of the measured correlations for a possible p–Ω− 
bound state are also discussed. These experimental results challenge 
the interpretation of the data in terms of lattice QCD as the precision 
of the data improves.

Our measurement opens a new chapter for experimental methods 
in hadron physics with the potential to pin down the strong interaction 
for all known proton–hyperon pairs.

Analysis of the correlation function
Figure 1 shows a schematic representation of the correlation method 
used in this analysis. The correlation function can be expressed theo-
retically43,44 as C(k*) = ∫d3r*S(r*) × |ψ(k*, r*)|2, where k* and r* are the 
relative momentum and relative distance of the pair of interest. S(r*) 
is the distribution of the distance r* = |r*| at which particles are emitted 
(defining the source size), ψ(k*, r*) represents the wavefunction of the 
relative motion for the pair of interest and k* = |k*| is the reduced rela-
tive momentum of the pair ( p pk = | − |/2% % %

2 1 ). Given an interaction poten-
tial between two hadrons as a function of their relative distance, a 
non-relativistic Schrödinger equation can be used39 to obtain the  
corresponding wavefunction and hence also predict the expected 
correlation function. The choice of a non-relativistic Schrödinger  
equation is motivated by the fact that the typical relative momenta 
relevant for the strong final-state interaction have a maximal value of 
200 MeV/c. Experimentally, this correlation function is computed as 
C(k*) = ξ(k*)[Nsame(k*)/Nmixed(k*)], where ξ(k*) denotes the corrections 
for experimental effects, Nsame(k*) is the number of pairs with a given 
k* obtained by combining particles produced in the same collision 
(event), which constitute a sample of correlated pairs, and Nmixed(k*) is 
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Fig. 1 | Schematic representation of the correlation method. a, A collision of 
two protons generates a particle source S(r*) from which a hadron–hadron pair 
with momenta p1 and p2 emerges at a relative distance r* and can undergo a 
final-state interaction before being detected. Consequently, the relative 
momentum k* is either reduced or increased via an attractive or a repulsive 
interaction, respectively. b, Example of attractive (green) and repulsive 
(dotted red) interaction potentials, V(r*), between two hadrons, as a function 
of their relative distance. Given a certain potential, a non-relativistic 
Schrödinger equation is used to obtain the corresponding two-particle 

wavefunction, ψ(k*, r*). c, The equation of the calculated (second term) and 
measured (third term) correlation function C(k*), where Nsame(k*) and Nmixed(k*) 
represent the k* distributions of hadron–hadron pairs produced in the same 
and in different collisions, respectively, and ξ(k*) denotes the corrections for 
experimental effects. d, Sketch of the resulting shape of C(k*). The value of the 
correlation function is proportional to the interaction strength. It is above 
unity for an attractive (green) potential, and between zero and unity for a 
repulsive (dotted red) potential.
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Figure 77: Longitudinal cross section of the ALICE 3 detector: The MAPS-based tracker is com-
plemented by PID detectors (inner and outer TOF, RICH), all of which are housed in the field from
a superconducting magnet system. In addition, the elm. calorimeter (ECal), the muon identifier, and
the Forward Conversion Tracker (FCT) are shown.

4 Detectors and systems
In this chapter, we present studies on the implementation of the detector concept shown in
Fig. 77. The detector design is driven by the requirements for the measurements discussed be-
fore (cf. Tab. 3): tracking and particle identification over a large acceptance, excellent vertexing,
continuous read-out. For each system, we discuss technologies suitable to meet the require-
ments. For viable technologies, we present the state-of-the-art and point out areas which require
dedicated R&D.

Like for the LS2 upgrades, the development, construction, and installation of this large up-
graded project shall be carried out in parallel with the operation of the experiment and upgrades
planned for LS3, which are well-contained and considerably smaller in scope: while the ITS3
requires dedicated R&D activities, the actual installation and operation relies on infrastructure
(e.g. readout) already used with ITS2. In addition, there is sufficient time for the installation and
commissioning of the new components during LS3.

4.1 Magnet system and infrastructure
The ALICE detector is installed in the cavern that hosted the L3 experiment during the operation
of LEP. The L3 magnet, which is a structural part of the cavern, is being used by the ALICE
experiment and it provides a solenoidal magnetic field of 0.5 T at a power consumption of ap-
proximately 4 MW. In addition to this solenoid, a dipole magnet was installed by the ALICE
collaboration in 2006 and it provides a field integral of 4 T m at a power consumption of 4 MW.
ALICE will continue to use this configuration for Run 3 and 4.

For the installation of the ALICE 3 detector, the present ALICE detector, together with the
dipole magnet, will be removed and only the L3 magnet yoke will remain in the cavern. A
superconducting magnet will be installed inside the volume of the L3 magnet and the L3 yoke
will just act as a shield for the magnetic field towards the cavern, as shown in Fig. 78. The
possibility of opening both magnet doors allows a symmetric detector installation and assembly
with a central barrel and two end caps. The baseline material for the absorber of the muon
system is non-magnetic steel, but magnetic steel is also a possibility.

Two options of the superconducting magnet system are shown in Fig. 79 and some key parame-
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Figure 81: Schematic R � z view of the full tracker (top) and of the vertex detector separately
(bottom). The blue lines represent the tracking layers. The FCT disks are marked in green. In
addition, the beampipe and vacuum vessel of the vertex detector are shown in grey.

Layer Material Intrinsic Barrel layers Forward discs

thickness resolution Length (±z) Radius (r) Position (|z|) Rin Rout
(%X0) (µm) (cm) (cm) (cm) (cm) (cm)

0 0.1 2.5 50 0.50 26 0.50 3
1 0.1 2.5 50 1.20 30 0.50 3
2 0.1 2.5 50 2.50 34 0.50 3

3 1 10 124 3.75 77 5 35
4 1 10 124 7 100 5 35
5 1 10 124 12 122 5 35
6 1 10 124 20 150 5 80
7 1 10 124 30 180 5 80
8 1 10 264 45 220 5 80
9 1 10 264 60 279 5 80

10 1 10 264 80 340 5 80
11 1 400 5 80

Table 8: Geometry and key specifications of the tracker.

ness, and intrinsic resolution of each layer. The resulting active surface sums to around 60 m2.
Accounting for an overlap of sensors of about 10 % to cover inactive periphery and to achieve
hermeticity, a total amount of 66 m2 of silicon has to be installed.

