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Study the spectrum of the hadrons
• new generation of experiments are running or are in preparation at CERN, Mainz, Bonn

GSI, JLab, BESIII and Belle
• precise and abundant data requires an adequate analysis
• collaborative effort between experimental and theory: observables need to be interpreted

using robust methods that rely only on the basic theoretical principles, and compared to
the best solutions provided by the fundamental theory of the strong interaction via LQCD
or systematic effective field theory expansions

HaSP aims to coordinate the leading European institutions active in hadron spectroscopy to
make progress in
• developing a theoretical, phenomenological and computational foundations for

amplitudes
• establishment of best practices for accessing systematic uncertainties in analysis of

hadron reaction data and interpretation of physics results

JRA7-Light and heavy-quark hadron spectroscopy (HaSP)
http://web.ge.infn.it/jstrong2020/

http://web.ge.infn.it/jstrong2020/


and temperature & density QCD phase-diagram 
dispersive & analyticity  techniques… 

(New and more precise) Data 

and/or Baryons



Task 1: Precision calculations in non-perturbative QCD (I)

QCD symmetries at the hadron level are used to construct EFT's able to describe the low energy hadronic phenomenology.
Dispersion relations provide rigorous constraints to theoretical predictions that can be used to obtain accurate properties
of excited states. Especially when combined with EFT’s, they provide a very powerful connection between the Hadronic
and QCD realms

• QCD Effective Field Theories and unitarization methods and dispersive techniques: description of low energy hadronic
phenomenology and properties of excited states (C.Hanhart - FZJ)

• Heavy hadrons decays: Dalitz-plot, EFT, exotic resonances nature, isospin or CP violations (D.Rodriguez-Entem - USAL)

Task 2: Precision calculations in non-perturbative QCD (II)

EFT techniques complement very efficiently LQCD simulations allowing precision spectroscopy of exotic and excited states and the treatment of states
above thresholds in coupled-channel scattering analyses. Lattice and Green's function MCsimulations, combining chiral NN and 3N forces, will be also
performed to study light and medium-heavy nuclei

• EFTs control extrapolations to physical kinematics covering regions not yet reachable in the lattice (A.Parreño – UB –
A.Lovato - ANL)

• Precision spectroscopy of exotic and excited states in quarkonia using EFT combined with significant advancements in
LQCD (A.Vairo - TUM)

• Heavy quarkonia in heavy-ion experiments and their suppressed production (A.Vairo - TUM)



Task 3: Meson Spectroscopy analysis of new and exotic states

Large number of “exotic” experimental discoveries, which did not fit the expectations of the quark model, as well as the
unprecedented statistical precision have been obtained by COMPASS, LHCb, BESIII, Belle and other experiments. These
discoveries occur especially in the open and hidden charm and bottom sectors, but some of them also correspond to the
light quark sector. We propose to perform combined Partial Wave Analyses (PWAs) of the same final state measured in
different experiments, making use of the theoretical tools developed in Tasks 1 and 2
• Search for and study of light exotic mesons, charmonium and strangeonium (V.Mathieu -UB)
• Spectroscopy of low-lying scalars, strange mesons and strangeonia (S.Schadmand - FZJ)

Task 4: Baryon and multi-baryon spectroscopy

Baryon resonance parameters (e.g. mass, width, pole position) have been extracted so far by partial-wave analyses of
scattering data. An intense effort has started to add information from photon-induced meson production at ELSA, JLAB
and MAMI, from charmonium decays at BESIII and diffractive pp reactions at COMPASS
• Resonance parameter determination (M.Ostrick – Mainz)
• Diffractive and annihilation production and exotic baryons (A.D’Angelo – URM-TV)
• Di-baryon structure and parameter determination (D. Watts – U. York)
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Progress in Task 1: development and application of EFTs and hadron decays

𝑲𝑲𝟎𝟎
∗ 𝟕𝟕𝟎𝟎𝟎𝟎 pole positions

J.R.Peláez and A. Rodas, Phys. Rev. Lett. 124 (2020) 172001

Determination of the 
𝒇𝒇𝟎𝟎 )1370 ( pole position 
from dispersion relation, 
J.R Pelaez, A. Rodas and J. 
Ruiz de Elvira 
Phys.Rev.Lett. 130 (2023)  
051902

dispersive model-independent analysis of πK, 𝜋𝜋𝜋𝜋 and  ππ → K�K partial-waves in the  low energy region 



Total 𝐵𝐵± ⟶ 𝐾𝐾±𝐾𝐾+𝐾𝐾− asymmetry as a 
function of the 𝐾𝐾+𝐾𝐾− invariant mass (LHCb)

