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Experimental constraints at KN threshold
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Large discrepancies in
the region below threshold!
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What above the threshold?
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K-p inelastic low-energy cross sections
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What above the threshold?
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K-p elastic and inelastic low-energy cross sections
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K'n scattering amplitude below threshold

A. Cieply, J. Hrtankova, J. Mares, E. Friedman, A. Gal and A. Ramos, AlIP Conf. Proc. 2249, no.1, 030014 (2020).
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AMADEUS scientific case

AMADEUS (Antikaonic Matter At DA®NE: an Experiment with Unravelling Spectroscopy )
investigates low-energy K absorption in nuclei with the aim to extract information on:

e K'Ninteraction above and below threshold
o  /A(1405) nature
o K'Nscattering amplitudes and cross sections

o K'NN, K'NNN, KNNNN (multi-nucleon) interactions

o  K™-multi nucleon cross sections
o essential for the determination of K™-nuclei optical potential
o kaonic bound states

e Hyperon-nucleon/(multi-nucleons) interaction cross sections
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AMADEUS

The KLOE detector

Cylindrical drift chamber with a 41ir geometry and

electromagnetic calorimeter, 96% acceptance
e  optimized in the energy range of all charged particles involved
e 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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K" absorptions at-rest and in-flight

AT-REST IN-FLIGHT

K" absorbed from atomic orbitals (p,.~ 100 MeV/c)
(p, ~ 0 MeV/c)
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K-n — Amnm™ events selection and interpretation
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Simultaneous fit:p, _-m _-cos0, _
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Outcome of the measurement
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Investigated using: K" “n” 3He — Amr™ 3He

Outcome of the measurement
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Simultaneous measurement of the
Kp->Zn° & An®

cross sectionsat p, =98 + 10 MeV/c
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Events selection- X° & n°
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Events selection- K H abs. in flight
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Events selection- K H abs. in flight

How to
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Events selection- K H abs. in flight

SIGNAL: K H -> (°/A) m° (if) :
characteristic features: E;

a) the kinematics (for both ar & if)
is completely determined by E-p cons.
signal is almost back to back,

b) K H -> A i° (ar & if) events can be
sampled exploiting the resolutionon p,
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FIG. 2. The plot shows reconstructed MC p, o vs. py distri-
butions for the K~ H — X°7° if reaction (top) and K~ H
— A7 if reaction (bottom). The phase space selections are
represented as black contours.
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Events selection- K H abs. in flight

arbitrary normalization
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Counts / (10 MeV/c)

3 3 a5 (‘1")) with F9(g,) =
qg n=1

Simultaneous fit and cross sections (Z° 1°)
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FIG. 3. From top to bottom the figure shows the result of
the simultaneous fit of pyo,0, myo.0 and cosfso,0. The ex-
perimental data and the corresponding statistical errors are
represented by black crosses, the systematic errors are light
blue boxes. The contributions of the various physical pro-
cesses are shown as colored histograms, according to the color
code shown in the caption. The light and dark bands corre-
spond to systematic and statistical errors, respectively. The
gray distribution reproduces the global fit function.
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Simultaneous fit and cross sections (A 11°)
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Cross sections results
cross sectionatp, = 98+ 10 MeV/c:

3° —x° CHANNEL X =2=17
process fit par. value Oatst.
K~ H — 2%7° (if) 0.511 + 0.018
K~ H — X°7° (ar) 0.017 + 0.005
K~ +*He/12C — £°7°
+ residual (ar/if) 0.463 + 0.018
A —7° CHANNEL X =165 995
process fit par. value Ostat.
K~ H — A7° (if) 0.659 + 0.011
K~H — Ax° (ar) 0.021 + 0.003
K~ +*He/>C — An°
+ residual (ar/if) 0.298 + 0.012
K H - 3%°
— Aym° (ar) 0.018 + 0.006

TABLE 1. The table summarizes the results obtained from the
fits of the X°7° and An° samples. The values of the reduced
chi-squares and of the fit parameters are summarized.