4.2.1 Specifications
The detector design has to fulfill the following criteria:

1. Radial distance of first detection layers. The radial distance of the first measured hit
position must be as close as possible to the interaction point, which is fundamentally
limited by the required aperture for the LHC beam (⇠ 5mm).
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ALICE 3 tracker
Baseline layout

‣ 10 barrels, 11 discs

- inner-most part within  beam pipe


‣ large active area: ~60 m2

- order of magnitude more than ITS2, 

the currently largest MAPS application


‣ low material budget: 0.1% X0 / inner layer

- less than ITS2, while being larger


‣ high intrinsic resolution: 2.5 μm

28Magnus Mager (CERN) | ALICE ITS3 / ALICE 3 tracker | CBM-MVD retreat | 16.09.2022 |
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Figure 77: Schematic R � z view of the full tracker (top) and of the vertex detector separately
(bottom). The blue lines represent the tracking layers. The FCT disks are marked in green. In
addition, the beampipe and vacuum vessel of the vertex detector are shown in grey.

Layer Material Intrinsic Barrel layers Forward discs

thickness resolution Length (±z) Radius (r) Position (|z|) Rin Rout
(%X0) (µm) (cm) (cm) (cm) (cm) (cm)

0 0.1 2.5 50 0.50 26 0.005 3
1 0.1 2.5 50 1.20 30 0.005 3
2 0.1 2.5 50 2.50 34 0.005 3

3 1 10 124 3.75 77 0.05 35
4 1 10 124 7 100 0.05 35
5 1 10 124 12 122 0.05 35
6 1 10 124 20 150 0.05 80
7 1 10 124 30 180 0.05 80
8 1 10 264 45 220 0.05 80
9 1 10 264 60 279 0.05 80

10 1 10 264 80 340 0.05 80
11 1 400 0.05 80

Table 8: Geometry and key specifications of the tracker.

thickness, and intrinsic resolution of each layer. The resulting active surface sums to around
60 m2. Accounting for an overlap of sensors of about 10 % to cover inactive periphery and to
achieve hermeticity, a total amount of 66 m2 of silicon has to be installed.

4.2.1 Specifications
The detector design has to fulfill the following criteria:

1. Radial distance of first detection layers. The radial distance of the first measured hit
position must be as close as possible to the interaction point, which is fundamentally
limited by the required aperture for the LHC beam (⇠ 5mm).
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thickness, and intrinsic resolution of each layer. The resulting active surface sums to around
60 m2. Accounting for an overlap of sensors of about 10 % to cover inactive periphery and to
achieve hermeticity, a total amount of 66 m2 of silicon has to be installed.
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Vertex Detector
• Conceptual study
• wafer-sized, bent MAPS

(leveraging on ITS3 activities)
• rotary petals for secondary vacuum
• matching to beampipe parameters
• feed-throughs for power, cooling, data

• R&D challenges on 
mechanics, cooling, radiation tolerance

ITS3 R&D

ALICE already pioneering
technique of bent silicon
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Vertex Detector
• Conceptual study
• wafer-sized, bent MAPS

(leveraging on ITS3 activities)
• rotary petals for secondary vacuum
• matching to beampipe parameters
• feed-throughs for power, cooling, data

• R&D challenges on 
mechanics, cooling, radiation tolerance

ITS3 R&D

ALICE already pioneering
technique of bent silicon

ALICE already 
pioneering 

technique of 
bent silicon chip

25 mm

Vertex tracker
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Pointing resolution improves with 
smaller r0 and Τ𝑋 𝑋0

Potential improvements wrt ITS3

➟ Remove material in front of 1st 
layer by moving detector into 
beam pipe

➟ Move closer to interaction point

Limited by LHC beam aperture at
injection energy (16 mm)

➟ Place detector in secondary  
vacuum, move into position for 
data taking (5 mm)

35 mm

16 mm
Retractable iris design

5 mm

Conceptual study of iris tracker 
Wafer-size, ultra-thin, curved, CMOS Active Pixel Sensor

⇒ Ultimate performance (same for ITS 3) 

First layer at mid-rapidity: 5 mm from the beam

⇒ Inside beam pipe, retractable configuration 

Unprecedented spatial resolution: σpos ≈ 2.5 μm

Extremely low material budget 
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Pointing resolution crucial for: 
• dileptons

• heavy flavour


Target pointing resolution 

Critical for this step: 
• radius and material thickness of first layers

• minimum radius limited by LHC

Requirements for vertexing

10

Pointing resolution  (multiple scattering regime)

~10 μm @ pT = 200 MeV/c → 5x better than ALICE 2.1

Unique pointing resolution at mid-rapidity at the LHC!

∝ r0 ⋅ x/X0

Pointing resolution ∝	  
~10 μm at pT = 200 MeV/c

~2 μm at high pT

r0 ⋅ x/X0

Open

Closed
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ALICE 3 tracker
Baseline layout

‣ 10 barrels, 11 discs

- inner-most part within  beam pipe


‣ large active area: ~60 m2

- order of magnitude more than ITS2, 

the currently largest MAPS application


‣ low material budget: 0.1% X0 / inner layer

- less than ITS2, while being larger


‣ high intrinsic resolution: 2.5 μm
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Figure 77: Schematic R � z view of the full tracker (top) and of the vertex detector separately
(bottom). The blue lines represent the tracking layers. The FCT disks are marked in green. In
addition, the beampipe and vacuum vessel of the vertex detector are shown in grey.

Layer Material Intrinsic Barrel layers Forward discs

thickness resolution Length (±z) Radius (r) Position (|z|) Rin Rout
(%X0) (µm) (cm) (cm) (cm) (cm) (cm)

0 0.1 2.5 50 0.50 26 0.005 3
1 0.1 2.5 50 1.20 30 0.005 3
2 0.1 2.5 50 2.50 34 0.005 3

3 1 10 124 3.75 77 0.05 35
4 1 10 124 7 100 0.05 35
5 1 10 124 12 122 0.05 35
6 1 10 124 20 150 0.05 80
7 1 10 124 30 180 0.05 80
8 1 10 264 45 220 0.05 80
9 1 10 264 60 279 0.05 80

10 1 10 264 80 340 0.05 80
11 1 400 0.05 80

Table 8: Geometry and key specifications of the tracker.

thickness, and intrinsic resolution of each layer. The resulting active surface sums to around
60 m2. Accounting for an overlap of sensors of about 10 % to cover inactive periphery and to
achieve hermeticity, a total amount of 66 m2 of silicon has to be installed.

