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AMADEUS scientific case

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

e K-'N interaction above and below threshold
o A(1405) nature
0 K-'N scattering amplitudes and cross sections

e K'NN, KKNNN, K-NNNN (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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DAONE . ® (p resonance decays at 49 % in K*
> K- back to back pair
e Verylow momentum (= 127
MeV/c) K- beam

|

I Unique low momentum K- factory I

Suitable for low-energy kaon physics:

— Kaonic atoms (SIDDHARTA-2)

— Kaon-nucleons/nuclei interaction studies
(AMADEUS)
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The KLOE detector

Cylindrical drift chamber with a 4t 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)]

KLOE used as an active target

e DCwall (750 um C foil, 150 um Al foil);
e DC gas (90% He, 10% C,H,).

+

pure sample of K- 12C absorptions at-rest




K- absorptions at-rest and in-flight

AT-REST IN-FLIGHT
K" absorbed from atomic orbitals (P~ 100 MeV/c)
(px ~ 0 MeV/c)

© \:-:. ‘\.\‘
| %pK- 100 Me\l/c l




K- n = Amn~ events selection and interpretation
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FIG. 1. Panels a) and b) show the non-resonant and resonant

FIG. 2. (Color online) Experimental distribution of the m~ vs A7 direct productions, respectively. Panels c) and d) show

. . . th ] h ] rmati llowed by the inelas-
A momenta. The red line represents the selection of the direct e primary hyperon-pion formation, followed by the inclas
tic/elastic scattering of the ¥ /A hyperon on a single nucleon,

Am™ production events. See the text for details. for the resonant and non-resonant cases, respectively.



Events selection- A —pm (BR=63.9 £0.5%)

Y (em)
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Simultaneous fit : p,.. -
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[K. P., S. Wycech, L. Fabbietti et al. Phys.Lett. B782 (2018) 339-345]
[K. P., S. Wycech, C. Curceanu, Nucl. Phys. A 954 (2016) 75-93]

Investigated using:
K-“n”" 3He = An 3He

2
pA:‘r
ziu’rr,A,SHe

33 + 6 MeV below threshold
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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Outcome of the measurement

Investigated using: T‘Q 3505 Non-Resonant At-Rest
K “n” 3He = Amn 3He % 3005_ == Resonant At-Rest
> p50F- H
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[K. P., S. Wycech, L. Fabbietti et al. Phys.Lett. B782 (2018) 339-345]
[K. P., S. Wycech, C. Curceanu, Nucl. Phys. A 954 (2016) 75-93]



Investigated using: K “n” SHe — Amn~ SHe

Outcome of the measurement

8, 390F
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[K. P., S. Wycech, L. Fabbietti et al. Phys.Lett. B782 (2018) 339-345]
[K. P., S. Wycech, C. Curceanu, Nucl. Phys. A 954 (2016) 75-93]
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Simultaneous/independent measurement of the
K-p -> 201 & An©

cross sectionsat p,. =98 £ 10 MeV/c



Events selection- vy,,y, &y,

- K* -> rt*r® background is rejected

- three photon clusters are selected by TOF
K7p" — X071 — (Ays) (n92) — (pm ) 11727 =TV

with t=t’-'tj , t,-=tc,,--r,-/C

- disentangling v;,v, & v5:

g i’ - N 2 = (Ma0 —my5)* | (myo —mya)’
@ 500" 20 ™ ij Tk
200 o
B 18 - MC based rejection criteria:
300 —
- 10 Y2 < 20, x2 < 5 and y?2 < 4
200j t — 1 My g — Mpyq —
100 i - Cluster splitting background free! Algorithm
- . overall efficiency for y detection: 0.98 £+ 0.01.