® Ok, yxog0 = 42.8 + 1.5(stat.)t3((syst.) mb

® Og—psaro = 31.0 £ 0.5(stat.

th. calculation

Y. Ikeda, T. Hyodo, W. Weise,
Nucl. Phys. A881(2012) 98
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First simultaneous K p — (3°/A) ¥ cross sections measurement below 100 MeV /c

Kristian Piscicchia®®, Magdalena Skurzok®, Michael Cargnelli®-?, Raffaele Del Grande®?, Laura
Fabbiettif**, Johann Marton®?, Pawel Moskal®, Alessandro Scordo®, Angels Ramos?, Diana Laura
Sirghi®”, Oton Vazquez Doce?, Johann Zmeskal®?, Slavomir Wycech? and Catalina Curceanu®”

@ Centro Ricerche Enrico Fermi - Museo Storico della Fisica
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The first simultaneous measurements of the K"p — X%7° and K~p — A« cross sections were
performed, below 100 MeV /¢ kaon momentum. The kaon beam delivered by the DA®NE collider
was exploited to detect K~ absorptions on Hydrogen atoms, populating the gas mixture of the KLOE
drift chamber. The precision of the measurements (0 —,_, 0,0 = 42.841.5(stat.)*3§(syst.) mb and
Ok —psar® = 31.0£0.5(stat. +13(syst.) mb) is the highest yet obtained in the low kaon momentum
regime.



Ongoing - X° #° invariant mass studies to extract the
A(1405) shape
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iy
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:L_J— K" capture

- at rest + in flight
K" capture
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Same analysis for the | =0
counterpart.

measured channel:
Kp — X0x°
(bound proton in 2C)

for the extraction of the
A(1405) shape
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p, resolution: G, = 12 MeV/c
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difficulty: epoxy resin, contained in the carbon fibre target, contains H

H atoms in the molecules mainly contribute to K- H absorption in-flight, resulting in a
non-resonant background in the X% n° spectra



K p — X*a (bound proton in '2C)

p, resolution about 1MeV — K- capture at-rest/

K.P. et al. Acta Phys. Pol. B 48, 1875 (2017)

Invag ‘ﬁmazs in DC wall
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but, neglecting the small | =2 component

1 | 2

217012 £ 21712 £ 2 Re (TOT1)*
Lrop 4 Lrop _ 2 ge (popam
3 2 V6 ’
1

§|T(0)|2:

Figure 3: (Colour online.) myy invariant mass distributions in-flight (green) and at-rest (violet) in '2C. Blue
histogram represents the sum of green and violet histograms. The red distribution refers to K~ absorptions

on Hydrogen


https://www.actaphys.uj.edu.pl/R/48

K™ multi-nucleon absorptions

In order to fit the kaonic atoms data a K" multi-nucleon absorptlon termi Is necessary
in the K™-nuclei optical potential: " I —

phen. multi-nucleon term

al, Nucl. Phys. A 959, 66 (2017)]
ares, J. Phys. Rev. C96,015205 (2017)]

o
)

V. (p)

[E. Friedman, A
[Hrtankova, J. &

o
=)

IN absorption fraction

0.4

single nucleon term from chiral models

\ . \ | . .
0 20 40 60 80 100
VA

e Single nucleon absorption ( ): K“N” ->Ym

e Two nucleon absorption (2NA): K “NN”— YN

e Three nucleon absorption (3NA): K “NNN” — Y (NN) — multi-N processes
e Four nucleon absorption (4NA): K" “NNNN” — Y (NNN)

bound nucleons = “N” “NN” “NNN” “NNNN”
bound or unbound nucleons = (NN), (NNN)
Y=AZ



Ap analysis: K +?2C—->A+p+R

H . —— data
Simultaneous fit of: < 1800 8 aoof —
e /\p invariant mass; > 1e0- a) | = " b) m= 2NA-FSI A p
. § = + o 305 Bl 2NA-QF °p
e angular correlation; Y | E am 2NA-FSIT0p
. w120 i 3 I 2NA-CONV /A
e proton momentum; = oot O 250 B 3NA Apn
€ = 200 == 3NAx’pn
e /A momentum. 5 e0 s 4NA Apnn
(&) 60 Gilobal fit
2. 2 _ 40 100
Total reduced x“: x*/dof =0.94 soF. ol
ok = 1 R 0 S e e e A T et
2050 2100 2150 2200 2250 2300 2350 2400 21 -08 06 -04 02 0 02 04 06 08 1
mAp(MeV/c) cos(8, ,)
Q 160, °
[} C >
S 1400 ®
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5 120; g
< 1005 =
T 80— £
2 C 5
3  e0— 3
40
201~
%00~ "300 400 500 600 700 800 %6300 — 400 500 600 700
p, (MeV/c) P, (MeV/c)

[R. Del Grande, K. P, O. Vazquez Doce et al., Eur.Phys.J. C79(2019) no.3, 190]
[R. Del Grande, K. P, S. Wycech, Acta Phys. Pol. B 48 (2017) 1881]
[O. Vazquez Doce, L. Fabbietti et al., Phys.Lett. B 758, 134-139 (2016)]
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Ap analysis: K" multi-nucleon absorption BRs and o
[R. Del Grande, K. P,, O. Vazquez Doce et al., Eur.Phys.J). C79 (2019) no.3, 190]

