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A combined effort...

/DAQ)NE e+e- CO"ider from high-energy LHC \
= Low energy kaons facility physics = Nucleus-Nucleus collisions
=TeV scale

antiKaonic atoms spectroscopy
e SIDDHARTA-2 Femtoscopy: two body correlations
antiKaonic absorptions in light nuclei to nuclear e ALICE
\ e AMADEUS physics /

...with a great opportunity

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




Hadron-hadron strong interactions

Residual strong interaction among hadrons

L a, N, o 1 0 o 55 G

Effective theories (EFT)
e Hadrons as degrees of freedom
e Low-energy EFT coefficients constraint by data




Hadron-hadron strong interactions

Residual strong interaction among hadrons

Marc Illa
THEIA-STRONG?2020

£QCD [Qa q, A; my, as]
»CEFT[’/TaNa' cesMy,MN, .. 7CL]
Effective theories (EFT) Lattice QCD

e Hadrons as degrees of freedom - Understanding of the interaction
e Low-energy EFT coefficients constraint by data  starting from quark and gluons



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

KISO event: K. Nakazawa et al., Prog. Theor. Exp. Phys. 2015. 033D02

. . . IBUKI t J-PARC E07 Coll.. Phys. Rev. Lett. 126. 062501 (2021)
LO: H. Polinder. J. Haidenbauer, U. MeiBner. Nucl. Phys. A779 (2006) 244. even = S.Sev. Le

NLO: J. Haidenbauer et al.. Nucl. Phys. A915 (2013) 24.



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

Kaon and antiKaon interactions with nucleons are totally different

Chiral Perturbation Theory (weinberg, Gasser, Leutwyter) is NOt applicable
e mass of the strange quark:m_>m m,
e appearance of the A(1405) below (and close to) threshold

ATt xm A(1405) K°n A(1520) -
AT ME DO ormesid| ssmevs osmevl Connected many hot topics:

< > e Strong coupled channel dynamics KN-Z

Y. Kamiya et al.. Phys. Rev. Lett. 124, 132501 (2020)

e Kaonic bound states (case of KNN)
JPARCE15,PLB 789 (2019) 620

Theoretical moc.lelos should: e Strangenessin NS: kaon condensate
e make predictions below threshold D.Logoteta Universe 2021, 7(11). 408

e describe (the nature of) the A(1405) e Enhanced production of strangeness with
multiplicity T.song @ som2021



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

Datais 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




* Next to leading order (NLO), just considering the contact term A Feiioo @ HYP2022

£8) = bp(B{xs+,BY) +bp(Blxs, B]) + bo(BB)(x+) + &1 (B{u,, [u*, B]})

Theoretical 5 +da{Blu, [0, B} + da(Bu,) (*B) + du(BB) (v,
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Lattice QCD...in th
(B{D", D"}B)(u,u,)

meson exchange New terms taken 8M2
phenomenologicall ™**™™ 7Y g g g, 5B )
chiral SU(3) dynan| g S e SR Sy T RNES
7 (B0* 7Ny} (uw, B) + hc.
Datais crucial to test (+ * by, bp,bg,dy,d,,ds, dy, 91,92, 9a,he, by, hs, by are not well established, so they should
be treated as parameters of the model!
Data fitting by Chiral SU(3). 4

- 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

(Buy,)([uy, {D", D*}B]) - 8M2



https://indico.cern.ch/event/896088/timetable

Available experimental data

Antikaonic atoms Scattering data

SIDDHARTA o o : : _ :
constraint on a7 K~p—K~p e Single vs Multi-nucleonic absorption rates

e Yield, B and I" of kaonic nuclear states

OK-p—Kon e K-pp three body femtoscopy

R
Re\/E

A(1405)

K~ p correlation < Femtoscopy

image courtesy of Y. Kamiya

Scattering amplitudes H
H below threshold Threshold

branching ratios

A\(1405) mass shape
in different channels



https://indico.cern.ch/event/896088/timetable

antikaonic hydrogen: SIDDHARTA




antikaonic hydrogen: SIDDHARTA

7 X-ray

2p — 1s
Ka transition

shift(g), width(I') with respect to e.m.
value caused by attractive/repulsive
strong interaction and the presence of
inelastic channels

Measurement of the shift(g) and width(I) induced by the strong
interaction in the lowest level atomic transition.

