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NuPECC represents 

• the nuclear physics community from 23 countries, 

• the European Strategy Forum for Research 
Infrastructures (ESFRI) of nuclear physics, 

• the European Centre for Theoretical Studies in 
Nuclear Physics and Related Areas (ECT*), 

• associated members including CERN,

• 10 observers.

NuPECC LRP2024 Executive Summary
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People
According to a recent NuPECC survey, 
more than 5300 scientists work in the 
field of nuclear physics in Europe. 
Approximately 1200 of these work on 
nuclear physics theory and 4100 on 
experimental nuclear physics. There 
are approximately 1800 PhD students, 
1000 post-docs, and over 2500 
scientists with permanent positions. 

It is of utmost importance to inspire 
and invest in the next generation of 
nuclear scientists, drawing on the 
talent and potential of the entire 
society. This is essential, not only 
within nuclear physics, but to ensure 
capacity-building across the wide 
range of disciplines and impact areas 
relying on the nuclear sciences. The 
investment of European funding bodies 
and institutions in nuclear physics is 
essential to inspire the public in nuclear 
science and its impacts, to educate 
and train the next generation of nuclear 
scientists and support equitable career 
progression with an inclusive approach 
to diversity across academic, industrial 
and vocational career paths. In order to 
further develop the pool of knowledge for 
future generations in nuclear science, the nuclear physics community 
explores these areas of knowledge, ensures their understanding and 
development, and also communicates them to – and develops them 
jointly with – the next generations, through outreach, education and 
training. 

Infrastructures
Scientific questions and challenges are answered by the European 
nuclear science community by carrying out experimental and theoretical 
investigations within a rich ecosystem of research infrastructures 
and institutes of varying sizes, ranging from ESFRI-scale facilities 
to small university departments. Each area of this ecosystem has an 
important role to play in the delivery of nuclear science in Europe. The 
landscape of European Research Infrastructures is shown in the Fig. 
1.3. The huge range of nuclear science phenomena and applications 
presented in this Long Range Plan requires, in turn, a very large 
range of facilities. These facilities offer both stable and radioactive 
ion beams, electromagnetic probes, neutron sources, elementary 
particles, computing infrastructure or other instrumentation essential 
to delivering nuclear science. Some of them offer low-energy beams 
with dedicated characteristics for analysis and applications. Others 
produce unique short-lived radioactive nuclei, explore the high-energy 
frontier of nuclear physics or provide high-intensity beams to explore 
rare nuclear processes. All these types of facility find their natural 
place in the European research landscape and are necessary. Often, 
access to these Research Infrastructures is facilitated by EU-funded 
programmes, such as STRONG2020, EURO-LABS, ChETEC-INFRA, 
OFFERR, RADIATE, RADNEXT and SANDA. Such programmes 
guarantee that all potential users gain access to state-of-the-art 
facilities, irrespective of their status.
All the sub-fields of nuclear physics exploit several large-scale and 
more than 15 smaller-scale infrastructures in Europe. Among them, 
large infrastructures from the European Strategy Forum for Research 
Infrastructures (ESFRI) Roadmap play a particularly important role in 
federating and shaping nuclear physics research and the scientific 
community.

European landscape of nuclear physics

Fig. 1.3: Nuclear physicists in the European NuPECC Member countries and the 
Associated Member CERN (source: NuPECC survey 2021 and 2023). 

Fig. 1.4: European landscape of nuclear physics 
infrastructures.

European Nuclear Physics Landscape
in numbers of researchers 



Numbers on the Long Range Plan 2024 (LRP 2024)

• Steering Committee included the chairs of the Astroparticle 
Physics European Consortium (APPEC) and the European 
Committee for Future Accelerators (ECFA).

• Steering Committee adopted a bottom-up approach with an 
open call kickoff. 

• 159 contributions received.
• Contributions from 400+ individual scientists , collaborations, 
research infrastructures, and institutions in Europe.

• Steering Committee formed 11 thematic working groups (TWG). 
• 29 members of NuPECC in the 11 TWG.
• LRP draft involved 35 members of NuPECC, 250+ TWG conveners 
and members.

• LRP 2024 has 184 pages.



*For the 1st time in a NuPECC LRP

Topics covered 
by the LRP 
2024

Hadron Physics; 

Properties of Strongly Interacting Matter at Extreme Conditions  (Temperature and Baryon Number)

Nuclear Structure and Reaction Dynamics;

Nuclear Astrophysics; 

Symmetries and Fundamental Interactions; 

Applications and Societal Benefits; 

Research Infrastructures;

Open Science and Data; 

Nuclear Science—People and Society

Nuclear Physics Tools*—Machine Learning, Artificial Intelligence, and Quantum Computing; 

Nuclear Physics Tools*—Detectors and Experimental Techniques.



Total
expenditure %GDP

Companies  (mostly Applied Science)

StateHE institutions
 

Non-profit

State 0,63

6 countries > 3%

3

Source: https://www.pordata.pt/pt 

Evolution&Distribution, by execution sector, of expenditure in R&D (%GDP) 



Nuclear Physics Research at LIP and at CfisUC

LIP 
Nuclear Reactions, Instrumentation and Astrophysics    
(NUC-RIA)
 Nuclear Physics and Strong Interaction Group 
(NPStrong; pQCD)  

CFisUC
Centre for Physics of the
University of Coimbra Explored Domains

Nuclear Structure and Reactions  NSR
Nuclear Astrophysics                      NAP
Hadronic Physics                             HAD

Staff 11 PhD students 11

Staff 12            PhD students 8



Theory Research 
LIP 

HAD
Hadron spectroscopy and structure:
Pentaquarks;
Baryon diquark components and 
clustering;
Deuteron as a six-quark state;

Strangeness and Hyperon form factors.

Theory Research 
CFisUC

NAP
Neutron star EOS:

Empirical constraints on symmetry energy. 
 
HAD
Quantum Chromodynamics on the Lattice:  
Quark propagator and quark-gluon vertex 
from lattice QCD at finite temperature.
 