Process Branching Ratio (%) | o (mb) (@ prx (MeV/c)
2NA-QF Ap 0.25 4 0.02 (stat.) T9-9% (syst.) 2.8 + 0.3 (stat.) T2:1 (syst.) @ 128 + 29
2NA-FSI Ap 6.2 + 1.4(stat.) T9-5(syst.) 69 + 15 (stat.) £ 6 (syst.) @ 128 + 29
2NA-QF %% 0.35 & 0.09(stat.) T0 13 (syst.) 3.9 + 1.0 (stat.) T1'3 (syst.) Q 128 + 29
2NA-FSI 9 7.2 + 2.2(stat.) T52(syst.) 80 + 25 (stat.) T50 (syst.) Q 128 + 29
2NA-CONV /A 2.1 + 1.2(stat.) T3-3(syst.) -

3NA Apn 1.4 £ 0.2(stat.) 102 (syst.) 15 + 2 (stat.) i 2 (syst.) Q 117 + 23
3NA X%n 3.7 4 0.4(stat.) tg % (syst.) 41 + 4 (stat.) T2 (syst.) @ 117 + 23
4NA Apnn 0.13 + 0.09(stat.) tg gi(sybt ) -

Global A(Z%)p 21 + 3(stat.) _6(syst)

The ratio between the branching ratios of the
2NA-QF in the Ap channel and in the % is

Information on the in-medium dynamics

R=BR(K pp->Ap)/BR(K pp->Xp) R=BR(K pp->Ap)/BR(K pp->Xp)

measured to be: lké s 75 1\\\ e
BR(K”pp — Ap) B N
= = = 0.7 £ 0.2(stat.)} (3 (syst.) sty G0 ™ I _
BR(K_pp - 2 p) 0.61 - 0.6 -
and the ratio between the corresponding 04t sy g ]
phase spacesis R ~ 1.22. 02 oo | eEsnEv ]
S R Y S Y T a— TR 1

PP,y PP,

[J. Hrtankova and A. Ramos. Phys. Rev. C, 101(3):035204, 2020]



Total BR of the K 2NA process in °C

the only missing components are:

BR(Xn)=(0.12 £0.01(syst.))%
BR(QF-An + QF-2%) = (0.76 + 0.09(stat.) 7013

BR(FSI-An + FSI-2%n) = (1.62 + 0.04(stat.) *0-2

-0.06

-0.21 (

(syst.))%

syst.))%

BR(noconv X*and X)) = (3.04 £ 0.03(stat.) £ 0.92(syst.))%

(5.5 £ 0.1(stat.) *'0_ _ (syst.))%

[R. Del Grande, K. P, et al., 2020 Phys. Scr.95 084012]
[R. Del Grande, K. P, et al., Few Body Syst. 62 (2021) 1, 7]

Including the missing components the total BR of the K’2NA is:

BR(K™2NA — YN) = (21.6 & 2.9(stat.)T55(syst.)) %

to be compared with [J. Hrtankova and A. Ramos. Phys. Rev. C, 101(3):035204, 2020]
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Counts / (5.3 MeV/c?)
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Ap analysis: K pp bound state

—+— data
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mK+ m,zc- n'hoBe

my +m, +m

I.IJ|'|I||'I 'y lll Pea'ney I'I'
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(
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K pp bound state contribution completely overlaps with the K2NA

35



Counts / (5.3 MeV/c?)

Ap analysis: K pp bound state

—+— data mnone 2NA
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K pp bound state contribution completely overlaps with the K2NA



< 100~ AMADEUS at DAQNE Process Branching Ratio (%)
E ol a) + 2NA-QF Ap 0.20 + 0.04(stat.) £ 0.02(syst.)
© E BRs evaluation 2NA-FSI Ap 3.8 + 2.3(stat.) & 1.1(syst.)
= 60 - > 2NA-QF %% 0.54 £ 0.20(stat. ) +g ?g(sybt )
£ - 2NA-FSI 2°p 5.4 + 1.5(stat.) T3 9(syst.)
> f
3 2NA-CONV £/A 22 + 4(stat.) 1, (syst.)
sl 3NA Apn 1.1 + 0.3(stat.) :i: 0.2(syst.)
C ‘ ‘ 3NA X%pn 1.9 &+ 0.7(stat.) T0: 4(syst )
y _sati DGR, |,
/ 2050 2100 2150 2200 2250 2300 2350 2400
p (MeV/
F|NUDA t |e) AcszE i fit with fit with 2NA-QF Ap ——
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S 20 HLV o S0l f : f Conv
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A [ ™ i i
‘g‘w—_ 2.2 225 23 235 24 g0
8 E 5 H 1]
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I t with o o 02
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(M. Agnello & A MR RE252{58Y S 2303 (2008) COMPATIBLE!!!