Dispersive 𝜋𝜋𝜋𝜋 → 𝐾𝐾�𝐾𝐾 Amplitude and Giant 
CP Violation in B to Three Light-Meson 
Decays at LHCb, R. Álvarez Garrote, J. 
Cuervo, P. C. Magalhães, and J. R. Peláez, 
Phys. Rev. Lett. (2023) 130 (2023) 201901

On the scalar π K form factor beyond the elastic 
region, L. von Detten, F. Noël, C. Hanhart , M. 
Hoferichter , B. Kubis, Eur.Phys.J.C 81 (2021)  420
• includes inelastic effects via resonance 

exchange
• Fulfill all constraints from πK scattering and 

maintaining the correct analytic structure
• considers 𝜏𝜏 ⟶ 𝐾𝐾𝑆𝑆𝜋𝜋𝜈𝜈𝜏𝜏
• extract the pole parameters of the 𝐾𝐾0∗ 1430

and 𝐾𝐾0∗ 1950



WP25-JR7 - LIGHT-AND HEAVY-QUARK HADRON SPECTROSCOPY (HASP)

LHCb: Observation of an exotic narrow doubly
charmed tetraquark, Nature Phys. 18 (2022) 751

 molecular interpretation: A. Feijoo, W. H. Liang,
and E. Oset, PRD 104 (2021) 114015 ; M.-J. Yan
and M. P. Valderrama, PRD 105 (2022) 014007, M.
Albaladejo, PLB 829 (2022) 137052 ,..., IFIC +
Bochum + Moscow + Beijing+ Guangzhou+ Jülich,
PRD 105 (2022) 014024 (full consistent treatment
including OPE and three body effects)

 Isoscalar bound state in the 𝐷𝐷𝐷𝐷∗ system using
quark cluster model: T. F. Carames, A. Valcarce, and
J. Vijande, PLB699 (2011) 291, or with potential
modelled by meson exchanges X.-K. Dong, F.-K.
Guo, and B.-S. Zou, Commun. Theor. Phys. 73
(2021) 125201…

 compact double-charm tetraquarks: J. P. Ader, J.
M. Richard, and P. Taxil, PRD25 (1982) 2370
(1982),…, M. Karliner and S. Nussinov, JHEP 07
(2013)153 ….

𝑇𝑇𝑐𝑐𝑐𝑐+(3875)

colorless compact tetraquark structure? 
𝑫𝑫∗𝑫𝑫 hadron-molecule?    



Role of Left-Hand Cut Contributions on Pole Extractions from
Lattice Data: Case Study for 𝑇𝑇𝑐𝑐𝑐𝑐(3875)+, M.-L. Du et al, Phys.
Rev. Lett. 131 (2023) 131903; Solving the left-hand cut problem
in lattice QCD 𝑇𝑇𝑐𝑐𝑐𝑐(3875)+ from finite volume energy levels, L.
Meng at al, Phys. Rev. D109 (2024) L071506

lattice data with unphysical pion masses for the
𝑇𝑇𝑐𝑐𝑐𝑐 cannot be analysed with the standard Lüscher
method, since the left-hand cut is too close by.

Coupled-channel 
approach to 𝑇𝑇𝑐𝑐𝑐𝑐+
including three-
body effects 
(OPE), M.L.-Du et 
al., PRD 105 
(20229 014024



Observation of  a new 
strange 𝑐𝑐 ̅𝑐𝑐-like state 𝑍𝑍𝑐𝑐𝑐𝑐(3985)
in e+ e- →KDD*
by the Bochum group 
from BESII collaboration
BESIII PRL129 (2022) 112003

Theoretical prediction of  R1, the X(2866) partner,  and 
development of  a method to find the spin-2 partner of  the 
X(2866), both in DK final states in B meson decays 
by the Valencia group
Dai, Molina and Oset PLB832 (2022) 137219
Bayar and Oset PLB833 (2022) 137364

✴New exotic states observations and predictions 



The strange partners of 𝒁𝒁𝒄𝒄 states: Combined analysis of the 𝑍𝑍𝑐𝑐(3900) and the 𝑍𝑍𝑐𝑐𝑐𝑐(3985) exotic states

𝐷𝐷�𝐷𝐷∗,   𝐽𝐽𝑃𝑃𝑃𝑃 𝐼𝐼 = 1+−(1)
𝐷𝐷�𝐷𝐷𝑐𝑐∗ ,   𝐽𝐽𝑃𝑃 𝐼𝐼 = 1±(1

2
)