SIDDHARTA Coll., PLB 704 (2011) 113
€1s = —283 £ 36(stat) + 6(syst) eV
I'1s = 541 + 89(stat) = 22(syst) eV,

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

i
&5 — 51“15 = —2a3u?ap(1 —2apc(Ina — 1ap)

_a,(I=0)+a,(I=1)
Kp_ 2




AMADEUS: K™ absorption in “He and '“C

KLOE used as an active target

DCwall (750 ym C foil, 150 um Alfoil);
DCgas (90% He, 10% C,H, ).

+

pure sample of K™ 12C absorptions at-rest




AMADEUS: K™ absorption in “He and '“C

KLOE used as an active target

DCwall (750 ym C foil, 150 um Alfoil);

DC gas (90% He, 10% C,H, ).
+

pure sample of K™ 12C absorptions at-rest

—+— data
I 2NA-QF Ap
== 2NA-FSIA D
B 2NA-QF 2%p
2NA-FSI=°p
= 2NA-CONV /A
Il 3NAApn
== 3NAZ’pn
4NAApnn
Global fit

TT

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.
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Below threshold (-33 MeV) K'n —1r'A (I=1 non resonant)
|Ag-nan | = (0.334 £ 0.018 stat 1) De2syst) fm.

AMADEUS Coll., PLB 782 (2018) 339-345]
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AMADEUS-type data is a hot topic

J. Haidenbauer @ FemTUM 2022

d scattering

Ad scattering experiments are practically impossible
however, one can study the Ad system as final-state interaction:

@ Heavy ion collisions
Ad correlations measured in Ni+Ni collisions
FOPI Collaboration (Norbert Herrmann, 2012)

@ K-A— A'Ad
Ad invariant mass spectrum
FINUDA Collaboration, 2007
K~ *He— nAd:
KEK-PS E549 Collaboration, 2007
AMADEUS Collaboration (C. Curceanu, O. Vazquez Doce, 2012-14)

@ pd — KTAd
Ad invariant mass spectrum
COSY, Jilich, 2012 — but not yet analyzed

@ Ad two-particle momentum correlations in pp collisions
ALICE Collaboration

Johann Haidenbauer Hyperon-nucleon interaction

E.Oset @ HYP 2022

How to learn about the Kbar N amplitude below threshold and the
A(1405)?

The photonuclear data provides information.
The K-d - 11 n Z reaction
K-3He - Apn

K p - momX°

n(py) p(pp)  APR)



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

EoS of dense symmetric nuclear matter

W. Weise @ HYP 2022

CONSTRAINTS on EQUATION-of-STATE

@ from observations of 2 M neutron stars

Mass-Radius Relation

nucleons purely “nuclear”
. EoS
hyperons =
nucleons & pions
A.Akmal, VJ. Pandharipande,
D.G. Ravenhall
kaon
condensate

Tolman - Oppenheimer - Volkov
Equations

G (£ +P)(M + 47Pr?)

¢ r(r—2GM/c?)

dP
i

dr

quark
r matter

Phys. Rev.C58 (1998) 1804

e Stiff equation-of-state P (&) required

e Simple forms of exotic matter
(kaon condensate, quark matter, ...)
ruled out

D. Logoteta @ EXOTICO 2022

GWs spectrum with hyperons and without

14 My + 1.4 Mg

1.35 Mg + 1.35 Mg

100 Mpc)

(D

101og,q [

D. Radice et al. ApJL 842 L10 (2017)

Domenico Logoteta Equation of state for neutron stars and binary neutron star mergers

15



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

Avaliable KbarN scattering data

A. Ramos @ QNP2022

. . ) KN interaction
Lorentz-invariant formulation of The present knowledge of total and differential cross sections of
chiral effective field theory (LO)

o low energy kaon-nucleon reactions is very limited.
Ren, Epelbaum, Gegelia, MeiBner, EPJC (2021)

Extension to higher energies (LO+NLO): . .
Feijoo, Magas, Ramos, PRC 2019 Below 150 MeV/c the experimental data are very scarce and with