V.K. Magas, E. Oset, A. Ramos, H. Toki,. Phys. Rev. C 74, 025206 (2006)
V.K. Magas, E. Oset, A. Ramos,. Phys. Rev. C 77, 065210 (2008)



At analysis: Cross section and BR for 4NA
GOLDEN CHANNEL to extrapolate the K"4NA

K-_I_«pp ”—>A+t

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 AMADEUS analysis

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

| Entries 14845

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

40 events, only back-to-back data s00f

Counts / (20 MeV/c?)
3

We measure
the triton mass
by TOF

Tl IQ EEQ - “
1500 éUOO 25 000 3500 4000

Mass calculated by TOF (MeV/c?)

At emission yield - 10° - 10"/ K. 9 100
— global, no 4NA
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events / 1 Mev/c?

MC simulations: efficiency & resolution

C 'I\Eﬂntries 4?271091 . 800 Entries 7921
1000 — oan © E Mean 4227
= RMS 4.683 = = RMS sang
= 2 700 . fl. ht
- at-rest = E in-flig
800— Z 800
L 2 -
g =
- 500 —
600 — =
B 400—
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" 200 —
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C i F g e Ay o = i B v e B e ] A I PO I~ .
870 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

MAt 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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counts/(40MeV/c)

counts/(10MeV/c?)

Cross section and BR for 4NA in K" “He—At process
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Cross section and BR for 4NA in K" 12C—A/Z°t processes

]

BR(K2C(4NA) — At®Be) = 1.5+0.5x 10 (stat) /K___
o( K'2C (4NA) —At ®Be) = 0.58 + 0.11 (stat) mb

o( K'12C (4NA) -»3°t 8Be) = 1.88 + 0.35 (stat) mb
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Future perspectives

(K" ppn)+n — X%d+n
3NA in “He

for the investigation of the

¥%-N & X%-(NN) interaction
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Involved reactions:

3NA - (Kppn)+n — X0d+n

- The X° identification (with respect to A) we don’t deal with internal conversion background.
Moreover X°-N scattering data is demanded.

- *He target — no nuclear fragmentation can follow the 3NA primary process.
+
3NA can be followed by two possible elastic FSI

1) nd - nd we may take advantage of the well known 6NN data

2) X% n/d — X% n/d from which to extract information on X°-N , X°-(NN) interaction.



Involved reactions - signal:

3NA - (Kppn)+n — X°d+n

- Preliminary comparison of 3NA simulations with K- '2C — Xx%d + R data.
- We assume the negative kaon to be absorbed on one of the three o particles

- We show that the most energetic part of the m_ , invariant mass spectrum is correlated to high

p,, and p, momenta, this corresponds to the 3NA - (K" ppn) process.

The X° d statistics from K- captures in the gas filling the KLOE DC is poor. Moreover K- in 12C (from
isobutane) are not distinguishable from K- captures on “He.

Dedicated measurement with pure “He target (3He target also helpful for comparison) is mandatory for this
purpose.



3NA
(K'ppn)+n — X0d+n
without FSI

Corresponds to the highest part of the
invariant mass spectrum

the blue region is populated by free 3NA,

at slightly lower energy is the 3NA
followed by 2B & 3B FSI.

Our aim is to measure the relative
contributions of the two processes.

At lower energies 2NA is involved and
complex FSI processes with fragmentation of
the residual ®Be (not present in “He target).
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3NA
(K'ppn)+n — X0d+n
without FSI

Corresponds to the highest part of
the X° momentum spectrum.

The narrow X momentum
distribution yields

¥%-N and X°-NN cross section at
550 + 50 MeV/c.

Y.P()
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18000 — Mean 537.8
- RMS 50.63
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Accurate model of the:

(K" ppn)+n — X°d+n
3NA in “He
+
X%d/in — X%d/n FSI

Is needed to extract the corresponding
cross sections from the measured shapes.



