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Overview of our QCD connections sub-area

Astrophysics:
from cosmic rays 

to neutron star 
physics

Hadron 
spectroscopy and 

exotica
Theory & 

Experiments

Hadron-hadron 
interactions

Theory 
& Experiments 

QCD

Two main physics benchmarks

● Constraints on nature of exotic hadrons 
from spectroscopy and h-h correlations;

● Precision on anti-nuclei production and 
absorption relevant for cosmic-ray 

Prof. F. Donato (U. Turin): 
“Precision cross-section measurements 

for cosmic rays physics”

Prof. M. Karliner (U. Tel Aviv): 
“Heavy quark spectroscopy: goals and 

benchmarks”

Dr. D. Wilson (U. Cambridge): 
“Recent progresses and open challenges 
on spectroscopy and exotic states from 

lattice QCD”

Many input from HL-LHC, SPS, community and national
Additional input requested also from GlueX, Belle II, JPARC
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1. Do we observe an indirect evidence of DM in CRs?

2. Can we provide an explanation to the μ puzzle in 
air-showers and heavy elements composition in 
high-energy CRs?

3. Can we improve the modeling of high-energy ν 
production and its interaction with hadrons?

QCD Connection to astrophysics
Cosmic rays, indirect 

searches of DM & 
multi-messenger astronomy

Equation of state of neutron stars, 
astrophysical nucleosynthesis

1. Can we improve the knowledge on the properties of the 
ordinary nucleonic equation of state?

2. Can three-body forces involving nucleons and 
hyperons provide a solution to the so-called "hyperon 
puzzle" in neutron stars?

● Properties of symm/asymm nuclear matter at ρ>ρ0still 
affected by large uncertainties  (ΔK0~10-30%, ΔL~20-40%)

● Poor knowledge on hyperon-nucleon and 
hyperon-nucleon-nucleon strong forces, particularly with Σ 
and multi-strange baryons involved

● Focus on light-antinuclei (antid, antiHe) fluxes in GCRs as 
clean signal of DM annihilation/decay → Precise 
understanding of production mechanism + XS measurements 
(See F. Donato´s talk)

● Improved modeling of hadron production/interaction in event 
generators “tuned” at colliders, extend improved coalescence 
studies to larger nuclei, keep enhancing synergy 
astro-particle community (forward region)

● More constraints on ν-N (ν-Nucleus), prompt atmos. ν 
background → Complementary with low-x physics
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● ISOLDE@CERN:
Nuclear properties away from stability 
valley

○ HIE-ISOLDE upgrade 
(2026-2028): higher energy and 
intensity p beams → Increased 
production yield of exotic nuclei

● Complementarity & synergy with 
other facilities 
(FAIR@GSI, SPIRAL2@Ganil,..)

Neutron stars equation of state: benchmarks

I. Vidaña et al.Eur.Phys.J.A 61 (2025) 3

Sym/Asym nuclear matter Hyperon nuclear matter

n-skin thickness
(n surface excess 
with PUMA exp.)

High-precision 
measurements of mass and 

radii for n-rich nuclei

Input for r-/s-processes (SN expl., 
stellar nucleosynthesis)

Decay properties in isotopic chains

● Femtoscopy:
High-precision data on YN, YY and 
YNN (Ξ,Σ)

○ ALICE Run 3 & 4 (until 2033) 
○ ALICE 3 Run 5 (from 2036)
○ Complementary measurements 

also by STAR and HADES
○ Future JPARC-HI

● Hypernuclei & Scatt. data:
Spectroscopy, binding en. meas.

○ ALICE, ALICE3
○ JPARC HEF-EX (HIHR)

● Cusp spectroscopy@J-PARC:
Dedicated ΣΝ analysis in Λp inv. mass 
spectra → Res. in f0 of 0.3 fm (10%)

YNN?

Highlight complementarity between different 
experiments and approaches

Emphasis on multi-strange and 3BF most 
needed input!

