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QGP physics

2

Lattice QCD predicts rapid change in

hadronic thermodynamic properties 

Formation of Quark-Gluon Plasma QGP

• For T > Tc quarks and gluons no 

longer confined into hadrons but 
form the DOFs of the system

For matter-antimatter symmetric 
system: crossover phase transition 
from hadronic matter to QGP

• Chiral Symmetry Restoration 

predicted at the same temperature Tc 

Nicolò Jacazio (Bologna University and INFN)

Eur. Phys. J. C 84 (2024) 813



QGP phase
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Nicolò Jacazio (Bologna University and INFN)

Eur. Phys. J. C 84 (2024) 813

• QGP produced at LHC has highest 
temperature and expected largest matter-
antimatter symmetry


• Lower energies at SPS (CERN), RHIC, FAIR, 
NICA search for QCD critical point and 
thresholds of QGP formation



Investigating QCD at its extreme

4
Nicolò Jacazio (Bologna University and INFN)

• Energy density reached in relativistic heavy ion collisions enough to form a medium with deconfined QCD degrees of 
freedom


• The system formed expands while cooling down  QCD degrees of freedom reconfined into hadrons

• Final state carries the memory of its initial stage (hadrochemistry, hadron spectral shapes, hard probes suppression)

• ALICE investigates the QGP and QCD not only with Pb-Pb data, but with the entire pp running of the LHC

→
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Reconstructing the fireball evolution
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• Final state carries the memory of its initial stage 
(hadrochemistry, hadron spectral shapes, hard probes 
suppression) 
→ final state can be used to reconstruct the fireball evolution



Reconstructing the fireball evolution
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Tkin

• Spectral shapes defined at the 
kinetic freeze-out

• Final state carries the memory of its initial stage 
(hadrochemistry, hadron spectral shapes, hard probes 
suppression) 
→ final state can be used to reconstruct the fireball evolution



Reconstructing the fireball evolution
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Tkin
Tch

• Hadron abundances defined 
at the chemical freeze-out

• Final state carries the memory of its initial stage 
(hadrochemistry, hadron spectral shapes, hard probes 
suppression) 
→ final state can be used to reconstruct the fireball evolution



Reconstructing the fireball evolution
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Tkin
Tch

• Heavy quarks are produced in 
the initial stages of the collision

• Final state carries the memory of its initial stage 
(hadrochemistry, hadron spectral shapes, hard probes 
suppression) 
→ final state can be used to reconstruct the fireball evolution



Reconstructing the fireball evolution
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Nicolò Jacazio (Bologna University and INFN)

• Final state carries the memory of its initial stage 
(hadrochemistry, hadron spectral shapes, hard probes 
suppression) 
→ final state can be used to reconstruct the fireball evolution

Full report Eur. Phys. J. C 84 (2024) 813 

And many more!
Tkin
Tch



Timeline of the LHC
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Upgrades are needed to take advantage of the physics reach


Nicolò Jacazio (Bologna University and INFN)

Long term planning with (lighter) ions 

2030 - 2033



ALICE 1.0 (Run 1 and Run 2)
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Broad momentum acceptance (0.1 - 100 
GeV/c) + hadron PID (0.1 - 20 GeV/c)

Probes for all aspects of QGP behavior 

Leading particle identification with all known techniques

Nicolò Jacazio (Bologna University and INFN)Eur. Phys. J. C 84 (2024) 813



ALICE 1.0 (Run 1 and Run 2)

13

Broad momentum acceptance (0.1 - 100 
GeV/c) + hadron PID (0.1 - 20 GeV/c)

Probes for all aspects of QGP behavior 

Leading particle identification with all known techniques

Nicolò Jacazio (Bologna University and INFN)

Yet currently 
limited by 
statistics

Eur. Phys. J. C 84 (2024) 813



ALICE upgrades in the LS2
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• Major upgrade in LS2 
Inner Tracking System → 7 layers of pixel detectors


• Time Projection Chamber → GEM readout


• New Muon Forward Tracker → secondary vertex


• New Forward Interaction Trigger → triggering, event time


• New Even Processing Farm → event reconstruction


• Readout upgraded for most detectors to allow continuous readout

• Continuous readout at high rate 

• pp data taking at 500 kHz (x 1000 Run 2)

• Intermediate data storage on disk buffer

• Asynchronous (offline) trigger, selectivity ~ 10-4


• Pb-Pb data taking at 50 kHz (x 50 Run 2)

• All Compressed Time Frame data stored on tape

ALICE 2024 JINST 19 P05062 

Detailed in the new report

FIT

ITS

EPNs

Nicolò Jacazio (Bologna University and INFN)

MFT

https://iopscience.iop.org/article/10.1088/1748-0221/19/05/P05062


ALICE in Run 3
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Recent upgrades for Run 3

Improved tracking, IR tolerance, kept PID 
capabilities

• Precision era for jet, heavy-flavor and 

electromagnetic probes in large & small 
systems


• Deeper explorations of proton/nuclear 
structure and rare hadron interactions
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• Improved pointing resolution 
in both r  and z directions


