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The scientific goal of AMADEUS

Low energy QCD 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 (X-T)° decay --- Y T CORRELATION

-if U, is strongly attractive then K™ NN bound states could appear -
we investigate through (A/2Z—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



Sezione di una stella di neutroni

Essential impact on the

convenzicnale %

xcase of NEUTRON
STARS —

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

iperonica

Strangeness inNeutron Sars

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

1. Bombaci, A. Dragoﬁ 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

8 g/fema

“Neutron

Nucleon Stars

Hyperon Stars

Hybrid Stars

Strange Stars

Hyperonic sector: experimental data

1. YN scattering

(very few data)

2. Hypernuclei



Low-Energy QCD with Strange Quarks — competing

models
e

CHIRAL PERTURBATION THEORY
Interacting systems of NAMBU-GOLDSTONE BOSONS
(pions, kaons) coupled to BARYONS

ﬁeff — ﬁmesons(q)) + EB ((I) LIJB)
works well for low-energy pion-ijfi)n and pion-fiucleon interactions

... but NOT for systems with strangeness S = -1

BECOUSE A(1405) just below K'N fhreshold (1432 MeV)

a0 Solutions:
3 (1385) A (1409) b *° Non-perturbative Coupled
\ l 1500 Channels approach based on Chiral
— - SU(3) Dynamics
| | /5 [MeV
Ar 2x _ R
KN * phenomenological KN and NN

potentials



How to do that? ... KLOE & DA®NE

K~
DA®NE
Double ring e* e collider working in C. M.
energy of @, producing = 600 K*K" /s
¢ - K*K (BR =(49.2 + 0.6)%)
* low momentum Kaons

= 127 Mev/c W __:-.a_-_a'" - .
* back to back K*K- topology

o - ; '
[ . -

A i.;tl"'l |

KLOE

* 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)))




How to do that? ... K- absorption on light nuclei

K-
We are lookin for K™ absorption in

(H, ‘He, °Be, 2C)
AT-REST (K- absorbed from atomic orbit) or IN-FLIGHT

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

0, =1830.6 MeV/c*

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




Counts / 0.5 cm

How to do that? ... K- absorption on light nuclei

We are lookin for K™ absorption in

(H, *He, °Be, *C)
AT-REST (K- absorbed from atomic orbit) or IN-FLIGHT
(p,~100MeV)
900 —
— Uertex position
00 E-DC-Wall (C) Mean 2473
200 ;_ RMS 11.05
600 i—
500 2005 KLOE data A.R.+1.F.
= ;_ Using KLOE materials as an active target
300 —
200 E—
fBaE- DC-gas (He + C + H)
DD"_ 10 IEDI 30 | |4D 50 60 = }J{TL | EIDLJ urélﬂi - I1I'Cfl'[]

r{cm)



How to do that? ... K- absorption on light nuclei

1) YT CORRELATI
) § R 'p', 'n' BOUND nucleons

- K'n' » At (direct formation) - 2(1385) I=1

- K'p' =» 270 - A(1405) I=0
4 K- vp' - Z+Tr - AE]+ ZE]

To measure the amount of resonant capture — position of
the resonance




How to do that? ... K- absorption on light nuclei

1) Y RRELATI
) N R 'p', ' n' BOUND nucleons

- K'n' » At (direct formation) - 2(1385) I=1

- K'p' =» 270 - A(1405) I=0
4 K- vpv - Z+Tr - AE]+ ZE]

To measure the amount of resonant capture — position of
the resonance

2) YN CORRELATION

- K 'pp' = A/IZ°p (without YN'scattering) - (K 'pp")&*>
- K 'ppn' = Ad (without YN scattering) = (K 'ppn')®*>
- Ka = At = Alessandro's talk

search for possible bound states

- with YN scattering — to getinformationon U




How to do that? ... topic of this talk

1) YTt CORRELATION 'p', m' BOUND nucleons

- K'n' » At (direct formation) - 2(1385) I=1

- K'p' =» 270 - A(1405) I=0
4 K- vpv - Z+Tr - AE]+ ZE]

To measure the amount of resonant capture — position of
the resonance




A(1405) .. resonance or/and bound state?

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

two poles: (z,=1424"" —i 26" , ; z =1381*""° -1 81" ) MeV (Nucl. Phys. A881, 98 (2012))

/7 \\
mainly coupled to KN mainly coupled toX®r = line-shape depends on

production mechanism

e Akaishi-Esmaili-Yamazaki phenomenological (14051 /
potential -/ i

L] L] _ﬂy- 08
Phys. Lett. B 686 (2010) 23-28 Confirmation of ¥/ 06
single pole ansatz? mve [ 0.4
0.8 .
L r0.2
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Fig. 6. Detailed differences in M xy spectra among the Hyodo-Woeise prediction and
the present model predictions.
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the present model predictions.




A(1405) .. resonance or/and bound state?
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-1 F o
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ENTRIES /10 MeV/c?

A(1405) .. resonance or/and bound state?

