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[Motivation and Scientific Case ]

The investigation of the in-medium modification of the KN interaction is of fundamental for the
low-energy QCD in the non perturbative regime.

Chiral perturbation theory (ChPT): effective field theory where mesons and baryons represent
the effective degrees of freedom instead of the fundamental quark and gluon fields.

Leff — £mesons((1)) 25 CB((I); \IJB)

e The chiral symmetry is spontaneously broken — the existence of massless and spinless
Nambu-Goldstone bosons which are identified with the pions. Explicitly broken by g masses.

e Verysuccessful in describing the TN, 51ir and NN interactions in the low-energy regime and is
considered as the theory of the low-energy strong interaction in the SU(2) flavour sector.

The extension of the theory to the sector with the guark s turns out to be more
problematic since it is not directly applicable to the KN channel.



The xPT is not applicable to the KN channel due to

the emerging of the A(1405) and the 2(1385)
resonances just below the KN mass threshold
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Possible solutions:

> Non-perturbative Coupled Channels
approach: Chiral Unitary SU(3) Dynamics
> Phenomenological KN and NN potentials

The parameters of the models are constrained by the existing
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and by the SIDDHARTA measurement of K _ transition in Kaonic
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The xPT is not applicable to the KN channel due to
the emerging of the A(1405) and the 2(1385)

resonances just below the KN mass threshold
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A(1405) =0 JP=%
M= (1405.1*1-3_1_0) MeV T =(50.5+2.0) MeV
decay modes: 211 (I=0) 100%

Z(1385) =1 JP=3/2¢
decay modes: A (I=1) (87.0+1.5)%
Smm(l=1) (11.7£15)%

Possible solutions:

> Non-perturbative Coupled Channels
approach: Chiral Unitary SU(3) Dynamics
> Phenomenological KN and NN potentials

..but... large differences in the subthreshold extrapolations!
Significantly weaker attraction in chiral SU(3) models than in
phenomenological potential models.
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‘The controversial nature of the A(1405) |

quarks model (uds) and it is commonly accepted that

> (1385) A (1405) The A(1405) state does not fit with the simple three
\ l 1500 it is, at least partially, a KN bound state.
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A 2x _l
KN
Chiral SU(3) coupled channel dynamics: —
the state is given by the superpositions of two poles 087
of the KN scattering amplitude. 0.6
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M = 1425 MeV — mainly coupled to the KN channel 4

M = 1380 MeV — mainly coupled to the Zir channel

_-"‘7—--_____ %
Re[z] [MeV] 1420 400

Phenomenological potentials models: the A(1405) is a pure KN bound state with mass
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Possible existence of kaonic bound states |
E K M s c'“sqterg"""’“ C'“sit"‘r KPP \Wycech (1986) - Akaishi & Yamazaki (2002)
N N Predicted in the KN interaction in the 1=0
/ \ \6 c& 0&\ channel due to the strong interaction
Q Essential impact on the EoS of Neutron Stars
@ A+p A+d
3%+ p

gravitational waves signal emitted by binary
system of Neutron Stars

Theory Experiments
Chiral models BE [MeV]| T [MeV] Reference
Dote, Hyodo, Weise 17- 23 40 - 70 Phys. Rev. C 79 (2009) 014003 Experiment BE [MeV] T [MeV] Reference
Barnea, Gal, Liverts 16 41 Phys. Lett. B 712 (2012) 132 FINUDA 11573 (stat.) 73 (syst.) 677 1] (stat.) T3(syst.) PRL 94 (2005), 212303
Tkeda, Kamano, Sato 9-16 34 - 46 Prog. Theor. Phys. (2010) 124 (3) OBELIX 160.944.9 <94.448.0 NPA 789 (2007) 9299
Bicudo 14.2-53  13.8-28.3 Phys. Rev. D 76 (2007) 031502 3 R ST ) T
Bayar, Oset 15-30 75 - 80 Nucl. Phys. A 914 (2013) 349 E549 ~ - MPTA 23 (2008), 2520
Dote, Inoue, Myo 21.2-322  9-3L.7  Prog. Theor. Exp. Phys. 2015 (2015) 043D02 DISTO 103+3(stat.)£5(syst.) 118+8(stat.)£10(syst.) PRL 104 (2010), 132502
Sekihara, Oset, Ramos 16 72 Prog. Theor. Exp. Phys. 2016 (2016) 123D03 LEPS/"SPring—S Upper limit PLB 728 (2014)’ 616
Phen. approach BE [MeV]| T [MeV] Reference ' . e _
03 o1 Phys. Rev. C 65 (2002) 044005 HADES Upper ll@lt ) PLB 742 (2015), 242
E27 957 18(stat.) T30 (syst.)  162*57 (stat.)*SS(syst.)  PTEP (2015), 021D01
PLB 758 (2016), 134