FIG. 2. Composition of a typical neutron star.

such as mass-radius relationships of compact stars. This is achieved by solving the Tolman-

Oppenheimer-Volko↵ (TOV) equations [116, 117], which are valid as long as rotational fre-

quency (⌫) and magnetic field (B) e↵ects are not significant. These results can be com-

pared with astrophysical observations from neutron-star electromagnetic emissions, usually

radio and X-ray, and most recently, gravitational wave emission from neutron-star mergers.

In particular, observations from the National Radio Astronomy Observatory’s Green Bank

Telescope (GBT) [118], NASA’s Neutron Star Interior Composition Explorer (NICER) [119–

122], and NSF’s Laser Interferometer Gravitational-wave Observatory (LIGO) together with

VIRGO [119, 123, 124] put strong constraints on the EoS [119, 125]. Many EoS models have

been updated since these observations were made, to be in agreement with observations [126].

The most accurate neutron-star mass estimates come from the timing of radio pulsars in

orbital systems with relativistic dynamical e↵ects [127–129]; they inform the EoS insofar as

18
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Hadron Spectroscopy

The multi-faceted features of the strong interaction manifest 
themselves in the excitation spectra and decay modes of strongly 
bound systems. In modern experiments, properties of hadrons such 
as their mass, lifetime or width, spin, and other quantum numbers, 
can be measured. Most well-established hadrons conform to valence 
quark-antiquark (qq ̅) and three-quark (qqq) configurations. Therefore, 
it came as a surprise when several experimental collaborations 
discovered hadrons that defied this conventional framework. These 
unconventional, or exotic, hadrons can take the form of either large-
size molecule-like states bound by residual interactions, akin to the 
deuteron, or compact multi-quark states, or even exhibit explicit 
gluonic degrees of freedom, such as hybrid mesons or glueballs (Fig. 
2.1). A coherent understanding of the excitation spectra of hadrons 
necessitates the combined effort of experiment and theory: ever-
more precise data and advanced amplitude analyses, combined with 
progress, in theory using e.g. lattice QCD simulations (see Box 2.4), 
functional methods (see Box 10.1), or effective field theories (Box 2.5).  

Fig. 2.1 Valence content of conventional and exotic hadrons

Fig. 2.2: Hadrons discovered at the LHC since the NuPECC LRP 
2017. Picture credit Patrick Koppenburg, LHCb, CC by 4.0.

Recent achievements and 
highlights

Substantial advancements have been made in hadron spectroscopy 
since the NuPECC LRP of 2017. COMPASS (CERN) and BESIII (Chi-
na), as well as experiments at ELSA (Bonn), MAMI (Mainz) and Jef-
ferson Lab (US) have published compelling new findings on hadrons 
containing light and strange quarks. In the heavy-quark sector, nume-
rous discoveries have been made in recent years, with LHCb (CERN) 
playing a prominent role (Fig. 2.2). In addition, BESIII and Belle / Belle 
II (SuperKEKB) contributed with important results. Many of the newly 
discovered states are manifestly exotic. 

Recently, the wealth of data from COMPASS helped to resolve 
a decade-long debate on the existence of states with spin-exotic 
quantum numbers JPC = 1-+ with masses below 2 GeV. A coupled-
channel analysis of the ηπ and η’π final states by the Joint Physics 
Analysis Center (JPAC) showed that the signals at 1.4 GeV and 1.6 
GeV can be attributed to single resonance pole, the π1(1600) (Fig. 
2.3), as confirmed by including pp  ̄ annihilation and ππ scattering 
data in the analysis. The π1 (1600) is the prime candidate for a hybrid 
meson, where gluons explicitly contribute to the quantum numbers. 
The η1 (1855), a possible isoscalar partner to the π1 (1600), was 
recently reported by BESIII in J/ψ radiative decays. In the 1++ sector, 
COMPASS found that the a1 (1420), a distinct resonance-like signal 
inconsistent with any quark-model, can be explained by a triangle 
singularity (Fig. 2.4). The fact that resonance-like signals can arise 
from such rescattering effects in multi-body final states may also have 
implications for several new states discovered in the heavy-meson 
sector. 

Light mesons 

Fig. 2.3: Pole structure of eta pi and eta’ pi final states. Picture credit 
Alessandro Pilloni/JPAC, Phys. Rev. Lett. 122, 042002 (2019)

First-principle calculations of light-hadron spectroscopy have 
substantially advanced in recent years. Lattice QCD is now able to 
address hadron resonances decaying into many different two-hadron 
final states, including the lightest hybrid resonance with quantum 
numbers JPC = 1-+. Lattice QCD can also be applied to study ππ and Kπ 
scattering, providing insights into the elusive σ, κ and a0/f0(980) scalar 
mesons. The framework for analysing three-body decays has been 
established with initial lattice QCD calculations in the meson sector.  

Hadron Physics 

?



Challenges

ü Spectroscopy not enough;
    Femtoscopy  and structure studies add essential information (e.g cluster correlations or clustering).
ü Comparison of complementary theoretical approaches (e.g.QCD based vs models).
ü Merging  lattice QCD,  nuclear physics, gravitational wave astrophysics, 
relativistic hydrodynamics, and computer science  in front-end development .

1. Hadron and Nuclear Physics phenomena extend from the tiniest to the largest scales 
of the universe and determine the attributes of astrophysical objects. 

2. Experiment & Theory: Role and signatures of diquarks. 
3.    Theory: Predictive power and uncertainty control.

A. Torcato, A. Arriaga, G. Eichmann, T. Peña
Few Body Syst. 64 (2023) 3, 45

6 André Torcato et al.

M [MeV]

Fig. 3 Results for the singly-charmed baryon spectrum including ωc and εc states com-
pared to experiment [45]

↭ The BSE eigenvalue spectrum for the [nc] and {nc} diquarks, which
determines the diquark masses, is contaminated by complex conjugate eigen-
values. This is a typical problem for heavy-light systems, and to resolve it
we resort to the spectral reconstruction method described in Ref. [43]: we
reconstruct the propagator matrix from its positive eigenvalues only, which
through a Cholesky decomposition guarantees that the final BSE eigenvalues
are real and the eigenvectors (the diquark amplitudes) orthogonal. We employ
the same strategy also for the quark-diquark BSE which faces similar issues.