4.2.1 Specifications
The detector design has to fulfill the following criteria:

1. Radial distance of first detection layers. The radial distance of the first measured hit
position must be as close as possible to the interaction point, which is fundamentally
limited by the required aperture for the LHC beam (⇠ 5mm).
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Build on experience with ITS 2 and ITS 3 (same CMOS process) 
10 m2 → 60 m2: challenges on industrialisation

60 m2 silicon pixel detector 
based on CMOS Active Pixel Sensor technology 

8 + 2 x 9 tracking layers (barrel + disks) 
Compact: rout ≈ 80 cm, zout ≈ ±4 m

Large coverage: ±4η

High-spatial resolution: σpos ≈ 5 μm (req. < 10 μm)

Timing resolution ~ 100 ns

Very low material budget 


- 1% X0 per layer overall → X/X0(total) ≲ 10 %

Low power: ≈  20 mW/cm2

Relative pT resolution ∝	  
~1% over large acceptance


- integrated magnetic field crucial (2T)

- overall material budget critical

x/X0

B ⋅ L

Jinjoo Seo - 2022 HIM02 JUL 2022 13

Tracker

•~8+12 tracking layers (barrel + disks) 
•Wafer-sized, bent MAPS 
•Rout ~ 80 cm, L ~ 4 m 
- magnetic field integral ~ 1 Tm 
•Timing resolution ~ 100 ns 
•Material  
- 1 % X0 per layer → overall X/X0 ~ 10%

•Relative pT resolution ∝  

 ~1 % over large acceptance 
•Integrated magnetic field crucial (2T) 
•Overall material budget critical 

x/X0

B ⋅ L

η

A Large Ion Collider Experiment
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Tracker – Outer Tracker

80cm

• large coverage: ±4h

• compact: Rout ≈ 80 cm, zout ≈ ±400 cm 

• high-spatial resolution: spos ≈ 5µm (req. < 10µm)

• very low material budget: X/X0 (total) ≲ 10%

• low power: ≈ 20 mW/cm2

60 m2 silicon pixel detector 
based on CMOS Active Pixel Sensor (APS) technology

400cm

3cm

1.5cm

524 288 pixels

R&D focusses on 
• module (O(10 x 10 cm2)) concept based on industry-standard processes for assembly and testing
• services: reduce (eliminate) interdependency between modules (a replacement of single modules)  

a build on experience with ITS2         
and ITS3 (same CMOS process)

50µm thick

Luciano Musa | ALICE 3 | 27 June 2022
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Tracker – Outer Tracker

80cm

• large coverage: ±4h
• compact: Rout ≈ 80 cm, zout ≈ ±400 cm 
• high-spatial resolution: spos ≈ 5µm (req. < 10µm)
• very low material budget: X/X0 (total) ≲ 10%
• low power: ≈ 20 mW/cm2

60 m2 silicon pixel detector 
based on CMOS Active Pixel Sensor (APS) technology

400cm

R&D focusses on 
• module (O(10 x 10 cm2)) concept based on industry-standard processes for assembly and testing
• services: reduce (eliminate) interdependency between modules (a replacement of single modules)  

a build on experience with ITS2         
and ITS3 (same CMOS process) 

N
A ~ 10 18

N
A ~ 10 13

Artistic view of a  
SEM picture of 

ALPIDE cross section 

Cin ≈ 5 fF

2 x 2 pixel 
volume 

collection electrode
28 µm

Luciano Musa (CERN) | CERN RRB | 27 October 2022
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The ALICE 3 tracker has two sets of requirements  
Vertex detector: high hit rate, high radiation load

Outer tracker: low power, large surface (yield, fill factor)


A common sensor might be possible, but is not needed 
Main benefit would be synergies, possibly cost savings


→ Naturally follows the ITS 3 developments

Key R&D topics 
Radiation hardness 


- 5 x 1015 1 MeV neq/cm2 is demonstrated for HVMAPS at -25°C

- At least 5 x 1015 1 MeV neq/cm2 seem feasible in 65 nm at room temperature 

(preliminary results)

Power consumption 

- Several contributors: in-pixel front ends, on-chip data aggregation, high-speed links

- Scales with time resolution and pixel pitch

- Optimisation process to be carried through

Integration 

- The modularization for the other tracker needs to be co-developed with the chip 
design (e.g. chip dimensions)

ALICE 3 tracker
Sensor requirements

‣ The ALICE 3 tracker has two sets of 
requirements

- vertex detector: high rate, high radiation 

load

- outer tracker: low power, large surface 

(yield, fill factor)


‣ A common sensor might be possible, but is 
not needed

- main benefit would be synergies, 

possibly cost savings


‣ Naturally follows the ITS3 developments

31Magnus Mager (CERN) | ALICE ITS3 / ALICE 3 tracker | CBM-MVD retreat | 16.09.2022 |

Parameter Vertex detector Outer tracker

Spatial 
resolution 2.5 μm 10 μm

Time 
resolution 100 ns (RMS) 100 ns (RMS)

Hit rate 
capability 35 x 106 / (s cm2) 5 x 103 / (s cm2)

Power 
consumption 70 mW / cm2 20 mW / cm2

Radiation 
hardness

1.5 1015  

1 MeV neq / cm2 / year
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MAPS foils - chips within printed circuit boards  
“Novel” concept (revised and updated from 2012)

Will be studied further as an option

300 μm-wide Al pad
50 nm Au
2.5 μm NiNi/Au

plating
lami-

nation
10 kg/cm2

180 ℃
vacuum

place-
ment

hole
patter-

ning
polyimide

disolv.
EDA

anisotrop.

glue
etching
H2SO4
isotrop.

Cu plating
carbon

electro Cu

trace
patter-

ning

150 μm-wide opening

Ni/Au
plating

5 μm Cu

50 μm polyimide
25 μm epoxy glue

50 μm Si MAPS 

Figure 1: The MAPS foil production process steps (from top left to bottom right).

number of chips can be placed next to each other to form a multi-chip
module

• Mechanical protection: the polyimide protects the silicon; it can be
manipulated by bare hands easily

• Electrical interconnection: the top polyimide film can be copper-clad
and structured to form electrical traces, like in ordinary printed circuit
boards; they can be interconnected to the chip pads, by opening holes and
metallising them

The foil moreover remains flexible (as long as the sensor is1) and can be
shaped into e.g. cylindrical shapes. It can indeed prevent early breakage by
smoothing out the stress distribution over the silicon.

3. Process

The creation of the MAPS foil consists of two main stages: the embedding
of the chip(s) between two polyimide films, and the electrical interconnection.
The process, which is similar to the production of multi-layer printed circuit
boards, is depicted in Fig. 1 and discussed hereafter. The mentioned material
thicknesses are those used for the production of the first prototype and can be
further optimised.