DO
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Events selection- X2 & m©
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Events selection - K- H abs. in flight

S 500*/

-SIGNAL: K H -> 29/ A) n° (if) o =
= 400F
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- BACKGROUND: K- H -> (29/A) m°© (ar)
K- (*He/12C) -> (3°/ A) i© + Residual (ar + if)
elastic or inelastic FSI of the hyperon (Y) and/or the m°

- FURTHERMORE in A i® the direct production is affected by the background: >°
ri® primary production followed by >°-> Ay for ALL the channels




Events selection - K- H abs. in flight

How to

-SIGNAL: K H -> (X°/A) r© (if) enhance

- BACKGROUND: K- H -> (29/A) m°© (ar)
K- (*He/12C) -> (3°/ A) i© + Residual (ar + if)
elastic or inelastic FSI of the hyperon (Y) and/or the m°

- FURTHERMORE in A i® the direct production is affected by the background: >°
ri® primary production followed by >°-> Ay for ALL the channels




Events selection - K- H abs. in flight

SIGNAL: K" H -> (3°/A) 1 (if) 3
characteristic features: K

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

b) K H -> A m° (ar & if) events can
be
sampled exploiting the resolution on p,

o,n= 1.9 £0.2 MeV/c
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FIG. 2. The plot shows reconstructed MC p_o vs. py distri-
butions for the K~ H — X7 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

c) due to E-p cons. the total Yr©

S . F |
o , © 3% J——
momentum distribution for K- H -> Y & = 3000 I_K.+Hﬂn+x{,“
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= u | —K +%He > %+ nar
) H
momentum spectrum £ 200} I K 412G -5 59 4 20 ar
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Simultaneous fit and cross sections (X° °)

Ng N i
vne (N9 _ Fa(g ))2 par physical processes:
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FIG. 3. From top to bottom the figure shows the result of S -
the simultaneous fit of pypo,o, myo 0 and cosfyo,0. The ex- 8 200
perimental data and the corresponding statistical errors are C
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Simultaneous fit and cross sections (A m©)

physical processes:
+ the same processes initiated by primary >° rt©

and followed by 30-> Ay LK H — (Z/A)7°if (red),

2. K-H — (X°/A)7° ar (blue),
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FIG. 4. From top to bottom the figure shows the result of the
simultaneous fit of p, 0, m, 0, pa and p_o. The experimental
data and the corresponding statistical errors are represented
by black crosses, the systematic errors are light blue boxes.
The contributions of the various physical processes are shown
as colored histograms, according to the color code shown in
the caption. The light and dark bands correspond to system-
atic and statistical errors, respectively. The gray distribution
reproduces the global fit function.
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Cross sections results

7 0.m. improvement on

the relative error

cross section at p,. = 98 £ 10 MeV/c

¢ Og-p 5000 = 4282 15(stat.) 5 syst.) mb

K~ +*He/2C — £07°

+ residual (ar/if)

ST 00y =302 05stat 5(syst ) mb,

K~ H — Ax° (if)
K~H — Az (ar) 0.021 + 0.003
K~ +*He/C = An°

+ residual (ar/if) 0.208 £ 0.012 arX|V221010342 [nUCI'eX]

K~ H - 2%"

— Aya® (ar) 0.018 + 0.006 ACCe pted P R C

. le summarizes the results obtained from the
fits of the %% and An° samples. The values of the reduced
chi-squares and of the fit parameters are summarized.



Ap analysis: K +12C->A+p+R

. . . —— data
Simultaneous fit of: < 1807 8 B 2NA-QF A p
. . . ) E 3 B = 2NAFSIA D
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[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)]



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) Q pr (MeV/c)
2NA-QF Ap 0.25 + 0.02 (stat.) T201 (syst.) 2.8 4 0.3 (stat.) TO1 (syst.) @ 128 + 29
2NA-FSI Ap 6.2 + L4(stat.) 705 (syst.) 69 + 15 (stat.) £ 6 (syst.) @ 128 + 29
2NA-QF %% 0.35 4 0.09(stat.) T 43 (syst.) 3.9 + 1.0 (stat.) T1% (syst.) @ 128 + 29
2NA-FSI 9 7.2 + 2.2(stat.) 752 (syst.) 80 4 25 (stat.) T55 (syst.) @ 128 + 29
2NA-CONV Z/A 2.1 + 1.2(stat.) 709 (syst.) -