↭ The masses of the heavy-light diquarks [nc] and {nc} turn out to lie
just above the quark contour limit, where the diquark BSE probes the quark
propagators beyond their leading singularities in the timelike complex plane.
In the absence of residue calculations the diquark masses can be extrapolated
to their onshell values, but this still complicates the calculation of the diquark
amplitudes (and in particular their canonical normalizations) which enter in
the quark-diquark BSE. For this reason we readjust the diquark normalization
by fitting it to the ωc ground state.

↭ In the quark-diquark BSE the quark and diquark propagators are also
sampled in the complex plane, which leads to analogous singularity restric-
tions. This becomes particularly severe for the heavy-light baryon spectrum,
where all masses above → 1.4 GeV result from extrapolations, in particular also
the ground states. Also in this case the problem can in principle be solved by
residue calculations, but this would pose a substantial numerical e!ort which
we do not attempt here. On the other hand, there are examples demonstrating
that (in the absence of physical thresholds) extrapolations agree with direct
calculations where such a comparison is possible, see e.g. [44].

n is u or d



• Hadron physics : 
opportunities at HL-LHCb@CERN 
are a pillar of a world-leading hadron
physics research programme;

but spectroscopy is not enough;  it has to be complemented  
by femtoscopy and struture studies (BESIII, BELLE, FAIR, AMBER@CERN).
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Dark Matter annihilation into nucleus-antinucleus pairs in Space, 
for which nuclei produced in cosmic-ray interactions is the main 
background. The studies of proton-hyperon correlations in momentum 
space will improve significantly during Run 3 and will be extended to 
multi-strange hyperons, charm baryons, and to hadron triplets. The 
results are expected to have implications for the equation of state of 
matter in dense neutron stars.

The experimental high 
temperature frontier: LHC Runs 5 
and 6 (2035 - 41)

Preparing for the next physics harvest:  

Despite the strong progress expected from the upgraded experiments 
and the large increase in integrated luminosity, several crucial 
questions on the QGP and its properties will remain unanswered 
after LHC Runs 3-4. These questions include the time evolution of 
the QGP temperature, the expected restoration of chiral symmetry, 
the degree of thermalisation of charm and beauty quarks and the 
underlying microscopic mechanisms, and the hadronisation of heavy 
quarks from the QGP. The exploitation of the LHC as a heavy-ion 
collider throughout its entire High-Luminosity phase, up until Run 6, is 
a unique opportunity to address these questions. 

Fig. 3.11: (Left panel) Expected improvement of the heavy-quark diffusion coefficient DS due to the LHC data from Run 
3 and Run 4. Right panel) ALICE upgrade projection for the measurement o  nuclear modification of the gluon distribu-
tion function as a function of x [CERN Yellow Rep.Monogr. 7 (2019) 1159-1410].

Fig. 3.12: Timeline of current LHC experiments and upgrades.  [J. Klein, QM2022, Acta Phys. Polon. Supp. 16 (2023) 1,25]

Detectors and physics aims for Runs 5 and 6 
at the LHC

For the LHC Runs 5 and 6 (2035-2041) the ALICE collaboration 
proposes a new, next-generation detector called ALICE 3. A proposed 
second major LHCb upgrade will grant access to central PbPb 
collisions and to fixed-target collisions on a polarised target. The 
ATLAS and CMS detectors will undergo their major upgrades before 
Run 4 and should exploit the full integrated luminosity for heavy ions 
that the LHC will deliver throughout Run 6.

The ALICE 3 detector consists of a vertexing and tracking  system 
over a  large pseudorapidity range (-4 <η< +4), complemented by 
multiple sub-detector systems for particle identification including 
silicon time-of-flight layers, a ring-imaging Cherenkov detector 
with high-resolution readout, a muon identification system and an 
electromagnetic calorimeter. Unprecedented pointing resolution 
of 3-4 μm at pT=1 GeV/c at midrapidity in both the transverse and 
longitudinal directions can be achieved by placing the first layers at 
0.5 cm from the beam axis on a retractable structure to leave sufficient 
aperture for the beams at injection energy. ALICE 3 also aims at a 
superb time resolution of 20-30 ps and low-gain avalanche d (LGAD 
devices have already demonstrated this capability).  CMOS sensors 
with an additional gain layer or silicon photomultipliers coupled to a 
thin resistive layer could also achieve the same performance and are 
currently being investigated.

Properties of Strongly Interacting Matter at Extreme Conditions of Temperature and Baryon Number Density



• Hadron physics : 
opportunities at HL-LHCb@CERN 
are a pillar of a world-leading hadron
physics research programme;

but spectroscopy is not enough;  it has to be complemented  
by femtoscopy and struture studies (BESIII, BELLE, FAIR, AMBER@CERN).

• Nuclear Physics: in the 80’s revolutionized by discovery of exotic 
nuclei at ISOLDE@CERN; today there is complementary between 
Radioactive Beam facilities;
R3B@FAIR probes relativistic regime of extreme n to p ratios as in neutron
stars; HIE-ISOLDE@CERN probes temperature regime as in supernovae;

both are needed to study exotic nuclei production in different stellar
environments.

Nuclear Structure and Reaction Dynamics
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Few-nucleon resonances and 
clustering
Few-body systems serve as a unique laboratory within nuclear 
physics, establishing connections with other fields such as cold atoms 
and atomic and molecular physics. An intriguing recent observation 
is attributed to the existence of a narrow resonance that could be 
associated with a tetraneutron in the vicinity of the reaction threshold, 
which opens the path for the study of multi-neutron interacting systems 
as pairs, quartets or even sextets. Almost all theoretical calculations 
that correctly describe well-studied few-body systems predict that this 
does not correspond to a 4n system. Consequently, there is a pressing 
need to provide a consistent description of data.