1Despite the different layers of material, preliminary tests show that sensors can easily be
bent to R = 30mm (and very likely much further). More details will be subject of a future
publication.

3
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Time of Flight
• Separation power 


• distance and time resolution crucial

• larger radius results in lower pT bound


• 2 barrel + 1 forward TOF layers 
• TOF resolution σTOF ≈ 20 ps 

based on silicon timing sensors

• outer TOF at R ≈ 85 cm

• inner TOF at R ≈ 19 cm

• forward TOF at z ≈ 405 cm

∝ L
σtof

Particle identification with Time Of Flight

14

Separation power 


Critical for this step: 
• distance and time resolution crucial

• larger radius results in lower pT bound


Concept: 
• 2 barrel + 1 forward TOF layers


• outer TOF at R ≈ 85 cm

• inner TOF at R ≈ 19 cm

• forward TOF at z ≈ 405 cm


• Silicon timing sensors (σTOF ≈ 20 ps)

• R&D on monolithic CMOS sensors with 

integrated gain layer

∝ L/σTOF

Total silicon area ~ 45 m2

e/π

/Kπ

Separation power ∝ L/σTOF 
→ Distance and time resolution crucial

→ Larger radius results in lower pT bound


2 barrel TOF layers (|η| < 1.75) 
Outer TOF at r ≈ 85 cm, surface: 30 m2,       
pitch: 5 mm 

Inner TOF at r ≈ 19 cm, surface: 1.5 m2,       
pitch: 1 mm


1 forward TOF layers (1.75 < |η| < 4) 
Inner radius = 15 cm, outer radius = 150 cm,       
z ≈ 405 cm, surface: 14 m2, pitch: 1mm to 5 mm

Total silicon area ~ 45 m2

Silicon timing sensors 
CMOS sensor with gain (baseline) 

R&D on monolithic CMOS sensors with 
integrated gain layers


Conventional LGADs (fallback)  
R&D with very thin sensors

A Large Ion Collider Experiment
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PID – Time Of Flight

Two R&D lines

• CMOS LGAD (baseline): main R&D line in ALICE 
a integration of sensor and readout in a single chip
a easier system integration and significant cost reduction  (i 11.5 MCHF)

• Conventional LGADs (fallback): R&D line in ALICE with very thin sensors

Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 131

Figure 79: Overview of the vertex detector and outer tracker assembly

4.2.4.3 Mechanics of the vertex detector. To be as close as possible to the interaction point,
the tracker is placed into a secondary vacuum “inside the beampipe” and, in addition, it must
be mounted such that it can be retracted during LHC injection (minimum required aperture
Rmin = 16mm) and placed close to the interaction point for data taking (Rmin = 5mm). A similar
concept is followed by the LHCb VELO [337], but the application to a tracker covering a large
acceptance including the mid-rapidity region, requires a design that minimises the amount of
material in all directions. This is new terrain and will require dedicated R&D activities.

Since apertures, impedance, and vacuum stability for the vacuum chambers at the interaction
points inside the LHC experiments are of utmost importance to the stable operation of the LHC,
severe engineering challenges are imposed.

4.2.5 Technical implementation
Figure 79 shows an overview of the vertex detector and outer tracker assembly. In the following,
we give an overview of the technical implementation.

4.2.5.1 Vertex detector mechanics. In the following, a conceptual study of a retractable
vertex detector within the beam pipe is presented. It is built on the idea of an assembly of
4 petals, which can simultaneously rotate and, like in an iris optics diaphragm, close to leave a
minimum passage of about 10 mm in diameter for the beam, see Fig. 80. The petal walls, which
separate the detector from the primary LHC vacuum, dominate the material and their thickness
must be minimised (see Tab. 9).

The inner wall of the petals also acts as an RF foil, which is crucial to control the electromagnetic

Barrel TOF (|h| < 1.75)
• Outer TOF radius = 85cm

surface: 30m2, pitch: 5 mm
• Inner TOF, radius = 19  cm 

surface: 1.5m2, pitch: 1 mm

Forward TOF (1.75 < |h| < 4)
• Inner radius = 15 cm, Outer radius = 150 cm 

surface = 14m2, pitch = 1mm to 5mm 

sTOF ≲ 20ps
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Figure 85: ARCADIA MAPS schematic view.

single data line (see Fig. 86). In this way, a single time-tagging and data processing circuit can
process the full stream of data from a macro-pixel, thus keeping the power consumption and
area occupation at a manageable level. Thus, it is expected that a complete readout chain can
be accommodated on the chip with a moderate integration density. This will favor a good yield
also on very large sensors. The chip can hence be as large as the reticle size, or even larger if
stitching techniques are applied. The systems will then be assembled with an approach similar
to the one used in the outer tracking layers. The R&D will target the design of sensors achieving
a time resolution of 20 ps per hit or better. In the outer layer, a double-layer arrangement could
be employed to improve the overall resolution by

p
2. Although not favored, this option could

still be competitive with LGADs in term of cost.

The sensor is expected to be of reticle size, i.e. in the order of 2.6 cm x 3.2 cm for a typical CIS
process. Even though in a sensor optimized for timing the collection electrode must occupy most
of the pixel area, enough space will be left to accommodate the preamplifier and discriminator
directly in the active area without compromising efficiency and timing performance. The TDC
and the readout logic will be located in the periphery. Given the moderate event rate in the
TOF, a peripheral strip 1 mm wide is expected to be sufficient to accommodate the required
functionality. The maximum particle hit rate is expected to be smaller than 100 kHz cm−2. On
the basis of the experience acquired with the ALPIDE sensors one can assume a noise hit rate
in the order of 2 MHz cm−2 for sensors with a geometry optimized for the TOF conditions. The
noise hit rate for a full size sensor will be 16 MHz in this case. Assuming a 32 bit word per
event this requires a total bandwidth of 500 Mbit/s that can be easily accommodated in a single

ARCADIA
Luciano Musa (CERN) | CERN RRB | 27 October 2022
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PID – Time Of Flight

Two R&D lines

• CMOS LGAD (baseline): main R&D line in ALICE 
a integration of sensor and readout in a single chip
a easier system integration and significant cost reduction  (i 11.5 MCHF)

• Conventional LGADs (fallback): R&D line in ALICE with very thin sensors
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Figure 79: Overview of the vertex detector and outer tracker assembly

4.2.4.3 Mechanics of the vertex detector. To be as close as possible to the interaction point,
the tracker is placed into a secondary vacuum “inside the beampipe” and, in addition, it must
be mounted such that it can be retracted during LHC injection (minimum required aperture
Rmin = 16mm) and placed close to the interaction point for data taking (Rmin = 5mm). A similar
concept is followed by the LHCb VELO [337], but the application to a tracker covering a large
acceptance including the mid-rapidity region, requires a design that minimises the amount of
material in all directions. This is new terrain and will require dedicated R&D activities.

