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Nuclear Physics phenomena extend to the largest of scales and determine 

the attributes of astrophysical objects
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In Portugal, this Research is done across 3 Units 
LIP
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Explored Domains
Nuclear Structure and Reactions  NSR
Nuclear Astrophysics                      NAP
Hadronic Physics                             HAD
Applications                                      APP
(Detectors, Material Science, Biophysics,
Decontamination of food and farming products,...)



Staff 21 
Postdoc 4 
PhD students 11
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Let us focus now on 
LIP
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Explored Domains
Nuclear Structure and Reactions  NSR
Nuclear Astrophysics                      NAP
Hadronic Physics                             HAD

How do they relate to International Accelerator Facilities?



Hadrons, nucleons and nuclear interaction can be
considered together in a unified manner 
as different manifestations of the structure formation of QCD.

We are living an era where new theoretical methods based on QCD
principles are making an old dream come true:



Hadrons, nucleons and nuclear interaction can be
considered together in a unified manner
as different manifestations of the structure formation of QCD.

We are living an era where new theoretical methods based on QCD
principles are making an old dream come true:

3 main driving forces

?

New computing power/algorithms are game-changing

LHCb, Belle, BES III discoveries of Exotic Hadrons call for interpretation

FAIR Accelerator complex and program inspires the dream



FAIR-GSI  research focuses on the structure + evolution of matter 
on both the microscopic and the cosmic scale. 

It is the Universe in the Laboratory.

Original Plan 4 Pillars
NUSTAR
CBM
PANDA
APPA



Adaptation to new conditions created by the war and suspension of the 
Russian federation from the collaboration is under way:

PANDA Pillar activities “diverted” to the CBM proton beam cave

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



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); HADES collaboration
Interaction rates 3 orders of magnitude higher than in 
other heavy-ion experiments 
Probes QCD spectrum and exotic hadrons 
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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
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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



NSR  ~ 10
NAP  ~ 20
HAD ~ 15
APP  ~ 30

Capacity
# publications/YEAR

Strengths: 
ü Unique expertise in functional methods in 
nonperturbative QCD
hadron properties, multiquark systems 
ü Use of complementary toolkits (Exp.&Theo.)
ü Intl. recognition & collaborations (Exp.&Theo.)
Threats:
ü Lack of funding (but ERC-A proposal) 
ü Lack of permanent positions and generational renewal 

Capacity 
Theory predictive power

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

γ∗N → ∆: timelike region – ∆ Dalitz decay – PDG

HADES is planning to measure Dalitz decay widths of hyperons
Σ∗0 → e+e−Λ, Σ∗+ → e+e−Σ+, ...

HADES EPJA 57, 139 (2021); GR PRD 102, 054016 (2020)

Gilberto Ramalho (OMEG/SSU) Covariant quark model calculations... Jeju, Korea, July 11, 2022 19 / 47

HADES Collaboration, Phys.Rev. C95 0652205 (2017)

n is u or d 



Recent Highlights CFisUC

NAP 
Group is member of MUSES 
collaboration supported by NSF. 

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

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

Recent Highlights LIP

HAD
TP associate member of HFHF
(Helmholtz Forschungsakademie Hesse fur Fair.)

Student awarded the McCartor ILCAC 
Fellowship
(JLab area Universities Research Association)

One paper was editor’s selection

In 1 year, 7 Invited talks

Presence in OC or IAC of Recent/Future 
International Meetings

Baryons 2022, Seville 
ECT* Doctoral Training Program 2022 ECT*, Trento
NSTAR2024, U of York (UK)

Internationalization



A unified theoretical description of hadrons and nuclei is now 
feasible. 

Different Experimental Programs/Facilities supply complementary  
data; FAIR/GSI pillars and LHCb are prime examples.

International collaboration in large facilities leverages investments; 
Portugal has competency and knowledge for experimental and 
theory support.

In other talks:
Nuclear Physics benefits society by providing innovation in
medicine, material research, energy technology, climate 
research,…
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Research LIP 
HAD

Hadron spectroscopy and Structure:
Pentaquarks;
Baryon Diquark Components  and 
Clusterization;
Hadrons on the light front;
Deuteron as a six-quark state
(connection to short range correlations@R3B)

Strangeness:
Hyperon form factors
(connection to GSI/HADES Collaboration)

Research CFisUC
NAP
Neutron star EOS:
Strangeness;
Tetraneutron; 
Delta degrees of 
freedom;
Empirical constraints on symmetry energy 
versus baryon density 
(connection to CBM)  

HAD
Quantum Chromodynamics in 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
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