• Particle identification 
capabilities are conserved

ϕ

Nicolò Jacazio (Bologna University and INFN)



Physics performance in Run 3
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• Data ready for analysis 
covering all sectors


• Already improving on the 
observable statistical 
uncertainties 
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ALICE 2.1: FOCAL and ITS3
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FoCAL (Forward Calorimeter) 
• Parton distributions in protons and nuclei

• Long range correlations in pp and p-A

• Forward jets and ultra-peripherial collisions

FoCal

TDR: CERN-LHCC-2024-003

TDR: CERN-LHCC-2024-004

Nicolò Jacazio (Bologna University and INFN)

ITS 3 (inner tracking system) 
• Replacement of 3 innermost layers of ITS2

• Curved wafer-scale ultra-thin silicon sensors:


• perfectly cylindrical layers

• low power consumption ➝ air cooling ➝ low material

• material budget: 0.05% X0 per layer


• High-precision, efficient low-pT tracking



Milestones of the ALICE upgrade
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Proposal for heavy-ion program in Run 5 and 6 with a next-generation experiment 
• Concept developed in 2018 and submitted to Strategy Update meeting in 2019

• Three ALICE 3 workshops in 2020 and 2021

• Letter of Intent submitted to LHCC and reviewed late 2021/early 2022


• Very positive review and recommendation to proceed with R&D

FoCal ITS3ALICE 2

LOI: CERN-LHCC-2022-009TDR: CERN-LHCC-2024-003TDR: CERN-LHCC-2024-004

ALICE 3

ALICE 3 
PYTHIA Angantyr Pb-Pb 5.02 TeV

Central Pb-Pb Event Display Concept
via Blender 3.2 python API

ALICE 3 motivation

2Triloki – Politecnico and INFN, Bari, Italy

Run 3+4 will increase the precision of the  measurements 
• Medium effects on single heavy-flavour hadrons 

• Time averaged thermal QGP radiation

• Collective effects from small to large systems

Some open fundamental questions 
• QGP properties driving constituents to equilibrium
• Partonic EoS and its temperature dependence
• Underlying dynamics of chiral symmetry restoration
• Hadronization mechanisms of the QGP

Substantial improvement needed in detector performance and statistics 

Next-generation heavy-ion experiment

BUT

Main experimental goal of the ALICE Collaboration
Study the microscopic dynamics of the strongly-interacting matter produced in heavy-ion collisions 

LS3 & Run 4: ITS3, FoCal

Nicolò Jacazio (Bologna University and INFN)

ALICE 3 motivation

2Triloki – Politecnico and INFN, Bari, Italy

Run 3+4 will increase the precision of the  measurements 
• Medium effects on single heavy-flavour hadrons 

• Time averaged thermal QGP radiation

• Collective effects from small to large systems

Some open fundamental questions 
• QGP properties driving constituents to equilibrium
• Partonic EoS and its temperature dependence
• Underlying dynamics of chiral symmetry restoration
• Hadronization mechanisms of the QGP

Substantial improvement needed in detector performance and statistics 

Next-generation heavy-ion experiment

BUT

Main experimental goal of the ALICE Collaboration
Study the microscopic dynamics of the strongly-interacting matter produced in heavy-ion collisions 

LS3 & Run 4: ITS3, FoCal

2030 - 2033



Milestones of the ALICE upgrade

19

Proposal for heavy-ion program in Run 5 and 6 with a next-generation experiment 
• Concept developed in 2018 and submitted to Strategy Update meeting in 2019

• Three ALICE 3 workshops in 2020 and 2021

• Letter of Intent submitted to LHCC and reviewed late 2021/ early 2022


• Very positive review and recommendation to proceed with R&D

FoCal ITS3ALICE 2

CERN-LHCC-2022-009CERN-LHCC-2019-018CERN-LHCC-2020-009

ALICE 3

ALICE 3 
PYTHIA Angantyr Pb-Pb 5.02 TeV

Central Pb-Pb Event Display Concept
via Blender 3.2 python API

ALICE 3 motivation

2Triloki – Politecnico and INFN, Bari, Italy

Run 3+4 will increase the precision of the  measurements 
• Medium effects on single heavy-flavour hadrons 

• Time averaged thermal QGP radiation

• Collective effects from small to large systems

Some open fundamental questions 
• QGP properties driving constituents to equilibrium
• Partonic EoS and its temperature dependence
• Underlying dynamics of chiral symmetry restoration
• Hadronization mechanisms of the QGP

Substantial improvement needed in detector performance and statistics 

Next-generation heavy-ion experiment

BUT

Main experimental goal of the ALICE Collaboration
Study the microscopic dynamics of the strongly-interacting matter produced in heavy-ion collisions 

LS3 & Run 4: ITS3, FoCal

Improvement in both rate 
and pointing resolution for 
Run 5 and Run 6

Nicolò Jacazio (Bologna University and INFN)
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Nicolò Jacazio (Bologna University and INFN)