Bruns, Cieply, NPA 2022 large errors and practically no data exist below 100 MeV/c.
and higher partial waves:

Feijoo, Gazda, Magas, Ramos, Symmeiry 2021
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https://indico.jlab.org/event/344/contributions/10345/

AMADEUS KbarN inelastic scattering

= The most recent AMADEUS result has been submitted to PRL. arXiv:2210.10342 [nucl-ex]

First Simultaneous K p — (X%/A) 7° Cross Sections Measurements at 98 MeV /c

140 Ok -posogo = 42.8 = 1.5(stat.) 25 (syst.) mb
th. calculation i 412

Y. Ikeda, T. Hyodo, W. Weise, L Ok -psaro = 31.0 £ 0.5(stat.)T;5(syst.) mb,
Nucl. Phys. A881(2012) 98 0

60 -

40 -

100 150 200

P]ab [MeV/c]

150 260
Plab [MeV/C]




ARt  KNscat - KNint @ DAONE:
¥ Kbar-N scattering and interaction

As presented to the Sci. Com. 2021: https://arxiv.org/pdf/2104.06076.pdf

Fundamental physics at the strangeness frontier at DA®NE.
Outline of a proposal for future measurements.

Towards a LOI (authors: Editorial Board only)

KN1: elastic scattering  ec prototyping at KN2 - inelastic scattering, nuclear interaction

Sendai Univ., Japan
charged kaon B — SMI, Austria (EU-STRONG2020)
detector = \ = 3

Charged ka “Sandwich” type
detector 7 calorimeter
Cryogenic target: 2 1gyers o=

Solid H2, D2, Ar |I;\Z] icintillator,
Liquid He thickness 25 cm

Kaon monitor




Hadronic interactions via
Femtoscopy at the LHC with ALICE




Hadronic interactions via
Femtoscopy at the LHC with ALICE

Nucleus-Nucleus collisions at the LHC recorded by ALICE
Proton

R
AL 4
A Y | Y

Interactions Detector

\ A A
O Yy
—_—

Hyperon

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




Hadronic interactions via
Femtoscopy at the LHC with ALICE

Nucleus-Nucleus collisions at the LHC recorded by ALICE

Proton ik N\
O —_— & N LHC Run-2 data

1 0 % ¢ Charged particle
Interactions | EHESEES SRR tracking and PID
L J A A "; ‘v‘. ; y .
O vy 5= * Reconstruction
- i, of hyperons via

\ ALICE“'fé_lfe.;t‘ector weak decay /

Hyperon

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




Hadronic interactions via
Femtoscopy at the LHC with ALICE

Nucleus-Nucleus collisions at the LHC recorded by ALICE

Proton vk N\
O —_— (VA S™ R LHC Run-2 data

1 o %  Charged particle
Interactions | EHESEES SRR tracking and PID
Y A A "; ‘v" N 4 .
O vy N * Reconstruction
¥, of hyperons via
weak decay /

Hyperon

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

Experimental observable: Correlation function of two final-state particles

N (k* ) —, Pairs of particles from same collison
same

O(k*) =

Nmixed (k* ) — Particles produced in different collisions

relative momentum in pair rest frame




Theoretical correlation function

Clkr)= [ SOk, r)P gy
source wave function

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




Theoretical correlation function

Clkr)= [ SOk, r)P gy
source wave function

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

Clkr)= [ SOk, r)P gy
source wave function

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

Interaction

Attractive

0 0.5 i 1.5 2
r* (fm)

Schrodinger  equation

ob: pE1f Two-particle wave function
PP, p—Pb: r*~1rm % 20 %
Pb—Pb: r*~3-10fm p(k*r*)




Theoretical correlation function

Clkr)= [ Sk, r)P g =2
source wave function

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

Interaction

Attractive

0 0.5 i 1.5 2
r* (fm)

Schrodinger  equation

ob: pE1f Two-particle wave function
PP, p—Pb: r*~1rm % 20 %
Pb—Pb: r*~3-10fm p(k*r*)