3NA Apn 1.4 £ 0.2(stat.) 0] (syst.) 15 + 2 (stat.) + 2 (syst.) @ 117 + 23
3NA X%n 3.7 £ 0.4(stat.) 702 (syst.) 41 + 4 (stat.) T2 (syst.) @ 117 4+ 23
ANA Apnn 0.13 + 0.09(stat.) =005 (syst.) -

Global A(X%)p 21 + 3(stat.) T3 (syst.) |

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

_ BR(K"pp — Ap)

) &

= BRK-pp > p) ~ 0.7 + 0.2(stat.)* 0% (syst.)

and the ratio between the corresponding
phase spaces is R" = 1.22

L

R

0.6

0.4

02

Information on the in-medium dynamics

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

R=BR(K pp->Ap)/BR(K pp->Z’p)

PPy

. Hrtankova and A. Ramos

. Phys. Rev. C, 101(3):035204, 2020]
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Total BR of the K- 2NA process in 12C

the only missing components are:

e BR(Xn)=(0.12 + 0.01(syst.))%

e BR(QF-An+ QF-I% ) =(0.76 + 0.09(stat.) *0-13_  (syst.))%
— (5.5 + 0.1(stat.) *19_; 4 (syst.))%

® BR(FSI-An + FSI-3%n ) = (1.62 + 0.04(stat.) *022_ ,, (syst.))%

® BR(noconvXtandX )=(3.04+0.03(stat.) + 0.92(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.) "5 (syst.)) %

to be compared with [J. Hrtankova and A. Ramos. Phys. Rev. C, 101(3):035204, 2020]
25



Counts / (5.3 MeV/c?)

Ap analysis: K- pp bound state

— data RRRERRRRRRNN 2NA
180r . m 2NA-QF A p . BE=15MeV I'=110 MeV/c? (E15 first run)
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160[— + B 2NA-QF 20p R & ———— BE=103MeV I'=118 MeV/c? (DISTO)
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C i HEE 3NA Apn B
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100 ANAApnn B myg + M, + m,
= Global fit 0.06
80— B
60 0941
40E B 0.02F
20 ; -
b ‘ 6575510 2320 2330 2340° 535653865870
0 2050 21 00 21 50 2200 2250 2300 2350 2400 MeV
m, , (MeV/c?) m, , (MeV/c?)

Kpp bound state contribution completely overlaps with the K-2NA



Counts / (5.3 MeV/c?)
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Ap analysis: K- pp bound state
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Kpp bound state contribution completely overlaps with the K-2NA
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[M. Agnello et al., Phys. Rev. Lett. 94,212303 (2005)]

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)

Process Branching Ratio (%)
2NA-QF Ap 0.20 £ 0.04(stat.) + 0.02(syst.)
2NA-FSI Ap 3.8 £+ 2.3(stat.) + 1.1(syst.)
2NA-QF %% 0.54 + 0.20(stat. ) 'H()) 20 (syst.)
2NA-FSI £%p 5.4 £ 1.5(stat.) T3 7(Syst )
2NA-CONV /A 22 =+ 4(stat.) "], (syst.)
3NA Apn 1.1 £ 0.3(stat.) + 0 2(syst.)
3NA X%pn 1.9 + 0.7(stat.) T 4(Syst )
10° —
fit with fit with 2NA-QF Ap ——
all Ap events back-to-back 2NA-FSI Ap
Ap events ! INA_QF 2%
)
10 2NA-FSI %
3NA Apn —e—
. 0
£ 10° F ! 3NA§02:
2
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£ I
g 107
1]
102
COMPATIBLE!!
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At analysis: Cross section and BR for 4NA