Complementary to other 
LHC experiments

*LHCb at η = 3.5

*



2 4 6 8 10 12 14 16 18 20
)c (GeV/

T
p

0

20

40

60

80

100

120

140

160

180

Si
gn

ifi
ca

nc
e

ITS3
ITS2

ALICE Upgrade
+π

- pK→ cΛ
 = 5.5 TeVNNsPb 0-10%, −Pb

-1 = 10 nbintL

2 4 6 8 10 12 14 16 18 20
)c (GeV/

T
p

4−10

3−10

2−10

1−10

1

Si
gn

al
 o

ve
r B

ac
kg

ro
un

d

ITS3
ITS2

ALICE Upgrade
+π

- pK→ cΛ
 = 5.5 TeVNNsPb 0-10%, −Pb

Figure 13: L+
c ! pK�p+ in central Pb–Pb collisions at

p
sNN = 5.5 TeV (Lint = 10 nb�1):

statistical significance (left) and S/B ratio (right) as a function of pT.

with ITS2 (using the new centrality range and pT binning) and ITS3 is shown in Fig. 13 for
the statistical significance S/

p
S+B (left) and signal-to-background S/B ratio (right). S and B

are the signal and background yields in an invariant-mass range of ±3s around the Lc mass,
where s is the invariant-mass resolution (about 5 to 15 MeV/c2 depending on pT). The statis-
tical significance is given for 8 billion events in the 0–10 % centrality class, corresponding to
Lint = 10 nb�1. An improvement is found with ITS3 of a factor about four for the significance
and ten for the S/B ratio, because the better pointing resolutions allow for a larger rejection
of the combinatorial background and a larger efficiency for the signal selection. In particular,
the significance in the lowest interval 2 < pT < 3 GeV/c, where the baryon-to-meson ratio is
maximal for L/K0

S, is marginal with ITS2 (⇠ 20% relative statistical uncertainty) and large with
ITS3 (⇠ 4% uncertainty).

If the relative abundance of Lc with respect to D mesons is strongly enhanced, as suggested by
the preliminary measurements quoted above, a precise determination of the pT-integrated Lc
production yield will be crucial for the measurement of the total cc cross section. The latter
is an essential input for model calculations of charmonium re-generation in the Quark-Gluon
Plasma. Therefore, the large improvement of the significance at low pT with ITS3 will also
impact the quarkonium studies, which are another of the main physics objectives of the ALICE
programme after the LS2 upgrade.

5.2 Measurement of Thermal Dielectrons

Electromagnetic radiation produced by the high-temperature system formed in heavy-ion col-
lisions can be detected using real direct photons with very low momentum or virtual photons
yielding low invariant-mass dilepton pairs. In this section we discuss the measurement using di-
electron pairs in the ALICE central barrel, which requires acceptance for e+e� pairs at invariant
masses and transverse momenta as low as possible, but at least at Mee ⇡ pT,ee ⇡ T⇡ 150 MeV.
This implies electron detection down to pT < 100 MeV/c. Since the production rate of ther-
mal dileptons is low (suppressed by µ a2), very good electron identification is mandatory to
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More fundamental questions ahead! 
• QGP properties driving its constituents to equilibration

• microscopic mechanisms leading to strong partonic collectivity

• mechanisms for hadronisation from the quark-gluon plasma

• partonic equation of state and its temperature dependence

• underlying dynamics of chiral symmetry restoration

Precision measurements with 
Run 3 and 4 will help us 
understanding the QGP

New insights with Runs 3+4 
• medium effects and hadrochemistry 

of single charm

• time-averaged thermal radiation 

from the quark-gluon plasma

• patterns indicative of chiral 

symmetry restoration

• collectivity from small to large 

systems

Nicolò Jacazio (Bologna University and INFN)



QGP physics beyond Run 4
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Precision measurements of dileptons 
• accessing the evolution of the quark-gluon plasma

• mechanisms of chiral symmetry restoration in the quark-gluon plasma


Systematic measurements of (multi-)heavy-flavoured hadrons 
• accessing parton propagation mechanisms in QGP

• study equilibration of heavy quark equilibration and diffusion in QGP

• mechanisms of hadronisation from the quark-gluon plasma


Hadron correlations and fluctuations 
• interaction potentials and charmed-nuclei

• susceptibility to conserved charges

To achieve all this, the next leap is needed in 
detector performance and statistics

  next-generation heavy-ion experiment! → ←

Nicolò Jacazio (Bologna University and INFN)



Electromagnetic radiation
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Accessing the QGP temperature 
In Run 3 and 4: 

• First measurement of average QGP temperature using 
thermal dielectron spectrum at Mee > 1.1 GeV/c2


In Run 5 with ALICE 3:  
• probe time dependence of the QGP temperature

• double-differential spectra: T vs mass, pT


• Excellent pointing resolution

• Large background for Mee ≳ 1 GeV/c2 due to heavy-flavour 

decays can be effectively suppressed with ALICE 3

• Complementary to measurements with real photons

Projection for one month Pb—Pb with ALICE 3

R. Rapp, Adv. High Energy Phys. 2013 (2013) 148253

P.M Hohler and R. Rapp, Phys. Lett. B 731 (2014) 103


Nicolò Jacazio (Bologna University and INFN)

