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Low-energy QCD in the u-d-s sector
ﬁ'eff — ﬁmesons(q)) + ﬁ'B((I); q}B)

- Chiral perturbation theory: interacting systems of N-G bosons
(pions, kaons) coupled to baryons works well for i, TN, K*N ..
NOT for K'N !!

- K = (su) strangeness = -1, K" = (us) strangeness = +1
strange baryons stable respect to strong interaction all have s = -1

- the sub-threshold region is dominated by resonances — complex

multichannel dynamics
A(1405) just below KN threshold (1432 MeV)

> (1385) A (1409) Possible solutions:

\ l 1500 ®* Non-perturbative Coupled Channels

+H—. > B approach: Chiral Unitary SU(3) Dynamics
/5 [MeV
An 2n _

KN $ phenomenologicalT(N and NN potentials




The A(1405) case

1432 MeV

Mass = 1405.1*"° = MeV, KN -
Width = 50.5 + 2.0 MeV { ~ 30 MeV

o= (R ey AN Dl
Status=HEe
strong decay into X

A(1405)

1330 MeV

27
Theoretical prediction Dalitz-Tuan (1959) 08
First experimental evidence: i
M. H. Alston, et al., Phys. Rev. Lett. 6 (1961) 698 "~
Kp — mnnx T;j_ &
A(1405) ol

- 3 quark?
- molecular?
- KN bound state?

- pentaquark?

(b) Light strange baryons

00—
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The A(1405) case

A(1405) is located slightly below the KN threshold (1432 MeV)

Three quark model picture difficulties to reproduce the A(1405):
- According to its negative parity, one of the quarks has to be excited to =1

- nucleon sector, we find the N(1535) — the expected mass of the A* is around 1700
MeV

- too big energy splitting observed between the A(1405) and the A(1520)
interpreted as the spin-orbit partner (Jr = 3/2-).

- pentaquark (4q + gbar in [ = 0), but also predicts other, unobserved, excited
baryons,

R. Dalitz and collaborators first suggested to interpret A(1405) as an KN
quasibound state.

R.H. Dalitz, T.C. Wong and G. Rajasekaran, Phys. Rev. 153 (1967) 1617
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The A(1405) case

BUBBLE CHAMBER search of the A(1405):

- O. Braun et al. Nucl. Phys. B129 (1977) 1

K- induced reactionsond — YX-m+n the resonance is found & 1420 MeV

- D. W. Thomas et al., Nucl. Phys. B56 (1973) 15

pion induced reaction T p - K+nX the resonance is found & 1405 MeV

- R. J. Hemingway, Nucl. Phys. B253 (1985) 742
K-p — w-2+(1660) — 7 (w+ A(1405)) —» mrn-(nX) & 4.2GeV
analysed by Dalitz and Deloff M =1406.5 + 4.0 MeV, T" =50 + 2MeV
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The A(1405) case

THE “LINE-SHAPE” OF THE A(1405) DEPENDS ON THE OBSERVED

CHANNEL !
dt.Tl{:E_x +) 1 0|2 1 112 2 eallsall
ar— 3T +3IT T e )
do(X777) 1 52 Ll g2 2 . oo
ar X3 5T TG T)
do(X%7%) 1 ‘TD‘E
a3
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The A(1405) case

THE “LINE-SHAPE” OF THE A(1405) DEPENDS ON THE OBSERVED

CHANNEL !!

A7) 12 Ly 2 0 o
o o [T + 5 |T] f‘ﬁmrf )

O(S1) 1 gr L1pap 2 R

o) Lipop L L s A peror)
a3 2" 1 Ve

IS DIFFERENT IN X+7 VS X-m+
DUE TO ISOSPIN INTERFERENCE
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The A(1405) case

THE “LINE-SHAPE” OF THE A(1405) DEPENDS ON THE OBSERVED

CHANNEL !
do(S~7t) 1, 9 1, .9 2 |
g(}z-ﬁ; : 31T + 51T+ —=Re(TT™)
' Vo - IS DIFFERENT IN Y+7m- VS X-m+
do(Stm7) 1, g2 1 a0 9 S DUE TO ISOSPIN INTERFERENCE
"K_—‘T “—_—‘T “‘—f!?r"[ﬁT'T'] |
dM 3 2! V6 |
(B L gt
dM 3 7]

THE CLEANEST SIGNATURE OF THE A(1405) IS GIVEN BY THE NEUTRAL
CHANNEL.:

- is free from isospin interference

- ispurely I =0, no X(1385) contamination.
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A(1405) .. the golden channel

Crystall Ball: K-p — Xonomo for kaon momentum in the range

(514-750 MeV /c). S. Prakhov et al. Phys Rev. C70 (2004) 03465

(interpreted by Magas et al. PRL 95, 052301 (2005))

do/dm (ub/GeV)

e
7 Invariant Mass (GeV/C2

COSY julich: pp =» pK+ Xoxo

(L. Zychor et al., Phys. Lett. B 660 (2008) 167 )
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A(1405) .. the golden channel

EVEN IN THE SAME Xon¢ THE “LINE-SHAPE” OF THE
N(1405) CHANGES

IT MUST ALSO'DEPEND ON THE PRODUCTION
MECHANISM

Low-energy antikaon-nuclei interaction studies by AMADEUS Fig. 4. a) Missing mass MM (ppgK+) distribution for the pp — pK *pr—X° reac-
tion for events with M (psgm— e nd M M (pK T pa— 190 MeW .,z’c"? xper



The A(1405) case

* Chiral unitary models: A(1405) is an I = 0 quasibound state emerging from the coupling
between the KN and the X1t channels. Two poles in the neighborhood of the A(1405):

two poles: about 1420 ;

mainly coupled to KN

« Akaishi-Esmaili-Yamazaki phenomenological

Phys. Lett. B 686 (2010) 23-28 Confirmation of
single pole ansatz?