A(1405) is I = 0

¥ (I =0) golden decay channel

(free from X(1385) background I=1)

The X°n° spectrum was observed in 3 experiments ... with different

L. Zychor et al., Phys. Lett. B 660 (2008) 167
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K. Moriya, et al., (Clas Collaboration) Phys.
Rev. C 87, 035206 (2013)
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2° 10 golden channel

do(X ") L2 1,12 2 e
. ) P \ T o E |T(]‘ —|— E |T1 T ERC(TUTI )
* production in KN reactions (only -
chance to observe the high mass pole) i (s+7) 1 cop, Lime - 2 o com.
ar - 3 3| G )
* decayin X’ (free from X(1385) —
o S ) 02
background, 1=1) > —ar <317
g —  12C
éO‘IG — .
< ——  “He
X' w’ invariant mass spectra b ‘\i_
in “He and **C. oo |- +
0_= 17 MeVic> (*C)/ao_ = 15 MeV/c* ((He) o - _ﬁj%
o I . .:|:. P R R R RSS! iﬁ‘!‘._n_;-g._——h"'#wﬂ—'t
m(MeV/c?)

My 0.0 Spectrum



2% 1 channel

K~
Negligible (A TP + internal conversion) background = (3%1) % =
no I=1 contamination
E 0.16 |— .
< “‘He
YO 1 ninvariant mass spectra b i ‘\i_
in ‘He and *°C. _ i T
0_= 17 MeVic> (*C)/ao_ = 15 MeV/c* ((He) o - _ﬁj%
°:|:i=|=_at_r|4-§s=h+ﬁ="=|;
1300 1350 1400 1450 1500 ’15?::(Mev!c12?00

myo.0 Spectrum



Fit of X'’ spectrum in 12C
_/ndf ~1.7 correspondingto (M_. , I . )=(1426,52) MeV/c

K_
*  Global fit =———— Resonant component K C at-rest
* n.r. KC atbiGah SSaae— n.r. K C in-flight n.r. K'H in-flight
* A’ background + n. r. m.
“‘g % 90 [
140 |-
2 S |
< 2 80
Z g 80
5120 3 |
8 N |
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80 &@0
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60 [S— i
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10 |
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Kp = ' detected via: (pm°) 1

2'TC channel

Possibility to disentangle: Hydrogen,

a0 [
oo [

200 [

Number of events per bin

10 L

o
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Best fit
1405.2-23.3 : %2

“° | Phys. Lett. B 686 (2010) 23-28
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Fig. 6. Detailed differences in M xy spectra among the Hyodo-Weise prediction and

the present model predictions.
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2'TC channel

Kp = ' detected via: (pm°) 1

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

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

Invariant Mass in DC gas o - Im-ari‘:mt Mass in DC wall
Entries 1275 o = —— Entries 3186
Mean 1411 = 450 Mean 1411
RMS 16.43 = F RMS 15.39
[T] —
2so]Otal
E E
3 350 :H: H
- © E
300~
20AR 12C
200
150
100
50—
! TS oF - . |—‘ —
1440 1460 1360 1380

1440 1460

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




Resonant VS non-resonant

K N=2(*?)> YT
how much comes from resonance ?

Non resonant transition‘amplitude:
- Never measured before below threshold

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



~ Resonant VS non-resonant

Investigated using:
K ”"n” =» ATU direct formation in “He

In collaboration with Prof./S. Wycech

= TE—-

1385]

H/\i‘ r\
He




(APNT)/s1uno)

... the idea

Channel: K ‘He—= A m ‘He

Bubble chamber experiments exhibit two components:

Low momentum A ®T pair = S-wave, I=1, non-resonant transition amplitude.

High momentum A ®~ pair = P-wave resonant formation ?

Also exsists'in S-state K-mesic atom

= f as a result of the
i ' K™+ Hé'— A+w—+Hé
200+ {11\ Ty VS Ty three/body structure of the system
7 T A GAUSSIAN 1
Fapl xR GAUSSIAN 2p
il : e HULTH;N s
’ﬁc"l}" ! Y e HULTHEN 2
¥ (K=1, n=2,3He =3)
100 f
| K. Brunnel et al., Phys.Rev. D2 (1970) 98




Channel: K ‘He—= A m ‘He ... theidea

K'(s=0) ‘He(s=0) n(s=1/2) X*(s=3/2) & resonance p-wave only

atomic s-state capture:

consequence of 3-body effect
(K™ n) s-state interaction

(K- n) p-state interaction

Y* allowed

: (K- “He » A © °He) absorptions from<(n s) - atomic states dominate -

Y* not allowed +

NON-RES only

consistent with ‘He bubble chamber data (Fetkovich, Riley interpreted by
Uretsky, Wienke)

. Coordinates recupling enables for P-wave resonance formation



Channel: K “He -» A © °He ... the strategy

» Fit of the p,. observed distribution using calculated distributions :
P_®(ppd =Wy (a2 12 (prd|? P non-resonant

P.P (pr)=1Wy (Pp) 1% 12628 (p, ) 1% p/8 (kp,)*> resonant

Where p = k p,,2

the constant ¢ = M, /(M +M,) = 0.345 re-couples the S x S waves to P x P waves

* To determine for the first timethe amplitude of the N. R. capture:

i

Al given the fairly well known |f X sl

N-R
| f .