—_K'namplitude below threshold -‘-

Summary

A p channel: 2NA, 3NA and 4NA BRs and o
Process Branching Ratio (%) | 7 (mb) L px (MeV/c)
INA-QF Ap 0.25 + 0.02 (stat.) T50% (syst.) 2.8 + 0.3 (stat.) 103 (syst.) @ 128 + 20
2NA-FSI Ap 6.2 £ 1.4(stat.) fg'_'?;(syst.] 69 = 15 (stat.) = 6 (syst.) L5l 128+ 29
INA-QF X% 0.35 4 0.09(stat.) jg;;g(syst.) 3.9 4 1.0 (stat.) *_‘,')1 (syst.) i@ 128 + 20
2NA-FSI 2% 7.2 + 2.2(stat.) T33(syst.) 80 + 25 (stat.) T30 (syst.) i 128 + 29
2NA-CONV E/A 2.1 + 1.2(stat.) Ig'_’;(syst.] -
3NA Apn 1.4 4 0.2(stat.) fg;(syst.] 15 & 2 (stat.) 4 2 (syst.) it 117 + 23
3NA £%n 3.7 £ 0.4(stat.) fg :(syst,] 41 = 4 (stat.) fg {svst.) i 117 £ 23
4NA Apnn 0.13 + 0.09(stat.) *-03(syst.)
Global A(Z%)p 21 + 3(stat.) 3 {syst.) l

The ratio between the branching ratios of the
2NA-QF in the Ap channel and in the % is
measured to be:

- ®  Mai-Meissner 4
3 Mai-Meissner 2
L ® Guo-Oller 2
(o] O Guo-Oller 1
: ——-—y »  Cieply-Smejkal
8 —— *  Ikeda-Hyodo-Weise
E — v Ramos-Magas-Feijoo
g — A AMADEUS
1 1 i 1 1 PE——
0 0.1 0.2 03 04 0.5 0.6 0.8 09
rrx n-—e n'.'\l lﬁl‘ll
™ K-p-> (Z%A) n°
RS -p-> T

® Ok—pamo = 310+ 0.5(stat.) T} 3(syst.) mb,

<& Ccross section at p, =98+ 10MeV/c:

® O—psm0q0 = 42.8 + 1.5(stat.)*35(syst.) mb

B BR(K pp — Ap)

" BR(K-pp — %) = 0.7 + 0.2(star.) g3 (syst.)

BR(K"2NA — YN) = (21.6 + 2.9(stat.)* +4(syst.)) %

== At channel: 4NA BRs and o

BR(K*He(4NA) — At) < 2.0 x 10/K_.  (95%c.1)
(100 + 19 MeV/c) (K*He(4NA) A =
=(0.81+0.21 (stat) ¥003 004 (SYSt) mb

BR(K12C(4NA) — At Be) = 1.5+ 0.5 x 10* (stat) /K,
o( K-12C (4NA) —»At®Be) = 0.58 +0.11 (stat) mb
o( K12C (4NA) —3°t ®Be) = 1.88 £ 0.35 (stat) mb
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Thank You



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) p-state interaction
Y allowed

(K- *He — A~ 3He) absorptions from (n s) - atomic states are assumed —

ON-RES only

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

Coordinates recupling enables for P-wave resonance formation



Strategy of the measurement

The kinetic energy in the K'n CM system is:

Ex. ~—B.— B 2#:»?;,,3“9 2 recoil energy of the Arr.‘ pair with
2 respect to the residual

/
B, = 21 MeV \

< p%/2,u|2,3 >~ 12 MeV

see also

A. Cieply et al., Phys. Lett. B 702 (2011) 402,
T. Hoshino et al., Phys. Rev. C 96 (2017) 045204
N. Barnea, E. Friedman, A. Gal, Nucl. Phys. A968 (2017)
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Strategy of the measurement

The kinetic energy in the K'n CM system is:

Ex. ~—B.— B 2;‘:)%"3“9 2 recoil energy of the Arr.‘ pair with
2 respect to the residual

/
B, = 21 MeV \

< p%/2;1|2,3 >~ 12 MeV

so we are testing the interaction about 33 MeV below the KbarN threshold.
The interaction is very short range (off shell dependence on relative momenta is

neglected) .
Iknsan(Exn) = f

is a free parameter to be extracted by comparison of predicted and measured
momentum probability distributions.



NR — ar

pmax

PY(pAr)dpan

RES — ar

Opmax p

res

ar (PAr) dpan

=|fI]%-8.94-10° MeV-.

Table 1

Resonant to non-resonant ratios and amplitudes of the vari-
ous channels extracted from the fit of the Azr~ sample. The
statistical and systematic errors are also shown. See text for

details.
Channels Ratio/yield Ostat Osyst
RES-ar/NR-ar 0.39 + 0.04 kgas
RES-if/NR-if 0.23 + 0.03 2
NR-ar 12.0% + 1.7% 209
NR-if 19.2% + 4.4% (i g
T — A conv. 2.2% + 0.3% +oa
K~12C capture 57.0% + 1.2% kxy -
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Results of the analysis

nr| __ Q9 / +a+1+0.034 . . . .
|[far | = (0.334 & 0.018 stat_ g grgsyst) fm Comparison with theoretically predicted real