Y

R

potential

about= 1380 MeV

e

mainly coupledtoXnr =

Phys. Lett. B 500 (2001), Phys. Rev. C 66 (2002), (Nucl. Phys.

A 725(2003) 181) .. many others .. (Nucl. Phys. A881, 98 (2012)) .. others

line-shape depends on

production mechanism

_>

Number of events per bin

Best fit
1405.2-23.3 : x> =11 ____

1432-34 1 3% =77 ~_

H-w: x°= 103"
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The A(1405) case

Two main biases:

400 |- Best fit
1405.2-23.3 : X2 =11

* the kinematical energy threshold 1412 MeV

1432-34 1 %% =77 ~__

H-wW: x*=103

(Mx + Mp - I BEp|) the high pole energy region is closed,

Number of events per bin

* The shape and the amplitude of the NON-RESONANT

s [Mev]

Y. 1t production below KbarN threshold is unknown.

Fig. 6. Detailed differences in M xy spectra among the Hyodo-Weise prediction and
the present model predictions.

An ideal experiment:
* A(1405) is produced in K- p absorption — mainly coupled to the high mass pole,
* A(1405) is observed in the Xm0 decay channel (pure isospin 0),

* K-is absorbed in-flight on a bound proton with px ~ 100 MeV, Xx invariant mass
gain of ~ 10 MeV to open an energy window to the high mass pole.

* Knowledge of the X1 NON-RESONANT production amplitude.
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AMADEUS & DA®PNE

DA®NE

* double ring e* e collider working at
C.M. energy of ¢,

¢ DAONE

p ro du€1ng ~ 1000 (I) /S ‘ ; : : ":"!_ .y N : 325m

¢ — K*K (BR=(49.2 + 0.6)%)
e 10W momentum Kaons

~ 127 Mev/c

» back to back K*K" topology

KLOE

e Cilindrical drift chamber with a 4% geometry and
electromagnetic calorimeter
* 96% acceptance
» optimized in the energy range of all charged particles
involved
» good performance in detecting photons and neutrons
checked by kloNe group
[M. Anelli et al., Nucl Inst. Meth. A 581, 368 (2007)]

A pedestrian approach to AMADEUS: data selection Raffaele Del Grande

1/18




K- absorption on light nuclei

from the materials of the KLOE detector
DC gas (90% He, 10% CH,) & DCwall(C + H)

AT-REST (K- absorbed from atomic orbit) or IN-FLIGHT
| (p,~100MeV)

Advantage:
excellent resolution ..
O\ = 0.49+0.01 MeV/c in DC gas

Oy = 18.3+0.6 MeV/c?

my

I
P

Yy

| s.C.iCOIL

Disadvantage:
Not dedicated target — different nuclei
contamination —» complex interpretation .. but
— new features .. K in flight absorption.




At-rest VS in-flight K™ captures

AT-REST
K- absorbed from atomic orbit

(p~ 0 MeV) IN-FLIGHT
(p,~100MeV)

A pedestrian approach to AMADEUS: data selection Raffaele Del Grande 16/18




The scientific goal of AMADEUS

Low energy OCD in strangeness sector is still waiting for experimental
conclusive constrains on:

1) K-N potential —  how deep can an antikaon be bound in a nucleus?

- U, strongly affects the position of the A(1405) state —» we
investigate it through (2-7)° decay --- Y& CORRELATION

-if U__ is strongly attractive then K" NN bound states should appear —
we investigate through (A/2-N) decay --- Y N CORRELATION

2) Y-N potential — extremely poor experimental information from
scattering data

- U,, determines the strength of the final state YN (elastic & inelastic)

scattering in nuclear environment — could be tested by
Y N CORRELATION



K - N single nucleon absorption
the case of the A(1405)



A(1405) case

... Phys.Rev.Lett.95:052301,2005
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FIG. 4 Theoretical {x"E") invariant mass distribution for an
initial kaon lab momenta of 687 MeV. The non-syvmmetrized
distribution alo contains the factor 1/2 in the cross section.

P resolution: o, = 12 MeV/c

FIG. 5: Two experimental shapes of A{1405) resonance. See
text for more details.
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Counts/(10MeV/c)
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Complex interpretation due to K- H absorptions

ongoing with the collaboration of A. Cieply (UJF, Prague)
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Counts / 5 MeV/ic*2

>*t- correlation

Kp - 2+n- detected via: (pn?) =n-

Possibility to disentangle: Hydrogen, , at-rest, K- capture
«| Phys. Lett. B 686 (2010) 23-28
._g 400 L Best fit 1
5 r 1405.2-23.3 : x> =11 __
g ol 1432:04 27 =77 p.. resolution: o, = 1
® P
o 2 -
5 200 H-W: %°= 103
5 o MeV/c
= i
100 _—
90 1380 1360 13?0 - ;3Iaol - I13|90I - I14|0cln - I14I1o Invariant Mass in DC wall
C Entries 3186
220— 57 [MeV] Mean 1411
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= Fig. 6. Detailed differences in M xy spectra among the Hyodo-Weise prediction and
180 — —| the present model predictions. -
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2*m-  correlation
Kp - 2+n- detected via: (pn?) m-

Possibility to disentangle: Hydrogen, . at-rest, K- capture

if resonant production contribution is important a high mass
component appears!