Channel: K ‘He = A 1w ‘He ... calculated reactions

K

At-rest: S-wave non-Res / P-wave X(1385) Res
K- *“He » A 1w 3He

In-flight: S-wave non-Res / P-wave X(1385) Res

Direct A T production .. SIGNAL

300

“ o Amdirect production
“Abrest

=]
=
=

—

wn

=
IIII|IIII|IIII|IIII|IIII|IIII

/AN -1 d

100

50

| | | | | | | | | | | | | | | | | | | | | | | | | | | | |
ﬂ{] 100 200 300 400 500 600

py (MeV/c)




Channel: K ‘He = A 1w ‘He ... calculated reactions

NOT Direct A = production .. BACKGROUND
A comes from the ¥ hyperon conversion on residual nucleons

KN=-22mT/2t ; ZN-> AN’

300

NOT direct

250 o /
A = production
200

O/IAIN) -:d

Y% n conversion
100

Y* n conversion
50

—

w

=
IIII|IIII|IIII|IIII|IIII|IIII

0 100 200 300 400 500 600
pr (MeV/c)




K- ‘He » A m ‘He events selection

p -

@Sm<\nv

600

500

400




K ‘He = A 1w ‘He events selection

K-
300
- A 1 direct production
250 — In-flight RES +
- N-R
g B
i 290 - A 1 direct production
=T At-rest RES +
< 150 N-R
100{—
50—
D: 1 | | | | 1 | | | | 1 | | 1 | | | | 1 | | | 1 | | | | 1 1
0 100 200 300 400 500 600
py (MeV/c)

Background sources: - A ® events from X p/n = A p/n conversion

- A ® events from K~ >C absorptions in Isobutane



250

[}
=
L=

(3/APTN 9)/ s3Uno)
n
f=
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K ‘He—>» A 7w ‘He preliminary fit
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K ‘He—>» A 7w ‘He preliminary fit

data_
B ++ Data stat. err. Only|Entries pgnsa Simultaneous fit
B . Mean 2243
251.‘}_— *‘“' GlObal f|t RMS 108.5
0 - H{w 2, (p. -m,, -6,,.)
g 2001 #{EH J{ Ey{?)) 1
2 T ’% 1 K
s [ Hq?\ 92
g 15'D_— |
n [ + + H Resonant/non-resonant
E B .I&ﬂ - = -
) S P J%_ absorption ratio:
- ﬂH By U %h" -latrest = 1.26 * 0.06 (stat)
50— }H e _H-jlﬂjrﬂﬂﬂﬁ% i
- " 3 Ut T4 D i In-fight/at-rest ratio = 1.9 + 0.4 (stat)
- . -Flﬂ-”-ﬂbLﬂ@% (consistent with =+ data = 2.2 % 0.05)
Df] - 100 200 A 30{1 — Iafll.‘_'lliill e ISuf_!ll[] — 600

‘ Par. (MeV/c)

Non-Resonant Resonant >[]
(in-flight) (in-flight)
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K ‘He—>» A 7w ‘He preliminary fit

_ data p
E Enties 9065 Simultaneous fit
— Mean 2243
250— RMS 108.5
Q E j}_ (pAn— -m,, - eAn—)
E 2001— Ey{?)) "
E B {’?.?
5150: >
=
% F +++ Data Risonan_t/non l:e?onant
il T o Global fit absorption ratio:
E T H? -lat rest =1.26 = 0.06 (stat)
- }Jrﬁrd'i |
50— ﬁ*ﬁﬂ ’r% . :
- " rrlr_lﬂk_l :|eJn ot In-fight/at-rest ratio = 1.9 + 0.4 (stat)
8 iy L_ﬂ_% (consistent with Z+1m data = 2.2 = 0.05)
U_ ol A s P
0 400 500 600

Non-Resonant Resonant >[]

(in-flight) (in-flight)

(at-rest) (at-rest) The K-n—- An- S-wave amplitude |fs| (fm) is extracted
E = —-33MeV |piap = 120 MeV/c| 160 200 245
0.22(0.01+4-0.06) 0.33(11) 0.29(10)0.24 (6) |0.28(2)

preliminary

Am0 data from J. Kim, Nucl. Phys. B 129 (1977) 1.



Further improvements

a) FSI of the A was found to introduce a correction to the amplitude
< 3%.



Further improvements

b) FSI of the 1t is found to be negligible.



Further improvements

Introduction of P-state atomic capture

&
P-state in-flight capture.



cl) introduction of at-rest K- capture amplitudes from 1=1
orbit

The fit will be improved by investigating the relative rate for captures from 1=0 and
1=1. New free parameter 0.

The corresponding probability distributions are given by:

P(Lit]?'fi!(lf'é:‘) — P{:r(p:g){ll‘[l _|_

1 ug(f?pg)g]

o=

non resonant capture

contribution freim 1=1

o

PO (1) = Pl (ps)[1 +1

3+ %r'sr-ﬁ'g (;_33)2 — %ﬂg(jﬁ’éu}g)il

resonant capture

r"lz (_ﬁjlg Jg




cl) introduction of at-rest K- capture amplitudes from 1=1
orbit

Resonant capture from 1=1 favourites small p,, and shifts the m, distribution
upwords ...

