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DAΦNE e+e- collider 
⇒ Low energy kaons facility

antiKaonic atoms spectroscopy 

● SIDDHARTA-2

antiKaonic absorptions in light nuclei 

● AMADEUS

  LHC
  ⇒ Nucleus-Nucleus collisions 

  ⇒TeV scale

  Femtoscopy:  two body correlations

● ALICE

A combined effort…

Unprecedented precise data to constraint of state of the art models (EFT) and…

● Study coupled-channel systems and new molecular states
● Constraint the Equation of State of neutron stars

● Test first principle calculations in their preferred framework

● Search for new bound states: 2-baryon systems beyond the deuteron and more

from high-energy 
physics 

to nuclear 
physics

…with a great opportunity



Residual strong interaction among hadrons

Effective theories (EFT) 

● Hadrons as degrees of freedom
● Low-energy EFT coefficients constraint by data

Hadron-hadron strong interactions 
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 Lattice QCD
- Understanding of the interaction
  starting from quark and gluons

Marc Illa
THEIA-STRONG2020

https://indico.gsi.de/event/11183/contributions/47700/attachments/34425/44965/illa_slides.pdf
https://indico.gsi.de/event/11183/contributions/47700/attachments/34425/44965/illa_slides.pdf


Hadron-hadron interactions 
(with strangeness)
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R. B. Wiringa, V. G. J. Stoks,  R. Schiavilla Phys. Rev. C 51, 38 (1995)

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

SIDDHARTA Coll. Phys.Lett.B 704 (2011) 113

KISO event: K. Nakazawa et al., Prog. Theor. Exp. Phys. 2015, 033D02
IBUKI event J-PARC E07 Coll., Phys. Rev. Lett. 126, 062501  (2021)

  S=0                                                           S=-1                                     S=-2

NN → NN       Λp → Λp                      Kaonic atoms                  ΛΛ, Ξ hypernuclei

https://journals.aps.org/prc/abstract/10.1103/PhysRevC.51.38
https://www.sciencedirect.com/science/article/pii/S0375947406006312
https://www.sciencedirect.com/science/article/pii/S0375947413006167?via%3Dihub
https://doi.org/10.1016/j.physletb.2011.09.011
https://doi.org/10.1093/ptep/ptv008
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.126.062501


The case of the antiKaon-Nucleon interaction
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Kaon and antiKaon interactions with nucleons are totally different

Chiral Perturbation Theory (Weinberg, Gasser, Leutwyler) is not applicable

● mass of the strange quark: m
s
 > m

u
,m

d

● appearance of the Λ(1405) below (and close to) threshold

Theoretical models should:
● make predictions below threshold
● describe (the nature of) the Λ(1405) 

Connected many hot topics:

● Strong coupled channel dynamics KN-Σπ      
Y. Kamiya et al., Phys. Rev. Lett. 124, 132501 (2020)

● Kaonic bound states (case of KNN)        
JPARC E15, PLB 789 (2019) 620

● Strangeness in NS: kaon condensate      
D.Logoteta Universe 2021, 7(11), 408 

● Enhanced production of strangeness with 
multiplicity T. Song @ SQM2021

_

_

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.124.132501
https://www.sciencedirect.com/science/article/pii/S0370269318310013
https://www.mdpi.com/2218-1997/7/11/408
https://indico.cern.ch/event/985652/contributions/4302190/attachments/2244953/3810235/Taesoo-Song.pdf


Theoretical approaches to antiK-N

● Lattice QCD… in the near future!
● meson exchange 
● phenomenological
● chiral SU(3) dynamical 

Data is crucial to test (+feed) this approaches.

Data fitting by Chiral SU(3).
- Going to NLO (N2LO?), s+p waves ⇒ more parameters to be fixed (by data)
- Adding new data helps to improve the model
- Adding more precise data helps to improve the model
- Adding data at different energies helps to improve the model
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A. Feijoo @ HYP2022

https://indico.cern.ch/event/896088/timetable
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Antikaonic atoms Scattering data

⇐ Femtoscopy

Threshold 
branching ratios

Λ(1405) mass shape
in different channels

Scattering amplitudes 
below threshold

● Yield, B and Г of kaonic nuclear states

● Single vs Multi-nucleonic absorption rates

● K-pp three body femtoscopy

image courtesy of Y. Kamiya  

Available experimental data

https://indico.cern.ch/event/896088/timetable
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antikaonic hydrogen: SIDDHARTA



Measurement of the shift(ε) and width(Г) induced by the strong 
interaction in the lowest level atomic transition.
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antikaonic hydrogen: SIDDHARTA

SIDDHARTA Coll., PLB 704 (2011) 113

Translated via Desser-type Formula into a K-p scattering length that is 
an average of the KbarN scattering lengths for I=0 and I=1

K-

2p → 1s
Kα transition

shift(ε), width(Г) with respect to e.m. 
value caused by attractive/repulsive 
strong interaction and the presence of 
inelastic channels
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AMADEUS: K- absorption in 4He and 12C 
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AMADEUS: K- absorption in 4He and 12C 

Below threshold (-33 MeV) K-n →π-Λ   (I=1 non resonant) 

AMADEUS Coll., PLB 782 (2018) 339-345]

K- + A → Yp + A’
Multi-nucleon absorption processes dominate 
AMADEUS Coll. PLB 758 (2016) 134
AMADEUS Coll. PLB 782 (2018) 339
AMADEUS Coll. FBS 62 (2021) 7.