& Invariant Mass in DC gas ol Imvariant Mass in DC wall
5 - Entries 1275 L F Entries 3186
o —
S 220 Mean 1411 > 450 ] Mean 1411
= opl— T t I RMS 16.43 = - BMS 15.39
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E11!:0: ota ] ~400— Total
= = < =
S 1601 | - ©
140— f 3 300
120— AR 4He ‘ 250 -
100 = | E
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60 150
a0 100
20— 50—
- | 1 1 1 1 1 | 1 | 1 -
C 1 [ | | v | | | 1 |—‘ | | | 1
%60 1380 1460 1429 1440 1460 0360 1380 1400 1420 1440 1460

Sig+ Pi- Invariant Mass (MeV/c"2) Sig+ Pi- Invariant Mass (MeV/c"2)



Resonant VS non-resonant

KN->((Y*?)> Ymxm
in medium, how much comes from resonance ?

Non resonant transition amplitude:

- Never measured before below threshold
(33 MeV below threshold kinetic energy in the Kn CM system):

P

L = — |By| — = :
Sflg A SH

- few, old theoretical calculations
(Nucl. Phys. B179 (1981) 33-48)



Resonant VS non-resonant

Investigated using:
K"n” - Am direct formation in *He

the goal is to measure £ N*  _ (I=1) |
to get information on | £f¥* ,_ (I=0) |

- -
A A




K “He — Ap °He resonant and non-resonant processes
Nucl. Phys. A954 (2016) 75-93

K- K- 5':(1_335/
A

. 4/—\A Theoretical shapes for :

He ) e e b) He  total Am momentum spectra for the
resonant (£7) and non-resonant (I = 1)

k- saesaws —  Processes were calculated, for both S-state
and P-state K capture at-rest and in-flight.
Corrections to the amplitudes due to A/x

‘He : - . 5 o
N app final state interactions were estimated.
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How to extract the K- n - Ax~ non resonant transition
amplitude

simultaneous fit (p,. - m,_-cos(0, ) with signal  and background  processes:

e non resonant A~ capture at-rest from S states in *He
e resonant K~ capture at-rest from S states in *He
e non resonant K~ capture in-flicht in *He

e resonant K — capture in-flicht in *He

e primary L7~ production followed by the XN — AN’ conversion pro-

cess

- . 0 . . _ o,
e /'~ capture processes in *“C giving rise to A7~ in the final state

In order to extract:
NR-ar/RES-ar & NR-if/RES-if



Results for the K- n - A non resonant transition

amplitude
Channels Ratio/Amplitude |o.¢at Tsyst
RES-ar/NR-ar [0.39 + 0.04 |Th5s
RES-if/NR-if [0.23 +0.03 |703
NR-ar 12.00 % + 1.66 % |52 %
NR-if 19.24 % + 4,38 %1590 %
¥ — Aconv. [2.16 % + 0.30 %|T55s %
K~ '2C capture|57.00 % +1.23 % |57 %

NR-ar/RES-ar

extracted:

&

NR-if/RES-if



Simultaneous momentum - angle — mass fit
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Simultaneous momentum - angle — mass fit
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Counts / 3 MeV
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Outcome of the measurement

From the well known X* transition probability: éﬁ
&>
- pmax —_— \\
NR —ar I Py (par) dpar Q’&Q’
RES — ar fe‘?mar P?E’*’(pw) AP i

—~ |/ | = (0.334 £ 0.018 stat T 5syst) fm .

The sub-threshold result is compatible with corresponding values
extracted from K- p —» A n° cross sections above threshold

J. K. Kim, Columbia University Report, Nevis 149 (1966)

J. K. Kim, Phys Rev Lett, 19 (1977) 1074:

E = —33 MeV Prap = 120 MeV [ 160 MeV |200 MeV |245 MeV
0.334 # 0.018 stat T0 D3 Ssyst 0.33(11) 0.29(10) | 0.24 (6) | 0.28(2)




K’ - multiN absorption and search
for bound states



How deep can an antikaon be bound in a nucleus?

Possible Bound States:

(K'pp)=>Ap (K'ppn) - Ad
- 3p —3d

predicted due to the strong KN interaction

in the I=0 channel.
[Wycech (1986) - Akaishi & Yamazaki (2002)]

Kpp bound state

....at the end of 2015

Experiments reporting DBKNS

Doebyodo,  Akashi  BameaGal o o o leda  Schevhenko e :m KEK-PSE549 T, Suzukiatal. MPLA23, 2520-2523 (2008)
Weise Yarmazaki Liverts KamanaSato ,Gal, Mares  Schevehenko Yamazaki FINUDA M. AQI'IE" 0 etal. PRL94, 212303 (2005) Extraction of a si gn al
: DISTO T. Yamazaki et al. PRL104 (2010) Extraction of a signal
B(MeV) 1723 48 6 6095 916 5070 3 515

OBELIX G. Bendiscioli et al. NPA789, 222 (2007) Extraction of a signal

[(MeV) 40-70 6l 4 4580 3446 90-110 49 61 HADES  G.Agakishiev et al. PLB742, 242-248 (2015) Upper limit

: : - Faddeev-  Faddeev-  Faddeev-  Faddeev-  Faddeev LEPSI/SPring-8  A.Q. Tokiyasu et al. PLB728, 616-621 (2014) Upper limit

Method  Varational Varational Variational / & :
AGS AGS AGS AGS Yakubovsky

J-PARCE1S T Hashimoto etal. PTEP, 061D01 (2015) Upper limit

Interaction Chiral Phenom.  Chiral  Chiral  Chiral Phenom. Chiral Phenom. JPARCE27 . Ichikawa et al. PTEP, 021D01 (2015) Extraction of a signal




How deep can an antikaon be bound in a nucleus?