------ K- capture from 1=0
------ K- capture from 1=1
- htemp ) htemp
= Entries  10000C - Entries 100000
- Mean 132.° 4000 — Mean 188.8
3000[— RMS 55.6€ = RMS 49.87
o) C 0 3500—
2 2500 NON RESONANT| g™k RESONANT
= C = 3000
® r ® r
2000 ~ 2500
Ul - U1 =
%1500:— § 2000
S F < sl
2 1000 e E
- 1000
500 5005—
0: IIIIIIIIIIlIIII|IIIIIIIII L J—ll_lllll OE 1 IIII|IIII|IIII|IIIIIIIII L ||I|IIII|I
0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450

Prr (MeV/c) YMPO Prr (MeV/c) YMFO



c2) introduction of P-state in-flight capture amplitudes

Contribution of 1=1 capture in flight is obtained to contribute about % of the 1=0
capture.

The corresponding probability distributions are given by:

r';2R4;J2(3J;{)2

3 ] non resonant capture

-

contribution freim 1=1

L

(px)*+©
p?

Pffi-_f}hf(fs) _ 1}(1])[1 4+

priaht(f7y = P (p)[1 + ] resonant capture




c2) introduction of P-state in-flight capture amplitudes

K~

At small p,.. resonant capture from 1=1 dominates, and shifts the m,_distribution
below KN threshold ...

100% K- capture from 1=0

K- capture from 1=0 + 1=1

htemp
C Entries 100000
3000— Mean 160.1
- C RMS 64.97 A
e T e
S 2500 NON RESONANT =]
g g
o000/— 1
<TF <
o C o
§1500:— §
1000
500—
D: 1 | 1 1 1 1 | 1 1 1 1 | 1 1 I L ] 1 L |
0 100 200 300 400 500
YM.P()

P MeV/c)

/

/ htemp

- Entries 100000
3000__ Mean 182.3

- RMS 65.65
2500— RESONANT
2000
1500—
1000:—

500
0 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 | L 1 L L | L
0 100 200 300 400 500
YM.P()

P MeV/c)




Further improvements

d) generalization of the phace space to the relativistic case (main
correction expected for the negative pion) ONGOING




conclusions

m,, spectra show a high invariant mass component - associated to in-flight
K~ capture

PRELIMINARY A7 first measurement of N-R (I=1), amplitude belw
threshold

Next steps ...

Same analysis is ongoing for X't~ — extraction of [fN*_ _(I=1)|

Similar description of X*% and Xt* production — extraction of £ ®,,

and [fN%. |, acomparison of these could give an estimate of

| £NR o, (I=0) + £N% . (=11 against [fN*  __(I=0)-f N __ (I=1)|






Scientific case of the A(1405)

A(1405) : mass = 1405.1"'°_  MeV, width =50+2 MeV

I=0, S=-1, JF=1/22 , Status: **** , strong decay into X7

Its nature has been a puzzle for decades: three quark state, unstable
KN bound state, penta-quark, two poles??

(b) Light strange baryons

0.8 — Sz
First experimental evidence:
1 = . - 18
M. H. Alston, et al., Phys. Rev. Lett. 6 (1961) 698
0.6 — 22 ? L ..
Kp = mmZ _ = _
ié = — 1.6 i_:‘;,
é‘ 0.4 — — | g
N(1405) v\é - 5
-éf i 1—> 3/2+ —1.4 ;
02— Mg B
NA(1116)
o L2+ L
op | Y o nEEEEEN 2 SESEEE |
N DY



Scientific case of the A(1405)

N+ (K) = 1432 MeV/c2 _ \®/ 3 quark state?
30 MeV

1 - pentaquark?

A(1405)

) o~ . .
| | L K/\p —% molecular state?
@ * @ 1330 MeV/c2 _

- The three quark model picture: A(1405) mass??

KN bound state?

Similar to the nucleon sector N(1535), the expected mass of the A" is around
1700 MeV.

- Energy splitting between the A(1405) and the A(1520) (spin-orbit partner
(Jr = 3/2)) ?2.

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



Channel: K ‘He—» A © °He ... the strategy

K~

Fit of the p,. observed distribution using calculated distributions :

oK
P2 (py) = Ce AP fpg\/z,uu (Am— e )

21123

non-resonant

" R? 2 1.2 b
Pit(ksi2) = Ce ot P (o Z) B \/2;1.19 (A,,.-f_ 3-”)

Qﬂ-m,a

2 {ps) =25 }A?f(k&lﬂj}g p(P3) =

, /9 92 2 —3/2
— g 4{2 € pj }93 |: F/H . s {2:{‘51‘2 (Aa-r — i ) }
3 Py — Ep +11'/2 1.12 ] 201123