The narrow 𝛼-cluster resonances present in the 12C and 16O nuclei 
are essential to produce the fine-tuned 16O/12C ratio that allows the 
development of life on Earth. Based on experimental observations, 
Ikeda speculated on the appearance of cluster states close to the 
corresponding emission thresholds in nuclei. This phenomenon is 
believed to be a common feature of open quantum systems and its 
existence has also been suspected recently for one-nucleon states 
and two-neutron or two-proton clusters. The archetype for two-
neutron clustering is the 11Li halo nucleus, the ground state of which 
is about 300 keV below the two-neutron emission threshold. Several 
near-threshold states have recently been discovered and their tiny 
gamma-decay branches (~10-5 – 10-3), probed by highly efficient 
arrays like AGATA, will help to understand the mechanism leading to 
the occurrence of such narrow resonances, in particular the impact 
of the continuum on the shell structure. It would also be extremely 
interesting to see if this conjecture applies to a system of four neutrons 
above a given core nucleus. The systematic appearance of narrow 
two-neutron resonances close to the two-neutron emission threshold 
could also play an important role in nuclear astrophysics, as it 
could speed up neutron-capture cross sections in the rapid-capture 
nucleosynthesis. The future R3B beam line at GSI-FAIR coupled 
with the high-granularity NeuLAND neutron array will provide ample 
opportunities to study such phenomena in light neutron-rich nuclei.

Finally, tritium and 3He clustering are expected to take over the 4He 
clustering in neutron-rich or neutron-deficient nuclei respectively. The 
search for these fermionic cluster systems and their ability to form 
quasi-molecular states when further nucleons are added is of major 
interest and will challenge nuclear physics for the next decade. Such 
studies can be carried out using transfer reactions with RIB in which 
light particles are detected by GRIT and/or ACTAR-TPC detectors.

Nuclear Correlations

Fig. 4.9: The central part shows the existence of 𝛼-cluster states (red colour) in the 12C and 16O nuclei, very close to the 3𝛼 (above) and 𝛼 (below) emission 
thresholds respectively. In the left panel, a narrow resonant state is shown in 15F about 50 keV above the two-proton emission threshold, while narrow states 
are also found close to the two-neutron separation energy in the bound 11Li and in the unbound 26O nuclei. Dash lines indicate the particle emission thresholds.

Short-range correlations and 
quenching of single-particle 
states
Atomic nuclei are subject to many correlations of pairing, quadrupole 
and tensor origin. Nuclear correlations are responsible for remarkable 
features such as superfluidity and deformation, as well as the 
development of soft or giant collective modes. These correlations, 
which are of short (SRC), medium or long-range (LRC), also lead 
to a reduced occupancy of single-particle states, as compared to 
their expected occupancy by (2j+1) nucleons. A reduction factor of 
about 40% has been determined, for instance in low-energy transfer 
reactions. An additional quenching factor is expected in nuclei with 
large neutron-to-proton imbalance, in which the nucleons in the 
minority are expected to be more involved in SRC, for example for 
the removal of a neutron from a neutron-deficient nucleus. Thus far, 
transfer reactions and quasi-free scattering (QFS) reactions have 
shown a possible modest additional quenching at both sides of the 
stability valley. However, the actual precision of measurement does 
not permit a probe of this additional effect of SRC on the quenching 
of spectroscopic factors. More precise investigations can be carried 
out at the GANIL/LISE and CERN/HIE-ISOLDE facility for transfer 
reactions, and at the FAIR/R3B facility using QFS reactions.

Fig. 4.10: The strong interaction between proton and neutrons leads to 
the formation of close-proximity pairs in nuclei, characterised by high 
relative momentum and low centre-of-mass momentum, significantly 
deviating from the momentum distribution in a mean-field picture. The 
existence of SRC has been proven in (e,e’) experiments, but nucleon-
nucleon collisions at relativistic energies offer the chance to study the 
isospin dependence of this phenomenon with higher cross sections. 
This will allow for a better understanding of the influence of SCRs on the 
evolution of nuclear structure, but also on properties of nuclear matter, 
the nucleon-nucleon interaction and possibly the connection between 
nuclear physics and QCD. The FAIR/R3B and HADES facilities can perform 
complementary complete-kinematics experiments at sufficiently high 
beam energies. Typical experiments will use (p,3p) or (p,pd) reactions and 
a liquid-hydrogen target.

NuPECC Long Range Plan 2024 40

Dark Matter annihilation into nucleus-antinucleus pairs in Space, 
for which nuclei produced in cosmic-ray interactions is the main 
background. The studies of proton-hyperon correlations in momentum 
space will improve significantly during Run 3 and will be extended to 
multi-strange hyperons, charm baryons, and to hadron triplets. The 
results are expected to have implications for the equation of state of 
matter in dense neutron stars.

The experimental high 
temperature frontier: LHC Runs 5 
and 6 (2035 - 41)

Preparing for the next physics harvest:  

Despite the strong progress expected from the upgraded experiments 
and the large increase in integrated luminosity, several crucial 
questions on the QGP and its properties will remain unanswered 
after LHC Runs 3-4. These questions include the time evolution of 
the QGP temperature, the expected restoration of chiral symmetry, 
the degree of thermalisation of charm and beauty quarks and the 
underlying microscopic mechanisms, and the hadronisation of heavy 
quarks from the QGP. The exploitation of the LHC as a heavy-ion 
collider throughout its entire High-Luminosity phase, up until Run 6, is 
a unique opportunity to address these questions. 

Fig. 3.11: (Left panel) Expected improvement of the heavy-quark diffusion coefficient DS due to the LHC data from Run 
3 and Run 4. Right panel) ALICE upgrade projection for the measurement o  nuclear modification of the gluon distribu-
tion function as a function of x [CERN Yellow Rep.Monogr. 7 (2019) 1159-1410].

Fig. 3.12: Timeline of current LHC experiments and upgrades.  [J. Klein, QM2022, Acta Phys. Polon. Supp. 16 (2023) 1,25]

Detectors and physics aims for Runs 5 and 6 
at the LHC

For the LHC Runs 5 and 6 (2035-2041) the ALICE collaboration 
proposes a new, next-generation detector called ALICE 3. A proposed 
second major LHCb upgrade will grant access to central PbPb 
collisions and to fixed-target collisions on a polarised target. The 
ATLAS and CMS detectors will undergo their major upgrades before 
Run 4 and should exploit the full integrated luminosity for heavy ions 
that the LHC will deliver throughout Run 6.