Kpp bound state.....the theory

Chiral SU(3)-based (Energy dependent) — Shallow~20 MeV
Phenomenological (Energy independent) — Deep~40-70 MeV

Maeda,

i ; . : Ikeda, Sato ! Akaishi,
Weise Yamazaki Liverts ' Kamano,Sato ,Gal, Mares Schevchenko Y‘am'u'ﬁi
= = =

Dote,Hyodo, Akaishi, Barnea, Gal, . lkeda, Schevchenko Revai

B (MeV) 17-23 48 16 60-95 9-16 50-70 32 a5

'(MeV) 40-70 61 41 45-80  34-46 90-110 49 61

Faddeev- Faddeev- Faddeev- Faddeev- Faddeev-
AGS AGS AGS AGS Yakubovsky

Interaction  Chiral Phenom. Chiral Chiral Chiral Phenom. Chiral Phenom.

Method Variational Variational Variational

Large width means short-life state — hard to measure
Small width means long-life state — easy to measure




How deep can an antikaon be bound in a nucleus?

Kpp bound state

250 :_ Theory I
| Experiments
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How deep can an antikaon be bound in a nucleus?

interpreted in
T. Sekihara, E. Oset, A. Ramos, Prog. Theor. Exp. Phys (2016) (12): 123D03

250:_ Theory
| Experiments
200
> - J-PARC E15 I-Pape £27
Q {50} (very new 2016) T
E‘ - DISTO
o) B N.V.Shevchenko, A.Gal, J.Mares = "%
X - — ; , 1
x 100 —/\
- A. Dote, T.Hyodo, W.Weise Y.lkeda, T.Sato
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I—*—i
Ikeda, H.Kamano, T.SELAMADEUS (2016)
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[from the talk of T. Nagae at HYP2015, Sep. 10, 2015]

Overview of the fascinating case of the “deeply bound kaonic nuclear clusters” Raffaele Del Grande
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J-PARC E15

K +°He 5 A +p+n

Invariant mass spectroscopy

MG M(A(1405)+p)
MIA(1405)+p) i
Ml | erH+p+p]+p M(z+p+) 1 _ oMl

201 (b) Ap invariant mass 201~ (b) L_‘;J‘:'}Pln‘-"ﬂ"ﬂ"tmﬂﬁﬁ
g‘ ]5: data r:ﬂulti.-NAEI.um T: 161 pole ., Multi-NA sum
L 3NA (Apn) = e -
= . F | / el 3NA (Apn)
& Ly |  y3NAE) | 2121 2 | bk e
- o : : < 2NA [Apns) o = e i NA‘{ an }
E- gl | .L P | (x5) H gl | | : -.{ | I [:{JS:-p 3
= | E i . |
= " .
3 af Li ram e HHH' i’H?FI

,3_. —rr"TFi.J T PR L et -;:r_d'?:IEl T '['

2 2122 23 24 25 26 27 28 29 3 2 2122 23 24 25 25 2.7 EB 29 3

MiAp [GeV/c?] MinAp [GeV/c?]
[J-PARC E15 Collaboration: arXiv:1601.06876 [nucl-ex]]

M = 2355 +6 -8 (stat.) = 12 (syst.) MeV/c2 - n
T =110 +19 —17 (stat.) + 27 (syst.) MeV /c2 BE =15 MeV

Overview of the fascinating case of the “deeply bound kaonic nuclear clusters” Raffaele Del Grande 15/16




>0 p correlated production,
goals of this analysis

K- Absorption Kaonic Bound States

- Pin down the contribution of
the process:

K 4+ NN =X+ K~ =X +p

with respect to processes as: . Yield Extraction and Significance
K=+ NN =X +p—p +3% (FSI)
K~ +NNN =X 4+p+X
K~ +NNNN =YX +p+X




Final fit

—e«— data

n° background
- 4NA+Uncorr.
B 3NA

© " 2NAFSI
B 2NAQF

—— Total fit

yv? = 0.85

2NA-QF clearly
separated
From other
processes

-
O T T TR R IR

| - =]
2150 2200 2250 2300 2350 2400
Mo, (MeV/c?)

B a1

PO NN - e
100 200 300 400 500 600 7
Py (MeVic)

300
2001

100

%

800

100 200 300 400 500 600 70O
P, (MeV/c)

From the contributions to the fit, the yields are extracted for K- stop



Absorption results

vield / K iop - 1077 | 0star - 1077 |0ayst - 1077
2NA-QF  [0.127 +0.019 |75 008
2NA-FSI  [0.272 +0.028 |7y o5s
Tot 2NA  [0.376 +0.033 |70
3NA 0.274 + 0.069 |50
Tot 3body |0.546 +0.074 |00
ANA + bkg.[0.773 +0.053 |70

...I1s there room for the signal of a ppK- bound state?



events

Fit with ppK-

Best solution:

(best x2 and higher yield)

- B.E. = 45 MeV/c2
- Width =

Y* = 0.807

—— data
- 70 background
~ 4NA+Uncorr.
B 3NA
s 2NA FSI
s 2NA QF
—— Total fit

r'rrr'r'rr['|1|r|||||||||||||||

30 MeV/c2 200 _

.215[.'1 2200 2250 230{} 23{} .24{}[]

Entries 9744
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ma@t —— data 3
E - n° background b) 3
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F B 3NA :
W“;A’k wam 2NAFSI 9
. B 2NA QF 3

: *ﬁ 5 BST'=30 BE=45 [MeV/c] 3

300f
200
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II'I11TI111'|'1'lII1T1'|'I'I'|'I1T'I'IIII'I"ITIIII
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auuf
suuf
400f
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100}-
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Evaluation of the significance of the ppK- signal
For B.E. = 45 MeV/c2, Width = 30 MeV/c2

Yield/ K, = (0.04440.009stat ™) gossyst) - 1072

stop

F-test to evaluate the addition of an extra
parameter to the fit:

Significance of “signal” hypothesis w.r.t
“Null-Hypothesis” (no bound state)

g 1 ! | | | |
- = =
> - -
T T -
10 ~&- [ =70 MeV/c® -
= —u- T =50 MeV/c® 3
"""""""""""""""""""""""""""" M =30 MeV/c® "]

3s

- S —

10 T B S ST SR =
20 40 60 80

Binding Energy (MeV/c?)