""" ARRRRRRRRN ' DLARARREERR LR and imaginary parts of the non resonant,
B4
o coupled channels, Kn— An/¥x
" & A scattering amplitudes:
M1
—%— W > - for each model |Ak _,,| is calculated at
" B T & 33 MeV below the KbarN threshold
i v BCN :
......................................................................................... - - |Ag_nan—| is extracted from |Ag_,|
—a A AMADEUS % by calculating the probability ratios:
070102 08 04 05 06 07 08 09 Probg —noan- _  Phg-—noan-
|TK-H—’W /\l [fm] PrObK“n—-)E‘ﬁU Clph‘}\"“n—avz‘ﬁo

PT’ObK—n_,‘.\ﬂ-— _ Ph}\"“n—)x\ﬁ“

= 54
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Outcome of the measurement

Investigated using: K" “n” 3He — Amr™ 3He

«, 350
S 300F ==Non-Resonant At-Rest
2 = == Resonant At-Rest
2 250F
™ E
>~ 200F
§ 150 _‘~ N i \ N lrmer?al conversion
0 C K absorption in Garbon
0 100
38071300 1320 1340 1360 1380 1400 1420
m, . (MeV/cH

|f77| = (0.334 4 0.018 stat D -02asyst) fm

E = —33 MeV [0.334 + 0.018 stat t3-03asyst
Plab = 120 MeV 0.33 +0.11
Plab = 160 MeV 0.29 4+ 0.10
Plab = 200 MeV 0.24 4 0.06
Prab = 245 MeV 0.28 4 0.02

TABLE II. The S-wave non-resonant amplitude (|f™"| fm)
extracted from K~ p — An” scattering [34, 35] and from this
experiment (E = —33 MeV).

im, Columbia University Report, Nevis 149 (1966)

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

[K. Piscicchia, S. Wycech, L. Fabbietti et al. Phys.Lett. B782 (2018) 339-345]
[K. Piscicchia, S. Wycech, C. Curceanu, Nucl. Phys. A 954 (2016) 75-93]
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YN correlation studies

K" multi-nucleon absorptions are investigated by reconstructing the hyperon-nucleon/nuclei
emitted in the final state of the process (i.e. Ap, £°p, and At final states)

\ A decay vertex

hadronic vertex
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Y% analysis:

K+1?2C->2%+p+R

L B LI
Entries 9738
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Simultaneous fit of:
e % invariant mass; §
e angular correlation; v
e proton momentum; 400
e 2%momentum. o
Total reduced x?: x%/dof = 0.85 =
[O. Vazquez Doce, L. Fabbietti et al., moé_
Phys.Lett. B 758, 134-139 (2016)] :
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Y% analys

Simultaneous fit of:
e 3% invariant mass;
e angular correlation;
e proton momentum;
e >%momentum.

Total reduced x?: x?/dof = 0.807

Best solution:

(best %2 and higher yield)
- B =45 MeV/c2

-T = 30 MeV/c2

Statistical significance of 10
(evaluated by means of F-test method)

[O. Vazquez Doce, L. Fabbietti et al.,
Phys.Lett. B 758, 134-139 (2016)]
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K+1?2C->2%+p+R
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e in black the invariant mass m;; for each couple of clusters selected by x2,
e in green the invariant mass mjo of the photons 71 — 2 selected by X?,E,

e in red the invariant masses mq3 and mog of the "wrong" couples.

8

countsfulevie?
3

counts/aevic?

g 8 8
° T

H

PV P 1 1 ‘-\"ﬂ_hn_
50 100 150 200 O, s T

Figure 3.12: The plot illustrates the invariant mass of various combinations of three

photons, as explained in the text, for pure signal MC events left and data right.
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Calculation of the if reaction requires as input the negative kaon
momentum, which is sampled according to the true MC (i.e. not passed for
the events reconstruction) momentum distribution of the negative kaons
inside the DC volume.

700
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300
200
100

counts/(2 MeV/c)

ITIIIIIIIIIIIIII]I]IIIIIIIIIIII]I]l]l]
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P [MeV/c]
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Calculated distributions A m°
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Calculated distributions Z° i°
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Figure 18. Reconstructed MC distributions: total Az° momentum (top left), Ax° invariant mass (top right),
cos .0 (middle left), A momentum (middle right), z° momentum (bottom left), the cut corresponding to
cos f,,0<-0.85 is represented as a dark green line. The color legend is shown in the bottom right panel. The
same events selection as for the data is applied.