The ALICE 3 detector consists of a vertexing and tracking  system 
over a  large pseudorapidity range (-4 <η< +4), complemented by 
multiple sub-detector systems for particle identification including 
silicon time-of-flight layers, a ring-imaging Cherenkov detector 
with high-resolution readout, a muon identification system and an 
electromagnetic calorimeter. Unprecedented pointing resolution 
of 3-4 μm at pT=1 GeV/c at midrapidity in both the transverse and 
longitudinal directions can be achieved by placing the first layers at 
0.5 cm from the beam axis on a retractable structure to leave sufficient 
aperture for the beams at injection energy. ALICE 3 also aims at a 
superb time resolution of 20-30 ps and low-gain avalanche d (LGAD 
devices have already demonstrated this capability).  CMOS sensors 
with an additional gain layer or silicon photomultipliers coupled to a 
thin resistive layer could also achieve the same performance and are 
currently being investigated.

Properties of Strongly Interacting Matter at Extreme Conditions of Temperature and Baryon Number Density



• Hadron physics : 
opportunities at HL-LHCb@CERN 
are a pillar of a world-leading hadron
physics research programme;

but spectroscopy is not enough;  it has to be complemented  
by femtoscopy and struture studies (BESIII, BELLE, FAIR, AMBER@CERN).

• Nuclear Physics: in the 80’s revolutionized by discovery of exotic 
nuclei at ISOLDE@CERN; today there is complementary between 
Radioactive Beam facilities;
R3B@FAIR probes relativistic regime of extreme n to p ratios as in neutron
stars; HIE-ISOLDE@CERN probes temperature regime as in supernovae;

both are needed to study exotic nuclei production in different stellar
environments.

• Short  Range Correlations:  bridge Hadron Physics&Nuclear Physics; 
Radioactive beam facilities connect nuclear and hadron physics since they also measure short-range 
correlations enabling us to link QCD and low energy nuclear physics;  

 customised instrumentation and beam time availability should be guaranteed for HIE-ISOLDE.

Nuclear Structure and Reaction Dynamics
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Few-nucleon resonances and 
clustering
Few-body systems serve as a unique laboratory within nuclear 
physics, establishing connections with other fields such as cold atoms 
and atomic and molecular physics. An intriguing recent observation 
is attributed to the existence of a narrow resonance that could be 
associated with a tetraneutron in the vicinity of the reaction threshold, 
which opens the path for the study of multi-neutron interacting systems 
as pairs, quartets or even sextets. Almost all theoretical calculations 
that correctly describe well-studied few-body systems predict that this 
does not correspond to a 4n system. Consequently, there is a pressing 
need to provide a consistent description of data.

The narrow 𝛼-cluster resonances present in the 12C and 16O nuclei 
are essential to produce the fine-tuned 16O/12C ratio that allows the 
development of life on Earth. Based on experimental observations, 
Ikeda speculated on the appearance of cluster states close to the 
corresponding emission thresholds in nuclei. This phenomenon is 
believed to be a common feature of open quantum systems and its 
existence has also been suspected recently for one-nucleon states 
and two-neutron or two-proton clusters. The archetype for two-
neutron clustering is the 11Li halo nucleus, the ground state of which 
is about 300 keV below the two-neutron emission threshold. Several 
near-threshold states have recently been discovered and their tiny 
gamma-decay branches (~10-5 – 10-3), probed by highly efficient 
arrays like AGATA, will help to understand the mechanism leading to 
the occurrence of such narrow resonances, in particular the impact 
of the continuum on the shell structure. It would also be extremely 
interesting to see if this conjecture applies to a system of four neutrons 
above a given core nucleus. The systematic appearance of narrow 
two-neutron resonances close to the two-neutron emission threshold 
could also play an important role in nuclear astrophysics, as it 
could speed up neutron-capture cross sections in the rapid-capture 
nucleosynthesis. The future R3B beam line at GSI-FAIR coupled 
with the high-granularity NeuLAND neutron array will provide ample 
opportunities to study such phenomena in light neutron-rich nuclei.

Finally, tritium and 3He clustering are expected to take over the 4He 
clustering in neutron-rich or neutron-deficient nuclei respectively. The 
search for these fermionic cluster systems and their ability to form 
quasi-molecular states when further nucleons are added is of major 
interest and will challenge nuclear physics for the next decade. Such 
studies can be carried out using transfer reactions with RIB in which 
light particles are detected by GRIT and/or ACTAR-TPC detectors.

Nuclear Correlations

Fig. 4.9: The central part shows the existence of 𝛼-cluster states (red colour) in the 12C and 16O nuclei, very close to the 3𝛼 (above) and 𝛼 (below) emission 
thresholds respectively. In the left panel, a narrow resonant state is shown in 15F about 50 keV above the two-proton emission threshold, while narrow states 
are also found close to the two-neutron separation energy in the bound 11Li and in the unbound 26O nuclei. Dash lines indicate the particle emission thresholds.

Short-range correlations and 
quenching of single-particle 
states
Atomic nuclei are subject to many correlations of pairing, quadrupole 
and tensor origin. Nuclear correlations are responsible for remarkable 
features such as superfluidity and deformation, as well as the 
development of soft or giant collective modes. These correlations, 
which are of short (SRC), medium or long-range (LRC), also lead 
to a reduced occupancy of single-particle states, as compared to 
their expected occupancy by (2j+1) nucleons. A reduction factor of 
about 40% has been determined, for instance in low-energy transfer 
reactions. An additional quenching factor is expected in nuclei with 
large neutron-to-proton imbalance, in which the nucleons in the 
minority are expected to be more involved in SRC, for example for 
the removal of a neutron from a neutron-deficient nucleus. Thus far, 
transfer reactions and quasi-free scattering (QFS) reactions have 
shown a possible modest additional quenching at both sides of the 
stability valley. However, the actual precision of measurement does 
not permit a probe of this additional effect of SRC on the quenching 
of spectroscopic factors. More precise investigations can be carried 
out at the GANIL/LISE and CERN/HIE-ISOLDE facility for transfer 
reactions, and at the FAIR/R3B facility using QFS reactions.