Experimental challenge 
• γ conversion background

• open heavy-flavor production



Electromagnetic radiation
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Accessing the QGP temperature 
In Run 3 and 4: 

• First measurement of average QGP temperature using 
thermal dielectron spectrum at Mee > 1.1 GeV/c2


In Run 5 with ALICE 3:  
• probe time dependence of the QGP temperature

• double-differential spectra: T vs mass, pT


• Excellent pointing resolution

• Large background for Mee ≳ 1 GeV/c2 due to heavy-flavour 

decays can be effectively suppressed with ALICE 3

• Complementary to measurements with real photons

Projection for one month Pb—Pb with ALICE 3

R. Rapp, Adv. High Energy Phys. 2013 (2013) 148253

P.M Hohler and R. Rapp, Phys. Lett. B 731 (2014) 103


Nicolò Jacazio (Bologna University and INFN)

Experimental challenge 
• γ conversion background

• open heavy-flavor production

Probing the time 
evolution of the 
QGP temperature
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to 4% with the ALICE ITS 3 [30] when the thermal dielectron yield is integrated over pT,ee.
Assuming fully correlated systematic uncertainties as a function mee for the background sources,
as it was done in Ref. [30], the total systematic error on T pT,ee>0

fit is expected to be of the order
of 2%. The improvement in statistical accuracy will enable a multi-differential analysis of Tfit as
a function of pT,ee, as shown in the right-hand panel of Fig.54.

3.3.3.2 Azimuthal asymmetry The elliptic flow of dielectrons in different mee and pT,ee
regions provides important information to disentangle dielectron emission at early times of the
collision from those produced later, once the medium already started to cool down.

Following the strategy outlined above, the measured raw signal dielectron spectrum is simulated
in semi-central (30-50%) Pb–Pb collisions at

p
sNN = 5.02 TeV and shown in the left panel of

Fig. 55. For this differential study, an integrated luminosity of 35 nb�1 was considered, corre-
sponding to six years running. Electrons are identified with the outer TOF and RICH detectors
in the rapidity range |he|  1.75 for pT,e � 0.2 GeV/c. The relative contribution of thermal ra-
diation decreases from central to peripheral collisions, and therefore only becomes dominant at
slightly larger invariant mass. The elliptic flow of prompt correlated e+e� pairs can be computed
using the measured dielectron yields in- and out-of-plane, NINP and NOOP, after subtraction of
the residual heavy-flavour background based on the measured DCAee distributions, with the for-
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Figure 53: Simulated raw signal spectra of inclusive dielectrons (left) and excess e+e� pairs after
subtraction of correlated light-hadron and heavy-flavour hadron decays (right) using the outer TOF
and RICH particle identification at mid-rapidity in central (0-10%) Pb–Pb collisions at

p
sNN = 5.02

TeV. The green or empty boxes show the systematic uncertainties from the combinatorial background
subtraction and the tracking and electron identification. The magenta boxes (right) indicate system-
atic errors related to the subtraction of the light-flavour and heavy-flavour contributions. The excess
spectrum is compared to predictions using different r spectral functions (see text) [130–132, 292].

Chiral symmetry restoration

25

Chiral symmetry restoration 
• using thermal dielectron spectrum at Mee < 1.2 GeV/c2


Thermal production of ρ

• ρ sensitive to surrounding medium (τρ = 1.3 fm < τfireball)


→ ρ spectral function modification related to chiral symmetry 
restoration 

• High precision measurement with ALICE 3 

→ Access to chiral symmetry restoration mechanisms like ρ − a1

Projection for one month Pb—Pb with ALICE 3

R. Rapp, Adv. High Energy Phys. 2013 (2013) 148253

P.M Hohler and R. Rapp, Phys. Lett. B 731 (2014) 103


Nicolò Jacazio (Bologna University and INFN)



Flow of heavy quarks

26

Semi-central collisions: pressure anisotropy in the QGP  → final-state azimuthal anisotropy (“flow”)


Azimuthal anisotropy: access to heavy quark transport properties in the QGP at hadron level

• Assess the charm quark degree of thermalization, diffusion coefficients

• Weaker beauty thermalization → Smaller v2 expected


• How much smaller than v2(charm) is v2(beauty) ? Is v2(beauty) ≠ 0 ? 
→ Examples of accuracy for single-HF baryons


Driving factor: 
pointing resolution, efficiency and acceptance are needed for flow measurements down to low pT → i.e. ALICE 3


Nicolò Jacazio (Bologna University and INFN)

From spatial 
anysotropy to 
momentum 
anysotropy



Heavy quark correlations
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Charm quark energy loss in QGP 
Angular decorrelation of  mesons 

→ probe heavy quark rescattering in QGP


Sensitive to:

• Energy loss mechanisms

• Heavy quark thermalisation


Strongest signal at low  → very challenging measurement


• Requires: high purity, efficiency and large  coverage

• Heavy-ion measurement possible only with ALICE 3

D0D0

pT

η

ALICE 3

ALICE 2

Nicolò Jacazio (Bologna University and INFN)



Heavy quark correlations

28

Charm quark energy loss in QGP 
Angular decorrelation of  mesons 

→ probe heavy quark rescattering in QGP


Sensitive to:

• Energy loss mechanisms

• Heavy quark thermalisation


Strongest signal at low  → very challenging measurement


• Requires: high purity, efficiency and large  coverage

• Heavy-ion measurement possible only with ALICE 3

D0D0

pT

η

ALICE 3

ALICE 2

Nicolò Jacazio (Bologna University and INFN)

In addition: fully-tagged 
HF jets (i.e. full topological 
reconstruction of HF 
hadrons, within/near jets)



Multi-charm baryons

29

 Hadronization of the heavy-flavor baryonic sector is still an 
open question.

• ALICE 3 is well-suited for the measurement of multi-

charm baryons that can efficiently address this question

66 ALICE Collaboration
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cc decay

into X+
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ALI-SIMUL-510941

Unique experimental access to 
multicharm hadrons with ALICE 3 in 
Pb-Pb collisions

Nicolò Jacazio (Bologna University and INFN)



cd → d + K− + π+

Exotic bound states

30

High mass (charm-)nuclei 

90 ALICE Collaboration
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Figure 1: Distribution of D0D0⇡+ mass. Distribution of D0D0⇡+ mass where the contribu-
tion of the non-D0 background has been statistically subtracted. The result of the fit described
in the text is overlaid.

The function is built under two assumptions. Firstly, that the newly observed state has
quantum numbers JP = 1+ and isospin I = 0 in accordance with the theoretical expecta-
tion for the T+

cc ground state. Secondly, that the T+
cc state is strongly coupled to the D⇤D

channel. The derivation of FU relies on the isospin symmetry for T+
cc! D⇤D decays

and explicitly accounts for the energy dependency of the T+
cc! D0D0⇡+, T+

cc! D0D+⇡0

and T+
cc! D0D+� decay widths as required by unitarity. Similarly to the FBW profile,

the FU function has two parameters: the peak locationmU, defined as the mass value where
the real part of the complex amplitude vanishes, and the absolute value of the coupling
constant g for the T+

cc! D⇤D decay.
The detector mass resolution, R, is modelled with the sum of two Gaussian functions

with a common mean, and parameters taken from simulation, see Methods. The widths
of the Gaussian functions are corrected by a factor of 1.05, that accounts for a small
residual di↵erence between simulation and data [39,104,105]. The root mean square of
the resolution function is around 400 keV/c2.

A study of the D0⇡+ mass distribution for selected D0D0⇡+ combinations in the region
above the D⇤0D+ mass threshold and below 3.9GeV/c2 shows that approximately 90% of all
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Figure 43: Left panel: D0D0p+ invariant mass distribution measured by LHCb [58]. The D0D⇤+

and D+D⇤0 mass-threshold are indicated by the dashed green and magenta lines, respectively. Right
panel: predicted D0D⇤+ correlation as a function of the relative momentum k⇤ evaluated for four dif-
ferent source sizes. The expected statistical precision on the measurement of the D0D⇤+ correlation
function CD0D⇤+ in pp collisions at

p
s = 14 TeV has been evaluated for an integrated luminosity of

Lint = 18 fb�1 assuming an emitting source radius of about r = 1 fm. In the 10% most central Pb–
Pb collisions at

p
sNN = 5.5 TeV an integrated luminosity of Lint = 35nb−1 assuming an emitting

source radius of about r = 5 fm has been considered. The predicted CD0D⇤+ for different emitting
source radii are also shown for comparison.

hadrons with the scope of investigating the molecular nature of exotic states. As a proof of
principle, we discuss here the case of the T+

cc state newly observed by the LHCb collaboration
in the D0D0p+ spectrum with a mass of about 3875 MeV/c2 and a width of 400 keV/c2 [57].
The left panel of Fig. 43 shows the measured D0D0p+ invariant mass distribution together with
the D0D⇤+ and D+D⇤0 mass-thresholds. Considering the D0D⇤+ pair as possible constituents
of a hadronic molecule with the same properties as Tcc

+, a binding energy of 360 keV would
be evaluated and this corresponds to a scattering length equal to a0 = �7.16+ i1.85 fm for the
DD pairs. This was obtained via a study of the Tcc

+ lineshape, as described in Ref. [58]. Such
a large value of the scattering length (the negative sign implies the presence of the bound state)
would manifest itself clearly in the inversion of strength of the correlation function with respect
to unity as a function of the system size R. Considering a single-channel Gaussian potential for
the D0D⇤+ tuned to reproduce the mass and width of the sub-threshold molecular state, we have
computed the D0D⇤+ correlation functions expected for four different values of the system size
R. The results are shown in the right panel of Fig. 43. The presence of the bound state manifests
itself with an inversion of the correlation shape when modifying the radius R from 1 fm to 5
fm. The interplay between the real part of the scattering length a0 and the size of the source R,
brings the correlation below unity for sufficiently large sources.