𝑒𝑒+𝑒𝑒− ⟶ 𝐽𝐽/𝜓𝜓𝜋𝜋𝜋𝜋

𝑒𝑒+𝑒𝑒− ⟶ 𝐷𝐷�𝐷𝐷∗𝜋𝜋

M.-L Du et al.,  Phys. Rev. D 105 (2022) 074018

𝒆𝒆+𝒆𝒆− ⟶ 𝑲𝑲+(𝑫𝑫∗𝟎𝟎𝑫𝑫𝒔𝒔
− + 𝑫𝑫𝟎𝟎𝑫𝑫𝒔𝒔

∗−)

𝐽𝐽/𝜓𝜓𝜋𝜋 and 𝐷𝐷�𝐷𝐷∗
mass 
distributions

𝐾𝐾+ recoil mass distributions

𝒁𝒁𝒄𝒄𝒔𝒔 could be a virtual state or a resonance
𝒁𝒁𝒄𝒄𝒔𝒔 is probably the SU(3) flavor partner of 𝒁𝒁𝒄𝒄(3900)
𝒁𝒁𝒄𝒄𝒔𝒔∗ should exist as its spin partner



other works …. 



Establishing the heavy quark spin and light flavour
molecular multiplets of the X(3872), Zc(3900), and
X(3960), T. Ji et al., Phys.Rev.D 106 (2022)
094002. PREDICTION OF NEW EXOTIC STATES
AND SU(3) CLASSIFICATION

New measurements have allowed determining

the lowest-order LECs of the 𝐷𝐷(𝑐𝑐)
(∗) 𝐷𝐷

¯

(𝑐𝑐)
(∗) EFT

based on HQSS

LHCb  𝐵𝐵+ ⟶ 𝐷𝐷𝑐𝑐+𝐷𝐷𝑐𝑐−𝐾𝐾+

𝐷𝐷𝑐𝑐+𝐷𝐷𝑐𝑐− invariant mass



and many other works on other exotic states…
P.-P- Shi et al., Chin.Phys.Lett.
41 (2024)  031301

Z.-H. Zhang et al.,  2404.11215

A. Asokan et al., Eur.Phys.J.C
83 (2023)  850  

M.-L. Du et al., JHEP 08 (2021) 157

Double-Strangeness Molecular-Type Pentaquarks from Coupled-Channel 
Dynamics

J.A. Marsé-Valera et al.,
Phys.Rev.Lett. 130 (2023) 9

R. Molina et al., 2309-03618

R. Molina et al., Phys.Lett.B 803 
(2020) 135279



X.-K. Dong et al., Sci.Bull. 66 (2021)  2462
X.-K. Dong et al., Coupled-Channel Interpretation

of the LHCb Double-J= Spectrum and Hints of a New 
State Near the J/𝜓𝜓 J/𝜓𝜓Threshold, Phys. Rev. Lett. 126, 
132001 (2021)

consistent with unitarity: (i) with 
just two channels, J/𝝍𝝍J/𝝍𝝍 and 
𝝍𝝍(𝟐𝟐𝟐𝟐)J/𝝍𝝍, as long as energy-
dependent nteractions in these 
channels are allowed, or (ii) with 
three channels J/𝝍𝝍J/𝝍𝝍, 𝝍𝝍(𝟐𝟐𝟐𝟐)J/𝝍𝝍
and 𝝍𝝍(𝟑𝟑𝟕𝟕𝟕𝟕𝟎𝟎)J/𝝍𝝍 with just constant 
contact interactions. Both 
formulations hint at the existence 
of a near threshold state in the J/𝝍𝝍
J/𝝍𝝍 system with the quantum 
numbers 𝑱𝑱𝑷𝑷𝑷𝑷 = 𝟎𝟎++ or 𝟐𝟐++ which 
we refer to as 𝑿𝑿(𝟔𝟔𝟐𝟐𝟎𝟎𝟎𝟎).

spectroscopy of double-charmonium and 
double-bottomonium states



• Study of reactions disclosing the nature of the low-lying scalar 
mesons: different observables for the 𝐷𝐷𝑐𝑐 → 𝜋𝜋+𝜋𝜋0𝜂𝜂 ,𝐷𝐷+ ⟶ 𝜋𝜋+𝜂𝜂𝜂𝜂  ,𝐷𝐷+

⟶ 𝜋𝜋+𝜋𝜋0𝜂𝜂 ,𝐷𝐷+ ⟶ 𝐾𝐾−𝐾𝐾+𝐾𝐾+, 𝐷𝐷0 ⟶ 𝐾𝐾−𝜋𝜋0𝜂𝜂, 𝐽𝐽/𝜓𝜓 → 𝛾𝛾𝜋𝜋𝜋𝜋, 𝛾𝛾𝜋𝜋𝜂𝜂 ,
𝑎𝑎1 1260 ⟶ 𝜋𝜋𝑓𝑓0 500 , reactions to test the nature of the scalar 
mesons (𝑓𝑓0(500), 𝑓𝑓0(980) ,
𝑎𝑎0 980 … ), [f. i. R. Molina, M. Döring, W. H. Liang, E. Oset, Eur.Phys.J.C
81 (2021)  782,…]