2 S [ T 5 ,(ﬂ_ ﬂ)]ﬂgz ] 2 0.80
PP.(k e P ; [ 3,12+P g | o+ .
ir(K312) o 3¢ e T E, L T2l

resonant

2
bz g )}

2 2 =
’2-3,12 ;1'3,12 2/112,3



K ‘He—» A m ‘He background

* Xp/n = Ap/n conversion:
Each possible conversion channel was simulated

Xp/ Xn/ X*n/ Atrest/In-flight / from RES and N-R produced
Xs

. A mnevents from K- “C absofptionsiinlsobutane (90% He, 10% C H_ ):

K- 2C DATA in the KLOE DC Wal‘I\are used

estimated contribution: %(K~12C)=0.44 +0.13

NKC/NKHe o~ (nKC/nKHe) > (GKC/GKHe) " (BRKC(A ?t_)mRKHe(A TC_))
Nuovo Cimento 39 A 338-347 (1977)

K- 2C still not calculated:

- uncertain initial staté of K meson [ =1, 2,3

- 4 nucleons in s-orbit , 8 nucleons in p-orbit

- final state hyperon interactions



Last step

high invariant masses are still not well described.

We are improving the assumed initial neutron wave function (Gaussian)

with Eckart wave function. - T
7000— . Mean 1403
i Gaussian w. f. S
8 6000[—
I — Eckart w. f.
85000
= ¢
4000}~
(¢°) -
fgannof—
S
2000{—
1000%—
- | NSNS R B | | |

1350 1360 1370 1380 1380 1400 1410 1420

1 0330 1340
The theoretical j o, (MeVic) Tk

The draft of the experimental paper only needs this last check and
following evaluation of systematics (within June)



0.1 Estimate of the non-resonant transition ampli-
/|

The momentum probability distributions of the produced A7 pairs, for the K~ *He

tude module

An~ 3He direct production capture at rest, assuming the kaon to be captured from
an initial S atomic state. where calculated in the two cases in which the K~ n inter
action is S-wave (non-resoanant absorption) and P-wave (resoanant absorption).

The obtained probability distributions are:

n2 ’
P:.(ps) = Ce P | 22 p3y [ 200 (&w 9 = ) (1)
«ft12 3
4 N /2 0.807° p? _3/2
PP (pq) = (=ct e P31 p2 2ty | A, — —2 .

)
In previous Egs. 1 and 2 the subscripts 1.2 and 3 correspond to meson. neutron
(A) and 3He respectively, 2 and {123 are reduced masses, R is the radius of
the *He nucleous and Py represents the momentum ol the residual SHe in the
laboratory frame. which. for at-rest capture is related to the A7 palr momentum
by the relation py = p,,. the constant e, which determines the recoupling of the
Sax S waves into Px P waves, is related to the masses of the interacting particles

by



c=_ ™ (3)
My + Mo
The factor (. which 1s common factor to the two probability distributions, have no
influence on the shape of the distributions, nor on the ratio between the resonant
and non resonant probabilities.

The module of the non resonant transition amplitude can be extracted [rom
the experimental distributions of the reconstructed Am pairs. obtained selecting
the direct hyvperon-meson production events, cutting on the pp - pa scatterplot
the region predicted by theoretical calculations.  From the simultaneous fit of
the reconstructed momentum (pay). invariant mass (ma,) and angular correlation

(fa-). the ratio between the non-resonant produced A 7w events and the resonant

A m produced pairs at-rest was estimated to be:

non-resonant events Y2

= 1.3 + (0.1stat) with

=16. (4

resonant events ndl-np

The ratio between the non-resonant and resonant measured number of events 1s
a ratio between probabilities. and 1s then to be equated to the ratio between the

integrals of the probability distributions (Eqs. 1 and 2).

7 P o) dos N
e Ph ) dps |




2p12 3

T
p— _ 6
/ f;;mm.:l: %cZ E_pg R2 p% [ r/2 . n'SD:I 2 {2#12 (Aﬂr B P% ) }—3f2 dpg ( }

Eif—Er+il'/2 1.12 2p12 3

= [f°]* - 8,04223471 - 10°MeV? = 1.3 £ (0.1 stat). (7)

From Eq. 7 it follows that the module of the non resonant transition amplitude is

given by:




a) generalization of the phace space to the relativistic case

We stay with non-relativistic expressions for the kinetic energies of A and ‘He, for
the , with momenta of about 200 MeV, the final state energy is generalized:

2 2
Fpar = P3 + mo + 24 'm? + p?

iy
21mq 21m9

The non relativistic phace space element ..

dm mp f p2
do(p. )" = Ul /9 ! 4 e 3 2 dp
J'r(]. ._i) (9"’)'1[,”},_ _|_ f”"i] \/ f 12 ( + arTr 2!‘!12 9 .lr 3 f 3

assumes the following form for the at-rest capure..