C >1 - Attractive interaction




KbarN Femtoscopy with ALICE

Well known K*p interaction

= experimental determination
of the source size

pp s =13 TeV
Feore = (0.81+ 0.05 + 0.18) fm
o =(1.07 £0.07 £ 0.18) fm

+K'p KB
[[]Coulomb+Strong
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Jillich meson exchange model Eur. Phys. J. A47, 18 (2011)




KbarN Femtoscopy with ALICE

. . K'p femtoscopy: .
Well known K'p interaction Test of Kyoto potential anchored to Small systems: pp collisions r~1fm

= experimental determination SIDDHARTA It
of the source size o et - = Provides a quantitative test of

4.0 o coupled channels in the theory

ALICE
Q 35 pp s = 13 TeV Effects of coupled channels enhanced
Feore = (0.82+ 0.03 + 0.18) fm by small source

r

3.0
2.5

pp s =13 TeV

Feore = (0.81+0.05 + 0.18) fm

reg =(1.07 £0.07 £ 0.18) fm ) _
eff + Kp @ K*p

+K'p ®KP 2.0

[[JCoulomb+Strong
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KbarN Femtoscopy with ALICE

K'p femtoscopy:
Well known Kp interaction Test of Kyoto potential anchored to Small systems: pp collisions r~1fm
= experimental determination SIDDHARTA result
of the source size

= Provides a quantitative test of
coupled channels in the theory

Effects of coupled channels enhanced
by small source

U

)

vl b b bena beraa b

LA
of Y ALICE

35 pp Vs =13 TeV

Feore = (0.82+ 0.03 £ 0.18) fm

rK" =(1.08+ 0.04 + 0.18) fm
=(1.23+ 0.05+ 0.21) fm

3.0
2.5

pp s =13 TeV
Feore = (0.81+0.05 + 0.18) fm

o =(1.07 £0.07 +0.18) fm Y. Kamiva @ Baryons22

$Kp@K'P

2.0

+K'p KB
[[]Coulomb+Strong

DCoqumb+Strong, m:"°ﬂ<f'xed
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Jillich meson exchange model Eur. Phys. J. A47, 18 (2011)



https://indico.cern.ch/event/853858/contributions/5047245/

KbarN at threshold and low momentum
ALICE: K'p femtoscopy

Gaussian Source Function (rg = 1.25 fm)

SIDDHARTA: antiKaonic Hydrogen

wave function of K
|¥(r))?

4mr2 S(r ) (fm™)

* for antikaonic hydrogen
the K- p distance is ~100
times the Bohr radius

T T 1 1 I T 1 T T

L)

Typical short-range

Y nuclear potential

Sensitive to near surface 00 e

. 0 1 2 3 4 5
potential shape r (fm)

Small collision systems r~1fm
The overlap of the kaon wavefunction with the = effect of the interaction is enhanced
nucleon delivers insight into the effects of the 2
strong interaction, competing with Coulomb effects CkY)= | |‘¥/(k*, T*) d*r*

Deliver different observables <= scattering lengths can be obtained from both
(via Deser-type and Lednicky—Lyuboshitz formulae)




K'p Femtoscopy with ALICE in Pb-Pb collisions

ALICE Coll., PLB 822 (2021) 136708

ALICE Pb-Pb ys = 5.02 TeV
30-40%

Ry, =52+ 0.11(stat)f8:;2(syst) fm

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

Strength of coupled channels significantly reduced

R. Lednicky Phys. Atom. Nucl. 67 (2004) 72

[®@]ALICE
SIDDHARTA
lkeda et al.

[ Ito et al.

= Hoshino et al.

"

O Borasoy et al.
O lkeda et al.
3¢ Liuetal.