Since apertures, impedance, and vacuum stability for the vacuum chambers at the interaction
points inside the LHC experiments are of utmost importance to the stable operation of the LHC,
severe engineering challenges are imposed.

4.2.5 Technical implementation
Figure 79 shows an overview of the vertex detector and outer tracker assembly. In the following,
we give an overview of the technical implementation.

4.2.5.1 Vertex detector mechanics. In the following, a conceptual study of a retractable
vertex detector within the beam pipe is presented. It is built on the idea of an assembly of
4 petals, which can simultaneously rotate and, like in an iris optics diaphragm, close to leave a
minimum passage of about 10 mm in diameter for the beam, see Fig. 80. The petal walls, which
separate the detector from the primary LHC vacuum, dominate the material and their thickness
must be minimised (see Tab. 9).

The inner wall of the petals also acts as an RF foil, which is crucial to control the electromagnetic
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single data line (see Fig. 86). In this way, a single time-tagging and data processing circuit can
process the full stream of data from a macro-pixel, thus keeping the power consumption and
area occupation at a manageable level. Thus, it is expected that a complete readout chain can
be accommodated on the chip with a moderate integration density. This will favor a good yield
also on very large sensors. The chip can hence be as large as the reticle size, or even larger if
stitching techniques are applied. The systems will then be assembled with an approach similar
to the one used in the outer tracking layers. The R&D will target the design of sensors achieving
a time resolution of 20 ps per hit or better. In the outer layer, a double-layer arrangement could
be employed to improve the overall resolution by

p
2. Although not favored, this option could

still be competitive with LGADs in term of cost.

The sensor is expected to be of reticle size, i.e. in the order of 2.6 cm x 3.2 cm for a typical CIS
process. Even though in a sensor optimized for timing the collection electrode must occupy most
of the pixel area, enough space will be left to accommodate the preamplifier and discriminator
directly in the active area without compromising efficiency and timing performance. The TDC
and the readout logic will be located in the periphery. Given the moderate event rate in the
TOF, a peripheral strip 1 mm wide is expected to be sufficient to accommodate the required
functionality. The maximum particle hit rate is expected to be smaller than 100 kHz cm−2. On
the basis of the experience acquired with the ALPIDE sensors one can assume a noise hit rate
in the order of 2 MHz cm−2 for sensors with a geometry optimized for the TOF conditions. The
noise hit rate for a full size sensor will be 16 MHz in this case. Assuming a 32 bit word per
event this requires a total bandwidth of 500 Mbit/s that can be easily accommodated in a single
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RICH
• Extend PID reach of outer TOF to higher pT 

➟ Cherenkov 
• ensure continuous coverage from TOF  
→ refractive index n = 1.03 (barrel) 
→ refractive index n = 1.006 (forward)


• aerogel radiator + photon detection layer

Particle identification with Cherenkov light

15

Total SiPM area ~ 60 m2


Continuous separation from 
100 MeV/c to 10 GeV/c

aerogel radiator

e/π

/Kπ
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More on particle identification
Large acceptance Electromagnetic calorimeter (2π coverage) 

Pb-scintillator sampling calorimeter + at η ≈ 0 crystal 
calorimeter 

Photons + high p electrons identification

Critical for measuring P-wave quarkonia and thermal radiation 
via real photons


Muon Identifier 
Absorber + 2 layers of muon detectors 
Muons down to pT ≥ 1.5 GeV/c 

Scintillator bars with SiPM read-out

Possibility to use RPCs as muon chambers


Forward conversion tracker 

Thin tracking disks in 3 < η < 5 in its own dipole field 


Very low pT photons ( ≤ 10 MeV/c) 

Muon and photon identification

16

Muon chambers at central rapidity 
• ~70 cm non-magnetic steel hadron absorber

• search spot for muons ~0.1 x 0.1 ( )

• ~5 x 5 cm2 cell size

• matching demonstrated with 2 layers of muon chambers


• scintillator bars

• wave-length shifting fibers

• SiPM read-out 

• possibility to use using RPCs as muon chambers


optimized for  reconstruction down to pT 0 GeV/c 

Large acceptance ECal (2  coverage) 
• sampling calorimeter (à la EMCal/DCal): e.g. O(100) layers 

(1 mm Pb + 1.5 mm plastic scintillator)

• PbWO4-based high energy resolution segment


critical for measuring P-wave quarkonia and thermal 
radiation via real photons

η × φ

J/ψ

π

Muon and photon identification
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Muon chambers at central rapidity 
• ~70 cm non-magnetic steel hadron absorber

• search spot for muons ~0.1 x 0.1 ( )

• ~5 x 5 cm2 cell size

• matching demonstrated with 2 layers of muon chambers


• scintillator bars

• wave-length shifting fibers

• SiPM read-out 

• possibility to use using RPCs as muon chambers


optimized for  reconstruction down to pT 0 GeV/c 

Large acceptance ECal (2  coverage) 
• sampling calorimeter (à la EMCal/DCal): e.g. O(100) layers 

(1 mm Pb + 1.5 mm plastic scintillator)

• PbWO4-based high energy resolution segment


critical for measuring P-wave quarkonia and thermal 
radiation via real photons

η × φ

J/ψ

π

Search spot for muons ~0.1 x 0.1 (η × φ)
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2R&D activities
Silicon pixel sensors 

Thinning and bending of silicon sensors

- Expand on experience with ITS3

Exploration of new CMOS processes


- First in-beam test with 65 nm process

Modularization and industrialization  


Silicon timing sensors 
Characterization of SPADs/SiPMs 


- First test in beam

Monolithic timing sensors


- Implement gain layers

R&D has already started!