GOLDEN CHANNEL to extrapolate the K- 4NA
K+ “%prnn” = A + t

Previous data:
- in “He: bubble chamber experiment

/M. Roosen, J. H. Wickens, Il Nuovo Cimento 66, 101 (1981)/

AMADEUS analysis
only 3 events compatibile with At kinematics found y
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)/

We measure
40 events, only back-to-back data

the triton mass

by TOF
At emission yield ~ 10° - 10*/K_

— global, no 4NA

LR L Pl
GU = 1R8] 10O 15 2000 25 Do 350 4000

Mass calculated by TOF (MeV/c®)
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events / 1 Mev/c?

MC simulations: efficiency & resolution

B Entries 6701 ., soof— Entries 7921
1000— ean 4219 kS E Mean 4227
B RMS 4.683 = = RMS 5.853
B = 700 — . .
- at-rest = E in-flight
800 — Z soof—
— = —
g -
B 500 | —
600 — -
B 400 |—
400— 300 —
- 200 —
200|— -
B 100 —
C R T T ~ N . My E R N B AR PR S .
876 4180 4190 4200 4210 4220 4230 4240 A70 4180 4180 4200 4210 4220 4230 4240 4250
M (MeW/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 :
eaNA arar = 0.0493 + 0.0006 ; énaif.ar = 0.0578 + 0.0006,

at-rest in-flight
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Cross section and BR for 4NA in K- “He—>At process

counts/(40MeV/c)

=1

counts/(10MeV/c?)

. |

= ) BR(K“4He(4NA) = At) < 2.0 x 104 /K 95% c.

$ Eres_150] | |, (KZHE(@NA) = At) < 2.0 x 10 /Ky (95% €

= | o(100 £ 19 MeV/c) (K4He(4NA) AL =

3 =(0.81 + 0.21 (stat) *0-03 , ., (syst)) mb

: ' 1000 = 0

Q(e p, (Mevc)

= | T |

3 Entries  190] 5 Entres 150

=5 350

- o

- 30

= 2

= 10

T T S T N N R “Wag w6 04 -2z 0 02 04 06 08 |
m,, (MeVic? L
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counts/{40MeV/c)

counts/(10MeV/c?)

Cross section and BR for 4NA in K- 12C—->A/X°t processes

O/-
%

E ' -12 8 = + -4
}gé_ Enries 120 ‘ BR(K'12C(4NA) = At 8Be) = 1.5+ 0.5 x 104 (stat)
14E- stop
12;—
12;: o( K-12C (4NA) =>At 8Be) = 0.58 + 0.11 (stat) mb
6E-
;2: o( K-12C (4NA) -0t 8Be) = 1.88 + 0.35 (stat) mb
c ——__|
00 2000300 400" s 600 700 psuo
At
E ] - |
18E- . 80
16E- Entries 120 % 70;%_ Entries 120
145 | € wE
12E T ' g B0E-
E T 30E ,
3; T _|—‘ | 20E- i
25_ — ‘—I wi_  ——
E —_ —— 0 e — N
A0 A0 440 460 4180 4200 4220 4240 108 08 S07 06 08 04 <03 w02 10

m,, cos(, )
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—_K'n amplitude below threshold -|-
................ S —
| ] ®  Moi-Meissner 4
1 Mai-Meissner 2
L] & Guo-Oller 2
(=] O Guo-CHler |
—a—i  ® Cicply-Smejkal
E — % Ik Hy odko-Weiss
E — v Ranos-Mags-Feijoo
% —y & AMADEUS
w
Y B T Y ¥ BT R T S R TRy
[Ty sl [fim]
K-p -> (X°%/A) n°