Akaishi, Yamazaki
Phys. Rev. C 76 (2007) 035203

Tkeda, Sato 60 - 95 45 - 90
Shevchenko, Gal, Mares 55- 70 90 - 110 Phys. Rev. Lett. 98 (2007) 082301 AMADEUS Upper limit
T, Bhevehenka = - Flise: Sev: G $000; & B014) 0aelln E15 Istrun  15t0(stat.)£12(syst.) 110719(stat.)£27(syst.) PTEP (2016), 051D01
Maeda, Akaishi, Yamazaki 51.5 61 Proc. Jpn. Acad. B 89 (2013) 418 _ 5 G o 510 =
. 40 - 80 40 - 85 Phys. Rev. C 79 (2009) 014001 E15 2nd run 47£3(stat.) " (syst.)  115£7(stat.) ¥, (syst.) PLB 789 (2019), 612




250

200

—_
(¢
o

Tkpp (MeV/cz)

100

50

[Possible existence of kaonic bound states}
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FINUDA, E549, E15, AMADEUS: K induced reactions
DISTO, HADES: p-p collisions

OBELIX: anti-p annihilations

E27: 1m induced reactions

LEPS/SPring-8: photoproduction




' AMADEUS @ DADNE |
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Laboratori Nazignali di Frascati DAGNE AMADEUS: KLOE 2004-2005 dataset
g L S rmdny - Kt < - ’
‘ " &> K K'(49.2%), 1000 ¢/s analysis (£ = 1.74 pb-1)
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- ':,aor;s 2157 rT(V/Kc* I Possibility to use KLOE materials as
ack to bac topology an active target
* small hadronic background due to e DCwall (750 um Cfoil, 150
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[M‘ analysis: K'n non-resonant transition amplitude}

A\(1405) case Goal: how much comes from resonance in KN — Ynr

r

N s L Non-resonant transition amplitude
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K ‘He - /\p' *He resonant and non-resonant processes
K. P., S. Wycech and C. Curceanu, Nucl. Phys. A954 (2016) 75-93

Simultaneous fit: (p,,

-m, -cos(®,, )