: ! 2
dmmp b | P 5
dp( p?)ar = 5 5 ."Iilz.”lﬂ ('Qar' ~ 5 . )f}ﬁ dp3
(2m)4[\/m2Z + kiy + ma] \/ 4/412,3
with:
a'fl e : ;,J% and ~ mg[ 2my + Qar — p /2119 3 ]
;'11'10 —= g 2,{!1 9 ((’] e - — H) H12 = -
2 V o\ 2;”113 mq + Mo + ({,}u-r' IJR_; 2;”2.3

with similar expression for the in-flight capture case.



a) generalization of the phace space to the relativistic case

Mom%r_ltum distributions of the A 1T pairs, for at-rest K- capures from 1=0 (left) and (1=1)
right K- orbits

------ non-relativistic

htemp
3500 — Entries 100000
------ relativistic - Mean 176.2
N RMS 56.81
3000 —
a -
- S 2500
- = -
-
B L _
3000— S 2000(—
- < -
0 _ c -
8 2500— 5 1500 —
e - A —
= — =~ ~
= N -
= 2000— 1000 —
U1 - N
< N -
(¢] - |
< 1500— 500 —
S n
— _I ||||||||||||||||||||||||||||| IJ_Illlllll
1000 — % 50 100 150 200 250 300 350 400 450
n Prr (MeV/c) YMPO
g LE‘H{:%\FP\“
D_ 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 1 | | I N | 1 | 1 1 1 1 |

0 50 100 150 200 250 300 350 400 450
Prr (MeV/c) YM.PO



a) generalization of the phace space to the relativistic case

Nf});nentum distributions of the A Tt pairs, for in-flight K- capures from 1=0 + 1=1

K- captures (1=1 contributes about 15%)

------ non-relativistic

htemp
R . . 000 __ Entries 100000
------ relativistic - Mean 169.2
N RMS 68.39
8 2500/
c ~
= |
- L
g 2000{—
E L
= N
1500—
< 1500
o ~
mnn:—
500 —
D_ 1 | 1 1 1 1 | 1 1 1 1 | 1 1 1 3 L L 1 1 |
0 100 200 300 400 500
Pax (MeV/c) YMPQ

For both at-rest and in-flight captures the relativistic correction
turns then to be negligible.



N\p correlation study .. PART 2a

How deeply can an Antikaon be bound to a nucleus?

Possible bound states: K'pp — Kppn
AN N
NAZp e Ad
predicted due to the strong KN interaction in the I=0 channel. (Wycech (1986) - Akaishi
& Yamazaki (2002))

Different theoretical approaches:

® Few-body calculations solving Faddeev equations

® Variational calculations with phenomenological KN potential
® KN effective interactions based on Chiral SU(3) dynamics

Kpp bound state

Theoretical prediction B.E (MeV) r (Mev)
PRC76, 045201 (2002) T. Yamazaki and Y. Akaishi qB 61
ar¥iviog1zogzvzinucl-thl A.N.Ivanov, P. Kienle, |. Marton, E. Widman 118 58
FPRC75, 0440004 (2007) M. V. Shevchenko, A, Gal, ). Mares, 1. Revai 50-70 ~100
PRLC76, 035203 (2007) Y. lkeda and T. Sato 60-95 45-80
MPARDL, 167 (2008) A, Dote, T." Hyodo, W. Weise 20+3 40~70
PRCBo, 045207 (2003) S. Wyicech and A. M. Green 55.5—?3 59_.6(-]

PRL B7iz, 1323-137 (2022) Barrnea et al 15.7 41.2




Ap correlation study

K- stopped + X - A p X pre—
(in-flight) L> T 5 - Ap event
> |
(detected particles) 1m0 -

100 ;— pi_ [
=0 :_ z/x‘”‘*—'r"m\ﬁr
Resolutions for events in GAS: ; /p/ -

PA 0.49 £+ 0.01 ;?ii_[f‘l'::"f'r

4 -50 ;— K+
pp | 2.63+£0.07 MeV/e o

My, | 1.10+0.03 MeV/c? s [

lvertex 0.12 £ 0.01 em 200 _




Ap correlation study

K- stopped + X - A p X’
i (detected particles)
(in-flight) R o

Acceptance study with phase space K-+ 4He -> A p n n MC simulation

0.02 [
ﬂ 0.018 i— 1
'E 0.016 ;— +
D oon | S+ + Projection of the acceptance
g U e = /function depending on :
E 0.008 §— —— _|__|_ (P/\,Pp,Man /\p)
Yol » —_— .
& ooos [ on the Invariant mass plane
0.004 |
0.002 f—
GZG&GI — I?_le;Ol — I2’I|C|ClI — '2"50' — I22|CIDI — I22|50I — I23|CICII — I23|50I =
o DO 0. 18 =
E 260} + 3 =
= B %f E -
£ 2zo0f (O 2 =
8 i E | = {o.1 &
160 - 3
N ,5 -
Toaol = 3
50 _3 ; E
b i oy . PR 3N NN S
%59 2100 2150 2200 2250 Z'JCD 2250 2400

A {MeWVSc=)