Conclusions

- 2NA-QF yield

vield / K_,,, - 1077 |0star - 1077 [Gayer - 1077

stop

2NA-QF  [0.127 +0.019 [T500

- Bound state ppK- yield for B.E. 45 MeV/c2 and Width 30 MeV/c2

Yield/K,, = (0.044£0.009stat T{005syst) - 1072

- the significance of the ppK- signal is of 16 according to F-test

O. Vazquez Doce et al., Physics Letters B 758 (2016) 134



Ap channel

3 Me

Counts / (

R. Del Grande PhD theis

KLOE 2004-2005 data
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2NA A p +FSI
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2NA I/ A conversion
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Ap channel

KLOE 2004-2005 data é
2NA A p

2NA Ap +FSI @
2NA ' p o Q’

2NA £ p + FSI

2NA E/A conversion ® &

3NMA Ad and Ad—o Apn s
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inld/K;top : 1072 Ostat ]-072 Osyst * 1072 yiem/Ks_tup 1072 Ostat - 1072 Osyst 1072
2NA-QF Ap 0.0493 + 0.0048 o 2NA-QF 0127 +0.019 10004
| INA-QF 2% 0.112 +0.019 +0019 2NA-FS 0272 £0.028 o0
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2NA-FSI X2p 3.06 +0.71 1050 3NA 0.274 +0.069 oo
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Ap channel

Legend
—— KLOE 2004-2005 data
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K ‘He - Ad +n

K *C = Ad + Residual



A d Invariant mass

Events/8 MeV/c?
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K ‘He = At

4ANA cross section and yield



At available data

Avalilable data;
e In Helium :

- bubble chamber experiment
[M.Roosen, J.H. Wickens, || Nuovo Cimento 66, (1981), 101]

K stopped in liquid helium, A dn/t search. 3 events compatible with the
/\t kinematics were found

BR(K*He - At) = (3 %2) x 10"‘IKStolo global, no 4NA

« Solid targets

- FINUDA [Phys.Lett. B669 (2008) 229]
(40 events in different solid targets)



Counts / 0.1

S0
: Open histogram = Phase space simulation

405 +

30|

EU:

1(]:

At available data

FINUDA presented [Phys.Lett.B (2008) 229]:

* astudy of A vs t momentum correlation and an opening angle
distribution

* 40 events collected and added together coming from different
targets (°’Li, °Be)

Filled histogram= data

(K-A > AtNA")

Unclear back to back topology

At emission yield - 10° - 10"/ K

stop
LL\ global, no 4NA
. . . —— p— | >

0.5 0 03 Co S@‘M Experimental data only back-to-back



At correlation studies in “He from the DC gas :
contributing processes

single nucleon absorption (1NA)

Entries B9317

NJ:E ; | Mean 1676
E ?UU:— deuterons (AMS 5816 |
K ‘He - A 1t 5 W0 |
b S s00F- We require
““He - Z1° o ik the mass of the triton
K*He - =t , Z Ny - by TOF
00— P ; '
conversion on triton: 200F- J /
E tritons
100—
i 1 0 - y Ml
A He i A ’ E : I At ojww—'-’“-"-rj. . ||LVFT“11.r|_J| T e, A

500 1000 1500 2000 2500 3000 3500 4000
Mass calculated by TOF (MeV/ic?)

o

Tritons are spectators, too low momentum: p, ~ Fermi momentum

lower then the calorimeter threshold (p, ~ 500 MeVic)

checked by MC simulations

4NA processes — K™ absorbed by the a particle: conversion is suppressed

by the
K“*He - At 3O, ¢
Back to back topology!
K*He - 2% , Z° - Ay




events / 1 Mev/c?

MC simulations: efficiency & resolution

i hEﬂntri es f;?g‘ . 800 Entries 7921
10001— ean k8 - Mean 4227
B RMS 4.683 = - RMS 5.853
2 700 . : '
L = C
- at-rest = F in-flight
800— 2 600
— s -
% =
B 500 —
600 — =
B 400—
400— 300—
B 200—
200— C
] 100—
|||||||_|||Ill——l ||||||||III L : ,,|,,,,|,_,,_,J ||||||||||||II -
A70 4180 4190 4200 4210 4220 4230 4240 A7 4180 4190 4200 4210 4220 4230 4240 4250
M _(MeV/c?) M, (MeV/c?)

mass threshold at-rest

M _ invariant mass resolution = 2.2 MeV/c?

overall detection + reconstruction efficiency for 4NA direct At production :

E4NA ar. At = 0.0493 + 0.0006 : E4NALIf.At = 0.0578 £+ 0.0006,

at-rest in-flight
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At correlation studies in “He:
¥ mass, momentum and angle simulataneous fit
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At correlation studies in “He:
preliminary mass and angle momentum

simulataneous fit
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+ data

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

—ANAK*He > 2% , ¥° > Ay MC

Contribution to the spectra Parameter value
K~ *He —Af at rest 0.01 £ 0.01
K~ *'He —At in-flight 0.09 £ 0.02
K—1He —X" in-flight 0.05 £+ 0.03
0.85 + 0.06
f / ndf ().654