Photon sensors 
Monolithic SiPMs


- Integrated read-out

Detector mechanics and cooling 

Mechanics for operation in beam pipe

- Establish compatible with LHC beam

Minimization of material in the active volume


- Micro-channel cooling

pwell
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ALICE 3 will provide access to fundamental properties of QCD matter at extreme 
energy density  

Thermalization of heavy quarks 

Hadronisation and nature of hadronic states

Partonic equation of state and its temperature dependence

Deconfinement and chiral symmetry restorations, … 

Novel detector concept based on innovative technologies  
Building on experience with cutting-edge technologies pioneered in ALICE 

Requiring R&D activities in several strategic areas 


Planning 
2023-25: selection of technologies, small-scale proof of concept prototypes 

2026-27: large-scale engineered prototypes → Technical Design Reports 

2028-31: construction and testing 

2032: contingency 

2033-34: installation and commissioning 

A Large Ion Collider Experiment

3

CERN-LHCC-2022-009

III. What are the mechanisms of hadron formation in QCD? 

Key physics questions and drivers

IV. What are the mechanisms of chiral symmetry restoration in the QGP? 

a Systematic measurement of (multi-)charm and beauty hadrons 

I.   Nature of interactions with the QGP of highly energetic quarks and gluons

QGP temperature throughout its space-time evolution

a Precision measurements of dileptons 

• QCD chiral phase structure  (a fluctuations of conserved charges)
• Hadron interaction potential (a hadron-hadron correlations)
• ….

II. To what extent do quarks of different mass reach thermal equilibrium ? 

Luciano Musa | ALICE 3 | 27 June 2022

ALICE 3: a next-generation heavy-ion detector for LHC Run 5 & 6

Letter of Intent submitted in 2021

LHCC review → Recommendation  

to proceed with R&D program 
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Thank you for your attention!
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2Heavy Quark Energy Loss 10

Hint of a higher RAA of D0-jets compared to 
inclusive jets in Pb-Pb 

• Quark vs. gluon energy loss 
• Mass effects (dead cone) 

Less suppression for (non-prompt) D 
mesons from B decays than prompt D 
mesons 

Heavy Quark Energy Loss 10

Hint of a higher RAA of D0-jets compared to 
inclusive jets in Pb-Pb 

• Quark vs. gluon energy loss 
• Mass effects (dead cone) 

Less suppression for (non-prompt) D 
mesons from B decays than prompt D 
mesons 

Hint of a higher RAA of D0-jets compared to 
inclusive jets in Pb-Pb  

Quark vs. gluon energy loss 
Mass effects (dead cone)

Less suppression for non-prompt D mesons from B decay 
than prompt D mesons

Run 1+2
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Determining transport coefficients: heavy flavour

20

ALI-SIMUL-308749
ALI-SIMUL-308763

New techniques being added to repertoire, e.g. event shape engineering

Elliptic flow v2

Measure RAA and v2 of charm to determine transport coefficients,

and test/validate models at the same time

Nuclear modification factor RAA

Run 3+4: high-precision beauty measurements; heavy flavor baryons

Determining transport coefficients: heavy flavour

20

ALI-SIMUL-308749
ALI-SIMUL-308763

New techniques being added to repertoire, e.g. event shape engineering

Elliptic flow v2

Measure RAA and v2 of charm to determine transport coefficients,

and test/validate models at the same time

Nuclear modification factor RAA

Run 3+4: high-precision beauty measurements; heavy flavor baryons

Run 3+4: high-precision beauty measurements; heavy flavor baryons

Run 3+4
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LHCP2022 | May 18th, 2022 | 8

DD azimuthal correlations

• Angular decorrelation directly probes QGP scattering
• Signal strongest at low pT

• Very challenging measurement: 
need good purity, efficiency and η coverage
→ heavy-ion measurement only possible with ALICE 3

c
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ALICE 3 projection: DD correlations 

ALICE Run 3 + 4 projection
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Heavy-quark correlations

12

Angular decorrelation of heavy-flavour hadrons  probe QGP scattering


• Sensitive to energy loss mechanisms, degree of thermalisation  

• Strongest signal at low 

• Require high purity, efficiency and large  coverage
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Figure 3: Distribution of pseudorapidity difference between D0 and D0 mesons for pairs which are
close in azimuth (near side, blue points) and pairs around the back-to-back configuration (away-side,
red points).

tions of the charm quarks would be fully randomised, and no remnant of the initial correlation
would be visible. A measurement of the correlation of DD pairs in Dj measured differentially in
pT, DpT and Dh would provide, therefore, novel constraints on the mechanisms of heavy-quark
parton propagation and, in particular, on the process of charm equilibration in the QGP.

A study of the expected ALICE 3 performance for the measurement of Dj correlations of DD
pairs is presented in section 3.3.1.5. Prospects for measurements of BB correlations are also
being studied. Measurements of heavy-flavour correlations in heavy-ion collisions pose stringent
requirements on the detector design. In particular, measurements at low pT have to rely on very
large samples of untriggered events. In addition, a wide pseudorapidity coverage is needed to be
efficient for the detection of back-to-back pairs, which have an intrinsic separation of up to a few
units of rapidity, further broadened by decay kinematics, see Figure 3. Such measurements will
still be severely limited in Run 3 and 4 by the pseudorapidity coverage of the current ALICE
apparatus (|h |< 0.9), and only come into reach with ALICE 3.

High signal purity at low and intermediate transverse momentum is needed to reduce the large
combinatorial background, which enters quadratically in such analyses. To perform these mea-
surements, the ALICE 3 detector needs to provide high read-out rates, high-precision tracking,
excellent pointing resolution, and particle identification capabilities for pions, kaons and protons
across the widest possible pseudorapidity range.

Measurements of jet pairs and photon-jet pairs allow to map the energy loss in addition to trans-
verse momentum broadening, via the energy-imbalance between the jets or the photon and the

Away
Near

Run 5
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First study of the two-body scattering involving charm hadrons ALICE Collaboration
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Figure 2: Genuine pD− correlation function compared with different theoretical models (see text for details). The
null hypothesis is represented by the curve corresponding to the Coulomb interaction only.

red band. The purple band in Fig. 1 represents the total background that includes all contributions with
their corresponding weights. Finally, the genuine pD− correlation function is obtained by solving Eq. 1
for CpD−(k∗) and is shown in Fig. 2. The possible enhancement at low k∗ could be attributed to an overall
attractive genuine pD− final-state interaction.

The systematic uncertainties of the genuine pD− correlation function, CpD−(k∗), include (i) the un-
certainties of Cexp(k∗), (ii) the uncertainties of the λi weights, and (iii) the uncertainties related to the
parametrization of the background sources. In particular, the systematic uncertainties of Cp(K+π−π−)(k

∗)
are estimated by varying the proton and D−-candidate selection criteria and the range of the fit of the
C(k∗) parametrized from the invariant mass sidebands. The uncertainties of the λi weights are derived
from the systematic uncertainties on the D− purity and fnon-prompt reported above. The systematic un-
certainty of CpD∗−(k∗) is due to the uncertainty on the emitting source. The overall relative systematic
uncertainty on CpD−(k∗) resulting from the different sources is of 10% in the lowest k∗ interval.