~ Np correlation study  ritso e, », 6,

3“ ----q5K-N - It + Zp/Ap conversion in 4He
[ o‘ ----- K-H-2mt + Zp/Ap conversionin 12C
900 — o 7 . No fragmentation (higher mass)
— I ““ 4 . Residual fragmented (lower mass)
800 | \ +++ Data ----x K-NN - Amp (higher mass)
= ‘ T ---=6 K-NN —= Z1tp (lower mass)
700 (O
v \“ + J[ ----ézK-NN — Ap (higher mass)
‘e\ - } u I|.II Jf | --==4 K-NN - Z0p (lower mass)
— |
V% 500 - '.
400 |
3 u
300 - e
— 1 t ;
200 |— : " +++
[ L LTI .|.‘|'_|_
100 — I111"- Ty
: | -I‘I"" #++'FI-+++-I-+++++++ .
2050 2100 2150 2200 2250 2300 2350 2400
conversion in 12C conversion in 4He MAp (MeV/c2)

2NA direct production



- N\p correlation study ritso e, r,8,)

900

800

700

600

500

400

300

200

100

— Entries 44071
~ Mean 2139
= RMS 59.06
- +++ Data

:_ --- Global fit

; *ﬁ ' &

- . a

: WW PN

= eV X0

- Q( ﬁ“\

E __ We need to fix the yeald of
- tw 2NA/3NA absorptlo#n! I
—| Iy Hﬁ% never measured before
s a,

L D i e B e e B ““L-th._ *""j'Llnb’ﬂlﬂb

N

e ——— | . i;! : =Emﬁ—ﬁ—’ e J% -
050 21 UU 2150 2200 2250 2300 2350 2400
M, (MeV/c?)

conversion after 2NA 3NA 2NA



K.

K™

stopped

in-flight L> e a((»

2°p correlation study .. PART 2b

+X - X pX “

e

(detected particles)



2°p correlation study

K- stopped + X T ZO pX’

in-flight L Search for 2°in the Ap sample (GAS events):
> N

Entries 3885

160

s

> PTC
140

(detected particles)
120

100

B0
60
40
20
A0 e 200 1250 1300 13501300

M, (Mev/c?)



2°p correlation study

Two background sources:

Asynchronous background Events with m° (double counting for those!)
(entering in the time selection window)
o (|
500 [ anf—
; nf
400 — C
Z 60 -
300 - 50
L of
200 g
: 3|:'_— L
mu:— EDE—
_ mf—
o h v g 1 ™ -

1100 1150 1200 1250 1300 1350 1400 1355 TTE0 120019501300 350" 1400

M, (Mev/c?) M, (Mev/c?)



2°p correlation study

Two background sources:
- Asynchronous background (entering in the time selection window)
- Events with m° (double counting for those!)

Entries 3885

160

---' Data

--- Gaussian signal
--- Machine bkg

--- Pi0 bkg

140

120

100

B0

B0 h
>%mass resolution

o115 MeV/c?

(compatible with MC simulations)

o
(=]

]
=

L1 e =t N ey © T
1300 1350 1400
M, (Mev/c?)

1 1 1 1 1 1 | 1 1 1 I 1 1
1150 1200 1250

[T T
=

1100~



>°p analysis

. Sllirﬁultaneous fit to MC generated contributions in all
the relevant physical quantities:

— Momentum of proton, momentum of ¥’, invariant mass, angle

>'p
250
--- DATA
2NA: K-pp — =% i | H global fit
(FSI means rescattering

of Z° or p with residual nucl) -

3NA: K-ppn — Z%pn
100

JFHJ Preliminary o P “i“mﬁ 2NA direct
| / 2NA # FSI

50 + J Ii.H ":

||II|IIII|IIII|1I]I|I]II|I

1 1 1 I | 1 | I 1 | 1 1 I 1 | | J 1 | 1 1 l I 1 | 1

2150 2200 2250 2300 2350 2400
Inv.M.X%p(MeV/c?)




A\p scientific case

How deeply can an Antikaon be bound to a nucleus?

Possible bound states: Kpp

B

\Ap

Experimental studies in the Ap decay channel
®pp collisions: DISTO (published), FOPI, HADES (E. Epple - monday
afternoon session)

® Absorption experiments: Bt
16000 f .
aoool. | L CEglon ,
FINUDA o 4
K- stopped + X -> Ap X’ 10000
pp p § 8000 | M = (2255 * g) MeV/c?
5
. E B00D0
6L1 = WDD.‘,-"’J
X — 7L1 a}nn+
9Be gz 2|25 _ )
p-A invariant mass [GeV/&]

PRL94 (2005) 212303

B =115% _(stat)*3 , (sys) MeV
I'= 67114 ,,(stat)*2 5 (sys) MeV




A\p scientific case

How deeply can an Antikaon be bound to a nucleus?

Possible bound states: Kpp

b

\/\p

Experimental studies in the Ap decay channel

®pp collisions: DISTO (published), FOPI, HADES (E. Epple = monday
afternoon session)

® Absorption experiments: f"u;“’”'; A
o |t S A 0.16
= 260 +
g I I§ -_0.14
£ 200} ® Jo.12
@KEK E-549 21 o
60| S 10T INA
3 Jo.os  2N/AN - DBKS
K- stopped + 4He -> /\}1 X o 5 " boe 2NA
50-1:3 ;fw _G-E'- _0.04
1 : \l 10.02

$950 2700 2150 2200 2250 2300 2350 2400
Mhp (MeV/c?)

arXi1v:0711.4943y



A\p scientific case

K~ How deeply can an Antikaon be bound to a nucleus?