The expected performance for the measurement of D0D⇤+ correlation function (CD0D⇤+) was
computed by simulating pp collisions at

p
s = 14 TeV with the PYTHIA 8 event generator. The

D⇤+ and D0 mesons were selected in the rapidity interval |y|< 4 via the decay channels D⇤+ !

Unique sensitivity to undiscovered 
charm-nuclei: c-deuteron, c-triton

Search for possible DD bound states using 
momentum correlations

• D – D momentum correlations accessible 

via two-particlefemtoscopy measurements

• Unique tests of long range strong 

interaction with rare hadrons

• Investigation of the molecular nature of 

exotic states

Super-nuclei: c-deuteron (cd) and c-triton (ct)

• first observation feasible


Search for anti-(hyper)nuclei with A>5

(e.g. 5ΛHe or 6Li) and super-nuclei 

Nicolò Jacazio (Bologna University and INFN)

Charm hadron molecules



Beyond the Standard Model

31

Anti-nuclei from b quarks 
• Recent AMS preliminary observation of cosmic-ray anti-nuclei (3He) can be a 

signature of the dark matter annihilation in space

Decay of dark matter predicted to favor b quark pairs hadronizing into Λb 


Question: how likely anti-nuclei can be formed from Λb decay?

• Constraints on branching ratio at the LHC (preliminary measurement by LHCb)

Nicolò Jacazio (Bologna University and INFN)



Beyond the Standard Model

32

Light-by-light scattering for axion searches 
• Competitive limits on axion searches

• UPCs provide a clean environment for di-photon final states

• final state photons reconstructed either via photon conversions or via ECal measurements

Nicolò Jacazio (Bologna University and INFN)



Muon identification
Absorber

Magnet
ECal

RICH

Tracker

TOF

FCT

ALICE 3
1.6

m

ALICE 3 detector concept

33

For LHC Run 5 & 6

Improvement of

pointing resolution

and effective

statistics

Compact all-silicon tracker

with high-resolution vertex detector

Superconducting magnet system

Particle Identification over large acceptance:

muons, electrons, hadrons, photons

Fast read-out and online processing

In few words:

Nicolò Jacazio (Bologna University and INFN)
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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

34

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

Nicolò Jacazio (Bologna University and INFN)



Vertex detector concept

35

Retractable vertex detector 
3 layers within the beam pipe in secondary vacuum


• wafer-sized, bent Monolithic Active Pixel Sensors

• σpos ~2.5 μm → 10 μm pixel pitch


• 1 ‰  per layer

rotary petals matching to beampipe parameters


• Rmin ≈ 5 mm at top energy

• Rmin ≈ 15 mm at injection energy


• feed-throughs for power, cooling, data

R&D ongoing: challenges on mechanics, cooling, radiation tolerance

X0

IRIS system: 
services integration being detailed

study of protection between primary and 
secondary vacuum

impact of vacuum on components, wire 
bonding, glued parts

Middle Layers: 
various options for ultra-light layers, 
leveraging on ITS3 technology

benefits on tracking of soft electrons 
and of charged hyperons ( , )Ξ− Ω−

Nicolò Jacazio (Bologna University and INFN)

IRIS Breadboard model 3



Strangeness tracking to the maximum

36

Full reconstruction of decay topology tracking 
charged strange decaying hadrons

Unique experimental access to multicharm 
hadrons with ALICE 3 in Pb-Pb collisions

Combined with possibility to run with lighter ions, 
test the system size dependence

(ucc)→ (usc)  → [ (dss) ] 


(scc) ...

(ccc)→ (scc)  → [ (ssc) ]  ...

Ξ++
cc Ξ+

c π+ Ξ− π+π+ π+

Ω+
cc

Ω++
ccc Ω+

cc π+ Ω0
c π+ π+

Nicolò Jacazio (Bologna University and INFN)

V. Minissale et al. Eur.Phys.J.C 84 (2024) 3, 228



Requirements for tracking

37

Momentum resolution crucial for: 
• dileptons

• heavy flavour

• jets


Target momentum resolution 

Critical for this step: 
• integrated magnetic field

• overall material budget

 Relative  resolution  (limited by multiple scattering)


~1 % up to η = 4 → large coverage

pT ∝
x/X0

B ⋅ L

ALICE 3 | November 26th, 2021 | jkl

• Relative pT resolution   
(limited by multiple scattering) 
➟ ~1 % up to η = 4

• integrated magnetic field crucial

• overall material budget critical


• ~11 tracking layers (barrel + disks) 
• MAPS

• σpos  ~10 µm → 50 µm pixel pitch

• Rout ≈ 80 cm and L ≈ 4 m (→ magnetic field integral ~1 Tm)