Fig. 4.10: The strong interaction between proton and neutrons leads to 
the formation of close-proximity pairs in nuclei, characterised by high 
relative momentum and low centre-of-mass momentum, significantly 
deviating from the momentum distribution in a mean-field picture. The 
existence of SRC has been proven in (e,e’) experiments, but nucleon-
nucleon collisions at relativistic energies offer the chance to study the 
isospin dependence of this phenomenon with higher cross sections. 
This will allow for a better understanding of the influence of SCRs on the 
evolution of nuclear structure, but also on properties of nuclear matter, 
the nucleon-nucleon interaction and possibly the connection between 
nuclear physics and QCD. The FAIR/R3B and HADES facilities can perform 
complementary complete-kinematics experiments at sufficiently high 
beam energies. Typical experiments will use (p,3p) or (p,pd) reactions and 
a liquid-hydrogen target.
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Dark Matter annihilation into nucleus-antinucleus pairs in Space, 
for which nuclei produced in cosmic-ray interactions is the main 
background. The studies of proton-hyperon correlations in momentum 
space will improve significantly during Run 3 and will be extended to 
multi-strange hyperons, charm baryons, and to hadron triplets. The 
results are expected to have implications for the equation of state of 
matter in dense neutron stars.

The experimental high 
temperature frontier: LHC Runs 5 
and 6 (2035 - 41)

Preparing for the next physics harvest:  

Despite the strong progress expected from the upgraded experiments 
and the large increase in integrated luminosity, several crucial 
questions on the QGP and its properties will remain unanswered 
after LHC Runs 3-4. These questions include the time evolution of 
the QGP temperature, the expected restoration of chiral symmetry, 
the degree of thermalisation of charm and beauty quarks and the 
underlying microscopic mechanisms, and the hadronisation of heavy 
quarks from the QGP. The exploitation of the LHC as a heavy-ion 
collider throughout its entire High-Luminosity phase, up until Run 6, is 
a unique opportunity to address these questions. 

Fig. 3.11: (Left panel) Expected improvement of the heavy-quark diffusion coefficient DS due to the LHC data from Run 
3 and Run 4. Right panel) ALICE upgrade projection for the measurement o  nuclear modification of the gluon distribu-
tion function as a function of x [CERN Yellow Rep.Monogr. 7 (2019) 1159-1410].

Fig. 3.12: Timeline of current LHC experiments and upgrades.  [J. Klein, QM2022, Acta Phys. Polon. Supp. 16 (2023) 1,25]

Detectors and physics aims for Runs 5 and 6 
at the LHC

For the LHC Runs 5 and 6 (2035-2041) the ALICE collaboration 
proposes a new, next-generation detector called ALICE 3. A proposed 
second major LHCb upgrade will grant access to central PbPb 
collisions and to fixed-target collisions on a polarised target. The 
ATLAS and CMS detectors will undergo their major upgrades before 
Run 4 and should exploit the full integrated luminosity for heavy ions 
that the LHC will deliver throughout Run 6.

The ALICE 3 detector consists of a vertexing and tracking  system 
over a  large pseudorapidity range (-4 <η< +4), complemented by 
multiple sub-detector systems for particle identification including 
silicon time-of-flight layers, a ring-imaging Cherenkov detector 
with high-resolution readout, a muon identification system and an 
electromagnetic calorimeter. Unprecedented pointing resolution 
of 3-4 μm at pT=1 GeV/c at midrapidity in both the transverse and 
longitudinal directions can be achieved by placing the first layers at 
0.5 cm from the beam axis on a retractable structure to leave sufficient 
aperture for the beams at injection energy. ALICE 3 also aims at a 
superb time resolution of 20-30 ps and low-gain avalanche d (LGAD 
devices have already demonstrated this capability).  CMOS sensors 
with an additional gain layer or silicon photomultipliers coupled to a 
thin resistive layer could also achieve the same performance and are 
currently being investigated.

Properties of Strongly Interacting Matter at Extreme Conditions of Temperature and Baryon Number Density



Inlight of
• the impact of the recent discoveries by LHCb, of new QCD bound 

states that escape the conventional standard quark model 
explanation,

•  the established know-how, leadership and volume of the Hadron 
and Nuclear Physicscommunity in Portugal,

• the possibilities of the HL-LHC,
•  the guidelines and science cases of the NuPECC Long Range Plan 

2024 for European Nuclear Physics,

we propose a consistent and predictable funding for the activities  
Hadron Physics, by FCT for 
• sustainable theoretical projects,
•  international partnerships and collaborations with CERN and other 

facilities for structure studies going beyond spectroscopical data 
analysis,

• a PhD grant program, interfacing Nuclear and Particle Physics,
•  renewal and capture of talent.



Takeaway:

QCD is paramount in the connection of 
Particle, Astro, Hadron and Nuclear Physics. 

It has the double role of 
source and sink of knowledge: 

“Research streams flow into and out of QCD”   



END





Portugal’s Nuclear Physics research
Three main institutions: LIP, CFisUC, and CTN.
LIP and CFisUC: theoretical and experimental research in nuclear reactions, astrophysics, 
hadron spectroscopy and structure, lattice QCD.
CTN: Nuclear Physics applications for society (health sector, new materials,
energy technology, environment).

Portugal has a record of participation in experimental collaborations,
including theory support.

Challenges for the future:
Nuclear Physics phenomena extends to the largest of scales and determine 
the attributes of astrophysical objects. 
Theoretical methods are ready for a unified description of hadrons and nuclei and EoS of 
nuclear matter.
Different Experimental Programs/Facilities provide complementary  needed data; 
Funding is very limited, keeping talent in Portugal is difficult.
International collaborations may mitigate these two problems.



2

● area: 92 256 km²

● population: 10,467,366

● GDP: 251 billion € 

○ per capita: 24 k€

private
companies

R&D centers,
universities, etc

government
private not-for-profit

● public sector: ~0.7% of the GDP in R&D

source: Pordata

Portugal in a nutshell

source: Pordata

• Area is 92256 m2

• Population is 10 467 366
 
• GDP is 250 thousand million euros

• Public expenditure in R&D is 0.63% of GDP



Inlight of

• the impact of the recent discoveries by LHCb, of new QCD bound states that escape the 
conventional standard quark model explanation,

• the established know-how, leadership and volume of the Hadron Physics expert community in 
Portugal,
• the possibilities of the HL-LHC,
• the guidelines and science cases of the NuPECC Long Range Plan 2024 for European Nuclear 
Physics,

We propose a consistent and predictable funding for the activities in the scientific domain of 
Hadron Physics, by the Portuguese Fundação para a Ciência e Tecnologia (FCT) to support

• sustainable theoretical projects,
• international collaborations with CERN and also with complementary facilities allowing structure 
studies going beyond spectroscopical data analysis
• PhD grants, interfacing Nuclear and Particle Physics.
• renewal and capture of talent.