Reconstructed MC
distributions A n°
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Figure 10. Reconstructed MC distributions: total £°z° momentum (top left), the cut corresponding to pyo0 < 300
Me V/c is represented as a dark green line, X°x° invariant mass (top right), cos #50,0 (middle left), £° momentum
(middle right) and 7 momentum (bottom left). The color legend is shown in the bottom right panel. The same
events selection as for the data is applied.
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5.1 Consistency check of the measured spectra with the fit results

Following the suggestion of the referees, in order to test self-consistency of the fit results with the
measured distributions of those variables which most severely affected the selection cuts, we show in
this Section the comparisons among measured and simulated m,,, m,,, and 2 as they result from
the fit of the data. The comparison is performed normalising the MC distributions to the data, then
weighting each contribution with the corresponding parameter obtained from the fit (Table 1). The
adopted colour code is the same used in Fig. 13. Black points represent the data, error bars correspond
to the statistical errors, the systematic errors are light blue boxes. The gray distributions are given by
the sum of the coloured distributions. The plots show a satisfactory agreement between MC and data.

o~ 00, {1 data o~ 30
L o
g 30 a) | P § 300,
300
2 McHo @ e
® E @® 200
§ 200~ -He,Cbackground § 150:»
S 1m0 Global fit ° i
1005’ 100;
50~

T T
m,, (MeVic?)

Counts / (0.25)
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Determination of the K~ p — X°2° cross section by means of the simultaneous fit of
the (pax0, maz0, pa and p,o) variables

—+— data

g %0 Nl
> | ) ) L F
2 - 2 | PTES) 3 oo b)
o F : -
2 20 BcHo20@) | 2w
© 200 | % F
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100} F
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5 40, 5 The obtained cross section is:
L : S 600
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o 30 s d ,
z 0 2 s oK~ p — 2°7°)(px = (98 + 10)MeV/c) = 44.9 + 1.4(stat.)
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p,, (MeVic) P, (MeVic)

Figure 23. Simultaneous fit of pyo0 (left upper), myo 0 (right upper), pyo (left lower) and p,o (right lower). Black
points represent the data, error bars correspond to the statistical errors, the systematic errors are light blue boxes.
The gray line distributions represent the global fitting function. Coloured lines represent MC simulations with
final selection applied weighted with parameters obtained from the fit. The dark and light bands correspond to
statistical and systematic errors, respectively.
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Cross section calculation

vU_U
ag = N‘- = A[ﬂg

reaction ag obs

= ons
1a reactions : i
5 -n-L € BRA—)p/’{

/ o \
mean path length crossed by the K-

number of impinging K-

which accounts for the K- impinging angle (angle
between the tangent vector to the particles
trajectory at the entrance point and the radial
direction)

corrected for the decay

Nav
n=10—-
i P



Systematic errors

The systematic errors are determined by repeating sev-
eral times the same fit procedure, by varying indepen-
dently all the analysis cuts which were optimized for the
Y079 and An® samples selection (see Sections II and IV).
The systematic error on the i-th parameter of the fit, due
to a variation of the j-th cut, is defined as:

Uzist,i =al —o; (4)
Total, positive and negative systematic errors are ob-
tained by summing in quadrature the positive and nega-
tive systematic fluctuations.

With the exception of those quantities for which
the statistical error is known (e.g. m.,,,, Ma,3 and

cos fp z0), in which case the systematics are evaluated by
applying 1o fluctuations to the corresponding cuts, and
of the background sources whose contribution is known
by simulations (e.g. the background introduced by the
pa cut), for the other selections we chose to change the
cuts of the amount necessary to increase (or decrease)
the selected number of events of 15%, with respect tc
the standard. This is the case of the constraints on x?,
x?,brm and 2, angs 8Dd Of the phase space selections in
the pro —pyo and in the p,o — py planes. The systematic
uncertainty introduced by setting equal contributions of
K~ absorptions on Helium and Carbon, both for the ar
and if processes, is set by performing 15% variations of
the relative contribution of each process.

The pyo,o constraint was optimized based on a scan
in the range (280 <+ 350) MeV /e, in steps of 10 MeV /c
(corresponding to the resolution o, ) yielding the min-
imum reduced x? for pyo 0 = 300 MeV /c. The contribu-
tion to the systematic errors is obtained by the condition
pxogo < 310 MeV/ec.

The systematics introduced by the decay correction in
the N - calculation and by the evaluation of L are esti-
mated by doubling the 1 em step length, and diminishing
of 15% the number of simulated kaons.



Negligible contributions in the A 1% fit

4. K +H — X%+ 7° at-rest (dashed red);
5. K- +H — X%+ 7°in-flight (dashed blue);

6. K- +%He/"?C — X°+7°+3H/" B, weighting with the same probability the *He and '>C,
at-rest and in-flight captures (dashed magenta).