Total number of events = 136

ANA K “He = At atrest = 1 + 1 events
ANA K *He = At in flight > 12 + 3 events

|

—

BR(K*He(4NA) — At <13 x10*/K_

o(100 % 19 MeV/c) (K*He(4NA) - At) =

= (0.42 = 0.13(stat)

+0.01

-0.02

(syst)) mb







Low-energy QCD in the u-d-s sector

- strong interaction is governed by QCD (color SU(3) gauge theory)

- fundamental matter fields are quarks (6 flavors & 3 colors R , G, B)

Mass—+| 2.4 MeVy 4.8 MeV 104 MeV 1.27 GeV 4.2 GeV 171.2 GeV
charge—|%; 14 d 15 %4 Vs b % t
spin— {15 U Y Y S Y2 C Ya 2
name-— up down strange charm bottom top
- gauge fields are 8 gluons
- in the massless limit .. - quark fields -

J - gluon fields

L2 = ——tr[G,,G*"] + giy"D,q,
QCD 5 [G I+ qiy Hq

C.u-l" —_ alufqlu - 31;;1'“ - fg.[AIH*AI.']'- D;_,[ —_ BH i ng#. A'u — ZTE’*%T
a

Low-energy antikaon-nuclei interaction studies by AMADEUS Piscicchia Kristian



Low-energy QCD in the u-d-s sector

- since the massless lagrangian can be decomposed:

L2 ——ln-[c GM'1 + qLiy"D qgriv*D
Qo = 75 e quy” Dpqr + qriy" Duqr

o RN

left and right handed quarks: G = Prg qr = Prq

it is invariant under independent unitary transformations of L /R-handed q
chiral symmetry of QCD SU(3) x SU(3),

- quark condensate breaks down the symmetry to SU(3),,

(0laq|0) = (Olgrqr + qrqr|0)

SPONTANEOUS ch. symmetry breaking

- Nambu-Goldstone: each broken symmetry introduces one massless boson
in the physical particle spectrum

Low-energy antikaon-nuclei interaction studies by AMADEUS Piscicchia Kristian




Low-energy QCD in the u-d-s sector

- If we reduce to the three lightest flavors:

Light quarks Heavy quarks
Mass—| 2.4 Mey 4.8 MeV 104 MeV 1.27 GeV 4.2 GeV 171.2 GeV
charge—| %3 -4 d 13 23 -4 b %5 t
spin— {3/ U Y2 Y2 S Ya C Y2 Ya
name- up down strange charm bottom top
Mass [Me V]
- The approximate N-G bosons are >
; ' .
the lightest pseudoscalar mesons 0w == a,1, pon
(r, K and 1) e
o n
S0 ) ——— 1
o
ol S —— |
mesons baryons

Low-energy antikaon-nuclei interaction studies by AMADEUS Piscicchia Kristian




Low-energy QCD in the u-d-s sector

- Ch. symmetry is also broken by the finite quarks masses, because of the
quark mass term:

[ mu .
Lo = "E;i-:c —gmg, m= ( My ]
s

m,m, ~ few MeV m_ -~ 100 MeV

EXPLICIT ch. symmetry breaking

- s quarks are intermediate between light and heavy — test of the
interplay among spontaneous and explicit ch. sy. breaking
in low-energy QCD

- At low-energy the non-perturbative effect of the strong interaction causes
color confinement — asymptotic degrees of freedom are hadrons instead
of quarks and gluons.

Low-energy antikaon-nuclei interaction studies by AMADEUS Piscicchia Kristian




Low-energy QCD in the u-d-s sector

- CHIRAL PERTURBATION THEORY

a chiral Lagrangian with effective degrees of freedom U takes the place of the

QCD Lagrangian:

explif] = [.ﬂq.ﬂﬁi:lﬂ.p EXp ||' [ﬁ":l_\:-f:!{[ll

lowest excitations (pseudoscalar mesons):

1 ~ with chiral field
—=n o+ —i'i' T’ kKt
Ve 1 1
+ I ——N + —= . I
¥ b -
K" ——=1/
b

Similar for the baryon fields:

Low-energy antikaon-nuclei interaction studies by AMADEUS

U{d) = exp

Piscicchia Kristian

[I?Ln' EXp ||' [n‘dx..lfcn]

i 24

|

the counting rule is defined considering the
meson momentum small respect to the
ch. sy. Breaking scale 4nf ~ 1 GeV.




Neutron detection efficiency |

intrinsic efficiency

o
w
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Why AMADEUS & DA®NE?

MC simulation, confirmed with
measurements at TSL (Uppsala)
] Q@Ew&:nw%%:,%wﬁoﬁ'o%@ MWE “’a:a :W‘_
a"@‘ﬁ ® »a%”:;“mm’dgﬁ“m%*:wwmmbwé "'; S
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Threshold at 1 MeV
Threshold at 3 MeV
1 IDD 2" -

neutron ené_r_g_x-' [Me\-';—]_

a.u. S (10MeV /)

mi({MeV /c?)

Fig.1. nn?

B ok
"'?% black MC
0 B red data
]
oo o i

invariant mass spectrum measured by the KLOE EMC, the red line
corresponds to data, the black one corresponds to a Monte Carlo simulation of the

A — n7 decay, reconstructed in the KLOE calorimenter.

