
NPStrong

Activities 2021:

Research 2021: Objectives 2022:

New PhD student (CERN-PT)
(+ 1 PhD student in 2022)

Hadrons on the light front

Pentaquarks

Parton distributions

Multiquarks

Ab-initio cals. for hadrons

Baryons

Flavor matrix elements

Ab-initio calcs. for gluons

Meson spectroscopy

Baryon spectroscopy

Muon g-2

2 completed master theses
(+1 completed in 2022)

GE & TP Associate Members of HFHF 
(Helmholtz Forschungsakademie Hessen for FAIR)

1 paper selected as Editors’ Suggestion
for Phys. Rev. D 

Outreach: CERN Masterclasses,
SPF training for teachers, ...

2 student projects (LIP Internships)

CERN-PT grant (70k€)

FCT Computing grant (750k CPU hrs)

Alfred Stadler

Ana Arriaga Elmar Biernat

Gernot Eichmann

Teresa Peña Raúl Torres

André Torcato Eduardo Ferreira
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Group Composition 2024
4 faculty members (IST and FCUL)
2 PhD students + 1 International co-supervision U. Graz
3 Master students

Formalism: Non perturbative functional methods in 
QCD, complementary to LQCD
Applications:
Hadron Spectroscopy
Hadron Structure and Multiquark systems clustering
Linking QCD to Nuclear Physics

Research

Vasco Valverde
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André Nunes

An outstanding researcher had an offer for a permanent position

Composition after September 
2022.

Ana Arriaga Elmar BiernatTeresa Peña Raúl Torres
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Alfred Stadler    André Torcato     André Nunes      Vasco Valverde   Gonçalo Costa

Teresa Peña          Ana Arriaga     Elmar Biernat        Raúl Torres 

5 papers:
3 published 
1 accepted for  publication
1 submitted w/ recent encouraging report

2 invited talks (MTP):
@ 1 Intl Conference NSTAR24 
@ 1 Intl Workhop (on FAIR programme 
at GSI)
Talk @ Pt Phys. Soc. meeting (André 
Torcato & André Nunes)
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Strengths                                   Weaknesses                          Opportunites
Unique expertise in non-pert. 
functional methods in QCD

Unified calcs. of a variety of hadron 
systems & properties

Intl. Recognition, Links and 
Collaborations (U. Graz)

Physics studies have now more
emphasis on Project Based Learning

Access to students from different
Departments with Physics Programs

Synergies between Nuclear&Particle& 
Astroparticle Physics

Reduced dimension

Average age of senior fac.members

Heavy Teaching & Administration
load of Senior members

Threats
No PhD grant program, interfacing  
Nuclear and Particle Physics

Unpredicted funding make difficult
to retain talent in Portugal

SWOT
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Research Highlights
Baryons: Prediction of structure of 
singly-charmed baryons       and

In progress:
Full spectrum of charm and bottom 
sectors.

Deuteron: as a Hexaquark system

2

FIG. 1. Five-body Bethe Salpeter equation with two-, three-,
four- and five-body kernels.

At a given bound-state or resonance pole with mass M ,
it assumes the form

T (5) →↑ !(5) !(5)

P 2 +M2
, (3)

where !(5) is the charge-conjugate amplitude. Compar-
ing the residues on both sides of the equation yields the
homogeneous equation (1).

In the following we neglect irreducible three-, four- and
five-body forces, so that the resulting kernel consists of
irreducible two-body interactions only. We will denote
this two-body kernel by K and assume that K(5) ↓ K.

B. Subtraction diagrams

Like in the case of the four-body equation [44–46], a
naive summation of two-body kernels leads to overcount-
ing in Eq. (2) and one needs subtraction terms. In a
five-body system there are ten possible two-body kernels

Ka ↔
{
K12 , K13 , K14 , K15 , K23 ,

K24 , K25 , K34 , K35 , K45

}
,

(4)

where the indices label the valence particles, and 15 in-
dependent double-kernel configurations of the form

Ka Kb ↔
{
K12 K34 , K12 K35 , K12 K45 ,

K13 K24 , K13 K25 , K13 K45 ,

K14 K23 , K14 K25 , K14 K35 ,

K15 K23 , K15 K24 , K15 K34 ,

K23 K45 , K24 K35 , K25 K34

}
.

(5)

By contrast, in a four-body system there are only six
two-body kernels and three double-kernel configurations.