R. Del Grande, K. P., S. Wycech Acta Phys. Pol. B48(2017) 1881 g % | 3 swf e A i B
g o : RES-ar/NR-ar 039 +004 7
© E 400% RES-if/NR-if 023 zom: D
2113831/ ~ = NR-ar 12.0% +17% 2l
A 2 g 300§ \# NR-if 192% +443 329:%
; 3 200 £ A comv. 22% 03 i
Q s K"Ccapture  57.0% +12% 2%
100
‘He PO 4
a b 500 600 o~1 —08 —06 -04 -02 0 02 04 06 08 1
a) ) p, . (MeVic) cos(@, )
" 5, 350 > 20
Alraosyx(1ams) 3 30 E :e:n(;:\l;snl:'.‘s:z‘e;;«ﬂ - C) = d)
R o (A 2 2505 4t g
% () I b ' Z) 200:7 I EN - AN Internal conversion ﬁw"‘i g 150F
5 150; F 3 8 100
(Upp “He S 100 y | sof
50¢- X %
<) d) T 2, SRR,
1%80 1300 1320 1340 1360 1380 1400 1420 p40 145 150 155 160 165 170 175 18(
. . m, , (MeV/c?) T, ,(MeV)
Simulations for resonant and non-resonant processes o 200 -
performed based on calculations for both S-state and & 5 25 e ]
1 W HE I n A
P-state K- capture AT REST and IN FLIGHT 2 io0f ’tﬂ*ﬁ-lrﬂﬁ 3
£ w s \ £
T T T T T T 8 60 ’M g
° ® MaiMeissner 4 40
® Mai-Meissner 2 20 S i
%50 50 300 350 400 450 a0 260
° ® GuoOller2 p, (MeVric) p, (MeVic)
E) ® Guo-Oller 1 "l PoA o A
e o S From the well kn;:r(’:: L* transition probability: 1) extract the amplitude for each model .. A = (ReF?  +ImF? )"
o NR — ar _ Jo P (pax) dpax _ 2) scale the amplitudes for the K n couplings to the Xn’ and X% channels:
1 max s
— © FijsoMigas Raios RES — ar ﬁf’ Pres(pax) dpanr PI'OI)Ku"%A,rf _ PhK*nﬂAn*
Probg-noys-x0 _c1Phg-noys-x0 |
—o— ® AMADEUS — |f;r|2 .8.94 . 105)/16\/2 roOK-n—x-n0 '.(1 LK-n—X-n0 )
Isospin (I,1)= Phase spaces ratios
1 I 1 I I I I I =(1,-1) component
0 0.1 0.2 0.3 0.4 05 0.6 0b 1o — _ hir— _
My mal ) 1777] = | Ak —nos 2 | = (0.334 £ 0.018 stat 00345 vt Probg-nsan- _ _Phg-nsan- 4

K. Piscicchia, et. al., Phys. Lett. B782, 339 (2018)

Probg-y y50n-  c2Phg-p yxon-



Z° analysis: K" multi-nucleon absorptions in *“C

. . E ?. ) lln.l.ﬂ rrx' ! ' ;
Final fit 8w Jh a) b
data G | =
n° background 4 .
4NA+Uncorr. £ “"m
BN 3NA ¢
2NA FSI - O
S 2NA QF 05150 2200 2250 2300 2350 2400 O 05000402 0 020405081
Total fit M., (MeV/c?) Cos 6y,
p 2 — . v LR T T 200k T T T T
x> = 0.85 H n ]
> AR = #
2NA-QF clearly <k { KN wok- e E
separated 1 j'. A i
From other 0 o :
processes J " o) !
1004~ . 100F K
= i L 1 - n L = ) s ‘:'4- 4
© ™00 200 300 400 500 600 700 80O 100 200 300 400 500 600 700 8OC
P.. (MeV/c) P, (MeVi/c)
yield / K;,, - 10”°|0stat - 10 | 0syar - 107
2NA-QF 0.127 -+ 0.019 Doians
2NA-FSI  [0.272 + 0.028 to 053
Tot 2NA 0.376 + 0.033 s
3NA 0.274 + 0.069 i s
Tot 3body |0.546 + 0.074 _ [F0-0%%
ANA + bkg.[0.773 + 0.053 AP

K2C—-2Z°pR—(pm)ypR

detected particles

No statistically significant bound
state emerges at 20 level

0. Vazquez Doce, et. al., Phys. Lett. B758, 134 (2016)
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[ Ap analysis: K multi-nucleon absorption BRs and o ]

Simultaneous fit of:

R. Del Grande et al.,

G 180
H H . N —+— data
e /\p invariant mass; 3 160 . B 2NA-GF Ap o
_ = 140- g 400 b) B 2NAFSIAp z
e angular correlation; 2 ok S s B 2NAGF 5p 2
- E € 5 2NA-FSIX%p @
e proton momentum; o 100- g X B 2NA-CONV /A =
€ O 250- I 3NA Apn £
e /Amomentum. 3 200 B 3NA X pn <
o 60— 1 4NA Apnn o
40° 2 — Global fit
9 5 20F- 100
Total reduced x*: x*/dof = W et A sol
0%3050 2100 2150 2200 2250 2300 2350 2400 e T
094 A 077208 06 04 02 0 02 04 06 08 1
. m, , (MeV/c?) c0s(8, )
Process Branching Ratio (%) | o (mb) Q pr (MeV/c) A p A p g
2NA-QF Ap 0.25 + 0.02 (stat.) 7995 (syst.) 2.8 + 0.3 (stat.) 193 (syst.) @ 128 + 29 2
2NA-FSI Ap 6.2 + 1.4(stat.) T9-3(syst.) 69 + 15 (stat.) + e (syst ) Q@ 128 + 29 e i
2NA-QF %% 0.35 & 0.09(stat.) T9-03 (syst.) 3.9 + 1.0 (stat.) T2% (syst.) @ 128 + 29 50 (1385) 0 + P
2NA-FSI %0p 7.2 £ 2.2(stat.) +; 2 (syst.) 80 + 25 (stat.) + “G (bysc ) @ 128 + 29 ¥ 3
2NA-CONV /A 2.1 + 1.2(stat.) 702 (syst.) - P ©
3NA Apn 1.4 £ 0.2(stat.) T3} (syst.) 15 + 2 (stat.) £ 2 (syst.) Q@ 117 + 23 K
3NA X%n 3.7 £ 0.4(stat.) T9-2(syst.) 41 £ 4 (stat.) 2 (syst.) Q@ 117 + 23 K™ p p - p P
4NA Apnn 0.13 + 0.09(stat.) T9-9%(syst.) 50 p 50 p
Global A(Z%)p 21 + 3(stat.) * (syst ) ‘
o
. . . -5
The ratio between the branching ratios of the A@aos) +
2NA-QF in the Ap channel and in the £% is measured S
to be: S
K™ p p K~ P p

_ BR(K"pp = Ap)
" BR(K-pp — X'p)

= 0.7 + 0.2(stat.)*0 2 (syst.)

and the ratio between the corresponding phase
spacesis R =~ 1.22,

According to the pion exchange model:
BR(K"pp — Ap)  BR(K p — An®)
BR(K-pp —» Xp) BR(K-p — X2°)

[E. Oset and H. Toki, Phys. Rev. C 74 (2006) 015207]

Eur.Phys.J. C79 (2019) no.3, 190

S0 300 400 500 600 700 800
P, (MeV/c)

180:

Y \-?—ﬂ__‘:;a.\
EOO 300 400 500 600 700
P, (MeV/c)

information on the
in-medium
properties of the A
(1405).
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[Ap analysis: K'pp bound state search]

Using BE and " from experiments:

R. Del Grande et al., Eur.Phys.J. C79 (2019) no.3, 190

Wi 2NA
BE=15MeV TI'=110 MeV/c? (E15 first run) AMADEUS at DA¢N E
0.12E —  BE=115MeV I'=67 MeV/c? (FINUDA) 100
o —— BE=103MeV I'=118 MeV/c? (DISTO) a« - .
01 ————— BE=95MeV I'=162 MeV/c? (E27) g - a) BRs evaluation
IF BE=161 MeV I'=24 MeV/c? (OBELIX) 2 e e
0.08} M + Mg - Mg, @ f
r my +m,+m, N
0.06 8 F
: 3 a0
0.04 5] B
0.02F 2F
E _— TP ol | ute R | H
B505310 2320 2330 2340 235053605370 2050 2100 2150 2200 2250 2300 2350 2400
Mas (MeV/cz) My, (MeV/c?)
Fixing BE and movingI": FINUDA at DA®NE
wnnel ONA Brep [MeV]
BE=45 MeV I'=90 MeV/c? s S Ras Mk e a0s tedns 1;')0 100 50
. = = - E - - 0
0.14F ——— BE=45MeV I'=50 MeV/c? F =
E ——— BE=45 MeV TI'=30 MeV/c? 2 51|
0.121- ——— BE=45MeV TI'=15 MeV/c? B.E S(1
0.1+ BE=45 MeV I'=5 MeV/c® E g IR
008; My + M, - Mooy, 815} b +
TF M+ My + My % 105_ 22 2,;257 33 295 2.4
0.06[ g E é
0.04f - H-Pj ,
002} %‘1 2.15 22 225 23 235 24 225 25
C AT, p-A invariant mass [GeV/c']
2%00 2310 2320 2330 2340 2350 2360 2370 [M. Agnello et al., Phys. Rev. Lett. 94, 212303 (2005)]
m, , (MeV/c?)