• timing resolution ~100 ns (→ reduce mismatch probability)


• material ~1 % X0 / layer → overall  = ~10 %

∝
x/X0

B ⋅ L

X/X0
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• Relative pT resolution   
(limited by multiple scattering) 
➟ ~1 % up to η = 4

• integrated magnetic field crucial

• overall material budget critical


• ~11 tracking layers (barrel + disks) 
• MAPS

• σpos  ~10 µm → 50 µm pixel pitch

• Rout ≈ 80 cm and L ≈ 4 m (→ magnetic field integral ~1 Tm)

• timing resolution ~100 ns (→ reduce mismatch probability)


• material ~1 % X0 / layer → overall  = ~10 %

∝
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The outer tracker

38

Concept: 
• ~8 layers and 9 disks tracking layers

• σpos ~10 μm → 40 μm pixel pitch


• Rout ≈ 80 cm and L ≈ 4 m

• timing resolution ~100 ns (→ reduce mismatch probability)


• carbon-fibre space frame for mechanical support

• material ~1 %  / layer → overall  = ~10 %


• Low power consumption ~20 mW/cm2 

R&D: build on the expertise of ITS2

X0 x/X0

Total silicon area ~ 67 m2

126 ALICE Collaboration

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).

MAPS technology (~67m2 total area)


Nicolò Jacazio (Bologna University and INFN)



Bonus: 
Measure event-by-event fluctuations into distributions

with pT > 0 GeV/c + over large y (i.e. pT-integrated quantities)

1st moment, m1 : mean M

2nd moment, m 2 : variance σ2

3rd moment, m3 : ∝ skewness S

4th moment, m4 : ∝ kurtosis κ

5th moment, m5 : ...


Why PID matters

39

Concept: 
• Getting dN/dpTdy + vT down to non-relativistic pT 

(e.g. pT < 0.05 GeV/c → β( ) ≈ 0.34) 
→ change from non-relativistic (linear) to relativistic 
hydrodynamic evolution (quadratic behaviour)


• Disoriented Chiral Condensate or π condensate

• if present at all, will be at pT < 1/2 

• Driving factor: pT reach and increased acceptance

π

mπ

Net quantum number fluctuations at (μB = 0)

Q : net charge (h+ - h-)

B : net baryon ( - , - , ...)

S : net strangeness ( - , - , ...)


p p̄ Λ Λ̄
K+ K− Λ Λ̄

→ key : ratios mj/mi (e.g. m4B /m2B) to access direct 
comparison to LQCD for (deconfinement d.o.f. + chiral 
restoration + nature of transitions )

HotQCD, arXiv:2001.08530


Nicolò Jacazio (Bologna University and INFN)
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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

40

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

•••••Silicon detector for particle identification

Barrel time-of-fight (2 layers, |η|<1.75)

- inner TOF at 19 cm, outer TOF at 85 cm

- Total surface ~ 31.5 m2 (1.5 inner + 30 outer)

Forward disks (2 disks, 1.75<|η|<4)

- rin = 15 rout=50 cm, z = 405

- Total surface of 14 m2

Specs:

- time resolution ~20 ps

- material budget: 1-3% X0

Technology options:

- MAPS: uniform charge collection, high signal-to-noise ratio

- CMOS SPADs: common readout with RICH

- LGAD: sensor-grade wafers, dedicated readout


Nicolò Jacazio (Bologna University and INFN)
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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

41

Total SiPM area ~ 40 m2


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

aerogel radiator

e/π

/Kπ

Complement PID reach of outer TOF

to higher pT with Cherenkov detector


Critical for this step: 
• ensure continuous coverage with the TOF 

system


Concept: 
• aerogel radiator


• refractive index n = 1.03 (barrel)

• refractive index n = 1.006 (forward)


• R&D on monolithic silicon photon sensors

Nicolò Jacazio (Bologna University and INFN)



Muon identification

42

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


Muon identification down to pT ≈ 1.5 GeV/c


optimized for  reconstruction down to pT 0 GeV/c

η × φ

J/ψ

Nicolò Jacazio (Bologna University and INFN)



Digesting the data

43

ALICE O2 facility for Run 3 and 4:  
Major upgrades during Long Shutdown 2 (continuous readout)

• Store all Pb-Pb collisions up to 50 kHz interaction rate → 3.5 TB/s raw detector data


• Fast online compression during data taking on heterogeneous architecture:  
FPGAs in FLP: 3.5 TB/s → 900 GB/s - GPUs in EPN: 900 GB/s → 170 GB/s

ALICE 3: novel and innovative detector concept 
→ without TPC, much lower data volume / event but continuous read-out and online processing


Target interaction rates x2 in Pb-Pb and x50 in pp (24 MHz)

→ data throughput will be dominated by pp 


→ Online compression scheme of Run 3 and 4 in Run 5 → leveraging technological speedup to handle higher pp rates

Nicolò Jacazio (Bologna University and INFN)

EPNs



R&D activities
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Silicon pixel sensors 
• thinning and bending of silicon sensors


• expand on experience with ITS3

• exploration of new CMOS processes


• first in-beam tests with 65 nm process

• modularisation and industrialisation


Silicon timing sensors 
• characterisation of SPADs/SiPMs


• first tests in beam

• monolithic timing sensors


• implement gain layer

Photon sensors 

• monolithic SiPMs

• integrate read-out


Detector mechanics and cooling 
• mechanics for operation in beam pipe


• compatibility with vacuum and beam impedance

• minimisation of material in the active volume


• micro-channel cooling

Unique and relevant 
technologies

 → Synergies with LHC, 
FAIR, EIC, ...