KLOE

charged particles

» good performance in detecting photons
(and neutrons checked by kloNe group
(M. Anelli et al., Nucl Inst. Meth. A 581,

* 96% acceptance,
e optimized in the energy range of all

involved

368 (2007)))




future AMADEUS physics case

proposal Iin preparation
you are kindly invited to participate



Conclusions and Future Perspectives

Future - AMADEUS DEDICATED SETUP

AMADEUS - cryogenic target

half-cylindrical cryogenic
target cell

Reuse the KLOE apparatus
with dedicated inner solid
target (Li, Be, *C) and cryogenic
gaseous target (‘He, °He, d)

Scientific Case:

@ Investigation of the A(1405) properties through the K" d — ()’ n reaction;
® Investigation of YN(NN) two and three body interaction;
® K" N elastic and inelastic scattering cross section below 100 MeV;
@ Study of neutron rich hypernuclei.




Y-N/NN interaction - “Neutron

essential impact on the [FERENRSEG

- - l
case of NEUTRON STARS Nucleon Stars

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

Hyperon Stars

Hybrid Stars

Strangeness inNeutron Stars

Strange Stars

: ‘Ignazio Bombaci
Dipartimento di Fisica “E. Fermi”, Universita di Pisa
INFN Sezione di Pisa

I. Bombaci, A. DraLgoﬁ INFN Notizie, n. 13, 15 (2003)

Microscopic approach to hyperonic matter EOS

input

2BF: nucleon-nucleon (NN), nucleon-hyperon (NY), hyperon-hyperon (YY)
e.g. Nijmegen, Julich models

3BF: NNN,NNY,NYY,YYY

Hyperonic sector: experimental data

1. YN scattering | (very few data)

2. Hypernuclei




No experimental information on X°-N/NN

interaction
A-neutron matter
2.8
54 PNM
I PSR J0348+0432
2[] gt e 9o
AN + ANN (Il PSR J1614-2230
— 1.6
= [
= .
1.2 ; AN + ANN (1)
0.8 |
0.4} AN
b
11 12 13 14 15

R [km]
Lonardoni, Lovato, Gandolfi, Pederiva, PRL (2015)

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

Note: no vpap, no protons, and no other hyperons included yet...



No experimental information on X°-N/NN
interaction

.l___

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

140 1m0 18D nI\JC 10 'JCI * 'm:-' * IIOC
P, MEVIT) P (MEVIC) P, (Mevie]

Figure 2: “Total™ cross section o (as defined mn Eq. (24)) as a finction of ppyp. The experimental cross sections are taken from Refs. [32] (filled
circles), [33] (open squares), [65] (open circles), and [66] (filled squares) (Ap — Ap), from [34] (Z°p — An, Ep — I':'n} and from [35]
(£ p— L p Etp— E*p). The red/dark band shows the chiral EFT results to WLO for variations of the cutoff in the range A = 500,....630 MeV,
while the green/light band are results to LO for A = 330... .,700 MeV. The dashed curve is the result of the Jilich 04 meson-exchange potential
[36].



(K- ppn) +n - Zod+n
3NA in ¢He

for the investigation of the

20-N & X0-(NN) interaction



3NA - (K-ppn)+n — 2Z0d+n
3NA can be followed by two possible elastic FSI

1) nd - nd we may take advantage of the well known oNN data

2) Zon/d = 2on/d from which to estract information on X0-N , 20-(NN) interaction.
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2NA - (K-pn)+d —» Zon+d
2 possible elastic FSI
1) nd - nd we may take advantage of the well known onn~ data

2) 20d/n = Zod/n  hopefully well separated in the lower energy

YM.M()

== part of the final state phase space

Mean 3257
BRMS 19.24

C |\||I|||—|I||||I||||
3%50 3100 3150 3200 3250 3300 3350 3400
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Accurate model of the:

(K- ppn)+n - Zod+n
3NA in 4He
+

20d/n —» Xod/n FSI

is needed to extract the corresponding

cross sections from the measured shapes.






How search the kaonic bound states?

Production schemes for kaonic bound states:

¢ K absorption experiments: the K beams are produced first and then captured
from the target nuclei.

Examples: K +°He - (Kpp)+n K +*He —» (Kppn) +n

¢ p-p collisions: proton beam interacts with hydrogen targets.

Example: p+p— Kpp)+K'
Q A + p
oulre

¢ pion induced reactions: pion beams collides with nuclear targets
¢ photoproduction: photon beams collides with nuclear targets
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How search the kaonic bound states?

Analysis procedures to study kaonic nuclear clusters:

¢ Missing mass spectroscopy: during the formation process of a cluster, by
determining the energy and momentum of the partecipating spectator protons
or spectator neutrons the mass of the formed object could be determined and
so, the binding energy and width of the formed cluster.

Example: K +°He - (Kpp) +n

¢ Invariant mass spectroscopy: all the decay products of the cluster have to be
detected and their 4-momentum has to be determined. This allows the
recostruction of the invariant mass of the decaying cluster and hence the
calculation of the binding energy and width of this object.

Example: K +°He - (Kpp)+n
A+p

2 +p
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Search for the K'pp bound state

AMADEUS:
¢ Invariant mass spectroscopy
¢ K absorption experiment ——»

Backgrounds: the competiting processes in
the search for kaonic bound states are the so-
called single and multi-nucleon absortion
processes.