Process Branching Ratio (%)

2NA-QF Ap 0.20 £ 0.04(stat.) £+ 0.02(syst.)
2NA-FSI Ap 3.8 £ 2.3(stat.) + 1.1(syst.)
2NA-QF =% 0.54 £ 0.20(stat.) T9-29 (syst.)
2NA-FSI 20p 5.4 & 1.5(stat.) T12(syst.)

2NA-CONV /A

22 =4 4(stat.) +1,(syst.)

3NA Apn 1.1 + 0.3(stat.) £ 0.2(syst.)
3NA X%pn 1.9 + 0.7(stat.) "_’g'_i(syst.)
102 -
fit with fit with 2NA-QF Ap
all Ap events back-to-bafk 2NA-FSI Ap
1 Ap events 2NA-QF 5%
o F 2NA-FSI 1% F
: 3NA Apn —a—
- ! 3NA =%n
% 100 F ' f Conv =
g ! {
§1o—1 L ol
1]
102 | 1
COMPATIBLE!!
107
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[At analysis: Cross section and BR for 4NA in K" “He—At process ]

Previous data:

- in “He: bubble chamber experiment
/M. Roosen, J. H. Wickens, Il Nuovo Cimento 66, 101 (1981)/
only 3 events compatibile with At kinematics found

BR(K'He ~ At) = (3£2) x 10*/K_ — global, no 4NA

- in solid targets: ’Li, °Be (FINUDA)
IPhys. Lett. B, 229 (2008)/

40 events, only back-to-back data

At emission yield - 10° —10*/ K., — 9lobal, no4NA

AMADEUS analysis

. [Entries 14845

We measure
the triton mass
by TOF

\ @ Pap«
ol R rod IR
OO 500 1000 1500 2000 25 000 3500 4000

Mass calculated by TOF (MeV/c?)

Counts / (20 MeVic?)
2

counts/(40MeV/c)

counts/(10MeV/c?)

counts/0.1

r in preparation;,

Final fit

~‘» data

--- carbon data from DC wall

--4NA K *He - At in flight MC
--- 4NA K “He - At at rest MC

- 4NAK*He - 2% , 2% - Ay MC

6

4

2 o J

Pl —oie : . P

0] 200 300 500 300 1000 1200
P, (MeVic)

150

|
4250 4300
m,, (MeVic)

I BR(K*He(4NA) —» At) < 2.0 x 10 /K,y0p

60 (95% c. )
50
40 (100 + 19 MeVic) (K*He(4NA) —At) =
30E =(0.81 £ 0.21 (stat) *0-02 , ,, (syst)) mb
oEidiy L i e o L g — S T O A OO 15

-1 -08 06 -04 -02 0 0.2 04 0.6 08



 Z°n%analysis |
Goal: measurement of the K’ H — ¥°11° cross sections
for p, = 98+10 MeV/c

140 / : :
oy
S 120 &
—~ 100 w
7

80 | Q|
& <)
i = o
& a0 Q. J
A Q
b

0 1 1 1

50 100 150 200 250

Plab [MeV/c]

Y. Ikeda, T Hyodo, W. Weise, et. al., Phys. Lett. B706, 63 (2011); Nucl. Phys. A881, 98 (2012)

Low momentum K™ scattering cross sections in this Isospin | = 0 channel represent a
fundamental input for the non-perturbative low energy QCD models
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Experimental search in K induced reactions
How deep can be bound E549 at KEK: K, +°He —>A+p+X

ok . I ? @300» T - '3 ] =18
antikaon in nucleus: s | i
= 25°F  2NA+conversion 5 X e