If we now define

K1 :=
10∑

a

Ka , K2 :=
15∑

a →=b

Ka Kb , (6)

one can show that the combination

K = K1 →K2 (7)

FIG. 2. Five-body BSE with two-body kernels and their sub-
traction terms as given in Eq. (7).

is free of overcounting, i.e., each possible monomial of
the Ka appears exactly once and with coe”cient 1 in
the scattering matrix T (5) = K + K2 + K3 + . . . that
follows from Eq. (2) by iteration, where we suppressed

the propagator factors G(5)
0 for brevity. The resulting

equation is shown in Fig. 2.
Eq. (7) can also be derived as follows. We define the

complementary three-body kernel Ka→ for a given two-
body kernel Ka as

a = 12 : Ka→ = K345 = K34 +K35 +K45 ,

a = 13 : Ka→ = K245 = K24 +K25 +K45 ,
(8)

and so on. Now suppose all interactions between the
subsystems a and a↑ (say, a = 12 and a↑ = 345) were
switched o#. In that case, the full correlation function

G(5) = G(5)
0 +G(5)

0 T (5) G(5)
0 must factorize into the prod-

uct Ga Ga→ . Suppressing again the propagators in the
notation, we have

G(5) = 1 + T (5) !
= Ga Ga→ = (1 + Ta)(1 + Ta→) (9)

↗ T (5) = Ta + Ta→ + Ta Ta→ . (10)

Here, Ta and Ta→ are the scattering matrices for the
two- and three-body subsystems, which satisfy scattering
equations analogous to Eq. (2) (written symbolically):

Ta = Ka (1 + Ta) =
Ka

1→Ka
,

Ta→ = Ka→ (1 + Ta→) =
Ka→

1→Ka→
.

(11)

Plugging Eq. (11) into (10) yields

T (5) = K (1 + T (5)) =
K

1→K
(12)

with K given by K = Ka + Ka→ → Ka Ka→ . This is just
Eq. (7) if the interactions between the clusters (12) and
(345) are switched o#, because in that case the kernels
K1 and K2 in Eq. (6) reduce to

K1 = K12 +K34 +K35 +K45 ,

K2 = K12 (K34 +K35 +K45)
(13)

and thereforeK1→K2 = Ka+Ka→→Ka Ka→ for a = 12 and
a↑ = 345. Since this relation holds for any combination
of clusters aa↑, Eq. (7) is the full two-body kernel.
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(a) Bethe-Salpeter Equation

(b) Considered contributions to the 4→point function. From
left to right: quark exchange, diquark exchange, meson ex-
change t→ and u→channels.

Figure 1: (a) Bethe-Salpeter equation (BSE) and (b) the
4→point function that goes into its Kernel, within the
approximations discussed in the text. ! is the deuteron
amplitude, ” and ”̄ are the nucleon amplitude and its
conjugate, respectively. Single lines are quark propaga-
tors, double lines are diquark propagators, triple lines are
nucleon propagators and dashed lines are meson propaga-
tors. The circles correspond to propagators at o!-mass-
shell momenta integrated in the loops.

III. RESULTS

The top panel of Fig. ?? shows the results of the
inverse of the BSE eigenvalue ω as a function of the
deuteron mass. The eigenvalue crosses the physical
bound state line ωi = 1 below the threshold of mD =
2mN , with mN = 0.939 GeV. By fitting a cubic func-
tion to the curve, we obtain then a deuteron mass of
mD = 1.868 GeV. This value is within 1% of the experi-
mental value. This is remarkable, given the extreme can-
celations between kinetic and potential energies known
from non-relativistic calculations. The small deviation is
attributable to numerical uncertainties due to the com-
putational cost of Kernel evaluation number the number
of momentum grid points used. The bottom panel of Fig.
?? shows that the eigenvalues for the first and second ex-
cited states on the bottom do not cross the line ωi = 1 for
mD < 2mN . Therefore, no deuteron excited states were
found below the nucleon-nucleon threshold, aligning with
experimental data. The first and second excited states
are so far away from the ωi = 1 line, that this conclusion
is free of numerical uncertainty.

(a) Ground state.

(b) Ground state, first and second exited states.

Figure 2: Inverse of the eigenvalue as a function of the
deuteron mass for all considered exchanges. The top
panel plot shows only the ground state while the bottom
panel shows the first and second excited states results.

Fig. ?? shows the found eigenvalues for the ε and ϑ
exchange terms of the Kernel. This analysis of the in-
dividual meson exchange contributions shows that the
ϑ meson exchange dominates, contrary to expectations
from non-relativistic quantum mechanics, where pion ex-
change is typically larger. This discrepancy may relate
to the recent possibility of a tetraquark configuration for
the ϑ meson [Heupel2012] which would suppress the
contribution by implying a larger number of loops in the
4 point function diagram. Furthermore, while t-channel
meson exchanges in both meson exchanges produce the
largest eigenvalues, the u→channel exchanges , decreas-
ing the eigenvalue for the sum, introducing repulsion.

In Fig. ?? we show the separate e!ects of quark, di-
quark and meson exchanges and their cumulative e!ects.
Interestingly, quark and diquark exchanges largely neu-
tralize each other, suggesting that short-range QCD ef-
fects e!ectively cancel, leaving the hadronic ε and ϑ ex-
changes to dominate. This reinforces the success of phe-
nomenological models that rely solely on nucleons and
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FIG. 3. Ground-state masses obtained from the n-body BSEs
for ω = 4 and di!erent values of the coupling c. The two- and
three-body results (solid curves) are full solutions, while the
four-and five-body results (dashed curves) are obtained in the
singlet approximation. The squares show the regions where
ground-state solutions are possible.