EXAMPLE

Let us suppose we want to search the signal of K'pp bound state in K interactions in “He
through the Ap decay channel

K+*He 5A+p+n+n

KPP SR ppSouh P » This is the process we want to search

2NA: K+%pp”" = A+p K +“pp” —» 2 +p
> +n—>A+n

>’ to A conversion processes
3NA: K+ ppn” > A+p+n

S Ke i ppnne St N PN SN
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Experimental studies in the Ap decay channel

¢ through K absorption experiments K X = Ap X'

FINUDA at DA®NE (X=°Li, "Li, °Be) E-549 at KEK (X=‘He)
[M. Agnello et al., PRL94, 212303, 2005] [T. Suzuki et al., MPLA,23,2520, 2008]

Invariant mass spectroscopy Missing mass spectroscopy

a0 200 150 100 509 5 309 {0-18
- 150 mt:- 50 0 = f 1o.16
- = - = 260 ]
== 5 = i 10.14
% o 2 }[ N £ 200 .12
> F £ : 5 : 3 i ]
2 F 5 L “" [ 0.1
S 15[ N, t 160; ED .
% [ i o 2 - 1
E 1ok 2.2 225 23 235 24 100L lo.06
= ; : : ]
° : 10.04
5 i i i i 50 ]
' 10.02
1 215 22 225 23 235 TR, 50 2100 2 50 2200 2250 2300 2350 2400
p-A invariant mass [GeWc ] 1NA (MerC )
— +6 +3
B =115%° 5 (stat)*>_ 4 (sys) MeV ZN/AN-DBKNS
I'= 6714 ,,(stat)*2 ; (sys) MeV 2NA
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Experimental studies in the Ap decay channel

¢ through pp collisions

T. Yamazaki et al. Phys.Rev.Lett.104,(2010) G.Agakishievetal,, Phys.Lett. B742(2015)242-248
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Experimental studies in the Ap decay channel

10 [MeVic']

residue

A.O. Tokiyasuetal., Phys. Lett. B 728 (2014) 616-621
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- =
.. )

- I = 20 MeV
- I = 60 MeV
= 100 MeV

(a) o
1 M= |p\‘ P ‘:
/‘ ||I' :: A 15200 K o
B3 e ¥
A fn {1385) K 2 :__—_L 3
| 3\ E A
. ‘\ 9_...{.,.: & ‘_g
{II‘ \%J Nﬂ\"“-« EEE: -
;: Ehﬂ\ - | i | Lt H]l | i ;:_, ?'i I
& [ : BT ' | 2
o | H-;}H W P i-’“ i E
‘ - MM (K'm p[h{r.‘.;\. c?]
— 0.45p
o -
S 04F
2 =
% 0.35F
f@" 0.3F ]
9 o0.25F THT
- S 3 I}
Z 0.15F |
3 0.12— ._
g o,osi- !
c% Oz.lJ e o P B Y
2 2.1 2.2 273

MM, [GeV/c?]

Missing Mass [GeVicT]

formation
upper limit

Y. Ichikawaetal., PITEP 2015, 021DO01

J-PARC E27:d(t*, K) @ 1.69
GeV/c

B =95 +18 —17 (stat.) +30 —21 (syst.) MeV
=162 +87 —45 (stat.) +66 —78 (syst.) MeV
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How deep can an antikaon be bound in a nucleus?

Kpp bound state

2 -
S0 — Theory I
| Experiments
200

p— — J-PARC E27

> - J-PARC E15 |

D 150 | (very new 2016)

g B DISTO

& B N.V.Shevchenko},\ A.Gal, J.Mares =
<100 . |
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A(1116) the signature of K- hadronic interaction

350

sited in the EMC

o
=

=

E depo

The presence of a A(1116) is the signature of K- absorption and is the
starting point of the performed analysis:

reconstruction of the A decay vertex: A(1116) - pa- (BR ~ 64 %7\"

requests:

» vertex with at least two opposite charged particles

* spatial position of vertex inside DC, or in DC entrance wall z°

e tracks with dE/dx > 95 ADC counts.

First positive tracks are requested to have an associated cluster in the
calorimeter and the correct E - p relation, lack of low momentum protons!
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A(1116) the signature of K- hadronic interaction
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A(1116) the signature of K- hadronic interaction
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decay) is evident.
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A(1116) the signature of K- hadronic interaction

ni
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A(1116) the signature of K- hadronic interaction

1% Step: A - p + n identification (BR = 63.9 + 0.5 %)
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Hadronic interaction vertex recostruction

1% Step: A - p +n identification = 1riress
(BR = 63.9 + 0.5 %) -
o (o
2™ Step: hadronic interaction -t / =2
vertex searched extrapolating “F =
backwards the A path and an sl
extra positive track e
Ecal 'i;
s A decay vertex =
p
roton
hadronic vertex
DU I ° l;si1bdadex'tr a:;ulatiin pat:I {(_Inili
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Hadronic interaction vertex recostruction

For the selected Ap events, a check in the mass of the proton track can be done if
it is associated with a cluster in the calorimeter, and one of the two particles from
the lambda decay has as well an assiciated cluster. To calculate their mass by
time of flight we use the time of the cluster (tc) of the lambda decay product and
the time of the interaction (ti):

t,=t.,—(path,/v,)—(path,/v))

Using the time of the proton cluster in the
calorimeter and pathp we calculate the proton
velocity vp. The mass is calculated using the
information of the proton momentum pp:

masszpp-\/ll(vilcz)
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Hadronic interaction vertex recostruction

Resolutions:

From MC simulations of
K" absorption in “‘He

A o s

T g = a = e

ti
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Hadronic interaction vertex recostruction

Additional photon signal at the hadronic vertex is required to select Z°p events.

Ecal The photon candidate selection:

1. search for neutral clusters in the calorimeter
2. calculate the hadronic interaction time ti,
using the time time of the cluster of one of the
lambda decay particles

3. calculate the distance between the hadronic
vertex and the cluster position

4. the requirement is

tcl

roton

ti Time of flight =t ,—t,= path, /c
41600 ——————————— .
>1400F —— data =
=1200f L =
91 000 - machine bkg E
— = T, bkg ] 0

..g 800 + signal — D" = A+ Y
- 4///:
S 600 E
® a00F F g .f -, =
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Hadronic interaction vertex
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Deuteron and triton identification

Selection in masses obtained by Time of Flight
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Ap channel

MC Simulations
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