• Study of hadron molecules from the weak decay of heavy hadrons: 
double pole structure of the 𝐾𝐾1(1270) resonance,  analyzed in the  
�𝐵𝐵 ⟶ 𝐽𝐽/𝜓𝜓𝜓𝜓 �𝐾𝐾, �𝐵𝐵 ⟶ 𝐽𝐽/𝜓𝜓 𝐾𝐾

¯
∗𝜋𝜋 and 𝐷𝐷+ ⟶ 𝜈𝜈𝑒𝑒+𝑉𝑉𝑉𝑉 decays

[L. Roca, W.H. Liang, E. Oset, Phys.Lett. B824 (2022) 136827

• Characteristics of some reactions in base to triangle singularities 
(TS) and making predictions of reactions where peaks associated to 
TS appear, to avert claims of discovery of new resonances when the 
experiments are performed

sensitivity of the K−d ⟶ pΣ− reaction to the
properties of the Λ(1405) resonance, which enhances
the contribution of a triangle-diagram m echanism that
dominates the reaction close to threshold

A. Feijoo, R. Molina, L.R. Dai, E. Oset
Eur.Phys.J.C 82 (2022) 11, 1028

✴Sensitivity to non-perturbative effects to identify exotic quark configurations



𝜦𝜦𝒃𝒃[ 𝑱𝑱𝑷𝑷 =
𝟏𝟏
𝟐𝟐

−

] 𝜦𝜦𝒄𝒄[ 𝑱𝑱𝑷𝑷=
𝟏𝟏
𝟐𝟐

−

] 𝚲𝚲[ 𝑱𝑱𝑷𝑷=
𝟏𝟏
𝟐𝟐

−

] 𝜦𝜦𝒃𝒃[ 𝑱𝑱𝑷𝑷=
𝟑𝟑
𝟐𝟐

−

] 𝜦𝜦𝒄𝒄[ 𝑱𝑱𝑷𝑷 =
𝟑𝟑
𝟐𝟐

−

] 𝚲𝚲[ 𝑱𝑱𝑷𝑷=
𝟑𝟑
𝟐𝟐

−

]

chiral symmetry

CQM(𝝀𝝀,𝝆𝝆): T. Yoshida, E. Hiyama, A. Hosaka, M. Oka, and K. 
Sadato, PRD92 (2015) 114029 

HQFS+chiral
symmetry+CQM

HQFS+chiral
symmetry+CQM + HQSS

Lowest-lying  𝟏𝟏/𝟐𝟐−and 𝟑𝟑/𝟐𝟐− 𝜦𝜦𝑸𝑸 resonances



Lowest-lying  1/2−and 3/2− Λ𝑄𝑄 resonances: From the strange to the bottom sectors, 
Prog.Part.Nucl.Phys. 137 (2024) 104118

special attention to the interplay between the constituent quark-model and chiral
baryon–meson degrees of freedom
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Chiral SU(3) EFT vs
scattering data

LO: H. Polinder, J. 
Haidenbauer, U. Meißner,
Nucl. Phys. A779 (2006) 244.
NLO: J. Haidenbauer et al.,
Nucl. Phys. A915 (2013) 24.

Courtesy by O. Vazquez Doce



𝐷𝐷+𝜋𝜋− ⊕𝐷𝐷−𝜋𝜋+ Correlation Functions 
O. Vazquez Doce @ “Present and future 
perspectives in hadron physics”, Frascati 
(INFN), June’24

Phys. Rev. D 108 (2023) 9, 096008

??



Progress in Task 2.1: Hadron resonances, form factors, LECs, fundamental 
parameters of QCD, and light nuclei spectroscopy



• Lattice-QCD variational study of nucleon-nucleon
interactions (S. Amarasinghe et al., PRD 107
(2023) 094508) is extended by considering an
additional volume and a complete basis of
dibaryon and local hexaquark operators
(W. Detmold et al, 2404.12039 [hep-lat] )

d* (2380)?

NPLQCD

• The combination of dibaryon and hexaquark operators provides 
strong evidence for the presence of an additional energy level in both 
the deuteron and dineutron channels.