JPARC HEF-EX White paper arXiv:2110.04462
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Cosmic rays and dark matter searches: benchmarks 
S. Mariani et al. arXiv: 2503.22783

ALICE 3 LoI, CERN-LHCC-2022-009

(More details in the talk by F. Donato)

Highlight complementarity between different 
experiments and approaches, list observables and 

projections

CERN LHC & SPS exp. effort needed!
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Cosmic rays and neutrino physics:benchmarks 
ν en. spectra @ FPF 

QCD input to multi-messenger astronomy with ν

● Exploit dedicated forward-direction 
experiments → FASER, FPF proposal

● Atmospheric ν flux studies also within 
NA61/SHINE to start in 2026

● Low-x physics also helpful for ν-N (nucleus) 
interaction & prompt ν background flux
→ p-light ions, FCC  
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The LHC experiments picked up the baton and firmly established the existence 
of explicitly exotic hadrons such as:

● Pentaquarks Pc → J/Ѱ p
● Doubly charmed tetraquark Tcc
● Fully charmed tetraquarks Tcccc

Exotic Hadrons

While the existence of exotic hadrons was predicted since the formulation of the quark 
model, no hadrons were definitively identified as exotic for many decades.

The B-factories shed new light on the field with the discovery 
of two mesons exhibiting unexpected properties:       
Ds0*(2317) and 𝛘c1(3872) (a.k.a. X(3872))



QCD connections with astroparticle, hadronic, nuclear physics - ESPP2026

Exotic Hadrons II

Over the years, an abundance of exotic hadrons has been discovered, so many that 
PDG2024 has introduced a dedicated naming scheme for them. As with conventional 
hadrons in the early stages of hadron spectroscopy, recognizing underlying patterns is 
key to exploring their internal dynamics

● Why do many exotics lack flavour/isospin 
partners?

● How the quarks are bound together inside the 
exotic hadrons?

● Do hybrids/glueballs exist?
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Exotic Hadrons III https://arxiv.org/abs/1808.08865

LHCb Upgrade II: Observations of many doubly heavy hadrons, 
both conventional and exotic, will become within reach. This 
includes the doubly heavy tetraquark states (Tbc and Tbb), which 
are expected to have large enough binding energies such that 
only weak decays are possible.

ALICE 3: Complementary experimental 
constraints on Tcc

+ nature via D0D*+ 
correlations in different coll. systems

X(3872) Tcc(3875)

https://arxiv.org/abs/1808.08865
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Exotic Hadrons : theory inputs from Lattice QCD

Lattice QCD is expected to provide important information on exotic hadrons (when not too high 
above lowest threshold) : talk by D. Wilson (U. Cambridge)

➜ First-principle calculations :
- calculations based on path integral formalism (hypercubic lattice used as UV regulator)
- can make predictions (quantifiable uncertainties), guide experiments
- complementary to exp. : e.g. freedom to tune the quark masses,  probe internal structure

➜ Path integral evaluated with Markov Chain Monte Carlo
- calculations are affected by statistical uncertainties
        → increasing need of computing resources

➜ Formulated in Euclidean spacetime
- extraction of the mass of stable hadrons (within QCD) is straightforward
- hadronic resonances are not asymptotic states of QCD, first principle calculations challenging

→ no direct access to mass (≠ stable hadrons) : use the finite-volume lattice to extract the scattering 
amplitude matrix 

→ significant theory and algorithmic developments in the last decades
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Exotic Hadrons : theory inputs from Lattice QCD
● One example : doubly-heavy tetraquarks 

● Future : study of Exotics (Tetraquarks, Pentaquarks) with increased precision from the Lattice community. 
● Support and resources for the future of Lattice QCD 

-state-of-the-art simulations are computationally very demanding. Access to Tier-0/1 computing resources.
-storage is also important (processing + long term storage : petabytes, more in the future)
-new algorithms/optimizations to exploit new HPC architectures : requires support for training / career-perspectives for 

research-software engineers.

- Tcc  observed in 2021 by LHCb, lies near threshold
- other possibles states : Tbc, Tbb 
- what does theory tell us ?

→ Tbb benchmark for lattice studies : lattice calculations predict 
a strongly bound tetraquark
→  first results for Tbc and Tcc available, lattice finds attraction
→  need to improve on systematics (physical mπ  and small a limit)
→  quark mass dependence : study binding mechanism ?