The contributions of the processes 5 and 6 are found to be negligibly small. The K~ *He/!?C
— %79 reactions followed by the X° decay overlap over broad ranges of the phase space with the same
reactions with direct Az” production; if the cross section is set to the value obtained in Section 6, using
the efficiency for the detection of a An” final state corresponding to the process K- H — X%2° — Ayn®
this process is found to contribute 0.009 to the measured total number of events, the fit is not sensitive
to this contribution. According to the measurement described in Ref. [27] in which the processes of
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difficulty: epoxy resin, contained in the carbon fibre target, contains H

BUT - K"'H interaction probability, based on K" interaction AT-REST in hydrocarbons mixture
data (Lett. Nuovo Cimento, C 1099 (1972)) gives max contribution order of 1% !!!
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probability of K- H capture at rest

To conclude this section we will estimate the contribution of K™ -nuclear ab-
sorptions on Hydrogen from isobutane molecules. In [45] the probability of K~
absorptions on Hydrogen in a mixture of hydrocarbons was measured and found

to be as low as (0.040 £ 0.004). The mixture composition was:

247% CQH(; y 739% CgHg and 13(70 C4H10. (')())

We weighted the measured probability taking into account for the Hydrogen
content of the mixture adopted in |45] with respect to the pure isobutane case,
and for the volume ratio of isobutane in the KLOE DC. The probability of K~

capture on Hydrogen in the drift chamber results to be 0.0028 £+ 0.0003. The

[45] C. Vander Velde-Wilquet et al., Nuovo Cimento, Lett. 5, (1972) 1099.



Hyperon-nucleon pairs produced in K'2NA process:

BCN calculation at 0.3 p, (baryon density in 12C)
[J. Hrtankova and A. Ramos. Phys.

Total BR of the K" 2NA process in 1°C

Ap An X% I ¥n Ip ZIn

— BR(K2NA—-YN)= (154+22)%
ev. C, 101(3):035204, 2020]

Process Branching Ratio (%)

p T OF : F0.01T -

2NA-QF Ap 0.25 £+ 0.02 (btdt ) ik 02( syst.) We measure a total K2NA BR in 12C
2NA-FSI Ap 6.2 + 1.4(stat.) T bl G(sybt )

2NA-QF %0 0.35 + 0.09(stat.) IO 13 (syst.) (16.1+2.9(stat.) **°_ . (syst.)%,
2NA-FSI X% 7.2 £ 2.2(stat.) T5%(syst.)

2NA-CONV /A 2.1 4 1.2(stat.) T9-2(syst. _

A Aor / T QEtht ; o fE:y!:t ; Ap and 2% pairs in the final state....

- z:g S i J0a v ...information on the remaining YN
3 pn ‘ 7 0. (étdt ) 0+%(f§t ) pairs provided by FSI e Conversion
4NA Apnn 0.13 £ 0.09(stat.) T g o7 (syst.)

reactions

Global A(X%)p

‘ Ul ot +5 7,
21 + 3(stat.) Zg(syst.) [R. Del Grande, K. P, et al., 2020 Phys. Scr.95 084012]
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FSI and Conversion reactions contributing to the measured BRs

2NA-FSI Ap

2NA-Conv.

Total BR of the K" 2NA process in 1°C
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K'pp search in K induced reactions

FINUDA at DA®NE: K c)ID+X—>I\+p+X’

st
only back-to-back Ap pairs (cos8 o < -0.8) detected particles
-Bypp [MeV]
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TR : 2
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n
(&

n
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N

; , 2
p-A invariant mass [GeV/c']
[M. Agnello et al., Phys. Rev. Lett. 94, 212303 (2005)]

Interpreted as the signal of:
extracted parameters: Kpp—A+p
BE = (115 (stat.)*®, (syst.) MeV

M=(67*1  (stat)" (syst.)) MeV/c?

E549atKEK: K+ ‘He>A+p+X

detected particles
. [T. Suzuki et al., Mod. Phys. Lett. A23 (2008) 2520-2523.]
—— el fedisivetdh it evtatlit

< 300 - . et 18
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Using the missing mass information, three components
to the invariant mass spectrum are found:
e 1NA: K single nucleon absorption
e 2NA: K two nucleon absorption
e 2NA + conversion, multi-nucleon, or Bound State?
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3NA

Highest X0 - d angular correlation
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Involved reactions - background:

2NA - (Kpn)+d — Xn+d

2 possible elastic FSI

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

2) X°d/n - X°d/n well separated in the lower energy
part of the final state phase space
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R.P()
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Detection of neutrons will be
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Involved reactions - background:

INA - (K-p)+pnn — X070 n d
(K-n)+ppn —» X0n— p d

- low energy (took away by the pion) not correlated X0 d pairs.
It is easy to be disentangled (similar to the X0 p analysis).