• Ongoing work focuses on studying Octet Baryon - Octet Baryon
scattering at mπ = 170 MeV and controlling lattice artifacts.



input 𝛼𝛼𝑐𝑐 𝑀𝑀𝑍𝑍

static energy 0.11660−0.00056
+0.00110

singlet free energy at finite temperature 0.11638−0.00087
+0.00095

dimensionless ratios of roots of the moments 
charm- and bottom-quark correlators (sum-rules) 0.1170 ± 0.0014

Using LQCD, EFTs and data ⇒strong coupling constant 𝛼𝛼𝑐𝑐

LQCD & EFT and data:, PRD102 074503
Determination of the QCD coupling from the 
static energy and the free energy, TUMLQCD,  A. 
Bazavov et al., PRD100 114511

• from the static energy at three-loop 
accuracy

• for the singlet free energy at finite 
temperature up to distances as small as 
0.0081 fm



• NUCLEAR STRUCTURE WITH 
CHIRAL FORCES

• Study of neutron matter with chiral-
EFT potentials: benchmark calculations
of the energy per particle of pure neutron
matter as a function of the baryon density

• Nuclear energy density functional from
ab initio calculations

• Nuclei with up to A=6 nucleons with
artificial neural network wave functions
(quantum computing and machine-
learning techniques)

• Ab initio calculation of medium-mass and
heavy nuclei based on chiral EFT NN+3N
forces

INFN, ARGONNE, FERMILAB,
JLAB,UB,DARMSTADT: PRC101
045801, PRC104 024315, PRC 106 (2022)
034309, Few Body Syst. 63 (2022)



Isoscalar 𝐽𝐽𝑃𝑃 = 0+ exotic 
resonance  𝐷𝐷𝑐𝑐0∗ (2317)±

• quark content: 𝑐𝑐�̅�𝑠, ̅𝑐𝑐𝑠𝑠
• it cannot be 

accommodated in 
CQMs: around 100 
MeV lighter than 
expected 

• Molecular picture 
𝐷𝐷�𝐾𝐾 and �𝐷𝐷 𝐾𝐾

𝑲𝑲𝑲𝑲 and �𝑲𝑲𝑲𝑲 interactions 
very different!

produced in a nuclear medium 
environment 



�𝐾𝐾 spectral 
function

Kaon spectral 
function in the 
nuclear medium 
behaves like a 
delta function, 
with a small 
modification 
(density-
dependent) of 
the quasi-particle 
energy 𝐸𝐸𝑞𝑞𝑞𝑞

(𝐾𝐾)

�𝑲𝑲𝑲𝑲 → �𝑲𝑲𝑲𝑲: it appears strong 
hyperon resonances like 
𝜦𝜦 𝟏𝟏𝟏𝟏𝟎𝟎𝟏𝟏 ,𝜦𝜦 𝟏𝟏𝟔𝟔𝟕𝟕𝟎𝟎 , etc..

𝐾𝐾𝐾𝐾: �𝒔𝒔ℓ1ℓ2ℓ3ℓ4
resonance 
would be a 
pentaquark.
Interaction 
very weak



𝐷𝐷𝑐𝑐0∗ (2317)−

𝐷𝐷𝑐𝑐0∗ (2317)+
𝐷𝐷𝑐𝑐1∗ (2460)+

𝐷𝐷𝑐𝑐1∗ (2460)−

two 
molecular 
probabilities HQSS partner

𝐷𝐷𝑐𝑐1∗ (2460)±

isoscalar 𝐽𝐽𝑃𝑃 = 1+

𝐷𝐷∗𝐾𝐾 and �𝐷𝐷∗ �𝐾𝐾
molecules
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Phys. Lett. B 853 
(2024) 138656



Engagement of young researchers:Gloria Montaña (PhD U. Barcelona) was the 2023 recipient of the APS PhD
dissertation award in Hadronic Physics "For outstanding progress in understanding the properties of heavy mesons in hot
matter with the combination of non-perturbative hadronic theories and finite-temperature field theories"
https://www.aps.org/funding-recognition/award/dissertation-award-hadronic-physics

Heavy-light meson Spectral 
Functions at finite temperature

https://www.aps.org/funding-recognition/award/dissertation-award-hadronic-physics


Temperature dependence of the
pole position of the 𝐾𝐾0∗ (700) and
𝐾𝐾∗ (892) resonances when
increasing the temperature T from
0 to 200 MeV

Computed pion-kaon scattering amplitude 
and the 𝐾𝐾0∗(700) and 𝐾𝐾∗(892) resonances at 
finite temperature [A. Gómez Nicola, J. 
Ruiz de Elvira and A. Vioque-
Rodríguez,JHEP 08 (2023) 148]

𝐾𝐾∗(892) 

𝐾𝐾0∗(700) 



Progress in Tasks 2.2 and 2.3 : heavy-quark, hybrid and tetraquark potentials & 
Computation of matrix elements for in medium quarkonium evolution 

S. Ryan et al [Hadron Spectrum coll.] JHEP 02 (2021) 214 

For the first time the excited and exotic bottomonium
spectrum (including hybrids) has been determined by a
fully relativistic and unquenched lattice calculation.