AMADEUS-type data is a hot topic

J. Haidenbauer @ FemTUM 2022
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E. Oset @ HYP 2022

https://indico.ph.tum.de/event/7108/contributions/5657/
https://indico.cern.ch/event/896088/contributions/4769245/


EoS of dense symmetric nuclear matter
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W. Weise @ HYP 2022
D. Logoteta @ EXOTICO 2022

https://indico.cern.ch/event/896088/contributions/4846036/
https://indico.ectstar.eu/event/155/contributions/3298/


16

Avaliable KbarN scattering data

▪ The present knowledge of total and differential cross sections of 
low energy kaon-nucleon reactions is very limited. 

▪ Below 150 MeV/c the experimental data are very scarce and with 
large errors and practically no data exist below 100 MeV/c.

A. Ramos @ QNP2022

https://indico.jlab.org/event/344/contributions/10345/


AMADEUS KbarN inelastic scattering
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⇒ The most recent AMADEUS result has been submitted to PRL. arXiv:2210.10342 [nucl-ex]



KNscat - KNint @ DAΦNE: 
Kbar-N scattering and interaction
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As presented to the Sci. Com. 2021:



Hadronic interactions via 
Femtoscopy at the LHC with ALICE
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Hadronic interactions via 
Femtoscopy at the LHC with ALICE
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Nucleus-Nucleus collisions at the LHC recorded by ALICE

M. Lorenz https://www.nature.com/articles/d41586-020-03393-z



Hadronic interactions via 
Femtoscopy at the LHC with ALICE
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M. Lorenz https://www.nature.com/articles/d41586-020-03393-z ALICE detector

Nucleus-Nucleus collisions at the LHC recorded by ALICE

LHC Run-2 data 

• Charged particle 
tracking and PID

• Reconstruction 
of hyperons via 
weak decay 



Hadronic interactions via 
Femtoscopy at the LHC with ALICE
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M. Lorenz https://www.nature.com/articles/d41586-020-03393-z ALICE detector

LHC Run-2 data 

• Charged particle 
tracking and PID

• Reconstruction 
of hyperons via 
weak decay 

Nucleus-Nucleus collisions at the LHC recorded by ALICE

Experimental observable: Correlation function of two final-state particles  

Pairs of particles from same collison

Particles produced in different collisions

relative momentum in pair rest frame
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Lisa, Pratt, Wiedemann, Solz, Ann. Rev. Nucl. Part. Sci. 55 (2005) 357 

Theoretical correlation function



24

Lisa, Pratt, Wiedemann, Solz, Ann. Rev. Nucl. Part. Sci. 55 (2005) 357 

pp, p–Pb: r*~1fm
Pb–Pb: r*~3-10fm

Theoretical correlation function
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Lisa, Pratt, Wiedemann, Solz, Ann. Rev. Nucl. Part. Sci. 55 (2005) 357 

pp, p–Pb: r*~1fm
Pb–Pb: r*~3-10fm

Interaction

Schrödinger      equation

Two-particle wave function

𝜓(k*,r*)

Theoretical correlation function
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Well known K+p interaction 

⇒ experimental determination
 of the source size 
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KbarN Femtoscopy with ALICE

Jülich meson exchange model Eur. Phys. J. A47, 18 (2011)



Well known K+p interaction 

⇒ experimental determination
 of the source size 
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KbarN Femtoscopy with ALICE

Strong interaction: Kyoto model
K. Miyahara, T. Hyodo, W. Weise, Phys. Rev. C98, 2, (2018) 025201

Small systems: pp collisions r~1fm

⇒ Provides a quantitative test of 
coupled channels in the theory

Effects of coupled channels enhanced 
by small source

 

Jülich meson exchange model Eur. Phys. J. A47, 18 (2011)

K-p femtoscopy:

Test of Kyoto potential anchored to 
SIDDHARTA result  
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KbarN Femtoscopy with ALICE

Strong interaction: Kyoto model
K. Miyahara, T. Hyodo, W. Weise, Phys. Rev. C98, 2, (2018) 025201

Small systems: pp collisions r~1fm

⇒ Provides a quantitative test of 
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Jülich meson exchange model Eur. Phys. J. A47, 18 (2011)

