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Overview of our QCD connections sub-area

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

for cosmic rays physics” Two main thSICS benchmarks

e Constraints on nature of exotic hadrons
ST from spectroscopy and h-h correlations;
e Precision on anti-nuclei production and

to neutron star
physics
absorption relevant for cosmic-ray
Many input from HL-LHC, SPS, community and national

Hadron Additional input requested also from GlueX, Be/le I, JPARC

Hadron-hadron
spectroscopy and

interactions t , ,
Theory Tehxeoo'r‘;a& Prof. M. Karliner (U. Tel Aviv):
& Experiments Experiments Heavy quark spectroscoey: goals and
benchmarks

Dr. D. Wilson (U. Cambridge):
“Recent progresses and open challenges

on spectroscopy and exotic states from °° F P4 f
lattice QCD” °° &

&
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QCD Connection to astrophysics

: Cosmic rays, indirect
Equation of state of neutron stars, searches of DM &

astrophysical nucleosynthesis .
multi-messenger astronomy

1.  Can we improve the knowledge on the properties of the 1. Do we observe an indirect evidence of DM in CRs?
ordinary nucleonic equation of state?

e  Focus on light-antinuclei (antid, antiHe) fluxes in GCRs as
clean signal of DM annihilation/decay — Precise

e  Properties of symm/asymm nuclear matter at p>p,still understanding of production mechanism + XS measurements
affected by large uncertainties (AK;~10-30%, AL~20-40%) (See F. Donato’s talk)
2.  Can we provide an explanation to the u puzzle in
2. Can three-body forces involving nucleons and air-showers and heavy elements composition in
hyperons provide a solution to the so-called "hyperon high-energy CRs?
puzzle” in neutron stars? e Improved modeling of hadron production/interaction in event
generators “tuned” at colliders, extend improved coalescence

e  Poor knowledge on hyperon-nucleon and studies to larger nuclei, keep enhancing synergy

hyperon-nucleon-nucleon strong forces, particularly with X astro-particle community (forward region)
and multi-strange baryons involved 3.  Can we improve the modeling of high-energy v
production and its interaction with hadrons?

e  More constraints on v-N (v-Nucleus), prompt atmos. v
background — Complementary with low-x physics
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Neutron stars equation of state: benchmarks

Hyperon nuclear matter
° ISOLDE@CERN . I. Vidafa et al.Eur.Phys.J.A 61 (2025) 3 /

radii for n-rich nuclei with PUMA exp.)

. . P 24T T T T —3 @ Femtoscopy:
\l;l;lc:iar Properties away from stabiliy 5 2 e //\ S . High-precision data on YN, YY and
E’_PSRJISM-ZZGO // _E YNN (E,Z)
O HIE'ISOLDE UDC]I"ade 1.8 :_ NICER PSR J0030+0451 .
. 165 YNN? oot rensarine 3 o ALICE Run 3 & 4 (until 2033)
.2026-.2028 : higher energy and b @ E o ALICE 3 Run 5 (from 2036)
intensity p beams — Increased 12 = o  Complementary measurements
production yield of exotic nuclei 16 ety 3 also by STAR and HADES
0.8 e
High-precisi -skin thi E E
measur;g}eg{:g}?ﬁgss and (: :E:a?;cg::‘::s 82 ED Nucleonic (NN + NNN) Nucleonic + S =-1, -2 YN, YY: E © FUture JPARC_HI

Ko = 160 MeV K, =160 MeV + NLO19 + HAL QCD .
CRE e | Sy 3 @ Hypernuclei & Scatt. data:
InpUt;%|:¢Sﬁﬂrc?§§:§§tshgssg)expl" 4 6 8 10 12 14 16 18 20 Spectroscopy, binding en. meas.
Decay properties in isotopic chains Radius o] @) ALlCE, ALICE3
e Complementarity & syneray with Highlight complementarity between different o JPARC HEF-EX (HIHR)
other facilities experiments and approaches JPARC HEF-EX White paper arXiv:2110.04462
(FAIR@GSI, SPIRAL2@Ganil,..) Emphasis on multi-strange and 3BF most - ¢,5y spectroscopy@J-PARC:

input!
needed input! Dedicated =N analysis in Ap inv. mass

spectra — Res. in f; of 0.3 fm (10%)
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Cosmic rays and dark matter searches: benchmarks

S. Mariani et al. arXiv: 2503.22783

Table 1: Summary of the wish list of XS, for CRs that can be indirect probes of particle DM. Here, ntot is the integrated
multiplicity. The most pressing need is for p, whose interpretation is already limited by XS uncertainties, but forthcoming data
for d and possible He events from AMS call for new XS measurements as well.

Particle Reaction Measurement NG Sought precision
p+p—=p+X <3%
p+He—»p+X < 5%

_ p+p—A+X ) 1 <10%

P p+He s A+X e 540 100 GeV < 10%
p+p—n+X < 5%
p+n—=p+X <5%

i p+p—+d+X Tiny /Ttot 5 to 100 GeV (any data)
p+He—d+X Tinv /Mot 5 to 100 GeV (any data)
p+p—d+X Oiny 2 t0 10 GeV (any data)

He p+p— He+X Tinv /Mot 5 to 100 GeV (any data)
L p+He» 7t +X ] <5%

€ p+Heo K* 4+ X iy 5 to 100 GeV P
p+p—7+X ) <5%

d ptHe o a0+ X Tin 5 to 1000 GeV by
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Figure 73: Expected upper limit for the branching ratio of A‘h’ — 3He + X decay at 90% with the
ITS2, ITS3, and ALICE 3 detectors. The predictions from PYTHIA 8 with Ag—tune and HERWIG 7
Monte Carlo generators are also shown.