III. RESULTS

In the following we present our solutions of the two-,
three-, four- and five-body equations in the setup de-
scribed above. In practice the BSEs turn into eigenvalue
equations of the form

ωi(P
2)!i(P

2) = K(P 2)!i(P
2) , (28)

where P 2 → C is the total five-body momentum squared,
K(P 2) is the kernel and the !i(P 2) are its eigenvectors
with eigenvalues ωi(P 2) for the ground (i = 0) and ex-
cited states (i > 0). If the condition ωi(P 2) = 1 is sat-
isfied, this corresponds to a pole in the scattering ma-
trix at P 2 = ↑M2

i and determines the respective mass
Mi. All results depend on two parameters, the coupling
strength c and the mass ratio ε. We cross-checked our
results with the literature; our two-body solutions agree
with those obtained in Refs. [31, 37] and our three-body
solutions with those in Ref. [40].

Fig. 3 shows the variation of the ground-state masses
M0 obtained from the two-, three-, four- and five-body
equations with the coupling strength c at a fixed value
ε = 4. One can see that for each system a ground state
only exists within a certain range of the coupling. If
the binding is too weak, the mass exceeds the respective
threshold, and the bound state will turn into a resonance
or virtual state on the second Riemann sheet. If the
binding is too strong, the squared mass M2

0 becomes neg-
ative and the bound state turns into a tachyon (see [37]
for explicit examples). The latter property is presum-
ably an artifact of the ladder approximation: Because
the propagators remain at tree level and the three-point
interaction vertices are constant, the coupling strength

FIG. 4. Coupling ranges where n-body ground states are
possible shown for di!erent values of ω. The horizontal dis-
placement is for better readability. The color coding is the
same as in Fig. 3. The black rectangles for small ω values are
the regions where all solutions coexist.

c only enters as an overall factor on each ladder kernel.
In more advanced truncations where the n-point func-
tions in the kernel are solved from their Dyson-Schwinger
equations, the masses Mi(c) would eventually approach
constant values; see [64] for a corresponding study of the
scalar two-body equation.
The lower coupling limit, below which the states be-

come unbound, implies that below certain values of c not
all ground states can coexist. For example, in Fig. 3 the
three-body equation displays a Borromean behavior for
c ↭ 5.5, i.e., it admits a ground state while there is no cor-
responding two-body ground state. Similarly, for c ↭ 3
the five-body equation admits a ground state while there
are no two-, three- or four-body ground states. Fig. 4 dis-
plays the resulting coupling ranges for varying values of
ε. The coexistence regions are shown by the black rect-
angles and only exist for small ε values (ε ↭ 0.5). For
higher values of ε the five-body system becomes Bor-
romean, i.e., there is a five-body ground state without
corresponding two- and three-body ground states.
In Fig. 5 we also show the radially excited states Mi>0

from the three-, four- and five-body solutions. For the
extraction of the excited states we use an implementation
of the Arnoldi algorithm [65].
As a consequence of the Borromean behavior, the five-

body equation can dynamically generate two- and three-
body ground-state poles only in the coexistence region.
Outside this region, these poles would correspond to res-
onances or virtual states. Thus, the pole ansatz (25) can
also only be sensibly applied in the coexistence region,
which is why in Figs. 3, 4 and 5 we used the singlet ap-
proximation for the four- and five-body equations.
To go beyond this approximation, we must choose val-

ues of ε and c inside the coexistence region. This is done

Pentaquarks: 5-body bound states & consistent 2-, 3-, and 4- 
body states calculations

• mD = 1.868 GeV, less than 1% below Exp. value;
• No excited states;
• Cancellation of quark and diquark exchanges 
justifies for the 1st time the effective baryon- meson 
degrees of freedom as the appropriate in low-energy 
physics.

• We found pentaquark bound
states where none of the possible quark subsystems
are bound.
Universality of clustering processes! 
(halo nuclei & exotic nuclei)
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Student André Torcato & Faculty Members Alfred Stadler and Elmar Biernat
active in LIP Outreach Activities, CERN Master Classes,…

MTP 
• Member of International Light Cone Adv. Committee 
(organizes Workshops, Schools) & Intl. Conferences Adv. Committees

• Portuguese representative at NuPECC.

• Co-authored  white paper based on the NuPECC Long Range Plan 2024

“Nuclear Physics and the European Particle Physics 
Strategy Update 2024”
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Main Takeaway of NuPECC Long Range Plan

• Opportunities at HL-LHCb@CERN  are a pillar of a world-leading 
Hadron Physics research programme.

• But Spectroscopy is not enough;  has to be complemented  by
femtoscopy and struture studies (BESIII, BELLE, FAIR, AMBER@CERN).

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

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