In Portugal, Nuclear Physics Research runs mainly across across 3 Units:
 
LIP 
Laboratory of Instrumentation and Experimental
Particle Physics

CFisUC
Centre for Physics of the University of Coimbra 

CTN
Campus Tecnológico e Nuclear IST Nuclear 

Applications
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● LIP is the reference laboratory for experimental particle 
physics and associated technologies in Portugal

● LIP exists for the discovery of the fundamental laws of 
the Universe, ensuring the full participation of the 
Portuguese scientific community in this endeavour, and 
to share this knowledge with society 

● The laboratory is nation-wide, with nodes in Lisbon, 
Coimbra and Braga, in close collaboration with the local 
universities https://www.lip.pt

LIP  Laboratory of Instrumentation and Experimental Particle Physics

30 10

Staff                                 PhD Students



ü NSR:   NUSTAR; FAIR-GSI phase-0 R3B collaboration, 

Complementary to low energy radioactive beams 
Probes regime of extreme n to p ratios as in neutron stars; 
 short-range correlations  (p,ppn) (p,ppp) reactions with 16C beams

ü NAP:  CBM FAIR-GSI 

Complementary to LHC 
Probes QCD phase diagram in  the region of
high baryon densities; EOS neutron stars 

ü HAD: PANDA pillar (reconfigured); 
Interaction rates are orders of magnitude higher than in 
other heavy-ion experiments 

Probes QCD spectrum and exotic hadrons; strangeness

sector  
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Figure 4: Behavior of near-threshold line shapes for compact (left panel) and molecular

states (right panel) around a threshold indicated by the dashed perpendicular line. The

x-axis shows M = m1 + m2 + E, with E the energy and m1,2 the masses of the two

hadrons forming the molecular state.

also predicts hybrids in the mass region between 4 and 4.5 GeV [34], but it remains to

be seen whether particular decay properties that would allow to identify these states

can be predicted. In any case, there is a rich field for discovery here.

Charmonium spectroscopy: While many exciting results concerning the XYZ states

have been already obtained and more will be generated in the next years, PANDA

will not only be a “XYZ-factory”, producing hundreds of these elusive states like

the X(3872) or Zc(3900) per day, the superb resolution will also allow to make

precision measurements of these particles, eventually revealing their true nature. This

is symbolically shown in Fig. 4, where the line shape for a compact tetraquark state is

compared to a hadronic molecule with exactly the same mass (and all other quantum

numbers equal) around a two-particle threshold. While the former is symmetric around

the threshold energy, the latter is highly asymmetric and further exhibits a visible non-

analyticity at the two-particle threshold. In addition, such line shape measurements

can also di↵erentiate between bound and virtual states (for details, see the review [16]).

PANDA will be unique in performing such threshold energy scans and thus will be able

to determine the width of the X(3872) (and other states) from the line shape, which is

not possible in e
+
e
� or pp production experiments. So despite the many results already

obtained in this field, FAIR is in a unique position of solving a number of remaining

mysteries by producing data with an unprecedented accuracy.

D-meson spectroscopy: Similar to the quarkonium sector, PANDA will also be able

to solve some puzzles in the heavy-light sector. Of particular importance will be a

measurement of the width of the D
⇤
s0(2317), which decays isospin-violating to D

+
s ⇡

0.

In the quark model, such isospin-violating decays are strongly suppressed and thus the

width is calculated to be 10 keV or less, see e.g. Ref. [35], but larger than 100 keV if it

is a molecule, due to the channel couplings, see e.g. Ref. [36]. The upper limit on its

width is presently 3.8 MeV [37]. Such a small width a predicted by the various models

is very di�cult to measure directly. However, the shape of this excitation function (the

line shape) depends on the particle width, thus the measurement of the shape can be

used to deduce the particle width. A corresponding simulation for PANDA is shown in

Fig. 5, indicating that the width resolution of the order of 100 keV is feasible [38]. This

Compact versus molecular near threshold line shapes 
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Figure 6: Sketch of the QCD phase diagram including a critical point and a first order

co-existence region. Also shown are typical trajectories of heavy ion collisions at LHC,

RHIC and FAIR.

energies relevant for FAIR this framework needs to be improved and modified in many

important aspects, for example: What are the initial conditions? What is the equation of

state at large baryon densities? How does one faithfully propagate fluctuations resulting

from a phase transition? Is hydrodynamics still valid? If not, what is the alternative?

In addition to such a dynamical framework, it is, of course essential for this program,

to have well defined observables which are sensitive to possible structure in the QCD

phase diagram. One such observable are the cumulants of the net-proton distribution

which is expected to show a strong maximum at the critical point [51, 52]. And indeed

preliminary data by the STAR collaboration from the first beam energy scan at RHIC

show a strong increase of the fourth order cumulant at the lowest energies accessible at

RHIC [53, 54]. This increase towards lower energies and especially the magnitude of

the fourth-order cumulant at the lowest energy of
p
s = 7.7 GeV cannot be explained

by presently available models, which all predict a decrease of the cumulants [55, 56].

Therefore, if the preliminary STAR data are confirmed in the second phase of the RHIC

beam energy scan, one may very well see the first hints of the QCD phase transition or

critical point. And since one has not yet seen the maximum of the cumulants, FAIR

and CBM may very well be in position to actually discover the QCD critical point.