Highlights of AMADEUS results

A p channel: 2NA, 3NA and 4NABRs and o
Process Branching Ratio (%) | o (mh) L] P (MeV/e)
INA-QF Ap 0.25 + 0.02 (stat.) 13 05 {syst.) 28 + 0.3 (stat.) 3 (syst.) @ 128+39
INA-FST Ap 6.2 + 14{stat.) 705 (syst) B9 £+ 15 (stat.) £ 6 (syst.) @ 128 + 20
INA-GF Tlp 0.35 & 0.00{stat) T L3 (syut.) 3.9 & L0 (stat.) TL3 (syst.) i@ 128 £ 20
INA-FSIE%p 7.2 + 220stat.) T332 (syst,) 80+ 25 (stat) T30 (syst) @ 128 + 20
INA-CONV E/A 2.1 £ 1.2(stat.) T3 {syst.) -
3NA Apn 1.4 & 0.2(stat.) fg_;[e;j.'est.] 15 £ 2 (stat.) & 2 (syst.) L1 117 & 23
INA Epn 3.7 + DAfstat.) 703 (syst.) 41 + 4 (stat.) T3 (syst.) i 117 + 23
4NA Apnn 0.13 £ 0.09(star.) + % (syst.)
Global A(E")p 21 + B(stat.) 3 (svst.) |

. UK_p—Fﬁ'ﬂ'ﬂ =31.04+ UE(StﬂI t%g

cross section at py. = 98 £ 10 MeV/c:

® Oy xoq0 = 42.8 + 1.5(stat.) 35 (syst.) mb

(syst.) mb,

=== A t channel: 4NA BRs and o

BR(K*He(4NA) — At) < 20 x 107*/K___(95%c.1.)
o(100+ 19 MeV/c) (K*He(4NA) —At) =

[
BRIK1ZC{4MNA) — At®Be) = 1.5 £ 0.5 x 10 (stat) M, : ":“TIW
0(K2C (4NA) —At°Be) =0.58 £0.11 (stat) mb i EE T
o( K™2C (4NA) —~2°t°Be) = 1.88 £ 0.35 (stat) mb i .
== e -

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

_ BR(K"pp — Ap)
~ BR(K-pp — Xp)

R = 0.7 £ 0.2(star.) )3 (syst.)

BR(K2NA — YN) = (21.6 & 2.9(stat.)* +4(syst.)) %

- +003
=(0.81 £ 0.21 (stat) 004 (syst)) mb
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Future perspectives

= The present knowledge of total and differential cross sections of low energy kaon-nucleon reactions is very
limited: below 150 MeV/c there is a “desert” - the experimental data are very scarce and with large errors and
practically no data exist below 100 MeV/c.

» Kaon-nucleon scattering/interaction d
calculations; potential models etc.

hearies' chiral svmmetries® lattice

| I B I T
50 100 150 200 250 300
PM(MBV}

300 & Ciborowski

mor . Kim o Figure: New Vg

200 .
2 2 potentials: one-pole,
;'50' Kp+=Z"a"] = t le

ol wo-pole

sof phenomenological and

0750 100 150 200 250 300 © 50 100 150 200 250 300 chirally motivated
P“[MBV} P“[MBV}
150 o Borasou
— SIDDI 1110
— SIDDZ 1110
ooy — Chiral 1110
£
¢ S0 - o_ao |
K p+ 2w
0

50 llII' Iéﬂ 200 250 300 0 SID 10 ].50 200 2‘50 300
P, (MeV) P, (MEV)
Nina V. Shevchenko (NPI Re#) New studies of the K~ pp system ROCKSTAR, ECT* 16 /20




Experiment for kaon-nuclei interaction studies

Charged kaon

“Sandwich” type
detector yp

calorimeter

32 layers Pb -
lig. Scintillator,
thickness 25 cm

Cryogenic tar
Solid H2, D27 Ar
Liquid He

Kaon monitor



Thank You

Edgar Allan Poe — 'There is no exquisite beauty...
without some strangeness in the proportion.'
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