MFG (=X.p)

-
[}
-
-~
v
|-

GFGM (xt.xA9°)

- DBKS

- ;
FINUDAO OBELIX

| X |
50 100
Bx (MeV)

M Ap (MeV/c9)

arXiv:(
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Ap correlation study

Entries 47668

Entries 6568
Entries 6017

All Ap events

p1i0 events (scale

Hin

_l 1 | | | | | 1 1 | 1 1
9050 2100 2150

%N-—J

Apt- events (scale x3)

Entries 47668

x2)

_*_'_-_I_L__I_I

2200 2250 2300 2

350 2400

MAp (MeV/c2)

400

w-Entries 6568_JJ'._

300

ZSI.'I_ “J_

200—

150 n

100

50 —L'H_I_L[

% " 50 100 150 200 250 300
Prt- (MeV/c)

- Low invariant mass: 1 Nucleon absorption followed by 2/A nuclear conversion

1INA: K-N-2 TU

3NA: K-NN-AN

Quasi-free (4He, 12C)
S sNoAN O
- High invariant mass: 2NA: K-NN-AN



N\p events, preliminary fit

® 1NA with 2 //\ conversion:

K-N—-2m + 2Zp/MNp

FINAL PRODUCED

PARTICLES
® 2NA processes:

K-NN = A (20) p
K-NN - 20p + 2Zp/Ap conversion in 4He
Pionic 2NA modes: K-NN = YN

® Uncorrelated processes:
Simulation based in «spectator» protons from Ad correlated events

in 12C



events

30

25

20

15

10

K~

- — Events with
:_ Cosel\d <-0,75
: | (I I | | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 1 | L1 1 | L1
3000 3050 3100 3150 3200 3250 3300
M, , (MeV/ic?)

coS em

0.5

-0.5

Ad search for a K-ppn cluster

-

|.\.-'.|

ﬁ

3200 3250 3300
M, (MeV/c?)

1| | 11 1 1 | I I | | 1|
3000 3050 3100 3150

- 572 Lambda-deuteron events in DC gas

- Structures at high Mass correlated with back-to-back events




Status of the A(1405)
investigation through

2010 [ 21T
correlation



/7N = T <

KLOE: Study of >mmin 12C

Use of the calorimeter: Photon detection

= r [[Enties o073
-l Black -> energy of photons from 1°
-,:,,_06 - Blue -> energy of photons from X9 -> Ay
&
0.05 -
0.04 |-
0.03 |-
0.02 -
o.01 £ | Mass of 0 reconstructed:
o : : : ) . = . A % - pi0mass
0.0 25 50 75 100 125 150 175 200 225 250 % 3000 Entries 14171
e = u Mean 134
o e - RMS 18.71
W & 2500— Constant 3158+ 34.4
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[ e A 1500f—
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= 1000
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—-+— * eelse e (Y) 500—
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Ongoing analyses

20 [ ZTIT
correlation



29mM° correlation
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Perspectives ..

% AMADEUS experiment:

Implementation of dedicated solid targets & cryogenic gaseous targets (H, d,
SHe, ‘He) inside the KLOE DC.

*The AMADEUS setup will be
implemented in the 50 cm. gap in
KLOE DC around the beam pipe:

i Ty
*Target| A gaseous He target for a
first phase of study)

.

*Trigger (1 or 2 layers of ScFi

surroundingthe interaction point)
"

KLOE —
KLOE ~ Drift Chamber

EMC




R&D activity is going on

prototipe of the trigger system
layers of BCF-10 fibers double cladded
free to rotate
read at both sides by Hamamatsu
$10362-11-050-U SiPM

time resolution obtained (0) for kaons
300ps.
(Nuclear Inst. and Methods in Physics Research, A
(2012) pp. 125-128).

2 crossed layers of
scintillating fibars

200
beam pipe

K- stopping points GO0 micron Be-Al

~ 20% of all produced K-
are stopped in the gas

E 0 1] | .;'_ 2 crossed
s | \ >< layers of
|, scint. fibers
g \ Entrance wall DC
-0 o] 600 pm C-fiber
+120 pm Al
' degrader

.
Target cell I=20cm, T
filled with cryo He gas R
008 = lig. Dens ——

.
™ @ boost for
35 mrad crossing.
28 MeVic

T T T T
-200 -100 [ 100 i1}

Y {mim)

Possible solution for a half-toroidal cryogenic
target cell, inside a vacuum chamber,

and two more layers of fibers.

Or TPC -GEM inner tracker.

Performances of a GEM-based TPC prototype for new

high-rate particle experiments,
Nucl.Instrum.Meth. A617 (2010) 183-185



AMADEUS & DADONE

a. u. /(10MeV /c?)

a Completely neutral channel: L
s [ Y0,
AN->nm i 11))[.
Possibility to detect neutrons! | %g,
black MC  red data el i %
Perspective: X" = (n1U) 4T N f _
| X - _ 1‘_1»
. USROS = IO o

4 KLOE

y * 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)))
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