Of course it will require more than one observable to establish the existence of a

critical point. In addition to large fluctuations one expects a softening of the equation

of state and long lifetime of the system. The former can be accessed by measuring the

collective expansion or flow of the system. The latter is best probed by the measurement

of the dilepton yield. In addition dileptons measure the spectral function of the vector

current and thus provide valuable insights about the e↵ective degrees of freedom. If, for

example, the observed new phase is the so called quarkyonic matter, where quarks are

still confined but chiral symmetry is restored [57], one would expect to see significant

changes in the dilepton invariant mass spectra. Naturally, as more insights are gained

All the Fun of the FAIR 23

Figure 8: Layout of the nuclear physics RIB experiments at FAIR with the fragmentation

target, the Super FRS and the High-Energy, Low-Energy and Ring Branches (see

text). As indicated by the nuclear chart, exotic nuclei are crucial for astrophysical

nucleosynthesis processes: neutron-deficient nuclei for novae and x-ray bursters and

exotic nuclei with strong neutron excess for supernovae and neutron-star mergers. As

discussed in the next section, FAIR will allow to produce many of these exotic nuclei

and to determine their properties.

with the primary-beam intensities for uranium ions from the SIS-100, will result in a

gain in secondary-beam intensities of rare, radioactive isotopes of about three orders of

magnitude. There will also be a scientific programme directly linked to the Super-FRS;

search for new isotopes and investigations of rare decay modes like multiple-proton

or neutron emission, are planned. For the other exotic nuclear physics programmes

the Super-FRS can be said to be portal into the exotic nuclear landscape, since all

secondary beams used in the experiments have to be selected by and delivered from it.

From the Super-FRS there will be three individual beam lines to serve three di↵erent

experimental areas: (i) the High-Energy Branch, (ii) the Low Energy Branch, and (iii)

the Ring Branch (see Fig. 8).

The equipment used in the initial phase of the high-energy programme has over the

years developed into a broad generic programme for physics at the driplines. Based on

these experiences a dedicated setup for studies of reactions with relativistic radioactive

beams of the FAIR brand is under development. The new equipment to perform

kinematically complete measurements in inverse kinematics will be built up at the High

Energy Branch. Priority is given towards high e�ciency, acceptance and resolution.

Important ingredients in the experimental setup are a new powerful dipole magnet and

a high e�ciency array of neutron detectors. A very interesting novel detector, based on



CTN 

Centro Tecnológico e Nuclear

Applied Nuclear Physics in Portugal



CTN
Campus Tecnológico e Nuclear, IST, ULisboa
Hosts the infrastructure LA (two small Accelerators) 

30 10
Staff                                 PhD Students

two 
electrostatic 
accelerators 

an ion implanter, 
an ion microprobe, 

a micro-AMS 
system 

a high-resolution high-
energy (HRHE) particle-
induced X-ray emission 

(PIXE) setup



LA@CTN
Provides expert assistance to IAEA projects.
Develops applications of nuclear engineering and analytical techniques in 4 areas:

Materials Characterization and Innovation: 
Semiconductors, sensors, electronics and opto-electronics, new energy sources.  
Participation in the EUROfusion project Application of Ion Beam Techniques for Materials 
Irradiation and Characterisation relevant to Fusion Technology.
Environment:
Geo/bio-environmental and cultural heritage studies. 
Decontamination of food and farming products.
Health:
Dosimetry and radiobiology.
Radiation Protection Safety:
Environmental radioactivity and radio-ecology. Radioactive waste management. 
Metrology of ionizing radiations. Preparedness for radiological & nuclear accidents.



CTN

Networks, Collaborations

• PIANOFORTE (the European Partnership for Radiation 
Protection Research) 

• Projects, such as EURADOS, MEDICIS, EURAMET, in 
collaborations with CERN
 
• European Radioecology Alliance, a Research Platform 

• ISOLDE-CERN



HE institutions %GDP

Non-profit 
institutions %GDP

Dived in the 2008 crisis, 
and with recent trend to decrease

Plunged in the 2008 crisis, 
and with recent timid trend to 
increase

1

0,1



Companies

State

2,5

Dived in the beginning of the 
century, with steady trend to
flatten in the last decade

Dived in the 2008 crisis, 
with steady trend to grow in the 
last 5 years

0,3

Distribution, by execution sector, of expenditure in R&D (%GDP) 

Source: https://www.pordata.pt/pt 



8

● LIP is the reference laboratory for experimental particle 
physics and associated technologies in Portugal

● LIP exists for the discovery of the fundamental laws of 
the Universe, ensuring the full participation of the 
Portuguese scientific community in this endeavour, and 
to share this knowledge with society 

● The laboratory is nation-wide, with nodes in Lisbon, 
Coimbra and Braga, in close collaboration with the local 
universities https://www.lip.pt

LIP  Laboratory of Instrumentation and Experimental Particle Physics

LIP
Laboratory of Instrumentation and Experimental Particle Physics

73 54
Staff               PhD Students
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● LIP is the reference laboratory for experimental particle 
physics and associated technologies in Portugal

● LIP exists for the discovery of the fundamental laws of 
the Universe, ensuring the full participation of the 
Portuguese scientific community in this endeavour, and 
to share this knowledge with society 

● The laboratory is nation-wide, with nodes in Lisbon, 
Coimbra and Braga, in close collaboration with the local 
universities https://www.lip.pt

LIP  Laboratory of Instrumentation and Experimental Particle Physics
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Highlights of Theoretical Nuclear Physics
 

NAP 
Group is member of MUSES 
collaboration supported by NSF. 

Support
from several institutions: DOE, GSI Helmholtz 
Centre for Heavy-ion Research, São Paulo 
Research Foundation (FAPESP), 
MIT, Princeton, …

HAD
Group Members are Portuguese 
representatives in PRACE, the Partnership 
for Advanced Computing in Europe.

in programming and front-end development.

Modular Unified Solver of the Equation of State 
(EoS)
Merges lattice QCD, 
nuclear physics, gravitational wave astrophysics, 
relativistic hydrodynamics, and computer science  
in programming and front-end development.



Portugal's nuclear physics research happens in three main institutions: 
LIP, CFisUC, and CTN.

LIP and CFisUC conduct theoretical and experimental research in areas 
like nuclear reactions, astrophysics, and hadron spectroscopy.

CTN focuses on applied nuclear physics, utilizing accelerators for 
materials science, environmental studies, and healthcare applications. 

Distribution of researchers across these institutions is presented.

Funding limitations and the need for talent retention are highlighted as 
challenges.



Adaptation of FAIR GSI plans to new conditions was imposed by the war
and the suspension of the Russian federation from the collaboration.

Current Adaptation
ü NUSTAR HEB (R3B) phase-0
ü CBM
     PANDA
ü APPA