N. Brambilla, V. Leino, O. Philipsen, C. Reisinger, A. Vairo,   
M. Wagner, Phys.Rev.D 105 (2022) 054514

Lattice gauge theory computation of the static
force between a static quark and a static
antiquark. The approach is based on
expectation values of Wilson loops or
Polyakov loops with chromoelectric field
insertions.



N. Brambilla, W.K. Lai, A.
Mohapatra, A. Vairo Phys.
Rev. D. 107, 054034 (2023)

Hybrid spectrum and
widths vs observed exotics
in the charmonium and
bottomonium sector
calculated the framework
of nonrelativistic effective
field theories



Static energy from (2+1+1)-Flavor lattice QCD
• Precise extraction of αs using a Lattice-QCD calculation of

the QCD static energy and comparing it to a perturbative
calculation of the same quantity in QCD at NNNLL
[TUMQCD Collab, N. Brambilla et al., Phys. Rev. D 107
(2023) 074503].

• Understanding how to establish a systematic approach
for calculating the matching from the gradient-flow
scheme to the MS scheme in the limit of small flow time
for off-light cone Wilson-line operators This will be
crucial to use the lattice gradient flow calculations
of the low energy correlators in the nonrelativistic
effective field theories for quarkonium and exotics: N.
Brambilla and X. P. Wang, JHEP in print,

• Calculating the generalized Wilson loop containing the 
QCD force on the lattice using  gradient flow: this is an 
important preliminary result that open the possibility to 
calculate on the lattice all correlators emerging in the 
nonrelativistic effective field theory, including pNRQCD
and BOEFT: N.Brambilla, V.Leino, J. Mayer-Steudte and A. 
Vairo, PRD in print.

Static energy from twelve
ensembles of varying
lattice spacing and three
choices of light quark
mass.

Lattice spacing 
up to 0.032 fm
Pion mass up to 
210 MeV 



 The heavy quark and quarkonium
behavior in a quark gluon plasma is
governed by transport coefficients that
can be computed non-perturbatively on
lattice QCD

 The heavy quark diffusion coefficient
was computed in a wide temperature
range in N. Brambilla et al. PRD 102
(2020). The fitted temperature
dependence is found to be compatible
with the NLO perturbative result

 Currently we are running measurements
of the 1/M corrections to the diffusion
coefficient on the lattice. These come
from the chromomagnetic correlators
GB



SPECTROSCOPY AT T>0 WITH HEAVY QUARKS 

● D and DS mesons in the hadronic phase
● Approaching thermal crossover : thermal 

modification of hadrons (as expected in QGP)

G. Aarts, C. Allton, R. Bignell, T. J. Burns, S. C. García-
Mascaraque, S. Hands, B. Jäger, S. Kim, , S. M. Ryan, J.-
I. Skullerud – arXiv:2209.14681 [hep-lat]

● 2+1 dynamic fermions (full QCD) @ mπ = 239 MeV
● T < Tc (~150 MeV)

Thermal modification of hadrons on lattice 



Progress in Task 3: Meson Spectroscopy analysis of new and exotic states

Determination of  the scalar and tensor pole positions from J/psi radiative decays by JPAC, A.Rodas et al EPJ82 (2022), 1

✴Development and application of new analysis tools

D-wave

S-wave

𝐽𝐽/𝜓𝜓 ⟶ 𝛾𝛾𝜋𝜋0𝜋𝜋0 and 𝐽𝐽/𝜓𝜓 ⟶ 𝛾𝛾𝐾𝐾𝑆𝑆0𝐾𝐾𝑆𝑆0



𝛾𝛾𝑝𝑝 → 𝑍𝑍𝑄𝑄 Δ++
Predictions for JLab and EIC 

 Support to phenomenological analysis (PWA)

M. Albaladejo et al. (JPAC Collaboration) 
Phys.Rev.D 102 (2020) 114010 

included in the ElSpectro MC generator. 
JPAC collaboration with the Glasgow 
group (D. Glazier et al)

…also proved that there are no 
mathematical ambiguities in 
partial-wave analysis of two 
mesons produced with a linearly 
polarized photon beam. Monte 
Carlo simulations to illustrate 
results. JPAC (W. Smith et al), 
PRD 108 (2023) 076001