The resulting genuine CpD−(k∗) correlation function can be employed to study the pD− strong interaction

that is characterized by two isospin configurations and is coupled to the nD
0

channel. First of all, in order
to assess the effect of the strong interaction on the correlation function, only the Coulomb interaction is
considered. The corresponding correlation function is obtained using CATS [73]. Secondly, various
theoretical approaches to describe the strong interaction are benchmarked, including meson exchange
(Haidenbauer et al. [21]), meson exchange based on heavy quark symmetry (Yamaguchi et al. [24]), an
SU(4) contact interaction (Hoffmann and Lutz [22]), and a chiral quark model (Fontoura et al. [23]). The
relative wave functions for the model [21] are provided directly, while for the models from [22–24] they
are evaluated by employing a Gaussian potential whose strength is adjusted to describe the corresponding
published I = 0 and I = 1 scattering lengths listed in Table 1. The pD− correlation function is computed
within the Koonin–Pratt formalism, taking into account explicitly the coupling between the pD− and nD0

channels [75] and including the Coulomb interaction [76]. The finite experimental momentum resolution
is considered in the modeling of the correlation functions [38].

The outcome of these models is compared in Fig. 2 with the measured genuine pD− correlation function.
The degree of consistency between data and models is obtained from the p-value computed in the range
k∗ < 200 MeV/c. It is expressed by the number of standard deviations nσ reported in Table 1, where the
nσ range accounts, at one standard deviation level, for the total uncertainties of the data points and the

6
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First measurement of correlation functions involving charm hadrons 
allows access to the strong interaction between a proton and a 
charm meson 

p-D-: genuine pD- correlation function reflects the pattern of an 
overall attractive interaction 

degree of consistency improves when considering, in addition, 
state-of-the-art models that predict an attractive strong ND 
interaction with or without a bound state 


Paves the way for precision studies of the strong interactions 
involving charm hadrons! 

First study of the two-body scattering involving charm hadrons ALICE Collaboration

Table 1: Scattering parameters of the different theoretical models for the ND interaction [21–24] and degree of
consistency with the experimental data. Negative scattering parameters correspond to either a repulsive interaction
or to an attractive interaction with the presence of a bound state [24]. Positive scattering parameters correspond to
an attractive interaction.

Model f0 (I = 0) f0 (I = 1) nσ

Coulomb (1.1–1.5)
Haidenbauer et al. [21]
– g2

σ/4π = 1 0.14 −0.28 (1.2–1.5)
– g2

σ/4π = 2.25 0.67 0.04 (0.8–1.3)
Hofmann and Lutz [22] −0.16 −0.26 (1.3–1.6)
Yamaguchi et al. [24] −4.38 −0.07 (0.6–1.1)
Fontoura et al. [23] 0.16 −0.25 (1.1–1.5)

models. The data are compatible with the Coulomb-only hypothesis within (1.1–1.5)σ . Nevertheless,
the level of agreement slightly improves in case of the model by Yamaguchi et al. as reported in Table 1,
where the nσ values are summarized together with the scattering lengths f0. Here, the high-energy
physics convention on the scattering-length sign is adopted: a negative value corresponds to either
a repulsive interaction or to an attractive one with presence of a bound state, while a positive value
corresponds to an attractive interaction. Most notably, this is the only model in the literature that does
not predict a repulsive ND interaction and, in addition, it foresees the formation of a ND bound state with
a mass of 2804 MeV/c2 in the I= 0 channel. For the model by Haidenbauer et al., a better agreement with
the data can be achieved by fine-tuning the effective scalar coupling constant gσ [21]. As demonstrated
in Table 1, when increasing the coupling constant to g2

σ/4π = 2.25 the overall degree of consistency with
the data is improved. This also implies a change of the interaction, from repulsive to attractive.

Finally, the scattering parameters can be constrained by comparing the data with the outcome of calcu-
lations carried out varying the strength of the potential and the source radius. In this case the interaction
potential is parametrized by a Gaussian-type functional form with the range of ρ-meson exchange. In
this estimation, it is assumed that the interaction in the I = 1 channel is negligible for simplicity. The

0.7 0.8 0.9 1.0
 (fm)effR
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1.0)1−
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Figure 3: Regions of 68% confidence intervals for the inverse scattering length f−1
0, I=0 as a function of the source

radius varied within one standard deviation considering only the mT dependence on Reff and the total uncertainty
(see text for details) under the assumption of negligible interaction for I = 1. The most probable value is reported
by the star symbol.
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Determination of QGP temperature throughout the evolution requires 
precision measurement of dielectrons 

Average temperature T of the QGP using thermal dielectron mee 
spectrum at mee > 1.1 GeV/c2 (QGP radiation dominated)

Extremely challenging because of backgrounds → need small 
detector material budget to minimize 𝛾 conversion background & 
excellent pointing resolution to suppress heavy-flavor decay electrons


Possible with ALICE 3 thanks to excellent pointing resolution + small 
material budget

Goethe-University Frankfurt                                                                                                       Raphaelle Bailhache
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P.M Hohler and R. Rapp, Phys. Lett. B 731 (2014) 103


ALICE CERN-LHCC-2022-009

Averaged temperature  of the QGP  
using thermal dielectron  spectrum at  GeV/  

Need:

• Very good electron identification down to low pT

• Small detector material budget (  conversion background)

• Excellent pointing resolution (heavy-flavour decay background)
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First T measurements in Run 3 and 4 

ALICE 3: probe time dependence of T 
Double differential spectra: T vs mass, pT,ee

Letter of intent for ALICE 3 (CERN-LHCC-2022-009) 103

mula:

vprompt
2 =

p
4

1
R2

NINP �NOOP

NINP +NOOP (12)

where R2 is the resolution of the reconstructed event plane R2 = h(cos2(jEP �y2)i. For small
v2 values, the absolute statistical uncertainty is independent of the value of the elliptic flow and
only depends on the relative statistical uncertainty of the prompt dielectron yield. The expected
vprompt

2 with its statistical uncertainty is shown with open black markers in the right-hand panel
of Fig. 55 as a function of mee for semi-central (30-50%) Pb–Pb collisions at

p
sNN = 5.02 TeV,

assuming an event-plane resolution of 0.9. The absolute values of the elliptic flow are taken
from the calculations in Ref. [123]. The statistical uncertainty is smaller than 0.004 over the full
mee range under consideration.