Z oo Multi-nucleon, z 1o
' ' ' ' ' ' IChiraI ' = F or Bound State? T e

o— 2 - = 40.1
250 | Phen. —A— - - 2 Jo.os
. ] 100 = * dJo.oe
Experiments —li— | -, % Ao
1 i = Jo.02

200 | O ] ] |

$b50 2100 3150 2200 2250 2300 2350 2400
MAp (MeV/c<)

;\.:; . E27 ) 1 T. Suzuki et al., Mod. Phys. Lett. A23 (2008) 2520-2523
E 150 I E15 (1st run) : FINUDA at DAONE: K", +X—>A+p+X
= i -B MeV
A E15 (2nd run) DISTO 2 _1?'(0w[ 41901 e
[_Iif —*7 ] E 150 100 50 o
100 [ E15 collab., ar&ix%&p_.’,.12275 ] 2sf- £ 5
S F §
1 * 3F :
E 5
}%‘ 2 15
0r o ® FINUDA ] ‘% o7 23 555 53 285 b4
2 1op
- OBELIX o
I % { ] 5:—
0 1 ! 1 ! ! ! ! ! %: - N4
0 20 40 60 80 100 120 140 160 180 A e t BR
B.E.k-pp (MeV) BE =(115°  (stat.)"* , (syst.)) MeV 18

r=(67", (stat.)"? (syst.) eV/c?



o AMADEUS @ DADNE

\-.
0 DA®NE
li di Frascati - @ AMADEUS: KLOE 2004-2005 dataset
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ADC coumts
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Essential impact on the EoS of Neutron Stars

Role of strangeness in dense baryonic matter, kaon condensation? Strange quark matter? Hyperons in

Neutron Stars?

Quark

P B Traditional y
hybrid star star jo¢ &/cm?®

NF-Ee s4x101

Hyperon
star '

(no crust)

Kaon

Strange condensed star

quark star

HOT TOPIC after the measurement of the
gravitational waves signal emitted by binary system
of Neutron Stars (GW170817)

The central densities are expected to be
large enough to activate the strangeness
production:

pte—n+v,
n—-p+K

21



YN/NN scatterings
Y-N/NN interaction essential T
impact on the case of el
NEUTRON STARS

ECT¥*, Trento (Italy), 27 — 31 October 2014

“Neutron

Nucleon Stars

Hyperon Stars

Hybrid Stars

Strangeness inNeutron Stars

Strange Stars

; "Ignazio Bombaci
Dipartimento di Fisica “E. Fermi”, Universita di Pisa
INFN Sezione di Pisa

L Bombaci. A. Drago. INFN Notizie, n. 13, 15 (2003)

Microscopic approach to hyperonic matter EOS

input

2BF: nucleon-nucleon (NNN), nucleon-hyperon (NY), hyperon-hyperon (\7\’)|
e.g. Nijmegen. Julich models

3BF: NNN. NNY. NYY.YYY Hyperonic sector: experimental data
... Y N scattering | (very few data)
25 Hypernuclei
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YN/NN scatterings

No experimental information on Y%.N/NN interaction

28 T T T T
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Lonardoni, Lovato, Gandolfi, Pederiva, PRL (2015)

Drastic role played by ANN. Calculations can be compatible with neutron T

star ObSerVaUOnS. Figure 2: “Total™ cross section o (as defined in Eq. (24)) as a function of pn,. The experimental cross sections are taken from Refs. [52] (filled
cg’cles). [§S] (open squares). [65] (open circles). and [66] (filled squares) (Ap — Ap). rom [54] ® p — An. X p — ,‘_'On) and from [55]

. : Y p— X p Y'p—» 3 p) The red/dark band shows the chiral EFT results to NLO for variations of the cutoff in the range A = 500.....650 MeV,
Note: no va, no protons, and no other hyperons included yet... while the green/light band are results to LO for A = 550.....700 MeV. The dashed curve is the result of the Jilich 04 meson-exchange potential
[361.

Nucl. Phys. A 915 (2013) 24-58
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