CERN LHC & SPS exp. effort needed!

Do we observe
indirect evidence
of DM in CRs?

Coverage of CR-ISM energies (ySyy > 27
GeV)

Higher prectsuon on Isospin LHCb (Fix. t) Already jence on pHe, pHs, PO, with Run 3, until 2026
secondary antimatter . SMOG2
A enhancement A, in
fluxes via prod. XSs of XSof
5 d Fie at low prod. p Access to lower energies wrt to LHCb
p.d enargy AMBER (VSuw < 21.7 GeV) 2023-2031
Possibility to study energy-dependence
Operating at d prod. peak energy (300 From 2025 (d)
Improved constraints on NAG1/SHINE V/c) > 2029 (fie)
coalescence modeling
for d, He Unique pointing resolution (few um) and large
He production ALICE3 acceptance Run 6, > 2032
Access also to A 2 5 (SHe, SLi)
Constraints on He Branching ratio Unique pointing resolution (few um) and large
production from A, Ay —3He+ X ALICES acceptance Fn’, > 2082

Highlight complementarity between different
experiments and approaches, list observables and
projections
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Cosmic rays and neutrino physics:benchm

QCD input to multi-messenger astronomy with v

e Exploit dedicated forward-direction
experiments — FASER, FPF proposal

e Atmospheric v flux studies also within
NAG1/SHINE to start in 2026

e Low-x physics also helpful for v-N (nucleus)

interaction & prompt v background flux
— p-light ions, FCC
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FIG. 5. Astroparticle physics at collider neutrino experiments. The central part of the figure shows
the expected energy spectrum of interacting electron neutrinos in the FLArE detector at the FPF (solid gray
curve) and expected statistical uncertainties (black error bars). The left part considers a model of strangeness
enhancement introduced in Ref. [28]: a scenario that can resolve the discrepancy in the dimensionless muon
shower content R, for air shower data would lead to sizable changes of the neutrino energy spectrum at

Solvlng uu puzzie" Hghar piceclilon on Hadron production PAGLHC Broad physics reach covering many Run 3 and Run 4,
o in p-light ions runs benchmarks, until 2033
in air-showers modeing the hacvonlc FPF ! tatistics of x 100 HL-LHC, > 2029
Cmmm InCrease In statistics of x " >
from HECRs Energy spectra of v (FPF@FCC) Bridging intermediate en. region
to lceCube regime
Better Neutrino yields and FASER Expected 10* detected v at end Run 3 P
: i VN v-N cross-sections
understar)dlng of Oo?f:g:if;‘_r‘;l\’/’“ < FPF Increase in statistics of x 100
v lmerathn and Prompt-v flux from | PDFs at very small x
production for v charmed particles (~10%) and gluon pA@LHC Covering region of (Q2.X)=(~4 GeV?, ~109 | Run 3 and Run 4,
astronomy saturation (FCC) expected for for E,~100 TeV until 2033
observables
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the FPF and can therefore be tested. The right side of the figures shows how FPF data will reduce PDF
uncertainties (orange band) on the prompt neutrino flux ¢ as a function of E, [29].
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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.

[BaBar: PRL 90 (2003) 242001]

The B-factories shed new light on the field with the discovery

D, *(2317) @ >

. agn . 450 a KJ‘ 8

of two mesons exhibiting unexpected properties: k= \fﬁ B 2

2% " i %

D_,*(2317) and y,(3872) (a.k.a. X(3872)) o s L g
21 22 M(Iz).jno) 24 25

The LHC experiments picked up the baton and firmly established the existence
of explicitly exotic hadrons such as:

[Belle: PRL 91 (2003) 262001]
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Exotic Hadrons Il

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

HADRO- TETRAQUARK
QUARKONIUM

© @"ﬁ

e Why do many exotics lack flavour/isospin b & @
partners? ; | ,
e How the quarks are bound together inside the | GLUEBALL

exotic hadrons? @kl
e Do hybrids/glueballs exist? & &}@
HADRONIC \’

MOLECULE HYBRID
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Exotic Hadrons Il https://arxiv.ora/abs/1808.08865
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LHCb Upgrade Il: Observations of many doubly heavy hadrons,
both conventional and exotic, will become within reach. This

includes the doubly heavy tetraquark states (T, _and T,,), which
are expected to have large enough binding energies such that 4 :
only weak decays are possible.
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https://arxiv.org/abs/1808.08865

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

e One example : doubly-heavy tetraquarks

T
—e—i Alexandrou et al. (2024

2 o Hudspith et al. (2023)
2

B o Aoki et al. (2022)

g

; o Mohanta et al. (2020)
5

g —o— Leskovec et al. (2019)

- Francis et al. (2016)

—-300 —200 —100 O

T, observed in 2021 by LHCDb, lies near threshold

other possibles states : T, , T,
what does theory tell us ?

— T, benchmark for lattice studies : lattice calculations predict
a strongly bound tetraquark

— first results for T, _and T__available, lattice finds attraction
— need to improve on systematics (physical m_ and small a limit)
— quark mass dependence : study binding mechanism ?

e 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.
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