R&D has already started!

Nicolò Jacazio (Bologna University and INFN)



Outer Tracker R&D

45
Nicolò Jacazio (Bologna University and INFN)

Barrel design:

• full-scale stave model

• mechanical support studies

• air cooling studies


Endcap disks:

• double-sided layout of sensor 

modules

• material budget estimates

Module assembly in external companies:

• customization of die-bonder machine 

• studies for sensor gluing and interconnections




TOF R&D
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Nicolò Jacazio (Bologna University and INFN)

Eur. Phys. J. Plus 138, 99(2023)

Target time resolution: 20 ps  
Several testbeams since 2022 (last October 2024)

Various sensor options:

• SiPM coated with different resins (type, thickness)

• Single and double LGADs 20 𝜇m, 25 𝜇m, 35 𝜇m thick

• 50 𝜇m thick CMOS-LGAD (ARCADIA MAPS with gain layer) and with 

integrated FEE (MADPIX)

Target resolution achieved on individual sensor with SiPM and CMOS



RICH R&D
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Target single-photon angle resolution: 6 mrad

Testbeam in  October 2023 at CERN PS

Aerogel radiator by Aerogel Factory LTD (Japan) 

8x8 SiPM matrices from HPK and FBK, various pixel sizes

Different radiator windows coupled to SiPM to test TOF+RICH integrated concept



MID R&D
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Test beam in July 2023 at CERN PS


Considered technologies: 
• Plastic scintillators (FNAL-NICADD, ELJEN EJ208, Protvino) + SiPM

• Multiwire proportional chambers (8 mm, 12 mm pitch)

• Resistive plate chambers

JINST 19 (2024) 04, T04006


MWPC efficiency



Summary and conclusions
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ALICE 3 will unravel the QGP dynamics 
• Evolution of thermal properties of the QGP

• Chiral symmetry restoration

• Hadronisation and nature of hadronic states

• Exotic states and charmed nuclei


Innovative detector concept 
• focusing on silicon technology 
• building on experience pioneered in ALICE upgrades

• requiring R&D activities in several strategic areas

• R&D already started!

Heavy ions: 1 month/year

35 nb-1 for Pb-Pb


Under study:  
 lighter species for higher luminosity


pp at  = 14 TeV:  
3 fb-1 / year  compared to Run 3+4

→
s

→ × 100

6 years of running with ALICE 3

ALICE 3 
PYTHIA Angantyr Pb-Pb 5.02 TeV

Central Pb-Pb Event Display Concept
via Blender 3.2 python API

ALICE 3 
PYTHIA Angantyr Pb-Pb 5.02 TeV

Central Pb-Pb Event Display Concept
via Blender 3.2 python API

ALICE 3 
PYTHIA Angantyr Pb-Pb 5.02 TeV

Central Pb-Pb Event Display Concept
via Blender 3.2 python API

Nicolò Jacazio (Bologna University and INFN)



More reasons
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Thank you
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• Expand the fast simulation tools developed for the ALICE 3 studies and apply them for Run 3 analyses




Observables and requirements
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Goal observables 
Dileptons (pT~0.1- 3 GeV/c, Mee ~0.1-4 GeV/c2) 

• vertexing, tracking, lepton ID

Photons (100 MeV/c - 50 GeV/c, wide η range) 

• electromagnetic calorimetry

Heavy-flavour hadrons (pT → 0, wide η range) 

• vertexing, tracking, hadron ID

Quarkonia and Exotica (pT → 0) 

• muon ID

Jets 

• tracking and calorimetry, hadron ID

Ultrasoft photons (pT = 1 - 50 MeV/c) 

• dedicated forward detector

Nuclei and exotica 

• identification of z > 1 particles

• Good tracking down to pT = 0

• Low-mass detector

• Excellent pointing resolution

• Excellent particle identication

• Large acceptance

• High rates, large data samples

Key requirements

Performance summary



Installation at LHC
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Installation of ALICE 3 around nominal IP2 
L3 magnet can remain, ALICE 3 to be installed inside

Cryostat of ~8 m length, free bore radius 1.5 m,

magnetic field configuration to be optimized


Running scenario: 
6 running years with 1 month / year with heavy-ions

• 35 nb-1 for Pb—Pb x 2.5 compared to Run 3 + 4

• Lighter species for higher luminosity under study

pp at s = 14 TeV: 

• 3 fb-1 / year x 100 compared to Run 3 + 4