The prompt contribution from light-flavour hadron decays can be subtracted from vprompt
2 based

on the yield and v2 of the mother mesons from independent measurements and computing the
corresponding vLF

2 of decay electrons with a cocktail method. The elliptic flow of the excess
spectrum is

vexcess
2 =

(1+Nexcess
/NLF)vprompt

2 � vLF
2

Nexcess/NLF , (13)

where Nexcess and NLF are the measured excess yield and calculated dielectron yield from known
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Figure 54: Left: simulated raw spectra of excess e+e� pairs fitted with an exponential function in
the mee range 1.1-1.8 GeV/c2 to extract the early-time temperature Tfit of the medium in central (0-
10%) Pb–Pb collisions at

p
sNN = 5.02 TeV. The green boxes show the systematic uncertainties from

the combinatorial background subtraction and the tracking and electron identification. The magenta
boxes indicate systematic errors related to the subtraction of the light-flavour and heavy-flavour
contributions. Right: extracted Tfit parameter after dielectron efficiency correction compared to the
input Treal (see text) for different selections in pair transverse momentum including the integrated
case (pT,ee < 4 GeV/c). Only statistical errors are shown.

Time

Expected statistical errors of T as a function of pT,ee 
ALICE 3, one month Pb-Pb

Complementary measurements with real photons
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Study chiral symmetry restoration (CSR) mechanisms 
using thermal dielectron spectrum mee at mee < 1.2 GeV/c2 

Thermal production of ⍴  
⍴ sensitive to surrounding medium 

Modification of ⍴ spectral function related to CSR


⇒ ALICE 3 access to CSR mechanisms like ⍴-a1 mixing 

Jinjoo Seo - 2022 HIM02 JUL 2022 46

Chiral symmetry restoration
• Chiral symmetry restoration at mee < 1.2 GeV/c2

• Thermal production of ⍴
• ⍴ sensitive to surrounding medium

• Modification of ⍴ spectral function related to 
CSR

➡ ALICE 3 access to CSR mechanisms like ⍴-a1 

mixing

⍴
a1

High precision
with ALICE 3

ALICE 3 mass spectrum

Jinjoo Seo - 2022 HIM02 JUL 2022 46

Chiral symmetry restoration
• Chiral symmetry restoration at mee < 1.2 GeV/c2

• Thermal production of ⍴
• ⍴ sensitive to surrounding medium

• Modification of ⍴ spectral function related to 
CSR

➡ ALICE 3 access to CSR mechanisms like ⍴-a1 

mixing

⍴
a1

High precision
with ALICE 3

Jinjoo Seo - 2022 HIM02 JUL 2022 46

Chiral symmetry restoration
• Chiral symmetry restoration at mee < 1.2 GeV/c2

• Thermal production of ⍴
• ⍴ sensitive to surrounding medium

• Modification of ⍴ spectral function related to 
CSR

➡ ALICE 3 access to CSR mechanisms like ⍴-a1 

mixing

⍴
a1

High precision
with ALICE 3
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22

yields/degeneracy for charm hadrons

red: single charm, green: double charm, blue: triple charm

lines: primordial SHM predictions

dashed line: SHM (u,d,s), red line: SHMC (1c), green line: SHMC (2c), blue line: SHMC (3c)
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G.M. Innocenti, Prospects for heavy-flavour measurements with ALICE3

3

13

Search for “charmed” hyper nuclei

Weakly bound object for strong insights into 
the QGP and the hadronisation phase!

→ constraints for in-medium and “molecular” coalescence

Λc-n bound state, m ~ 3.226 GeV/c2 (?)
• Lightest possible hyper-nucleus with charm
• If bound, certainly very rare

• Predictions: SHM, arxiv:1901.09200, 
ExHIC Coll.(first guess) - various models, arxiv:1702.00486 

Λ+c n

??

G.M. Innocenti, Prospects for heavy-flavour measurements with ALICE3

3

13

Search for “charmed” hyper nuclei

Weakly bound object for strong insights into 
the QGP and the hadronisation phase!

→ constraints for in-medium and “molecular” coalescence

Λc-n bound state, m ~ 3.226 GeV/c2 (?)
• Lightest possible hyper-nucleus with charm
• If bound, certainly very rare

• Predictions: SHM, arxiv:1901.09200, 
ExHIC Coll.(first guess) - various models, arxiv:1702.00486 

Λ+c n

??

• c-deuteron dΛc

- bound state of neutron-Λc

- lightest possible hyper-nucleus with charm

- c𝛕 ~ c𝛕(Λc) ~ 60 μm


- Large uncertainty from branching ratio 
(0.18~0.6 %) and also from production 
model


- mass = 3.226 GeV/c2 

- decay channel: d + K- + π+

Weakly bound object: strong 
insights into the QGP and the 

hadronization phase

→constraint for in-medium and 

molecular coalescence

Search for charmed hyper nuclei “c-deuteron”
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ALICE ITS upgrades in Run 3 and 4
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ITS 1 ITS 2

Distance to interaction 

point (mm)
39 22

𝑋0 (innermost layer) (%)
~1.14 ~0.35

Pixel pitch (𝜇m2
) 50 × 425 27 × 29

Readout rate (kHz)
1 100

Spatial resolution (𝑟𝜑 × 𝑧) 

(𝜇m2
)

11 × 100 5 × 5

ITS3

18

0.05

O(15× 15)

Lower material budget

Faster readout

Improved resolution

Closer to interaction point

Improved granularity

× ~2 improvement in pointing 

resolution (ITS2→ITS3)

ITS 1 (ALICE exhibition) ITS 2 ITS 3

6 layers:

• 2 layers of Silicon Pixel Detector (SPD)

• 2 layers of Silicon Drift Detectors (SDD)

• 2 layers of Silicon Strip Detectors (SSD)

7 layers of ALPIDE Monolitic Active Pixel 

Sensors

→ 10 m2
active silicon area

→ 12.6 × 109 pixels

3 truly cylindrical Si pixel layers

→ ultra-thin wafer-sized curved sensors

→ no external connections air-flow cooling

ITS 1 (ALICE exhibition) ITS 2 ITS 3

6 layers:

- 2 layers of Silicon Pixel Detector (SPD)

- 2 layers of Silicon Drift Detector (SDD)

- 2 layers of Silicon Strip Detector (SSD)

7 layers of ALPIDE Monolitic Active Pixel Sensors

- 10 m2 active silicon area

- 12.6 x 109 pixels

3 truly cylindrical Si pixel layers

- ultra-thin wafer-sized curved sensors

- no external connections air-flow cooling

Closer to interaction point

Lower material budget

Improved granularity

Faster readout

Improved resolution
x ~2 improved in pointing resolution (ITS2 →ITS3)

ALICE ITS upgrades in Run 3 and 4