 Data-driven dispersive analysis of the 𝜋𝜋𝜋𝜋 and 𝜋𝜋𝐾𝐾 scattering

 application to a vast experimental or lattice data with a broad

(or coupled-channel) resonance of non-genuine QCD nature

 On the scalar 𝜋𝜋𝐾𝐾 form factor beyond the elastic region

 formalism combining low energy elastic description with

high energy resonance exchange

 ALICE completed a measurement of f0(980) in pp collisions at

13 TeV at LHC

 Exotic meson program at JLab - unique data sets with

unprecedented statistical precision

 CLAS12/MesonEx: light-quark mesons and search for exotics

 GlueX: hybrid search in double meson production

 studying production mechanisms and moments, developing PWA in

parallel

Scalar isoscalar mesons and the scalar 
glueball from radiative 𝐽𝐽/𝜓𝜓 decays 
A.V.Sarantsev, I.Denisenko, U.Thoma, 

E.Klempt PLB 816, 136227



Observation of  new exotic candidates by 
INFN Ferrara group from BESIII 
collaboration

PRD105(2022) 072002 & PRL129 (2022) 042001



Approval of Klong beam facility at JLab: extensive study of strange baryonic 
excitations and of mesons with strange content, search and 
characterization of the κ/K*(700) scalar, in its overlap with the σ/f0(500) 
and the f0(980), and of other strange excited resonances

KLF Collaboration. 
Strange Hadron Spectroscopy with Secondary KL Beam in Hall D
Jlab C12-19-001 proposal (arXiv:2008.08215)



Progress in Tasks 4.1 and 4.2: Baryon Spectroscopy
New PA and theory results:

 Jülich-Bonn-WashingtonDC:
 Composition of N* and ∆ resonances via coupled-channel dynamics, Y.-F. Wang, PRC 109 (2024) 015202 

 Inclusion of KΛ electroproduction data, M. Mai et al., Eur.Phys.J.A 59 (2023) 286 

 Heavy meson–heavy baryon coupled-channel interactions, Z.-L. Wang Eur, Phys. J C82 (2022) 

497

 New interactive webpage: https://jbw.phys.gwu.edu/

 Laurent+Pietarinen PWA of kaon photoproduction
A. Švarc and R. L. Workman PRC 108 (2023) 014615

 Meson photoproduction interpreted by Regge phenomenology
I.I. Strakovsky et al., Phys.Rev.C 107 (2023) 1, 015203

 Truncated PWA for 𝜂𝜂-photoproduction via Bayesian Statistics;
P. Kroenert et al., Phys. Rev. C 109 (2024) 045206

 Theory/experiment collaboration to extend PWA

https://jbw.phys.gwu.edu/


Review articles

Compendium of experimental results, as well as a review of
the theoretical methods of amplitude analysis used to
analyze the data. The most significant datasets are
presented in detail and are listed in combination with a full
set of the relevant references

Review of the  state of the art of our understanding of the 
spectrum of excited strongly interacting particles and discuss 
methods that allow for
a systematic and model-independent calculation of the hadron 
spectrum. These are lattice QCD and effective field theories.



• Heavy Baryons
• Observation of new excited Ξ𝑏𝑏0 states
• Observation of  excited Ω𝑐𝑐0 baryons  (LHCb, arXiv:2107.03419)
• Evidence for a new structure in the 𝐽𝐽/𝜓𝜓𝑝𝑝 (LHCb, arXiv:2108.04720)
• Lifetimes of Ω𝑐𝑐0 and Ξ𝑐𝑐0 (LHCb, arXiv:2109.01334, 2302.04733  )

PRL 128 (2022) 162001PRL. 131 (2023) 171901



 Published measurements of spin 
dependent 𝜋𝜋, 𝜂𝜂, 𝜋𝜋𝜋𝜋, and πη 
photoproduction from ELSA and MAMI.
 CBELSA/TAPS Collaboration: partial 

wave analysis  of �⃗�𝛾𝑝𝑝 ⟶ 𝜂𝜂𝑝𝑝 [Phys.Lett.B
803 (2020) 135323];  new EtaMAID
model published; the large difference in 
the 𝐾𝐾𝜂𝜂-branching ratio between the 
N(1535)1/2− and the N(1650)1/2−

almost disappeared in the new BnGa 
analysis result.
 Simultaneous measurement of G and E 

with elliptically polarized photon beam 
at MAMI
 New single-energy partial-wave 

analyses [H. Osmanović et al., Phys. Rev 
C 104 (2021)  034605; A. Švarc Phys. 
Rev. C 104 (2021)  014605]

WP25-JR7 - LIGHT-AND HEAVY-QUARK HADRON SPECTROSCOPY (HASP)

The results reveal for the first time the helicity- and 
isospin-dependent structure of the 𝛾𝛾𝐾𝐾 ⟶ 𝐾𝐾𝜋𝜋0𝜋𝜋0reaction.