K-p femtoscopy:

Test of Kyoto potential anchored to 
SIDDHARTA result  

Y. Kamiya @ Baryons22

https://indico.cern.ch/event/853858/contributions/5047245/
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KbarN at threshold and low momentum
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K-p Femtoscopy with ALICE in Pb-Pb collisions
ALICE Coll., PLB 822 (2021) 136708

Large systems (HIC): Pb-Pb collisions, up to r~9fm

Strength of coupled channels significantly reduced

● Kyoto model 
● Fit to the scattering parameters R. Lednický Phys. Atom. Nucl. 67 (2004) 72 

⇒ Antikaonic-hydrogen and
K-p femtoscopy scattering 
parameters compatible



Femtoscopy results up to  |S| = 3
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ALICE Coll., Phys. Lett. B 833 (2022) 137272

S = -1, p-Λ Femtoscopy
test Chiral SU(3)  

ALICE Coll., Nature 588, 232 (2020)
S = -2, p-Ξ-

Test of Lattice QCD potentials

S = -3, p-Ω-

Test of Lattice QCD potentials
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J. Obertova @ EXOTICO 2022

Upcoming: Accessing KbarN I=1  interaction

⇒ Full isospin dependence needs K-d interaction measurements:

SIDDHARTA2:  … and femtoscopy with deuterons with ALICE 

https://indico.ectstar.eu/event/155/contributions/3276/
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Femtoscopy measurements with deuterons are indeed very challenging

● deuterons are expensive… penalty factor of 1/1000 w.r.t. protons
● K+d correlation function to be used as reference

K-d femtoscopy with ALICE  



35

Femtoscopy measurements with deuterons are indeed very challenging

● deuterons are expensive… penalty factor of 1/1000 w.r.t. protons
● K+d correlation function to be used as reference
● Enriched physics case:  formation of deuterons in hadronic collisions

 

K-d femtoscopy with ALICE  

VS

Thermal emission                       Coalesence

K

K
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Femtoscopy measurements with deuterons are indeed very challenging

● deuterons are expensive… penalty factor of 1/1000 w.r.t. protons
● K+d correlation function to be used as reference
● Enriched physics case:  formation of deuterons in hadronic collisions
● Enriched physics case:  three-body interactions

 

K-d femtoscopy with ALICE  

VS

VSThermal emission                       Coalesence

Two-body                       Three-body

PISA theory group (M. Viviani, A. Kievsky, L. Marcucci) 
developing three-body calculations for the correlation function

K

K

K



Study of three-particle correlations

Three-particle correlation function:
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Three-body femtoscopy



Study of three-particle correlations

Three-particle correlation function:

⇒ Direct access to the genuine three-body
forces via Kubo cumulant method
R. del Grande et al., arXiv:2107.10227 [nucl-th]

                                                Preliminary ALICE data ⇒

Important constraints for the calculations of 
Kaonic nuclear states and multi-nucleonic absorptions
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Three-body femtoscopy



The Mid-term plan
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~ 1 year ~ 1-3 years ~ 3-5 years

DAPHNE: 
Kaonic Atoms

- SIDDHARTA2: 
kaonic deuterium 
- High Z kaonic atoms 

- Light and Heavy Kaonic 
Atoms Measurements 
- Kaon Mass

- Intermediate + Ultra-high 
Kaonic Atoms Measurements

DAPHNE: 
Kaon scattering

- Publication of high impact 
results with KLOE data 
K-p→ Σ0π0 / Λπ0 

- Additional channels 
and/or statistics from 
KLOE/KLOE-2 data?

- TPC setup to study 
elastic/inelastic scattering
→ beyond 5 years!

ALICE: 
Femtoscopy

- K+d with Run2 as reference 
measurement

- K-d with LHC Run-3 data
- K-p improved precision

- Full exploit of LHC Run-3 data 
with three-body femtoscopy

…and the competition / complementary approaches
JPARC: Ξ-atoms spectroscopy, Σ±p low E scattering, systematic studies on Kaonic Nuclei, etc.

KLong facility at Jefferson Lab:  beam of K
L
 mesons + GlueX spectrometer

RHIC / STAR: Finalization of Femtoscopic analysis of Au-Au data.



Outlook
Precision studies of the strong interaction between hadrons at the LNF

● Exotic atoms experiments enter a new era with SIDDHARTA2 and the future plans at DAΦNE

● Femtoscopy studies at the LHC updates the scenario of the experimental studies
on hadron-hadron interactions 

⇒ The extension of the program for the hadron interaction with strangeness faces many challenges 

● Very different experimental techniques will provide complementary approaches 
● The expected results will deliver a difficult test to the theoretical approaches
● The project is evolving and can be extended 

              THANK YOU VERY MUCH!
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