B Martin

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




Femtoscopy results up to |S| =23

S = -1, p-A Femtoscopy
test Chiral SU(3)
ALICE Coll., Phys. Lett. B 833 (2022) 137272

a) ALICE pp Vs = 13 TeV
high-mult. (0-0.17% INEL>0)+
180 p-A @ p-A pairs
Fit NLO19 (600)
— Residual p-=% yEFT
Residual p-=~ @ p—=2°
— Cubic baseline

T T
e

'lIIIlIlIllllll

e
"\
18,

L
\

200 300 400
k* (MeV/c)

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

=2L‘CIE e Test of Lattice QCD potentials

Coulomb + p—=-HAL QCD
Coulomb + p—¢~ HAL QCD elastic
- Coulomb + p-©~ HAL QCD elastic + inelastic

S=-3, p-Q
Test of Lattice QCD potentials

k* (MeV/c)




Upcoming: Accessing KbarN =1 Iinteraction

Free-space K~ p amplitudes in various chiral models Free-space K~ n amplitudes

T T T — T

I =k i | | J._Obertova @ EXOTICO 2022

Re fK . (fm)
Im f b (fm)

Prague (P) A. Cieply, J. Smejkal, Nucl. Phys. A 881 (2012) 115
Kyoto-Munich (KM) Y. lkeda, T. Hyodo, W. Weise, Nucl. Phys. A 881 (2012) 98
Murcia (M1 and M2) | Z. H. Guo, J. A. Oller, Phys. Rev. C 87 (2013) 035202

Bonn (B2 and B4) M. Mai, U.-G. MeiRner, Nucl. Phys. A 900 (2013) 51
Barcelona (BCN) A. Feijoo, V. Magas, A. Ramos, Phys. Rev. C 99 (2019) 035211

= Full isospin dependence needs K'd interaction measurements:

1 my +my

SIDDHARTA2:a,  =— (Ba +a,) +C ... and femtoscopy with deuterons with ALICE

My

my +-—-



https://indico.ectstar.eu/event/155/contributions/3276/

K'd femtoscopy with ALICE

Femtoscopy measurements with deuterons are indeed very challenging

e deuterons are expensive... penalty factor of 1/1000 w.r.t. protons
e K*dcorrelation function to be used as reference




K'd femtoscopy with ALICE

Femtoscopy measurements with deuterons are indeed very challenging

e deuterons are expensive... penalty factor of 1/1000 w.r.t. protons
e K'd correlation function to be used as reference
e Enriched physics case: formation of deuterons in hadronic collisions

Thermal emission Coalesence

e : | -
/- '. {
.'\%ource size ; 2
= 1.07 + 0.04 fm o //
i Y larger source
1 : size ~10 fm




K'd femtoscopy with ALICE

Femtoscopy measurements with deuterons are indeed very challenging

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

[
e Enriched physics case: formation of deuterons in hadronic collisions
[

Enriched physics case: three-body interactions

Two-body Three-body
Thermal emission Coalesence

VS d
. d ; =
/ 2 / / X g P
p <+ z < .
O Geooim .

3 /\/largersource PISA theory group (M. Viviani, A. Kievsky, L. Marcucci)
=101 developing three-body calculations for the correlation function

36




Three-body femtoscopy

Study of three-particle correlations

Three-particle correlation function:

P (py. P2 P3) Nsame (2s)

C (p1» P2 P3) P (p;) P (p>) P (p3) B L

_ [/_2 2 2
Qs =1/—49i— %3~ 93




Three-body femtoscopy

Study of three-particle correlations

Three-particle correlation function:

C (p1-P2: P3) P(prp2ps)  _ Nsame (2))
T P(e)P(p) P(Ps)  Npmixed ()

L LT U RS N I

ALICE Preliminary
pp Vs =13 TeV
High Mult. (0-0.17% INEL)
(p-p-K) ® (p-P-K")

== Cumulant, flat feed-down

= 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 =

llllllllllllllllllllllllIlT

Important constraints for the calculations of
Kaonic nuclear states and multi-nucleonic absorptions
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The Mid-term plan

~ 1 year

~ 1-3 years

~ 3-5 years

DAPHNE:
Kaonic Atoms

- SIDDHARTAZ:
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
Kp— om0/ Am®

- 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: =-atoms spectroscopy, =*p low E scattering, systematic studies on Kaonic Nuclei, etc.

KLong facility at Jefferson Lab: beam of K _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
e Exotic atoms experiments enter a new era with SIDDHARTAZ2 and the future plans at DA®NE
e 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

e Verydifferent experimental techniques will provide complementary approaches
e The expected results will deliver a difficult test to the theoretical approaches
e The projectis evolving and can be extended

THANKYOU VERY MUCH!