M. M. Dieterle et al.(A2 Collaboration)., Phys. 
Rev. Lett.125, 062001



H. Schmieden @ “Strong2020 
Annual Meeting”, Frascati 
(INFN), June’24

Ω (2012) production at BELLE 

PRD 104 (2021) 052005 



Charged Pion
Photo-Production from 
Polarized Neutrons at 
Jefferson Lab



✴New ( polarisation) observables  Spin observables in baryon sector



✴New ( polarisation) observables

𝑲𝑲𝑲𝑲 𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞𝐞 − 𝐩𝐩𝐞𝐞𝐞𝐞𝐩𝐩𝐩𝐩𝐞𝐞𝐞𝐞𝐩𝐩𝐞𝐞𝐩𝐩 − 𝐓𝐓𝐞𝐞𝐓𝐓𝐩𝐩𝐓𝐓𝐓𝐓𝐞𝐞𝐞𝐞 𝐩𝐩𝐞𝐞𝐞𝐞𝐓𝐓𝐞𝐞𝐩𝐩𝐩𝐩𝐓𝐓𝐞𝐞𝐩𝐩𝐞𝐞𝐩𝐩 𝐀𝐀𝐓𝐓𝐀𝐀𝐀𝐀𝐀𝐀𝐞𝐞𝐞𝐞𝐞𝐞𝐀𝐀

Lucilla Lanza & Dan Carman for the RG-K analysis group

𝜦𝜦 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑨𝑨𝒔𝒔𝑨𝑨𝑨𝑨𝑨𝑨𝒆𝒆𝑷𝑷𝑷𝑷𝑨𝑨
𝚺𝚺𝟎𝟎 𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷𝑷 𝑨𝑨𝒔𝒔𝑨𝑨𝑨𝑨𝑨𝑨𝒆𝒆𝑷𝑷𝑷𝑷𝑨𝑨



WP25-JR7 - LIGHT-AND HEAVY-QUARK HADRON SPECTROSCOPY (HASP)

C. Fernández-Ramírezet al. (JPAC) 
Phys. Rev. Lett.123, 092001

Data analysis and Interpretation: modeling of the
resonant contributions to the inclusive electron
scattering observables, studied properties of the
hidden-charm pentaquark-like resonances first
observed by the LHCb Collaboration in 2015; studied
the nature of the new signal reported by LHCb in the
𝐽𝐽/𝜓𝜓𝑝𝑝 spectrum using S-matrix



Results on the Λ(1405) 

• New data from GlueX  arXiv:2209.06230

The two-pole structure of Λ(1405) persist  
up to one-loop order reinforcing the
existence of two-pole structures in 
dynamically generated states.BGO-OD at ELSA Phys. Lett.B 833 (2022) 137375



KLF Collaboration. 
Strange Hadron Spectroscopy with Secondary KL Beam in Hall D
Jlab C12-19-001 proposal (arXiv:2008.08215)



Progress in Task 4.3 : Dibaryon structure and parameter determination  

M.Bashkanov et al. (A2 Collaboration at
MAMI) Signatures of the 𝑑𝑑∗ 2380
Hexaquark in d(𝛾𝛾,𝑝𝑝𝑛𝑛) Phys. Rev. Lett. 124 
(2020) 132001

Evidence of a dibaryon spectrum in coherent 𝛾𝛾𝑑𝑑 ⟶ 𝜋𝜋0𝜋𝜋0𝑑𝑑 reaction at 
forward deuteron angles with the BGOOD experiment at ELSA, T. Jude 
et al., Phys.Lett.B 832 (2022) 137277  



M.O. Celi et al



New Methods: Secondary hyperon 
beams in photo-induced reactions

CLAS Collab. PRL. 127 (2021) 272303, Improved 𝜦𝜦𝒑𝒑 Elastic
Scattering Cross Sections Between 0.9 and 2.0 GeV/c and
connections to the Neutron Star Equation of State

chiral effective field theory (EFT)

J. Haidenbauer, U.-G. Meißner, and A. 
Nogga, Eur. Phys.J. A 56, 91 (2020).



Summary

• STRONG2020-HaSp made progress in hadron interaction theory, phenomenology and data analysis

• Development of new theoretical tools and applications to the vast hadron phenomenology

• Progress in theoretical tools for discovery: multi-q, exotic configurations , BSM, …

• Development of AI-supported tools for hadron spectroscopy analysis

• Development of phenomenological analysis framework to extract resonance parameters from data

• Established a strong connection between experimental and theoretical groups in Europe (and beyond)

• Significant progress but many interesting problems remain opened requiring further investigation

• Hadron spectroscopy: a vibrant field that involves a large community in Europe (and beyond!)

• Schools and meetings engaged a large number of young researchers (students, postdocs)

• The hadron spectroscopy community is ready to engage a new project beyond STRONG2020
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